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In the last two decades, inorganic nanoparticles have become an active field of research due to
their unique physical properties. The advancements in the control over size, shape and
composition opened up many potential applications in a wide range of fields from
optoelectronics to medicine. A lot of research focusses on the controlled assembly of
nanoparticles into larger pre-defined structures. A very successful approach uses DNA-
functionalised nanoparticles as building blocks, which are capable of self-assembly driven by the
DNA design. Such nanoparticle assemblies can infer new optical properties like circular

dichroism or make multi-functional materials for advanced applications.

In this work, a novel tool for the ligation of nanoparticle assemblies with DNA is presented. The
UV-responsive molecule 3-cyanovinyl carbazole was embedded in DNA strands as a crosslinker
for the covalent linkage of dsDNA. The covalent bond significantly increases the stability of
dsDNA even in unfavourable conditions allowing a wider range of applicability. Unlike with
other crosslinking techniques, already formed interstrand bonds can be reversed with UV-B light
as an external stimulus. The efficient application of 3-cyanovinyl carbazole in tetrahedral gold
nanoparticle assemblies is demonstrated for the first time. In addition, limitations of the strain-

promoted azide-alkyne click reaction in the same system are revealed.

DNA-directed hetero-assemblies consisting of CdSe/ZnS quantum dots and upconversion
nanoparticles are presented. The results suggest that energy transfer from excited upconversion
nanoparticles to quantum dots occurs upon self-assembly with short oligonucleotides. This
example shows the potential of using DNA-based assembly as a general technique for creating

novel materials helping to gain a fundamental understanding about nanoparticle interactions.

In addition, lead halide perovskite nanoparticles are introduced. A modified synthesis protocol is

demonstrated, which significantly increases the processability of such nanoparticles.
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EDC - 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
ESA - Excited-state absorption
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eV - Electronvolt

FWHM - Full width of half maximum
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g — Gram

h - Hour
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Chapter 1. Introduction

More than five decades ago, the famous physicist Richard Feynman envisioned the
miniaturisation of machines down to the nanoscale [1, 2]. About three centuries
later, inorganic nanoparticles were recognised as extremely useful materials with
interesting physical and chemical properties [3, 4]. Their potential led to manifold
chemical procedures to generate size- and shape-controlled nanocrystals, which are
nowadays the foundation for the development of new materials and technologies at

the nanoscale [5-7].

A lot of research in the field of nanotechnology focusses on the assembly of these
nanoparticles to form larger regular structures in an automated manner [8-10]. The
combination of different nanoparticles allows creating multi-functional materials
with a wide range of potential applications. It has been shown in the past that new
physical properties can be inferred by nanoparticle assembly through coupling
between the constituents, which can lead to a different collective behaviour [11, 12].
An example is the creation of circular dichroism by arranging non-chiral
nanoparticles in a chiral structure. One of first and most promising approaches for
nanoparticle self-assembly is the utilisation of DNA due to its exceptional properties
[13, 14]. DNA acts as a scaffold for the controlled positioning of nanoparticles in
complex structures [15].Its natural recognition capabilities through Watson-Crick
base pairing is a big advantage over other approaches like pH or solvent-mediated

assembly, which are typically much less specific [16].

Even though the first examples of nanoparticle assemblies using DNA were presented
already two decades ago, this research field is still in its infancy [17]. The aim of this
work was to further develop the assembly of inorganic nanoparticles with DNA. One
of the major drawbacks of utilising DNA is that proper conditions for base pairing
need to be maintained in order to avoid disassembly. In addition, depending on the
approach, this problem might cause low hybridisation yields of nanoparticle
assemblies [18, 19]. In order to increase the stability of such nanoparticle
assemblies, DNA crosslinking strategies leading to a permanent connection between
two DNA strands have been developed [20, 21]. Following previous work, the use of
the well-known strain-promoted azide-alkyne click reaction (SPAAC) between
cyclooctynes and azides, which has already been applied successfully in the past, was

further investigated [22, 23]. Besides that, the UV-sensitive molecule 3-cyanovinyl
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carbazole was employed for the first time in conjunction with gold nanoparticle
assemblies [24]. This molecule allows to crosslink DNA reversibly via an external
stimulus, which provides a novel tool for spatially and temporally manipulation of

nanoparticle assemblies.

Moreover, DNA-directed formation of CdSe/ZnS quantum dot and upconversion
nanoparticle hetero-assemblies is presented. The combination of different
nanoparticles allows to generate multifunctional materials with the properties of the
individual  constituents. Both types of particles exhibit well-known
photoluminescence properties [25, 26]. While quantum dots have been widely
applied in many fields for many years, the use of upconversion nanoparticles has
emerged only recently [27, 28]. Even though there have been tremendous
advancements in the formation of nanoparticle assemblies, there are still comparably
little examples of hetero-assemblies [29-31]. Therefore, the aim of this study was to
show the feasibility of creating a new system, which could be the starting point for

further research.

In addition, results from the research on lead halide perovskite nanoparticles are
presented. Lead halide perovskites have sparked an extraordinary interest in the last
years because of their successful implementation in photovoltaics [32]. Very
recently, lead halide perovskite nanoparticles have been synthesised for the first time
with very promising photoluminescence properties, which have been exploited in
LEDs [33, 34]. A modification of the synthesis protocol led to nanoparticle
dispersions with a significantly increased processability while maintaining the optical

properties.

Chapter 2 and Chapter 3 describe the theoretical background as well as the

experimental procedures of this work.

In Chapter 4, the different inorganic nanoparticles employed in this work are
characterised with different techniques. Their surface functionalisation with different
ligands as well as oligonucleotides is discussed. Furthermore, the optical properties

of lead halide nanoparticles are shown at the end of the chapter.

In Chapter 5, the crosslinking of tetrahedral DNA-gold nanoparticles assemblies is
presented. The combination of more than one azide- and bicyclononyne-modification

per oligonucleotides causes problems in the hybridisation process. On the other
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hand, 3-cyanovinyl carbazole as UV-responsive molecule is shown to form at least
four reversible crosslinks in one DNA structure in high yields. The crosslinked
assemblies are stable even in very unfavourable conditions, i.e. denaturing

conditions.

Chapter 6 contains a preliminary study on the DNA-directed assembly of CdSe/ZnS
quantum dots and upconversion nanoparticles. The functionalisation of these
nanoparticles with DNA using EDC coupling chemistry as well as the analysis of the

combined system will be presented.

Chapter 7 provides a conclusion of the results. In addition, remarks and ideas for

future work are suggested.
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Chapter 2. Background

The synthetic methods and properties of the various types of nanoparticles employed
in this work are described in section 2.1. Then nanoparticle functionalization will be
discussed in section 2.2 followed by an introduction to DNA as a tool in
nanotechnology in section 2.3. Finally, an overview about DNA-based nanoparticle
assemblies will be given in section 2.4 on which the experimental work in this

project mainly focusses.

2.1 Colloidal nanoparticles

2.1.1 Synthesis of gold and silver nanoparticles

For more than a millennium, metals such as gold and silver were used in glass
staining because of the resulting brilliant and tuneable colours [35]. A famous
example is the Lycurgus cup, which dates back to the 4" century and exhibits
different colours depending on the direction of illumination [36]. Besides those
optical effects, gold has played a role in medicine for many centuries [37]. In the last
twenty years, gold and silver nanoparticle research has become very popular because
of several unique and controllable chemical and physical properties [38]. As a result,
nanoparticles are foreseen to be a key technology for manifold applications in
different fields of nanotechnology [39]. The synthesis of nanoparticles and their

optical properties will be described in the following sections.

A synthesis method of gold nanoparticles, which is still the most prominent
nowadays, was reported by Turkevich et al. in the 1950’s [40]. They studied the
nucleation and growth of gold nanoparticles using a variety of reducing agents. The
importance of trisodium citrate as a reducing agent has been highlighted because of
the uniform size distribution created by its use. Around 20 years later, the Turkevich
method was re-visited by Frens who re-fined the method based on trisodium citrate
[41, 42]. Therefore, this method is nowadays named after Turkevich and Frens. The
reaction relies on the reduction of a gold chloride precursor with trisodium citrate in

a boiling aqueous solution. The proposed mechanism is shown in Figure 2.1 [43].
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Reaction A: Redox reaction between gold precursor and citrate
Acetone dicarboxylate (ADC)

Citrate
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Reaction D: Redox reaction between AuCl; and acetone
+ 4 AULCI3 ——» 4 AuCl

0

Reaction E: Disproportionation of AuCl
2 Au AuCl,

3 AuCl ——»

Figure 2.1: Reaction mechanism of the gold nanoparticle synthesis with the Turkevich method.

Adapted from ref. [43].
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The synthesis starts with a redox reaction where a citrate anion is oxidised to
acetone dicarboxylate (ADC) donating two electrons to Au(IIl), which is reduced to
Au(l) (Reaction A). In an intermediate step, ADC forms macromolecular complexes
with the Au(I) species (Reaction B). Finally, precursor particles (nuclei) are formed
by coagulation of the complexes and disproportionation of AuCl to Au(0) (Reaction
E). These nuclei induce an autocatalytic reaction with further AuCl molecules
attaching to the nuclei leading to the growth of gold nanoparticles. However, a side
reaction occurs simultaneously. Besides forming complexes with Au(I), ADC can
decompose into acetone (Reaction C) and reduce Au(III) to Au(I) (Reaction D). The
mechanistic study of the gold nanoparticle synthesis by citrate reduction is not trivial
due to the different steps involved. Nevertheless, the reaction mechanism was

derived from the conclusions of different authors [44-49].

The formation of nanoparticles consists generally of nucleation and growth by
addition of monomers from solution onto the nuclei. In the case of gold
nanoparticles, Au(0) are nuclei and Au(I) are the monomers. It is clear that a fast
nucleation step, which is separated from the growth, needs to be generated to
achieve a narrow size distribution as described by the LaMer model (see section
2.3.1) [50]. Privman et al. have demonstrated that rapid coagulation of the
macromolecular complexes is necessary for the formation of monodisperse
nanoparticles [47]. Thus, Xia et al. hypothesised that a larger amount of initial ADC
should accelerate the formation and coagulation of Au-ADC complexes [43]. In their
work, they employed an Ag(I)-assisted generation of ADC and showed that the
amount of ADC is a key parameter for a fast nucleation and homogenous growth
[51, 52]. Similar results were obtained by the group of Puntes who induced a pre-
oxidation of sodium citrate to ADC at high temperature by changing the sequence of
precursor addition [53]. Kumar et al. discuss that the second reaction between
acetone and Au(IIl) precursor molecules only plays a role in the growth process
when low concentrations of citrate are used. This is because of the slow reduction

compared to citrate [49].

A systematic series of experiments conducted by Ji et al. revealed that the citrate
molecule has three roles in the Turkevich method [54]. First, citrate acts as a mild
reducing agent through the formation to ADC [44]. Secondly, citrate binds

electrostatically on the nanoparticle surface and stabilises the nanoparticle colloid
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[45, 46]. Finally, citrate acts as a buffer influencing the pH of the reaction solution,
which was overlooked for a long time. The pH is an important parameter because
the gold precursor becomes less reactive at higher pH values and de-protonation of
the citrate molecule increases the stability of the nanoparticles through electrostatic
repulsion (Figure 2.2) [54, 55]. Schulz et al. used the inversion method reported by
Puntes and reported that accurate control of the pH using citrate buffer improves the

size distribution of the AuNP synthesis [55].

Citrate protonation at different pH values

o - 32 . OY-
CJLOF + O <—== CH0% + OH DK, =64

C,H0.> | H,0 === CH.0; + OH pK, 476
CH.O0- + HO == CHO, | OH pK =313

Hydrolysis of the gold precursor at different pH values

AuCl; + OH- <=—= AuCl(OH) + CF

AuCL(OH) + OH ==== AuCl,(OH), } CI 5

AuCL(OH), — OH ==== AuCI(OH), + CI

Reactivity

AIICI(OH)g’ FOH @=—= AH(_OH);L’ + CI

Figure 2.2: The protonation and hydrolysis of citrate and gold chloride. The pH is an important
factor for the reactivity of the precursors and the electrostatic stabilisation. Adapted from ref.
[55].

Another interesting aspect of the Turkevich method is the colour change during the
gold nanoparticle synthesis. The yellow gold chloride precursor solution rapidly
turns colourless upon addition of the citrate indicating the reduction of Au(IIl) to
Au(l). Then, the solution becomes purple for several seconds to minutes before
turning wine red. Pong et al. investigated the purple transition and reported that
small gold clusters coagulate and form a network of nanowires, which eventually
collapses into small pieces with gold nanospheres as the final product [56].
However, even though those nanowires species were visualised with transmission
electron microscopy, Polte et al. did not detect these intermediates using in situ
small-angle X-ray scattering (SAXS) and X-ray absorption near edge structure
(XANES) [57]. It is evident from all the different results that this seemingly simple

reaction is highly non-trivial and therefore still under debate to date [58].
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A drawback of the Turkevich method is that it only yields rather monodisperse gold
nanoparticles for diameters between 10-20 nm [41]. In order to synthesise larger
nanoparticles with similar dispersions (standard deviation ¢ < 10%), seeded-growth
approaches have been applied [59-61]. These methods rely on the growth of pre-
formed nanoparticle seeds by mild reduction of additionally injected Au(III)
precursor, e.g. with hydroxylamine or ascorbic acid. The reduction needs to be
performed in such a way that no new nuclei are formed but Au(III) becomes Au(I) so
that it can attach on the nanoparticle surface. Bastus et al. performed a kinetic study
on the evolution of gold nanoparticle growth yielding uniformly shaped and sized
gold nanoparticles up to 150 nm [62]. The difficulty of the seeded-growth approach
is that the ratio of seeds to additional gold precursor needs to be tuned carefully in
order to prevent new nucleation or irregular growth due to Ostwald ripening (see
section 2.3.2). They found out that lowering the temperature to 80-90°C and
controlling the added amount of gold salt by successive injections prevents new

nucleation and leads to monodisperse gold nanoparticles.

The previously presented and discussed Turkevich method can only be used to
synthesise nanoparticles with diameters of at least 10 nm. In order to prepare
smaller particles, a strong reducing agent like sodium borohydride needs to be
utilised for the rapid formation of neutral metal species [63, 64]. In addition, by
using a strong reducing agent a larger number of nuclei is produced, which in turn
leads to a smaller nanoparticle size due to a limited amount of precursor material.
Polte et al. investigated the gold nanoparticle formation with sodium borohydride
[57]. They discovered that the reduced gold atoms (Au’* >Au®) rapidly form
clusters in less than 200 ms. Subsequently, those clusters coalesce to nanoparticles
with growth decaying exponentially in time. Furthermore, different from the citrate
reduction method, the growth by attachment of monomers from the solution is very
limited. Therefore, nanoparticles can be extracted when they are still small in size. A
related synthesis is the famous Brust-Schiffrin method, which produces very stable

nanoparticles in the organic [64].

Silver nanoparticles: Apart from the synthesis of gold nanoparticles, the Turkevich
method has been employed for the synthesis of silver nanoparticles [65-67]. After
having developed their successful growing method for gold nanoparticles, Bastus et

al. used their approach for the synthesis of monodisperse silver nanoparticles with
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sizes up to 200 nm [68]. Similarly, the formation of silver nanoparticles is a
multistep reaction [68, 69]. First, Ag* is reduced to Ag’ which then forms a dimer
Ag,* with an unreacted silver cation [70, 71]. Further dimerization of these species
leads to Ag4**, which acts as a monomer for nanoparticles formation. In their work,
Basttis et al. discuss that a small addition of tannic acid favour fast nucleation
leading to monodisperse silver nanoparticles. The multi-step procedure outlined
earlier has successfully been applied to achieve large silver nanoparticles with size

distributions of about 10% standard deviation.

Ligand capping: After the synthesis of gold nanoparticles and silver nanoparticles
with the citrate reduction method, their surface is covered with citrate anions. These
ions are only labile bound via electrostatic interaction of the carboxylic groups with
the nanoparticle surface and can be replaced by other stronger binding ligands such

as phosphines, amines or thiols, which will be discussed in section 2.3.

2.1.2 Optical properties of gold and silver nanoparticles

The properties of gold nanoparticles are very different from the bulk material. While
the bulk exhibits the well-known metallic gloss paired with a yellowish colour, nano-
sized gold has different brilliant colours ranging from wine red to deep blue [72].
Michael Faraday was the first scientist to report that the colours arise from the small

sizes of the gold particles [73].

The physical mechanism behind the different colours is the so-called localised
surface plasmon resonance (LSPR) [74]. Plasmons are quantised collective
oscillations of free electrons in metals that can be induced by electromagnetic waves.
This process can be explained in a semi-classical model where the conduction
electrons are displaced against the fixed positive cores leading to polarisation and an
inner restoring force. The result is a driven harmonic oscillation, also known as
plasma oscillation, where the intensity is largest when the excitation is in resonance
with the plasma frequency of the electron gas. The plasma frequency depends on
several factors such as electron density and charge distribution [75, 76]. Because the
resonance lies in the visible range of the light for gold and silver nanoparticles, the

brilliant colours observed.

For nanoparticles with diameters below 40 nm the quasi-static approximation, i.e.

the phase of the electric field is considered constant throughout the particle, can be
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applied to model the oscillation. In this way, excellent agreements with experimental
results have been reported [77, 78]. The dipole excitation of the electron cloud by an

external electromagnetic wave is illustrated in Figure 2.3.

E-Ficld o Noble metal nanoparticle

Conduction electron cloud

Figure 2.3: The localised surface plasmon resonance (LSPR) of gold nanoparticles. The collective
displacement of conduction electrons leads to large absorption and scattering coefficients.

Considering the quasi-static approximation, the equations for the absorption and
scattering coefficients can be calculated from simple electrostatics [75, 79]. The
polarizability a of a metal sphere, describing how well charges in a molecule can be
separated, is related with its dielectric function via the Clausius-Mossotti relation as

follows:

g(w)—1

= 3g,V - 2 —,
@ €0 &(w)+2

Equation 2.1: Polarizability of a metal sphere in the quasi-static approximation.

where g is the vacuum permittivity and &(w) = &' (w) + i - &”(W) =Emetal/Emedium 1S
the complex dielectric function of the metal divided by the dielectric constant of the
surrounding medium. From the polarizability it is possible to obtain the absorption

and scattering cross-sections according to Bohren and Huffman [80]:
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Equations 2.2: Scattering and absorption cross-sections of spherical metal particles in the quasi-

static approximation.
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where k = 2 /) is the wave vector and J denotes the imaginary part. From these
equations it follows that resonance occurs when the denominator is minimised, i.e.

the so-called Frohlich condition is met [81]:

R(g) = -2
Equation 2.3: The condition on the real part of the dielectric function for plasmon resonance

(Frohlich condition).

When the imaginary part of the dielectric function is small and only weakly
dependent on the frequency, then the denominator may approach zero leading to a
very large polarizability and extinction cross-sections. There are important
characteristics that can be extracted directly from the two equations 2.1 and 2.2.
The scattering dominates the absorption with increasing particle size because of the
quadratic dependence in the volume, i.e. Csa ~ r° whereas Cups ~ r’. The r®
dependence is in particular important for dynamic light scattering (DLS) where the
size of a solute is measured by scattering (see section 3.4.7). Nevertheless, both
scattering and absorption are strongly enhanced at the resonance because both
denominators are minimised at the Frohlich condition. Another result from these
equations is the dependence of the resonance on the dielectric constant of the
surrounding medium &n. As &y increases the plasmon resonance shifts to longer
wavelengths (red-shift), which has been experimentally verified in many examples.
This includes the solvent as well as the surface ligands, which are bound to the
nanoparticles. The dependence can be used for sensing applications, e.g. detection of

biomolecules [78, 82, 83].

It should be noted that the dielectric function has no explicit dependence on the
radius in the dipole approximation, i.e. € = ¢(w). This is contrary to an
experimentally observed broadening of the bandwidth as well as a LSPR peak shift
with decreasing nanoparticle sizes for diameters smaller than 10 nm [84]. A model
suggested by Kreibig and Genzel renders the dielectric function size dependent by
considering the spatial constraint of electrons in small nanoparticles [85]. Because
the free-mean path of the electrons is larger than the nanoparticle dimension,
surface scattering accounts for a 1/R-dependence of the dielectric function, which is

in agreement with experimental results [85-87].

This simple theory predicts a plasmon resonance for gold nanoparticles suspended in

water at around A = 520 nm and A = 400 nm for silver nanoparticles. These



Chapter 2. Background 13

predictions use the experimentally determined bulk dielectric functions for gold and
silver from Johnson and Christy or Weaver et al. [88, 89]. The predicted values are
in good agreement with real nanoparticle dispersions. However, for nanoparticles
with larger diameters (d > 40 nm), the quasi-static approximation is not valid
anymore because the phase inside the nanoparticles becomes variable and higher
order modes are excited (quadrupolar etc.). Since the higher order modes have a
lower energy, the overall plasmon resonance shifts to larger wavelengths (red-shift)

as the nanoparticles become larger.

A theory about scattering and absorption of spherical nanoparticles with an exact
solution has been published by Mie in 1908 [90]. This work was a milestone for the
description of optical phenomena in colloidal systems. The author used a rigorous
approach starting from the Maxwell equations and solving them with appropriate
boundary conditions. The result yields expressions for the scattering and extinction
cross-sections that involve an infinite series of Riccatti-Bessel functions containing
information about all possible excited modes [91]. When only the dipole term is
considered, the same solution as for the quasi-static approximation is obtained
justifying this approximation. However, as the nanoparticles increase in size the
contributions from higher order excitations (quadrupole, octupole) become non-
negligible. Different from the dipole mode, these higher modes contain the size-
dependence needed to predict the red-shift of the plasmon resonance for increasing
nanoparticle sizes. This has been experimentally verified in numerous examples [92,

93].

A few years later, the theory was expanded for ellipsoidal gold particles by Richard
Gans in 1912 and for silver nanoparticles in 1915 [94, 95]. The solutions are useful
for the prediction of the LSPR of elongated nanoparticles such as nanorods [96, 97].
An interesting outcome is that the plasmon resonance of elongated nanoparticles
depends on the aspect ratio of length to width. This allows for tuning the plasmon
resonance of gold nanorods from about 600-1200 nm. The extended range into the
near-infrared (NIR) make these particles particularly interesting for biological
applications because NIR light has deeper penetration depths in tissue [98, 99]. In
addition, there are possibilities to apply these nanoparticles in optoelectronic devices

such as solar cells or lasers [100, 101].
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In summary, the plasmonic properties of gold and silver nanoparticles are stemming
from the reduction of the spatial dimensions to much less than the wavelength of
light. The LSPR makes them attractive for several research fields. It should be noted
that in the past much more research has been conducted on gold nanoparticles than
silver nanoparticles. The main reasons are that gold is chemically much less reactive
and reliable synthesis methods were mainly developed for these nanoparticles. On
the other hand, silver nanoparticles are much more sensitive to oxidation, which may
result in ligand stripping and dissolution of the nanoparticles. Nevertheless, silver
nanoparticles are of interest due to much higher extinction coefficients of one to two
orders of magnitude compared with gold nanoparticles making them attractive for

applications such as surface enhanced Raman scattering (SERS) [102, 103].

2.1.3 Synthesis of semiconductor quantum dots

Semiconductor nanoparticles or quantum dots (QDs) are a class of materials that
sparked extraordinary interest in the scientific community due to their remarkable
properties and have been subject to extensive research since the 1990‘s [26]. The
most prominent property is the fluorescence of these particles, which can be tuned
over the whole visible spectrum by controlling their size [104]. Significant work
about their synthesis was conducted by Steigerwald and Brus et al. using wet
chemistry methods involving precursors in aqueous solution with surfactants in a
reverse micelle approach [105]. In 1993, the hot-injection solvothermal approach
was published by Murray et al., which had a significant impact on the synthesis of
nanoparticles in general [106]. In this method, organometallic precursors are quickly
injected into a high boiling point solvent at high temperature. Immediately after
injection, a sudden nucleation burst occurs due to super-saturation leading to
monodisperse nuclei, which are then accumulating further material from the solution

by diffusion according to the LaMer model (see section 2.3.1).

In the first protocols trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO)
were utilised as coordinating solvents and organometallic precursors like diethyl zinc
and bis(trimethylsilyl) sulfide ((TMS).S) used, which are toxic and highly
flammable. Therefore, necessary precautions needed to be taken and typically the
reaction was carried out in a glove box under nitrogen atmosphere. Fatty acids and
fatty amines such as oleic acid (OA) or oleylamine (OAm) in a non-coordinating high

boiling point solvent like 1-octadecene (ODE) have been proven to be advantageous
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for several reasons [107]. Firstly, diethyl zinc and bis(trimethylsilyl) sulfide
((TMS)2S) can be excluded from the reaction by in situ or ex situ preparation of
metal oleate precursors like zinc oleate. Since metal oleates are easily synthesised
and purified, this approach is more universal and allowed the development of many
precursor materials. Secondly, the growth dynamics are improved leading to
narrower size distributions of nanoparticles [108]. Finally, better surface passivation

is achieved giving rise to enhanced optical properties [109].

A generic setup for the hot-injection method is shown in Figure 2.4. Typically, three-
neck flasks sealed with septa are used as the reaction vessel. One arm is equipped
with a thermometer or thermocouple. The top opening is equipped with a condenser
together with a supply of inert gas. The other arm is used for the injection of the
precursor with a syringe. The reaction vessel can be heated in an oil-bath or with a
heating mantle. This setup allows for controlling the temperature as well as avoiding
humidity and oxygen in the reaction, which are two factors commonly influencing

the reaction negatively.

Inert

—>» Q

Organometal precursor
High bp solvent

Stirrer bar

Figure 2.4: Typical setup for the synthesis of nanoparticles with the hot-injection method.

The hot-injection method produces highly monodisperse nanoparticles simply by
controlling the reaction temperature and the mixtures of organics [110]. Soon after
the synthesis of the first II-VI semiconductor nanoparticles (CdSe, CdS, CdTe), the

solvothermal method was adopted for the synthesis of III-V materials (InAs, InP,
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GaP) and IV-VI materials (PbS, PbSe, PbTe) that extended the photoluminescence

range of semiconductor nanoparticles from the visible into the infrared [111].

In the beginning the photoluminescence quantum yields (PLQY) of the synthesised
quantum dots were rather low and its improvement became subject of research. The
PLQY is a measure of radiative emission and defined as the number of photons
emitted divided by the number of photons absorbed (see Appendix A.4). It became
clear that the surface capping had a significant influence on the quantum yield of the
nanoparticles. This was attributed to the non-radiative surface traps stemming from
surface defects, which had a significant influence due to the large surface to volume
ratio of small nanoparticles [112-114]. The first attempts to minimise the surface
defects focussed on the growth of an inorganic shell of zinc sulfide around the
nanoparticles [104]. ZnS has a larger band gap than CdSe, which is necessary for
improving the luminescence by confining the electrons and holes to the core [115].
While the growth of a shell with few monolayers (1-3) significantly increased the
quantum vyield, larger shells resulted in a reduction of the yield. The reason is that
new trap states are formed at the core/shell interface or in the shell itself because
the lattice mismatch of about 12% between CdSe and ZnS induces strain [116]. Even
though pure CdSe nanoparticles with quantum yields up to 85% have been
synthesised, the inorganic capping increases the stability of the quantum dots
significantly against environmental influences and photo-degradation [117]. In a
more recent work by the group of Klimov, an alloying strategy for CdSe
nanoparticles such as CdSe/CdSexSix/CdS or CdiSei«ZnyS:., has been developed
[118, 119]. This approach leads to quick and facile protocols for the synthesis of
quantum dots with high quantum yields (>50%) and the aforementioned stability in

a one-step reaction.

2.1.4 Optical properties of semiconductor quantum dots

The genuine optical properties of quantum dots are a result of them being a nano-
sized semiconductor material, which leads to quantum size effects [120, 121]. The
origin will be explained in the following [122]. In the bulk of solids, large numbers
of atoms are arranged in a periodic lattice and hybridisation of the atomic orbitals
leads to delocalisation of the valence electrons. An electron is then described for
example according to the Kronig-Penney model, where its wave function is

considered in a periodic arrangement of rectangular potential wells [123]. The Bloch
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theorem then allows for solving the Schrédinger equation and as a result, continuous
energy bands with allowed and forbidden electron energies in the system are
obtained. The physical properties are ruled by the highest fully occupied band

(valence band) and the next energetically higher band (conduction band).

While the valence and conduction band are overlapping in metals, there is a band
gap of few electronvolts (0 < E; < 3 eV) between them in semiconductor materials.
This means that electron-hole pairs can be generated by the absorption of visible
light (1.65-2.75 eV) with energies larger than the bandgap. On the other hand,
recombination of an electron with a hole creates photon emission corresponding to
the band gap energy. Further distinction involves the classification into direct or
indirect band gap semiconductors. In indirect semiconductors, the energy valley of
the conduction band is not in line with the apex of the valence band in the band
diagram. As a consequence, a phonon (collective vibrational motion of the lattice) is
needed to assist radiative relaxation in order to fulfil the conservation of momentum.
Because this process is much less probable, the vast majority of the transitions are
non-radiative. The opposite is true for direct band gap semiconductors where
radiative recombination is not limited by phonons but occurs readily as there is no
external momentum needed. This criterion of a direct or indirect bandgap is still
important at the nanoscale. For instance, even though silicon nanocrystals were
found to exhibit increased luminescence compared to its bulk counterpart, it still
remains a challenge to make them efficient emitters [124-127]. On the other hand,
certain semiconductor quantum dots such as CdSe belong to the class of direct

bandgap materials, which explains their inherently stronger luminescence.

As the spatial dimensions of the bulk semiconductor are decreased in all directions to
only few nanometres, the so-called strong confinement regime is reached [128]. The
actual range of this regime is determined by the material-dependent exciton Bohr
radius, which describes the size of a bound electron-hole pair [129]. In this regime,
the electronic bands become quantised because the electron and hole wave functions
become spatially confined by the quantum dot boundaries. This can be modelled
with the ‘particle-in-a-sphere’ model where a particle is confined in an infinitely large
potential well with spherical symmetry. As a result, the smaller the confinement
space the larger the energy gaps becomes. Therefore, smaller nanoparticles exhibit a

blue-shifted absorption and emission compared to larger particles. Figure 2.5 shows



18 Chapter 2. Background

the effect on the band gap and the discretisation of the energy states due to the
quantum size effect in the strong confinement regime [130]. The correlation
between the size and the emission wavelength has been verified experimentally for
many materials. The Brus equation allows to calculate the first exciton energy

depending on the size of the quantum dot [131]:

- +h2n2( 1 N 1) 1.8e?
C9? T 2 \mr,  m*, €T

Equation 2.4: The change in the energy of the first exciton in a quantum dot due to the quantum

size effect.

Egap is the band gap energy of the bulk material, r is the radius of the quantum dot,
m*. and m*y, are the effective electron and hole masses of the material, respectively
and e is the dielectric constant of the material. The second term is associated with
the confinement energy and the third term describes the coulomb interaction of the

exciton.
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Figure 2.5: Illustration of the difference between the bulk and the nano-regime of
semiconductors. The energy gap is increasing and the quasi-continuous energy states in the
valence and conduction band become discrete due to the quantum size effect [130].

To conclude, the luminescence properties of semiconductor quantum dots are a
result of the intrinsic band gap of several electronvolts and the quantisation of the
energy states as the strong confined regime is approached. By choosing an
appropriate material as well as controlling its size, the emission wavelength can be

tuned over the whole visible range and into the infrared.
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Comparing quantum dots with organic fluorophores like laser dyes, e.g. fluorescein
or rhodamines, there are several differences [132]. While organic dyes often have
very high QYs of around 90%, typical values for CdSe/ZnS quantum dots are 40-
70%. However, their molar absorption coefficient ¢ is typically one to two orders of
larger than for dyes. Furthermore, QDs exhibit a Gaussian emission profile without
tails at longer wavelengths, which is common for organic dyes. This allows for better
multiplexing with QDs because there is signal crossover is reduced. In addition, the
photostability of QDs can be several orders of magnitude larger compared to organic
dyes. Importantly, quantum dots can be modified relatively easy using appropriate
surface chemistry leading to functional probes. These advantages make quantum
dots particularly interesting for optical applications like photovoltaics or LEDs [27,
133]. Much research is also conducted in the field of biology where organic dyes are
still the standard due to established methods and the unknown toxicity of quantum

dots [134].

In the next section, upconversion nanoparticles as another class of luminescent

nanoparticles will be described.

2.1.5 Synthesis of upconversion nanoparticles

Another class of materials, which gained recent research interest, are the so-called
upconversion nanoparticles. The name stems from the fact that these particles absorb
light at a higher wavelength (usually near-infrared (NIR)) and emit photons at lower
wavelengths (anti-Stokes type emission). This is achieved by doping transition
metals and lanthanides in a low-phonon host matrix, which facilitates efficient
energy transfer between the doped atoms (see section 2.1.6). Due to the advances
in nanoparticle synthesis in the 1990’s, nano-sized upconversion nanocrystals
became available and have since then been studied thoroughly [28]. Similar to the
synthesis of quantum dots (see section 2.1.3), solvothermal methods are used for
the synthesis of monodisperse and size-tuneable upconversion nanoparticles. A vast

range of host matrices, e.g. NaYF,4, NaGdF, or La;0O.S have been employed so far.

Among several initial strategies to synthesise matrices for upconversion
nanoparticles, the group of Yan et al. were the first to establish a simple solvothermal
protocol using a single precursor La(CF3COO); together with OA in ODE at 280°C
yielding monodisperse LaFz nanoparticles [135]. This approach has become a

common synthesis method for the synthesis of monodisperse nanoparticles of
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different compositions and a variety of shapes such as spheres, cubes, rods and
hexagonal prisms [136]. However, this protocol raised safety concerns because the
decomposition of the fluoride reactants could create toxic fluorinated species and
even HF by hydrolysis. Therefore, Li and Zhang developed another two-step
procedure for the synthesis of NaYF4 where yttrium oleate precursor was formed in
situ with subsequent addition of NH4F and NaOH in methanol [137]. Then, the
reaction temperature is increased to 300°C yielding uniform crystalline nanoparticles
successively over one hour. In order to create upconversion nanoparticles, the host
matrices are doped with different rare-earth elements. Typical lanthanides are
ytterbium (Yb3*) as an absorber (also called antenna) and erbium (Er**) or thulium
(Tm3*) as emitters. These lanthanides are mixed in desired ratios with the host
matrix precursors to create doped nanoparticles. Different contents from 10-90%
Yb3* and 0.1-10% Er®* or Tm3* change both the photoluminescence quantum yields

and the emission spectra [138] (see section 2.1.6).

The as-synthesised upconversion nanoparticles are like quantum dots stabilised by
fatty amines or fatty acids as surface ligands. Similarly, upconversion quantum yields
are influenced by surface defects and several methods for surface modification have
been applied [139]. Ligand exchange reactions, silanization or core-shell type of
approaches have been successfully performed, which will be discussed in section

2.2.

2.1.6 Optical properties of upconversion nanoparticles

The anti-Stokes emission of upconversion nanoparticles is rather peculiar, which is
one of the reasons why a lot of research on these materials is still being conducted
[140]. The main principle of upconversion photoluminescence is the ability of the
material to absorb several photons of lower energy before radiative or non-radiative
relaxation occurs. An example is two-photon absorption, which has been observed in
quantum dots and is still under investigation [141]. However, two-photon
absorption is an inefficient non-linear process, which requires high photon densities
achieved only with ultrashort pulse lasers [142]. The excitation by two photons is
only possible via virtual states (VS), i.e. a very short-lived quantum state, which
renders such a transition very unlikely (Figure 2.6a). On the other hand, lanthanide-
doped upconversion nanoparticles can be tailored in such a way that the lifetimes of

the excited states are long enough to allow multiple photon absorption. Different
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from quantum dots, these particles have real ladder-like energy states, which makes
the process several orders of magnitude more efficient (Figure 2.6b). Therefore, the
combination of lanthanide ions creates a rather efficient platform for anti-Stokes
photoluminescence that is not limited by costly pulsed lasers but can readily be

exploited with relatively low-priced continuous-wave photodiodes.

Besides multi-photon absorption or excited state absorption (ESA), other important
energy transfer mechanisms have been identified [25]. Energy transfer upconversion
(ETU), cooperative sensitisation upconversion (CSU), cross relaxation (CR) and
photon avalanche (PA) are all upconversion processes that have a certain
significance depending on the dopant combination or the concentration of the
dopants [143]. The most crucial process for the Yb3*/Er®* and Yb3*/Tm3* pairs
employed in this work is ETU (Figure 2.6¢). In this process a sensitizer ion (Ionl) is
excited into a metastable excited state (E1) by the absorption of a photon. The
energy is then transferred to a second ion (Ion2) which is excited to its first excited
state whereas the sensitizer relaxes back to its ground state (G). Several of these
excitations lead to an excitation of ion2 into higher states (E2), which can radiatively

relax.

QD Ionl Ionl Ion2
E2 — T B2
El — El — — El
G NP G 4 4 G
(b) ESA (c) ETU

Figure 2.6: Illustration of three different multi-photon excitation pathways. (a) Two-photon
absorption, (b) excited state absorption and (c) energy transfer upconversion. G = ground state;
E1,E2 = excited state; VS = virtual state. The red, blue and green arrows represent photon
absorption, energy transfer and radiative emission, respectively.

In a series of experiments, Suyver et al. determined the exact transitions of ytterbium
and erbium respectively thulium co-doped NaYF, nanoparticles [144]. Figure 2.7
shows the specific energy level diagram describing the interaction between the
sensitiser (Yb3*) and the acceptor ions (Er¥*, Tm3"). The upconversion relies on 4f-4f
transitions, which are dipole forbidden and therefore have long lifetimes facilitating

multi-photon transfer. The ytterbium ion has a two-level system with an absorption
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maximum at around 980 nm. The energy from an excited ytterbium atom is then
transferred to the co-doped rare-earth atoms via ETU, which relax by emitting
photons of different wavelengths as indicated in Figure 2.7. The relative proportions
of the different emission channels can be influenced by changing the relative dopant
concentrations. For example, Quintanilla et al. described that the emission spectrum
of thulium-doped UCNP blue-shifts with decreasing thulium content (0.1%-2%) and
increasing ytterbium content (2%-30%) [145]. This effect can be explained by the
multi-photon nature of the process. The lower the thulium concentration, the more
probable it is to populate the higher energy states because the same amount of
energy is transferred to less ions for a given ytterbium concentration. Additionally,
Tm3* ions have been shown to exhibit effective cross-relaxation processes that
depopulate the 3Hy level and therefore inhibiting the excitation into the 'G4 level. At

the same time, red emission is increased.
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Figure 2.7: Scheme of the relevant energy levels of rare-earth elements used in upconversion
nanoparticles. The large coloured arrows indicate radiative relaxation of the visible emissions.
Reprinted from ref. [144] with permission from Elsevier, Copyright 2005.

Upconversion nanoparticles have been promoted as potentially useful for biological
imaging [25]. One reason is the excitation with NIR light, which penetrates

biological tissue much deeper than visible light (biological window) [146].
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Furthermore, fluorescence techniques are ubiquitous in bio-sciences so that
upconversion nanoparticles are of interest for replacing other dyes. Advantages are
their resistance against photobleaching and a large reduction of autofluorescence of
biological species due to the NIR excitation [147]. Another potential application for
upconversion nanoparticles is the gathering and conversion of infrared light in solar

cells [148, 149].

In the next section a brief description of very recently developed lead halide

perovskite nanoparticles will be given.

2.1.7 Lead halide perovskite nanoparticles

Lead halide perovskites with the chemical formula APbXs (A = CH3NHs*, Cs*; X =
Cl, Br, I') have gained a lot of attraction in the field of photovoltaics in recent years
[32]. While these materials have been known for several decades, it was not until
2009 when they have first been applied in solar cells. These materials led very
rapidly to conversion efficiencies from 3.8% in 2009 to 20.1% in 2014, which is the
fastest development in the field of photovoltaics to date [33]. The advantage of these
perovskite materials is the possibility to manufacture relatively efficient solar cells at

very low cost with very basic thin film technologies such as spin coating [150].

Films of lead halide perovskites are readily forming when a precursor solution is
dried on a substrate. In a typical procedure, lead halide salts (e.g. PbBrz) and
methylammonium halide salts (e.g. CH3NH3Br) are dissolved in a polar organic
solvent such as N,N’-dimethylformamide (DMF) and then cast on a substrate. Spin
coating then spreads the solution over the whole substrate and heat is used to
evaporate the solvent leading to the formation of perovskite films. This basic
procedure was refined in the past and several other processing strategies were

developed [151].

In 2009, Kojima et al. found perovskite nanoparticles for the first time after spin-
coating a methyl ammonium lead bromide solution on TiO, [152]. However, not
much attention was given to the synthesis of colloidal perovskites until 2014 when
the group of Pérez-Prieto presented a wet-chemical method for the first time [153].
Their approach relied on solvent engineering where precursors are dissolved in a
good solvent (DMF) and rapidly injected into a bad solvent (toluene) containing long

alkyl-chain ligands so that rapid crystallisation occurs, which is capped by the long
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ligands. In this way, they were able to create colloidal solutions of CHsNH3PbBrs;
particles with sizes of about 6 nm and bright fluorescence with FWHM of 20-25 nm.
In a following paper, the same group reported PLQYs as high as 83% using capping
molecules with different lengths [154]. Shortly after, Zhang et al. showed that this
method can be used to synthesise colour-tuneable mixed perovskites with emission
wavelengths over the whole visible range [155]. At the same time, the group of
Kovalenko prepared cubic CsPbX3 perovskite nanoparticles using oleates and the hot-
injection method entirely based on organic solvents [156]. Besides using mixed
halide precursors directly in the synthesis, Kovalenko et al. and Manna et al. reported
independently that lead halide perovskite crystals can be post-synthetically altered
via anion exchange [157, 158]. All the nanoparticles are only stable in organic
solvents with moderate polarity because they dissolve in polar media. However,
current research focusses on the encapsulation of the perovskite nanoparticles with a

shell, which could allow them to be dispersed in aqueous media.

The crystal structure of the APbX3 unit cell is depicted in Figure 2.8. The lead anions
are surrounded and connected with each other by six halide ions forming octahedral
blocks. These octahedral blocks are aligned in a cubic arrangement creating a void,
which is filled by a monovalent cation. Theoretical and experimental studies revealed
that these materials have a direct band gap resulting in strong fluorescence [159].
The size of the band gap is mainly altered by the various halides resulting in band
gaps of 1.5 eV and 2.3 eV for CH3sNH3Pbls and CH3NHsPbBrs, respectively [160].
However, Filip et al. reported that the change of the band gap energy can also be
induced geometrically with a steric distortion of the lattice due different sizes of the
cations filling the voids [159]. Quantum size effects have been shown to be
significant in the case of perovskite nanoparticles [156, 161]. Altogether, lead halide
perovskite have become a promising alternative to semiconductor quantum dots due

to their facile processability and optical properties [162].
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Figure 2.8: Visualisation of the APbX3 (A: monovalent cation, X: halide) perovskite crystal
structure.

2.2 Functionalisation of nanoparticles

In the previous sections the synthesis of different types of nanoparticles was
discussed. Independent from the synthesis method or the chemical composition of
nanoparticles, surface ligands play a major role during and after nanoparticle
formation. The functionalisation of nanoparticles is of utmost importance for almost
every application because the ligands on the nanoparticle surface determine colloidal
properties such as solubility, stability and targeted function [163]. Examples of
different polar ligands used as coating for water-soluble nanoparticles are
polyelectrolytes (e.g. polystyrene sulfonate, polyacrylic acid) or polyethylene glycol
(PEG) derivatives. Aliphatic amines, aliphatic acids and certain non-ionic polymers
(e.g. PVP) belong to the group of organic ligands. Surface ligands are grafted onto

nanoparticles by different functional groups as shown in Figure 2.9 [163].
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Figure 2.9: Functionalisation of nanoparticles by attachment of molecules such as PEG or DNA on
the surface via functional groups.

A very important chemical group for the attachment of molecules to gold is the thiol
(-SH) group. The affinity of thiols to gold surfaces is very high with binding energies
close to Au-Au bonds [164]. Brust et al. used alkanethiols to synthesise small gold
nanoparticles (2-4 nm) in organic media for the first time showing the strong
interaction between thiols and gold in a colloidal system [64]. Later, the first DNA-
AuNP assemblies were presented by Mirkin et al. and Alivisatos et al. using thiol-
modified oligonucleotides [13, 14]. Even though thiol chemistry has been the most
used routine for the functionalization of nanoparticles with (bio-)molecules for more
than two decades, the nature of the interaction between thiols with gold surfaces

was only recently determined [164].

Organophosphorus compounds (R3P, R = organic derivative) have first been utilised
by Schmid et al. to synthesise ultra-small gold nanoclusters with diameters of only
1.4 nm with the chemical formula Auss(PPhs)12Cle [165]. Schmid and Alivisatos et al.
established the water-soluble phosphine compound bis(p-sulfonatophenyl)phenyl
phosphine (BSPP) as stabiliser for gold nanoparticles with diameters of 5-10 nm
[166, 167]. This compound allowed them to highly concentrate the nanoparticles by
centrifugation, which led to aggregation beforehand. In addition, this ligand can

readily be replaced by thiol-containing molecules (see section 2.3).

Apart from thiols and phosphines, many other functional groups are used to graft
molecules on the nanoparticle surface. Examples are amines (-NH), carboxylic
groups (-COOH) or phosphonates (R-PO(OH).) [163]. The affinity of a certain

functional group depends on nanoparticle composition. For instance, amines have
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been used for silver surfaces and carboxylic acids are used to coat upconversion

nanoparticles [68, 168].

The rich library of affine groups allows one to tailor molecules according to the task
to be performed. For example, directed peptide linkage on gold nanoparticles can be
achieved by including one cysteine, which is an amino acid containing a thiol moiety
[169]. The specific peptide sequences on the nanoparticles may then stimulate a
certain cell response in biological systems [170]. Another example is L-lipoic acid,
which contains a thiol group to be linked to a nanoparticle and a terminal carboxyl

group for performing further reactions (e.g. EDC coupling) [171].

Certain chemical groups have higher affinities towards nanoparticle surfaces than
others. Generally, groups with a higher bond energy spontaneously displace
previously attached molecules [172]. For example, citrate molecules coating gold
nanoparticles are displaced by BSPP, which can further be exchanged with thiol
groups (Figure 2.10(1)). Nevertheless, ligands bearing the same binding group can

also be exchanged leading to mixed layers (Figure 2.10(2)).

<
A DI od -
X‘A Y_B
+ - X-A —
< o M'f:P @} AJ)@ <y _ binding
X Ly Q, E @ ’ moities
<
N Y <
s AV$?’ &QL\ < ,3;? ® ~ functional
b~ b < A,B - _
9 Ry + X-B ye moieties
(2) 4 X-A i X-B
< -+ - X-A ; F
o 4 e K
< Ly &,

Figure 2.10: Post-functionalisation of nanoparticles via ligand exchange. (1) Complete ligand
exchange by a binding group with higher affinity towards the surface and (2) partial exchange by
molecules with the same binding group.

This method of post-functionalisation is the most popular and named ligand
exchange. It is a convenient and efficient method to change the functionality of
nanoparticles after synthesis. In particular, phase-transfers from the organic to the
aqueous or vice versa can be achieved by ligand exchange [163, 173]. Examples are

quantum dots post-functionalised with lipoic acid or upconversion nanoparticles
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transferred from the organic to the aqueous phase with polyacrylic acid (PAA) (see

chapter 4).

In order to maintain colloidal stability, it is necessary to consider the size and the
charge of the molecules to be attached. If there is not enough charge and/or the
ligand is not large enough, nanoparticles undergo irreversible aggregation and

eventually precipitate. This aspect will be discussed in section 2.3.

2.3 Nanoparticle growth models and DLVO theory

2.3.1 LaMer model

The first conclusive model for nanoparticle nucleation and growth that was
supported with a series of experiments was published by LaMer et al. in 1950 and is
nowadays referred to as LaMer model [50]. In this work, sulfur hydrogels were
prepared by titrating hydrochloric acid (HCI) into an aqueous solution containing
sodium thiosulfate (Na2S203) producing elementary sulfur as S,. Since sulfur has
only a low solubility in water, at a certain concentration the solution becomes turbid
indicating for formation of sulfur particles. A systematic approach of several
conditions allowed the group to describe nanoparticle formation and growth

according to the graph depicted in Figure 2.11.
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Figure 2.11: Illustration of the precursor concentration changing with time according to the
LaMer model. At stage I, there is an increase in monomer concentration until a critical
supersaturation ceit is reached. At this point rapid nucleation occurs, which relieves the
saturation (stage II). In stage III, the nuclei grow by a diffusion-limited process until the
saturation concentration cs is reached. Adapted from ref. [50].
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The graph describes the change of the concentration of elementary sulfur in the
solution with time. In the beginning, the concentration linearly increases with
successive addition of hydrochloride acid into the precursor solution. The
concentration rises even after reaching the saturation concentration, cs, of sulfur
leading to supersaturation (Stage I). Once a critical concentration ccr; is reached, the
sulfur starts nucleating. The degree of supersaturation decreases rapidly so that the
nucleation can be considered as a single event in time (nucleation, stage II). After
nucleation, the nuclei grow by diffusion-limited addition of free sulfur from the

solution onto the nuclei (growth, stage III).

The authors discussed that controlling the initial concentrations of the precursors is
very important for the synthesis of monodisperse colloids. If the concentration is too
high, several nucleation events can be induced by exceeding the critical
concentration more than once when further reducing agent is added. In addition to
the qualitative description of the nucleation, a mathematical model for the growth
was developed. The thorough investigation of LaMer et al. allowed researchers to
systematically tune the appropriate reaction conditions for the synthesis of different

types of colloids [174].

2.3.2 Size-focussing and broadening regime
The findings from LaMer et al. are related to the free enthalpy and the surface
tension of clusters in solutions [175]. For a cluster consisting of n atoms the change

of the total free energy is given by
AG =n- (u, — W) + 4nro.

Equation 2.5: The change in the free energy G for n atoms forming a cluster in solution.
The chemical potentials u. of the crystalline phase and us of the solution phase
determine if a phase transition is favourable. In order for nanoparticle formation to
occur, the . must be smaller than us. The first term plays the main role in bulk
crystals but the second term with the surface tension o is not negligible for nano-
sized particles due to the high surface-to-volume ratio. For spherical particles with

density p and molar mass M, the equation for the free energy becomes
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Equation 2.6: The change in the free energy G considering spherical particles.

From this equation a critical radius r. can be calculated, which determines the
minimal radius for stable nuclei. At this radius, the volume term overcomes the
surface term and the total free enthalpy becomes negative meaning that nuclei
dissociation becomes non-spontaneous. The change of the free energy depending on

the radius for a spherical particle according to equation 2.6 is shown in Figure 2.12.

‘ e —A-r:'—B-rz‘

AG

Te Radius r

Figure 2.12: The change of the free energy depending on the radius of nanoparticles formed from
monomers in solution according to equation 2.6. The surface tension imposes an energy barrier,
which is overcome once the particle reaches the critical radius r. and spontaneous growth
commences.

After nucleation there are two stages of growth, the size-focussing regime and the
broadening regime [174]. The former regime appears typically at the beginning of
the reaction after the nucleation step. In this case, a vast excess of monomers is
present in solution so that on any free site of a nanocrystal further monomers will
attach. Importantly, the relative width A’"/f of the size distribution decreases with
time, i.e. smaller crystals reach the mean radius of the ensemble quicker than the
larger nanocrystals grow bigger. However, once the pool of monomers starts
depleting the critical radius changes to larger radii and small clusters may dissolve
again completely. This phenomenon called Ostwald ripening has been described by
Wilhelm Ostwald in 1900 and can be explained with the Gibbs-Thompson effect,
which states that smaller droplets have a higher vapour pressure than larger ones

due to higher curvature [174, 176]. When this stage is reached, size broadening
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occurs because the dissolving smaller particles are incorporated into the larger
nanoparticles. Therefore, the nucleation stage should be well separated from the
growth stage for monodisperse nanoparticles in order to avoid the size broadening

regime [62].

2.3.3 DLVO model

In this section the factors influencing the colloidal stability of a solution will be
discussed. The colloidal stability of a nanoparticle solution is determined by mainly
two forces as depicted in Figure 2.13. The DLVO model, named after Derjaguin,
Landau, Verwey and Overbeek, explains the aggregation behaviour of a colloidal

solution based on these two forces [177].

—>» Van-der-Waals attraction
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Figure 2.13: The interaction between two particles in solution. Attractive Van-der-Waals forces
and repulsive electrostatic forces determine the colloidal stability according to the DLVO theory.

On the one hand, there are repulsive electrostatic forces from charged molecules
adsorbed on the nanoparticle surface. Since counter-ions are attracted to the surface,
an electrical double layer is forming. Depending on the ionic species and the
concentration of the electrolytes, a certain ion-concentration profile from the surface
into the solution is created governing the electrostatic interaction between particles.
The electrical double layer consists of a layer with tightly bound ions (Stern layer)

and layer with less strongly attached ions (diffuse layer).

On the other hand, there are attractive Van-der-Waals forces between nanoparticles.
Van-der-Waals forces stem from spontaneous fluctuations in charge density of a
molecule, which in turn polarise surrounding molecules. This leads to an
electrostatic interaction between the molecules where the dielectric properties

determine the strength and direction of the resulting force. The Hamaker constant,
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derived from the analytical work of Hamaker, is a measure for the strength of the
interaction [178]. While the Van-der-Waals interaction is attractive in most cases (in

particular between the same materials), repulsive forces can also occur [179].

The interaction energies from Van-der-Waals and double layer interaction for two

equal spheres can be expressed as [179, 180]:

AR
WD) = - D (Van — der — Waals interaction)
QZ e—ic(D—Zr)

WD) = .
(D) 4mege(1 + kr)? D

(Double layer interaction)

Equation 2.7: Attractive Van-der-Waals interaction (top) and repulsive double layer interaction
(bottom) between two spheres in solution resulting from DLVO theory.

A denotes the Hamaker constant, R the radius of the spheres, k the Debye screening
length, Q the total charge of each sphere and D the distance between the two
spheres. It should be noted that the Van-der-Waals interaction in Equation 2.7 is a

limiting case (D < Rj,R2) resulting from the more general Hamaker formalism [180].

Figure 2.14 depicts the attraction and repulsion as well as the net energy depending
on distance between two spheres according to above equations. It can be seen that
the double layer contribution is dominant except for very small distances where the
Van-der-Waals term overcomes the other term. An energy barrier is therefore created
by repulsive electrostatic forces that need to be overcome by the colloids in order to
aggregate [181]. Larger particles sizes and less surface charge as well as larger
amounts of counter ions present in solution lower the energy barrier. It is possible
that under certain conditions a local minimum in the net energy occurs, which
typically corresponds to reversible agglomeration or flocculation of the
nanoparticles. In particular, steric effects from ligands are responsible for such a

behaviour and will be discussed below.
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Figure 2.14: The interaction between Van-der-Waals attraction and electric repulsion as described
by the DLVO theory for two spheres. An energy barrier is imposed by the electric force.

A measure for the surface charge and therefore the energy barrier is the {-potential
(zeta potential), which gives an indication about the stability of a colloidal system
[182]. It is defined as the electric potential at so-called slipping plane, which is
located in the diffuse layer. It marks the boundary between which ions are following
a moving particle or not. Therefore, the {-potential is not the surface potential of the
particle. It is experimentally determined by applying an electric field and measuring
the velocity, which is then correlated with the nanoparticle charge. {-potential values
of at least =25 mV are accepted threshold values for long term colloidal stability.
Lower values indicate that colloids might aggregate over time. However, the actual
behaviour of the colloidal system varies depending on multiple parameters such as
particle size, solvent and temperature. Furthermore, the pH can strongly influence
the {-potential as adsorbed molecules might protonate or de-protonate and therefore
change the surface potential of the particle. All these variables make it very
important to choose appropriate ligands for nanoparticle functionalisation without

impeding the colloidal stability of the system [183].

One important factor, which is not included in the DLVO theory, is steric stabilisation

[184, 185]. Bulky ligands on the surface have an additional effect on a colloidal
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solution. Steric hindrance can prevent nanoparticles to irreversibly aggregate if the
shell does not allow the nanoparticles surfaces to touch each other. There are several
different interactions that belong to the group of steric interactions [179]. First,
there is the so-called osmotic interaction. It describes the exclusion of solvent
molecules in between nanoparticles when they are in close proximity. This creates a
region of high pressure towards the gap of nanoparticles, which can effectively be
described as an additional repulsive term. Secondly, related to the osmotic
interaction, there is the solvophobic or hydrophobic interaction if a bad solvent is
added to a nanoparticle dispersion. This can lead an attraction between
nanoparticles because the interaction between similar ligands and solvents is
energetically favourable. Lastly, there is a repulsive elastic interaction stemming
from the loss of configurational entropy when ligands on the nanoparticles are at

very close proximity.

Therefore, even uncharged molecules such as non-ionic polymers can be used for
nanoparticle capping without colloidal destabilisation [186]. In this case, reversible
agglomeration may occur where Van-der-Waals forces bring particles into close
proximity but due to steric hindrance, the nanoparticles do not aggregate irreversibly
as discussed earlier. This behaviour is very important for processes that involve
nanoparticles powders or the formation of nanoparticle clusters [183]. An example is
semiconductor quantum dot powder, which can be obtained by evaporating the
solvent of the dispersion. Long alkane chains are creating a steric barrier so that the
nanoparticles do not aggregate. This allows to re-disperse the particles in an
appropriate solvent. Examples for ligands exhibiting additional steric hindrance are
dodecanethiol in organic solvents or polyvinylpyrrolidone (PVP) and polyethylene
glycol (PEG) in aqueous solvents [187, 188].

2.4 DNA as a tool in nanotechnology

This section will give an introduction to DNA as a molecule and its use for

programmed assembly of nanoparticles in ordered structures.

2.4.1 Structure and properties of DNA

Desoxyribonucleic acid (DNA) is a remarkable molecule encoding biological
information in living organisms [189]. It consists of two major components, the
phosphate-deoxyribose backbone and the information encoding nucleobases (see

Figure 2.15). The backbone carries one negative charge per phosphate group
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basically over the whole pH range due to a pK. value of only about 2. Single
stranded DNA (ssDNA) consists of arbitrary sequences of the four nucleobases
adenine (A), cytosine (C), guanine (G) and thymine (T). As discovered by Crick and
Watson in the 1950s, two complementary DNA strands form a pair because the four
nucleobases couple by forming hydrogen bonds between A and T and C and G [190].
The double-stranded DNA (dsDNA) has a helical conformation as depicted in Figure
2.15. It should be noted that the bonding is directional, i.e. two single-stranded
DNAs (ssDNA) need to be in reversed order. DNA sequences are synthesised from the
5-end to the 3’-end and therefore the sequence 5-ATCG-3’ is complementary to the
sequence 5-CGAT-3’.
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Figure 2.15: Structure of double stranded DNA. The specific complementarity of the two base
pairs adenine-thymine and guanine-cytosine leads to hybridisation with a double helical
conformation.

The forces present in dsDNA are: a) attractive hydrogen bonding and r-stacking
between the nucleobases and b) electrostatic repulsion from the negatively charged
backbone [191]. The r-stacking interactions results from the hydrophobic effect and
London dispersion forces [192]. The former considers that non-polar molecules

break hydrogen bonding in the polar solvent (water). The formation of bonds
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between the bases and the folding into an ordered structure results in exclusion of
water from non-polar parts of the helix and an overall favourable change in the free
energy is achieved [193]. The latter force arises from instantaneous induced dipoles
due to electron density fluctuations between two or more molecules and becomes
stronger with increasing polarizability of the electron cloud. In the case of DNA, the
interaction between the delocalised n-electron clouds of the nucleobases make
stacking favourable [191]. Even though hydrogen bonding and stacking forces are
weak, they become significant in larger numbers, e.g. in long oligonucleotides. In
2006, Yakovchuk et al. reported that base stacking is responsible for the stability of
dsDNA rather than hydrogen bonding, which was found to have a destabilising effect

[194]. This behaviour has been verified using artificial DNA analogues [195].

Because of the electrostatic repulsion, DNA hybridisation is sensitive to the ionic
strength, the temperature and the pH of the solution [196]. A certain amount of
cations is needed to screen the negatively charged phosphate groups and allow the
DNA strands to overcome the electrostatic barrier. Larger amounts of cations and
especially multivalent cations greatly enhance the stability of dsDNA. The
temperature is crucial due to the relatively weak non-covalent bonds holding the
DNA together. Heating will break the bonds between the nucleobases and cause
dehybridisation to single stranded DNA. The pH is affecting the stability of dsDNA
negatively at acidic (pH < 5) or basic (pH > 10) pH values due to protonation or

deprotonation of the oligonucleotide bases.

An important measure for practical purposes is the melting temperature Ty, of dSDNA
which is defined as the temperature at which 50% of the dsDNA are dehybridised.
This value can be determined experimentally by performing so-called melting curves
[197]. In this method, an oligonucleotide solution is slowly heated and cooled while
measuring the UV absorption of the DNA. The aromatic purine and pyrimidine rings
in the DNA bases absorb UV light with a maximum around 260 nm (Figure 2.16).
The melting curve analysis relies on the hyperchromic effect of DNA, which is
responsible for a significant decrease of the extinction coefficient of about 37% when
two strands are hybridised. The effect can be explained with the stacking interactions
between the nucleobases, which reduces the resonance of the aromatic rings leading
to decrease absorption [198]. A typical sigmoidal melting curve profile of

complementary oligonucleotides is shown in Figure 2.17. The shape can be
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explained with the collaborative effects of the hybridisation process, i.e. already
formed base pairs influence hybridisation of neighbouring bases [199]. The melting
temperature Tp is determined at the point of inflection of the curve. Melting
temperatures can also be calculated theoretically with different models. The most
common model is the nearest neighbour method where the enthalpy for the
formation of a base pair as well as stacking effects of neighbouring bases are taken
into consideration yielding very useful approximations of the melting temperature
[200]. There are publicly available online platforms, which implement different
theoretical models for the calculation of the melting temperature, e.g. Oligocalc

[201].
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Figure 2.16: Extinction spectra of the four DNA nucleobases [202].
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Figure 2.17: Illustration of the absorption at 260 nm during DNA melting experiments. An
increase of the absorption indicates the dehybridisation of dsDNA due to the hyperchromic effect.
The melting temperature is defined at the point of inflection of the sigmoidal curve.

Double stranded DNA is susceptible to intercalation by molecules with planar
aromatic rings [203]. These molecules are called intercalators. Energetically,
intercalating molecules usually stabilise the double helix by additional r-stacking
interactions. Intercalators are interesting because they can be used to detect dsDNA
(e.g. SYBR green I or ethidium bromide), used for sensing applications such as SERS
(e.g. acridine orange) or applied for DNA crosslinking (e.g. 5-methoxypsoralen)

[203-205].

2.4.2 DNA crosslinking

As described earlier, two hybridised DNA strands that form dsDNA are not coupled
permanently but can dehybridise readily under certain conditions. Especially when
nanoparticles are involved, the ionic strength needs to be carefully tuned in order to

avoid nanoparticle aggregation (section 2.3.3).

In order to overcome this problem, crosslinking techniques have been developed.

This means that covalent interstrand bonds are created, which permanently connect
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dsDNA even in low ionic strength media or at elevated temperatures. There are
different ways to crosslink DNA, which involve either external molecules
(intercalators) or internal modifications of the oligonucleotide sequences. Some

examples will be discussed in the following.

Firstly, enzymatically driven reactions have been reported. For instance, the group of
Schuster used oligonucleotides functionalised with 2,5-bis(2-thienyl)pyrrole (SNS)
molecules, which act as monomers for a polymerisation reaction [206]. This reaction
is started by combining horseradish peroxidase and hydrogen peroxide (H20>)
(Figure 2.18) with the SNS-modified DNA. The group applied this method for the
assembly of gold nanoparticles in various structures by careful design of the
oligonucleotides [207]. However, a drawback of enzymatic reactions is their
sensitivity to the environmental conditions (pH, temperature, ions), which often

prevent in situ cross-linking with nanoparticles.
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Figure 2.18: Scheme of the structure of SNS monomers and the polymerisation reaction yielding
crosslinked DNA strands by enzymatic ligation.

Secondly, intercalating molecules like 5-Methoxypsoralen have been used to
crosslink DNA (Figure 2.19) [208, 209]. This molecule in particular has specificity
towards 3’-AT-5" combinations requiring careful design of the DNA. Furthermore, a
crosslink can only be facilitated if there are two opposite thymine bases between the
psoralen. Once intercalated, a [2+2]-photocycloaddition between the double bond
of the thymine and the intercalator can occur under irradiation with UV-A light
(~365 nm) as shown in Figure 2.19. However, low crosslinking reaction yields of

only around 20% for psoralen derivatives was reported by Smith et al. [208].
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Figure 2.19: Structure of 5-Methoxypsoralen and its UV-mediated reaction with thymine bases.

Thirdly, a similar approach utilising UV irradiation was followed in this work but
rather than using intercalators, oligonucleotides were modified directly with 3-
cyanovinyl carbazole (Figure 2.20). This molecule was developed by Yoshimura et
al. as efficient light-induced crosslinker for DNA [24]. The reaction is identical to
that of the psoralen derivatives where the molecule forms a covalent bond with an
opposite thymine base. However, quantitative crosslink formation in a few seconds
was reported with 3-cyanovinyl carbazole. Another novel feature is the possibility to
efficiently de-crosslink the dsDNA by irradiation with UV-B light (~312 nm). The
group showed that the reverse reaction is completed after 60 seconds of UV
irradiation. In a more recent modification of the carbazole molecule the efficiency
was increased so that the de-crosslink reaction also could be performed in few
seconds [210]. The reaction [2+2]-photocycloaddition is depicted in Figure 2.21.
The highly energetic UV light excites an electron from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO),
which is then able to form a new bond with the double bond of the cyanovinyl
group. This happens through the formation of an exciplex and a diradical
intermediate between the excited thymine and the alkene. The intermediates are in a
triplet state so that the spin inversion to the singlet state needs to occur before the
cyclobutane is finally produced [211]. It should be noted that several different
stereoisomers are produced [212, 213]. The reaction can be reversed with light of

higher energy (UV-B).
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Figure 2.20: Reaction of 3-cyanovinyl carbazole with a thymine base under UV-A irradiation
forming a cyclobutane bridge via a [2+2]-photocycloaddition.
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Figure 2.21: Reaction mechanism of the [2+2]-photocycloaddition between thymine and 3-
cyanovinyl carbazole.

Lastly, the well-known azide-alkyne click (AAC) reaction is nowadays an established
tool for DNA crosslinking [23]. In 2001, the click chemistry paradigm was described
by Sharpless, Kolb and Finn for the first time [214]. They defined classes of reactions
with several properties such as modularity, which allows building molecules similarly
to DNA or proteins. The AAC reaction belongs to the class of [3+2]-cycloadditions
and in particular to the Huisgen 1,3-dipolar cycloaddition, which was independently
discovered as a model click reaction by Sharpless et al. and Meldal et al. in 2002
[215, 216]. In their work, they found that using Cu(I) as a catalyst leads to selective
formation of a triazole from azide and alkyne moieties. Therefore, specific covalent
linkage between two molecules bearing the respective functional groups can readily

be facilitated. Since then, the copper-catalysed AAC (CuAAC) was further explored
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and has been extensively used for the functionalization of molecules and
nanoparticles in the recent past [217]. Several years later, a copper-free variation
termed strain-promoted AAC (SPAAC) was developed by Bertozzi et al. in 2004
based on work conducted by Wittig and Krebs in the 1960s [218, 219]. The SPAAC
relies on strained alkynes like cyclooctynes, which become by far more reactive due
to the energetically unfavoured bond deformation [220]. In the recent years, several
cyclooctyne derivatives such as dibenzocyclooctyne (DIBO) and bicyclo[6.1.0]nonyn
(BCN) were developed [221, 222]. The reaction between BCN and an azide is shown
in Figure 2.22. The strain-promoted coupling is not limited to alkynes and azides
but has also successfully been performed with alkynes and nitrones (SPANC) making

the reaction even more versatile [223].
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Figure 2.22: Reaction mechanism for the strain-promoted 1,3-dipolar cycloaddition between BCN
and an azide.

Both the CuAAC and the SPAAC reactions have their advantages and disadvantages.
The main disadvantage of the former reaction is the need for Cu(l) as a catalyst,
which is readily oxidised to Cu(Il) [224]. For this reason, the copper precursor is
typically prepared in situ with reducing agents such as sodium ascorbate. The
stability of Cu() can further be increased by utilisation of complexation ligands.
Additionally, the amount of copper needs to be chosen -carefully when
oligonucleotides are involved because it can induce DNA degradation [225]. Another
disadvantage is the toxicity of reactive oxygen species towards life cells created
during copper reduction [226]. These disadvantages led to the development of the
SPAAC reaction [227].

In this work, the SPAAC between BCN and azide containing oligonucleotides as well
as light-induced coupling of 3-cyanovinylcarbazole were investigated in conjunction
with gold nanoparticles to form stable and programmable nanoparticle assemblies

(Chapter 5). These will be described in the next section.
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2.5 Self-assembly of nanoparticles

Self-assembly of different materials has been of interest for a long time [228]. The
concept of self-assembly is that single entities called building blocks arrange
themselves in larger, ordered structures spontaneously. Even before colloid
chemistry has become popular, the directed assembly of molecules in solution and on
surfaces has been explored [229, 230]. One famous example is the formation of self-
assembled monolayers (SAMs) of aliphatic molecules on gold surfaces [231, 232].
The importance of these assemblies is that chemical and physical properties like
wettability, adhesion or biocompatibility can be altered to an unprecedented degree
because of the molecular nature of the functionalization. For instance, artificial
superhydrobic surfaces mimicking the lotus leaf have been produced by changing the
surface at the nanoscale [233]. Even more interestingly, surfaces that can be
switched reversibly by an external stimulus from superhydrophic to superhydrophilic
have been presented in the recent past [234]. Such examples clearly show how novel

properties can be derived from self-assembly [235].

As the science of colloidal systems became more elaborated and reliable protocols for
the synthesis of nanoparticles were developed, the concepts of self-assembly have
quickly been adopted for these systems. Figure 2.23 shows various parameters with

which self-assembly of nanoparticles can be achieved [8].
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Figure 2.23: An overview about different parameters that can be used to trigger self-assembly of
molecules and nanoparticles in ordered structures. Reprinted with permission from ref. [8].
Copyright 2010, American Chemical Society.

As described in the previous section, the properties of DNA make it a perfect tool for
the directed assembly of nano-sized building blocks into larger discrete crystals [17].
A pioneer and inventor of the field of DNA nanotechnology was Seeman who
predicted and realised three-dimensional nanoscale objects by carefully designed
DNA strands [15, 236]. Several years later, Mirkin and Alivisatos showed that DNA
can be used to organise gold nanoparticles in larger structures [13, 14]. In their
work, Mirkin and co-workers modified gold nanoparticles with a dense shell of
oligonucleotides and showed that two batches of nanoparticles with complementary
DNA are reversibly forming aggregates depending on the temperature. A different
route was pursued by Alivisatos and co-workers who used nanoparticles with few
oligonucleotides and with different complementarities to achieve a directed,

templated organisation of nanoparticles via a third oligonucleotide.

Mirkin’s approach was initially used for simple aggregation of a large number of
nanoparticles in order to study physical and chemical properties such as influence on
the melting temperature by the nanoparticles [237, 238]. In recent years, this
technique has proven to be extremely useful for the formation of superlattices [239].

By careful design, large artificial crystals with lattice structures like body-centered
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cubic (bcc) or face-centered cubic (fcc) were synthesised via self-assembly [240,
241]. Superlattices are interesting for a basic understanding of self-assembly and
could provide a platform for materials with new properties that are even not found
in nature, e.g. metamaterials [242, 243]. Recently, a gold nanoparticle superlattice

has been shown to act as a photonic crystal for the first time [244].

On the other hand, Alivisatos’ approach is closer to the ideas of Seeman. DNA
sequences, which fold into pre-defined objects are the driving force for the assembly
of discrete structures [245]. Furthermore, the group discovered that gel
electrophoresis is a suitable tool for the purification and separation of nanoparticles
functionalised with different numbers of DNA [246, 247]. This allows extraction of
the desired building blocks for the controlled construction of complex objects and
motifs [248]. Gel electrophoresis can also be applied another time to purify the

assemblies from unreacted and unwanted species with high effectivity [249, 250].

Novel properties of plasmonic assemblies originate from plasmon coupling, which
can be compared to the hybridisation of orbitals in molecules [251, 252]. If two
plasmonic nanoparticles are in close proximity the plasmon resonance splits into four
different modes, which can be assigned to bonding and anti-bonding levels (Figure
2.24) [253, 254]. As a result, a shift in absorption and scattering is observed. In
addition, large enhancements of the electric field in between the nanoparticles as a
result of plasmon coupling are possible. An example is the so-called plasmon ruler,
which relies on the sensitivity of the LSPR to the distance of the nanoparticles [255,
256]. They have been applied in living cells to monitor biological processes as an
alternative to dye-based energy transfer sensors with superior photostability and
brightness [257]. Theoretical calculations suggested that chiral plasmonic structures
show circular dichroism at the plasmon resonance, i.e. left- and right-circular
polarised light is absorbed in different amounts [12, 258]. This optical activity was
found in tetrahedral structures with four different nanoparticle sizes and
compositions as well as in helical arrangements showing that new optical properties
can be imposed by controlled self-assembly [259, 260]. Another application, which
utilises the plasmonic enhancement of the electric field is surface enhance Raman

spectroscopy (SERS) [261] (see section 5.3).
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Figure 2.24: Energy splitting due to plasmon coupling of two spherical nanoparticles. Re-printed
with permission from ref. [253], Copyright 2013, Elsevier.

Due to the success of the DNA self-assembly of nanoparticles, a new paradigm was
presented recently introducing a “new periodic” table where nanoparticles of
different shape, size and composition are considered as the atomic entities analogous
to the periodic table of the elements [262] (Figure 2.25 (left)). DNA plays the role
of the electrons that connect the single atoms by bonding so that artificial molecules
are formed (Figure 2.25 (right)). In conjunction with a set of DNA design rules for
the self-assembly, a systematic investigation of novel materials is facilitated and may

help to predict properties of certain nanoparticle combinations in the future [239].

Altogether, there has been a tremendous development in the field of self-assembling
nanostructures in the last decade, which led to interesting and promising new
materials. In this work, DNA-directed assembly of plasmonic and fluorescent
nanoparticles is investigated and a novel tool for the reversible cross-linking with 3-
cyanovinyl carbazole is presented. Different from other pathways shown in Figure
2.23, the utilisation of DNA provides an unprecedented degree of specificity. The
arbitrary combination of the four nucleobases can be used to create very complex
designs, which is successfully implemented in so-called DNA origamis [263].
Therefore, DNA is still one of the most promising ways for the self-assembly of
discrete building blocks into well-defined structures. However, as discussed earlier,
the hybridisation process is not as robust as other interactions like electrostatic or

solvent-mediated assembly [264]. On the one hand, the DNA is prone to
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dehybridisation. On the other hand, the reaction yields through hybridisation are
typically much lower than with other techniques. In order to try to overcome these

disadvantages, the crosslinking approach is investigated.

In the following chapter, the experimental procedures consisting of nanoparticle

synthesis and characterisation as well as the formation of nanoparticle assemblies

are described.
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Figure 2.25: Concepts of a “new” periodic table. Nanoparticles act as atoms depending on the
size, shape and composition and DNA plays the role of the bond forming electrons connecting the

atoms to form “artificial” molecules. Re-printed with permission from ref. [262], Copyright 2013,
John Wiley and Sons.
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Chapter 3. Experimental

This chapter includes the experimental routines for the synthesis and
functionalisation of nanoparticles in section 3.1 and section 3.2 followed by

characterisation techniques in section 3.2.

3.1 Nanoparticle synthesis and functionalisation

3.1.1 Gold and silver nanoparticles

3.1.1.1 Synthesis of 7 = 1.5 nm gold nanoparticles

Gold nanoparticles were synthesised following the protocol from Zhang et al. using
sodium borohydride as a strong reducing agent in aqueous solution [265] (Section
2.1.1). 100 mL of an ice-cold solution containing sodium tetrachloroaurate(III) (0.3
mM) and potassium carbonate (1 mM) was placed in an ice-bath. An ice-cold
solution of sodium borohydride (0.5 mg/mL, 5 mL) was prepared freshly. The
sodium borohydride solution was quickly added to the precursor solution under
vigorous stirring in 5 X 1 mL aliquots. The solution turned orange/red after
completed addition and was further stirred for five minutes. Larger aggregates were
removed by centrifugation. Then bis(p-sulfonatophenyl)phenyl phosphine (20 mg,
534.62 g/mol) was added to the gold nanoparticle solution and stirred for at least 16
hours in order to replace the loosely bound borohydride and carbonate ions [166]. In
order to concentrate and wash the nanoparticles, sodium chloride was added until
the colour changed to purple and subsequent centrifugation was performed. The
nanoparticles were redispersed in Milli-Q water and filtered through a 0.2 um
syringe filter to remove potential aggregates. Finally, the nanoparticle solution was

stored at 4°C in the dark until further use.

3.1.1.2 Synthesis of 15 + 1 nm gold nanoparticles

Gold nanoparticles were synthesised according to the Turkevich/Frens method (see
section 2.1.1). A solution containing sodium tetrachloroaurate(III) (100 mL, 1 mM)
was brought to the boil while being vigorously stirred on a hot plate. At the same
time, a solution of trisodium citrate (20 mg/mlL, 5 mL) was heated to the boil in a
separate vial. As soon as both solutions were boiling, 5 mL of the citrate solution was
rapidly added to the gold solution. Immediately after addition, a colour change from
yellow to colourless to purple occurred. After 30-60 seconds, the purple colour

became wine red indicating the formation of gold nanoparticles. The solution was
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further boiled for another 15 minutes to finish the reaction and finally left to cool to
room temperature. Then, bis(p-sulfonatophenyl)phenyl phosphine dipotassium salt
(BSPP) (15 mg) was added and the solution was moderately stirred overnight. The
citrate ligands were exchanged by the phosphine compound due to higher affinity of
the BSPP to the gold surface [166] (see section 2.2). The nanoparticles were filtered
through a 0.2 um syringe filter to remove larger aggregates. In order to concentrate
the gold nanoparticles, sodium chloride was added until the solution became blue
and then the solution was centrifuged (5000 rpm, 10 minutes) yielding a precipitate.
After completely removing the supernatant, the pellet was re-dispersed in Milli-Q
water leading to gold nanoparticle solutions with concentrations of ca. 300 nM. The

gold nanoparticles were stored at 4°C until further use.

3.1.1.3 Synthesis of larger gold nanoparticles up to 30 = 3 nm

Nanoparticles with sizes up to 30 + 3 nm were prepared with the seeding-based
growth method reported by the group of Puntes [62] (see section 2.1.1). First, gold
nanoparticles were prepared by adding 0.5 mL NaAuCls solution (25 mM) into a
boiling solution containing trisodium citrate (75 mL, 2.2 mM) under vigorous
stirring. The solution changed its colour from colourless to brilliant red and was
boiled for another 10 minutes. Then the temperature was reduced to 90°C. The as-
synthesised gold nanoparticles act as seeds for further growth by incremental
addition of gold precursor and trisodium citrate. Once the temperature reached
90°C, 0.5 mL of NaAuCly solution (25 mM) was added and the reaction left for 30
minutes after which is was completed. This step was repeated once more. The
solution was then diluted by extraction of 27.5 mL and addition of 1 mL sodium
citrate (60 mM) and 26.5 mL Milli-Q water. The extracted solution is called
generation 0 (g0). In order to further grow the nanoparticles, the same procedure
was repeated until the desired size was achieved and the solution was cooled to
room temperature. 20 mg of BSPP were added and the solution gently stirred for at
least 16 hours to replace the citrate ligands with phosphines. Finally, the
nanoparticles were filtered through a 0.2 um syringe filter and concentrated by

centrifugation. The solution was stored at 4°C in the dark until further use.

3.1.1.4 Synthesis of silver nanoparticles
Silver nanoparticles were synthesised according to the method of Bastts et al. using
the citrate reduction route with tannic acid as an additive [68]. A solution (100 mL)

containing trisodium citrate (5 mM) and tannic acid (0.025 mM) was brought to the
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boil under vigorous stirring. Once boiling, 1 mL of a silver nitrate solution (25 mM)
was quickly injected. An immediate colour change from colourless to yellow
occurred. After one minute, the solution was removed from the hot plate and left to
cool to room temperature on a second stirrer plate under vigorous stirring. The
nanoparticles were filtered through a 0.2 um syringe filter and subsequently stored

at 4°C in the dark until further use.

3.1.2 Synthesis of CdixSexZn1.,Sy quantum dots

CdixSexZni,Sy quantum dots were synthesised using a hot-injection solvothermal
method reported by Bae et al. [118] (see section 2.1.3). CdO (0.4 mmol), zinc
acetate (Zn(ac)2) (4 mmol), oleic acid (5 mL), 1-octadecene (20 mL) and a magnetic
stirrer bar were placed in a 100 mL three-neck flask. The flask was connected to a
Schlenk line and a vacuum (1 mbar) was applied to remove water from the solution.
Then the flask was filled with inert gas (argon) and the temperature was raised to
150°C while stirring until the solution turned clear and all the powder was dissolved.
After this step, the temperature was raised to 310°C. A second precursor stock
solution containing TOP-S and TOP-Se was prepared by placing selenium (see Table
3.1) and sulphur (4 mmol) in a vial together with trioctylphosphine (TOP, 3mL).
Depending on the amount of selenium the emission wavelength was tuned. The
solution was stirred and heated until the powder completely dissolved and a clear
solution was obtained. Once the first solution reached 310°C, the second solution
was injected rapidly. An immediate colour change indicated the formation of
nanoparticles. The temperature was kept at 300°C for 10 minutes after which the
heat source was removed and the reaction vessel was left to cool to room
temperature. The nanoparticles were precipitated with 250 mL ethanol and
centrifuged (6000 rpm, 10 minutes). The pallet was redispersed in 2 mL hexane and
washed twice more with excess ethanol. Finally, the nanoparticles were redispersed
in hexane and the concentration estimated as outlined in Appendix A.2. The QDs

were stored at 4°C in the dark until further use.
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Quantum dot (Emission maximum) Amount Selenium precursor (mmol)
QD490 0.1
QD520 0.2
QD540 0.4
QD580 1.0

Table 3.1: Influence of the amount selenium on the emission of CdixSexZn1.ySy quantum dots.

3.1.3 Synthesis of Upconversion nanoparticles

NaYF4:Yb,Er and NaYF4:Yb,Tm upconversion nanoparticles were synthesised by
solvothermal decomposition following the protocol of Li et al. [137]. Yttrium(IIL)
chloride hexahydrate (0.79 mmol), ytterbium(III) chloride hexahydrate (0.20 mmol)
and thulium(III) chloride hexahydrate (0.01 mmol) were placed in a 100 mL round-
bottom three-neck flask together with 6 mL oleic acid and 15 mL 1-octadecene. The
flask was heated to 150°C in order to facilitate the dissolution of the salts in the
organic media. Once all the salts were dissolved, the clear solution was cooled to
room temperature. Then, a solution containing sodium hydroxide (2.5 mmol) and
ammonium fluoride (4 mmol) dissolved in 10 mL methanol was added dropwise to
the previous solution under vigorous stirring. The turbid solution was then slowly
heated to 100°C in order to evaporate the methanol. When the methanol was
completely removed, the flask was sealed and quickly heated to 300°C for 1.5 hours,
which led to nanoparticle formation. After the reaction finished, the solution was
cooled to room temperature. Finally, three washing steps with excess ethanol and
centrifugation (6000 rpm, 10 minutes) were performed. After the last washing step,
the supernatant was removed and the particles dried at room temperature overnight.
The nanoparticles were then weighed and re-dispersed in hexane or tetrahydrofuran

to a concentration of 50 mg/mL and stored at 4°C in the dark until further use.

3.1.4 Synthesis of lead halide perovskite nanoparticles
Methylammonium lead halide (CHsNH3sPbX3):

Methylammonium lead halide nanoparticles were synthesised according to ligand-
assisted reprecipitation (LARP) the method by Zhang et al [155]. First,
methylammonium halide salts were made by mixing equimolar quantities of
methylamine with the respective acid (HCl, HBr or HI) in an ice-bath. The solution

was stirred for 2 hours and then dried using a freeze-dryer. The powders were stored
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in a desiccator until further use. In the next step, a precursor solution containing the
methylammonium halide (0.16 mmol) and the lead halide (PbX>, 0.2 mmol) in DMF
(10 mL) was prepared. To this solution, 20 uL of n-octylamine and 0.5 mL of oleic
acid were added. Finally, 1 mL of this precursor solution was then added dropwise to
10 mL of toluene under vigorous stirring leading to an immediate colour change. The

nanoparticles were used as-synthesised and stored at 4°C in the dark.

In a different synthesis, the oleylamine ligand was replaced by
cetyltrimethylammonium bromide (CTAB). A mixture of MABr (0.16 mmol), PbBr;
(0.2 mmol) and CTAB (0.04 mmol) in DMF (10 mL) was prepared and 0.5 mL OA
added. Again, 1 mL of this solution was added into 10 mL of toluene yielding a
yellow coloured solution with green fluorescence. The nanoparticles were washed by

centrifugation and re-dispersed in toluene and stored at 4°C in the dark.
Caesium lead halide (CsPbBrs):

Lead halide perovskites containing caesium as a cation were synthesised according to
a solvothermal method published by Protesescu et al. [156]. First, a caesium oleate
precursor was synthesised by dissolving Cs2COs (2.5 mmol) in a mixture of 40 mL 1-
octadecene and 2.5 mL oleic acid with Schlenk line techniques. The mixture was first
dried under vacuum at 100°C for 30 minutes and then the temperature was raised to
150°C for 1 hour until no residue of caesium carbonate was left. Another solution
was prepared containing 0.2 mmol PbX; in 5 mL 1-octadecene together with 0.5 mL
oleylamine and 0.5 mL oleic acid. The solution was dried under vacuum as well for
30 minutes at 100°C and then raised to 180°C. The vacuum was replaced with inert
gas and 0.4 mL of the caesium oleate solution was rapidly injected. After 5 seconds,
the reaction vessel was quickly cooled down in an ice-bath. The resulting solution
was washed twice by centrifugation (8500 rpm) and the pellet re-dispersed with

toluene. The solution was then stored at 4°C in the dark.

3.2 Nanoparticle functionalisation

3.2.1 Gold and silver nanoparticles

3.2.1.1 DNA attachment to 15 = 1 nm gold nanoparticles
The preparation of AuNPs bearing a single strand of DNA (monoconjugates) was

conducted according to modified literature procedures [246]. First, BSPP-coated 15
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= 1 nm prepared as described in section 3.1.1 were centrifuged (16400 rpm, 10
minutes), the supernatant removed and re-dispersed in phosphate buffer (20 mM,
pH 7.4). The AuNPs (250 wuL, 300 nM) were mixed with thiol-modified
oligonucleotides (15 uL, 5 uM) in a 1:1 ratio. Then, a freshly prepared BSPP solution
(20 uL, 50 mg/mL) was added in order to cleave the disulphide bond in the thiol
linker (see section 4.5.1). The AuNPs were incubated for 1 hour in the dark at room
temperature. The AuNPs were then separated by the number of attached strands via
agarose gel electrophoresis in 0.5x TBE buffer (2.25% w/v, 10 V/cm, 60 minutes).
The monoconjugate band was cut into small pieces and immersed in 0.5x TBE where
the nanoparticles diffused from the gel into the solution overnight under moderate
shaking. The solution with the monoconjugates was filtered through a 0.2 um filter
in order to remove small pieces of agarose. The monoconjugates were finally
concentrated by centrifugation and re-dispersed in phosphate buffer (20 mM, pH

7.4) and stored at 4°C until further use.

3.2.1.2 DNA attachment to 30 = 3 nm gold nanoparticles

BSPP-coated AuNP with diameters of 30 = 3 nm were centrifuged (8000 rpm,
5 minutes) and the pellet re-dispersed in PBS (250 ulL, 20 mM, pH 7.4).
Oligonucleotides were then added in a 3:1 DNA:AuNP ratio together with BSPP (20
uL, 50 mg/mL). The solution was incubated for 1 hour under mild shaking to avoid
precipitation of the gold nanoparticles. The AuNP-DNA conjugates were purified by
three-fold centrifugation (8000 rpm, 5 minutes) to remove unbound DNA and finally
re-dispersed in PBS (20 mM, pH 7.4). Separation by gel electrophoresis was not
possible due to the insufficient DNA length [246].

3.2.1.3 Silver nanoparticle ligand exchange

As-synthesised AgNPs were capped with citrate and tannic acid. For ligand exchange
with SH-mPEG (Mw = 356 g/mol) or folic acid, stock solutions (100 uM) in borate
buffer (20 mM, pH 8) were freshly prepared. 5 mL of AgNPs were centrifuged
(16400 rpm, 10 minutes) and redispersed in 1 mL borate buffer (20 mM, pH 8). The
concentration of AgNP was estimated to 3 nM (see Appendix A.1). Then, 50 uL from
the stock solution of SH-mPEG or folic acid were added to the AgNPs and mildly
stirred overnight. The nanoparticles were then washed three times and redispersed

in phosphate buffer (20 mM, pH 7.4).
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3.2.2 Semiconductor quantum dots

3.2.2.1 Ligand exchange and phase transfer

As-synthesised CdixSexZni.,S, nanoparticles were coated with oleic acid and
trioctylphosphine. The phase transfer from the organic to the aqueous phase was
facilitated as published by Aldeek et al. using L-lipoic acid (LA) in a ligand exchange
reaction [266]. First, a solution of LA in methanol (500 uL, 100 mM) was irradiated
with UV-A light (50 mW/cm2, 365 nm) for 30 minutes. A colour change from yellow
to colourless indicated the reduction of the disulphide bond in the ring (see section
4.5.3). Then, a solution of QDs in hexane (750 uL, 3 uM) was prepared. The
irradiated LA solution was added to the QD solution under vigorous stirring and
tetramethylammonium hydroxide (10 uL, 100 mM) was added to increase the pH.
On the one hand, this leads to a deprotonation of the carboxyl group of the lipoic
acid. On the other hand, thiols are deprotonated to thiolates, which makes them
more reactive. After 15 minutes, the nanoparticles were washed several times with
ethanol and water and centrifuged (16400 rpm, 10 minutes). Finally, the quantum
dots were re-dispersed in borate buffer (10 mM, pH 9). The nanoparticles were

stored at 4°C in the dark until further use.

3.2.2.2 Attachment of DNA to LA-coated quantum dots

The terminal carboxyl group on the LA-coated quantum dots allowed for the
attachment of amine-modified DNA via EDC/NHS coupling (see section 4.5.3). Two
solutions containing 0.3 M EDC in MES buffer (0.1 M, pH 6) and 0.3 M sulfo-NHS in
MES buffer (0.1 M, pH 6) were freshly prepared and used immediately. LA-coated
quantum dots (200 uL, 10 uM) in borate buffer (10 mM, pH 9) were mixed with
20ul. EDC, 40 uL sulfo-NHS solution and a 5x excess of oligonucleotides (Seq1(-
Cy3)). The nanoparticles were incubated overnight under moderate shaking. The
DNA-conjugated nanoparticles were washed three times with Milli-Q water and
centrifugation (16400 rpm, 10 minutes). After the last washing step, the

nanoparticles were re-dispersed in phosphate buffer (20 mM, pH 7.4).

3.2.3 Upconversion nanoparticles

3.2.3.1 Ligand exchange and phase transfer
Rare-earth doped NaYF4; upconversion nanoparticles were capped with oleic acid

after synthesis. In order to transfer them to water, the multidentate ligand
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polyacrylic acid (PAA) was used [267]. A PAA solution in THF (10 mL, 25 mg/mL)
was freshly prepared and upconversion nanoparticles in THF (500 uL, 50 mg/mL)
were added. The solution was ultra-sonicated for 30 seconds and then moderately
stirred with a magnetic stirrer bar overnight. The nanoparticles were then
centrifuged (16400 rpm, 10 minutes) and washed twice with ethanol and once with
Milli-Q water. The nanoparticles were finally re-dispersed in borate buffer (10 mM,

pH 9) and stored at 4°C in the dark until further use.

3.2.3.2 DNA attachment on PAA-coated upconversion nanoparticles

Some carboxyl groups on the PAA-coated upconversion nanoparticles are not bound
to the nanoparticles’ surface and are therefore available for the attachment of amine-
modified DNA via EDC/NHS coupling (see section 4.5.3). Two solutions containing
EDC (0.3 M) in MES buffer (0.1 M, pH 6) and sulfo-NHS (0.3 M) in MES buffer (0.1
M, pH 6) were freshly prepared and used immediately. 200 uL of PAA-coated UCNP
(5 mg/mL) in borate buffer (10 mM, pH 9) were mixed with 20 uL. EDC and 40 uL
sulfo-NHS solution and 50x excess of oligonucleotides (Seq2). The nanoparticles
were incubated overnight under moderate shaking. The DNA-conjugated
nanoparticles were washed three times with Milli-Q water and centrifugation (16400
rpm, 10 minutes). After the last washing step, the nanoparticles were re-dispersed in

phosphate buffer (20 mM, pH 7.4).

3.3 DNA hybridisation and assembly of DNA-NP conjugates

3.3.1 DNA hybridisation and crosslinking

The DNA experiments without nanoparticles were conducted as follows. Depending
on the type of assembly, an equimolar mixture of the different strands was prepared
(0.05 uM, 100uL) in phosphate buffer (20 mM, pH 7.4). In order to increase the
ionic strength, an appropriate amount of 2 M NaCl was added to reach the
designated concentration (typically 200 mM NacCl). Hybridisation was performed by
heating the mixture to 95°C and slow cooling to room temperature in 3 hours. Then,
gel electrophoresis in a 6% PAGE gel was performed. After electrophoresis, the gel

was stained with ethidium bromide and analysed.

In order to crosslink the carbazole-modified oligonucleotides, the same hybridisation
procedure was followed. After hybridisation, the DNA solution was cooled in an ice-

bath and irradiated with UV-A light (50 mW/cm2, 365 nm) in a crosslinker. In order
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to test the crosslinking performance, the samples were dehybridised by heating to
95°C for 5 minutes and subsequent rapid cooling to 0°C in an ice-bath in order to
prevent hybridisation. Then, formamide was added to a final concentration of 20%
v/v and the samples were run in a 6% denaturing PAGE gel. After electrophoresis,

the gel was stained with ethidium bromide and analysed.

3.3.1 Gold nanoparticle assemblies

Different assemblies of gold nanoparticles were made using three different sets of
oligonucleotides, which were either unmodified or modified with alkyne and azide
groups or with 3-cyanovinyl carbazole moieties (see section 5.1). The procedure for
the preparation of gold nanoparticle assemblies is the same for all different

oligonucleotides.

3.3.1.1 Gold nanoparticle dimers

Gold nanoparticle dimers were made by mixing equimolar amounts of two batches of
AuNP-DNA monoconjugates with two different DNA strands. Typical reaction
volumes consisted of 200 uL per reaction with concentrations of 5 nM. The ionic
strength was raised to 50 mM by addition of 1 M NaCl solution in phosphate buffer
(20 mM, pH 7.4). The solution was then heated to 65°C in a water bath, incubated
for 5 minutes and then slowly left to cool to room temperature in the water bath.
The solution was shaken briefly every 20 minutes. The water bath reached room
temperature (<30°C) after 2.5 hours. After hybridisation, the nanoparticle
assemblies were separated and purified by agarose gel electrophoresis (1.75% w/v,
0.5xTBE, 10 V/cm, 45 minutes). The dimer band was cut in small pieces and
immersed in 0.5x TBE buffer overnight with moderate shaking. The solution was
filtered through a 0.2 um syringe filter in order to remove small pieces of agarose.
Finally, the dimers were centrifuged and re-dispersed in phosphate buffer (20 mM,
pH 7.4, 50 mM NacCl).

3.3.1.2 Gold nanoparticle trimers

For the synthesis of gold nanoparticle trimers, equimolar amounts of three different
AuNP-DNA monoconjugates were mixed together. Then the procedure as described
in section 3.3.1.1 was applied. In order to gather the trimers, the trimer band was

cut and treated as outlined before.
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3.3.1.3 Gold nanoparticle tetrahedra

The synthesis of 15 nm gold nanoparticle tetrahedral was carried out either in a one
step or in a two-step procedure. In the former, all four AuNP-DNA conjugates were
mixed in equimolar ratios. In the latter, two different dimers were first synthesised
as described in section 3.3.1.1. Typically, the two different dimer pairs SC1+SC2
and SC3+SC4 were used for the synthesis of tetrahedra structures (see Appendix
A.3). The dimers containing 3-cyanovinyl carbazole were crosslinked before further
hybridisation (see section 3.3.1.4). Then, equimolar amounts of the two crosslinked
dimer pairs were mixed (500 uL, 10 nM). The solution was then heated to 65°C for 5
minutes and slowly cooled down to room temperature as described before. Agarose
gel electrophoresis (0.5xTBE, 1.75% w/v, 10 V/cm, 45 minutes) was performed for
the separation of the tetrahedral structures. The tetrahedra band was cut out and

immersed in 0.5x TBE buffer overnight with moderate shaking.

3.3.1.4 Crosslinking and de-crosslinking of 3-cyanovinyl carbazole modified assemblies

Gold nanoparticle assemblies containing 3-cyanovinyl carbazole modified DNA were
UV irradiated in a UVP CX-2000 photo-crosslinker (50 mW/cm?2) with light centered
either at 365 nm (UV-A) or 312 nm (UV-B). The samples were placed in an ice-bath

and irradiated for 15 minutes.

3.3.2 Assemblies of upconversion nanoparticle and quantum dots

The DNA-functionalised QDs and upconversion nanoparticles were mixed in three
different molar ratios, i.e. UCNP:QD ratios of 1:10, 1:25 and 1:100. The samples
were topped up with phosphate buffer (20 mM, pH 7.4) and sodium chloride was
added to a final concentration of 80 mM. The total volume was 400 uL. The final
concentration of UCNP was 1 nM. Hybridisation was performed by heating to 60°C
for 5 minutes and subsequent cooling to room temperature over 2 hours. In order to

avoid precipitation, the samples were shaken every 10 minutes.

3.4 Characterisation techniques

3.4.1 Ultraviolet-Visible spectroscopy

This spectroscopy method is widely employed for the analysis of absorbing materials.
A sample is scanned over the ultraviolet and visible range of the light with
monochromatic light of a given intensity and the change in the intensity is detected.

For dilute samples and negligible scattering, Beer-Lambert’s law holds:
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I
A= —logm(—) =¢-c-d,
lo
Equation 3.1: Beer-Lambert’s law for dilute solutions.

where A is the absorbance defined as the negative decadic logarithm of the
transmitted intensity (I) divided by the incident intensity (Ip), € the molar extinction
coefficient, ¢ the concentration of the analyte and d the path length of the light
through the sample. It should be noted that absorption and scattering cannot be

distinguished with this method.

UV-Visible measurements were performed with a Shimadzu UV-2700 UV-Vis
spectrometer using a quartz cuvette with a path length of 10 mm. A blank spectrum
was taken with the same solvent as used in the sample and was automatically
subtracted from the sample spectra by the software. The concentration of a molecule
in solution can be calculated if the molar extinction coefficient is known. A table of
molar extinction coefficients for gold nanoparticles between 5-100 nm was published
by Haiss et al. and is used to calculate the concentrations of gold nanoparticle
solutions [60]. The concentration of CdSe quantum dots can also be estimated by
UV-Vis spectroscopy as published by Yu et al. [268]. Examples will be given in
Appendix A.2.

3.4.2 Fluorescence spectroscopy

Fluorescence spectroscopy is a rather sensitive method for light emitting specimen
and is applied in a wide range of scientific research. It relies on radiative electronic
relaxation of a molecule from an excited state to a lower state. Usually, the sample is
excited at a certain wavelength and the emitted light at higher wavelengths is
measured (the fluorescence is typically red shifted due to energy dissipation by
vibrational or rotational modes). Fluorescence spectra were acquired using a Cary
Eclipse Fluorimeter with step widths of 1 nm or lower and using a quartz cuvette

with a path length of 1 cm.

Fluorescence spectroscopy was used to analyse semiconductor quantum dots,
upconversion nanoparticles as well as lead halide perovskite nanoparticles.
Photoluminescence quantum yields were determined using a standard protocol (see

Appendix A.4). Absorption and fluorescence spectra of two reference dyes
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(rhodamine 6G and fluorescein), for which the PLQYs are known, were measured in

order to estimate the PLQY.

For the detection of upconversion emission, a home-built setup was employed
(Figure 3.1). A 500 mW laser diode with an emission at 980 nm (Laserbtb, PL-980)
was used as an excitation source. The sample was placed in a transparent quartz
cuvette and the light focussed into the cuvette with a lens. A second lens was used to
focus the emitted light from a 90° angle into an optical fiber connected with a
spectrometer (Ocean Optics, USB4000). A shortpass filter was placed in front of the
fiber to filter out scattered light from the laser diode. The setup was assembled by

Prof. Muskens from the Integrated Nanophotonics group.
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Figure 3.1: Set-up for upconversion detection. The light of a laser diode (980 nm, 500 mW) is
focussed by a lens into the sample in a transparent cuvette. The emitted light is collected with a
spectrometer using a second lens. Scattered light from the laser diode is removed by a filter in
front of the detector.

3.4.3 Surface enhance Raman spectroscopy

The Raman spectra presented in section 5.3 were obtained using a home-built setup
(Figure 3.2). The light of a 532 nm laser source with 50 mW power output was first
filtered with a bandpass filter and then focussed with an objective (NA = 0.5) into
the sample. The back-scattered light was then first filtered using an angle-tuned edge
filter to reduce the Rayleigh scattering intensity and filtered again with another
longpass filter before entering the spectrometer (Andor Shamrock 193i). The setup

was assembled by Prof. Muskens from the Integrated Nanophotonics group.
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Figure 3.2: Home-built setup for Raman scattering measurements. Laser light (532 nm, 50 mW) is
first filtered with a bandpass filter and focussed using an objective (NA = 0.5). The backscattered
light is filtered twice before entering the spectrometer.

3.4.4 Transmission Electron Microscopy (TEM)

Microscopy techniques allow for the visualisation of objects, which are not visible by
the eye. Light microscopes are limited by their resolution to about > le.in the range

several hundred of nanometres. In order to visualise objects at the nanoscale,
electron microscopes are utilised. Electrons increase the resolution by a factor of
about 100 due to their wave nature with a de Broglie wavelength of about 1 nm.
Therefore, it is possible to visualise much smaller objects than with a light
microscope. The principle is similar to that of a light microscope except that a high
vacuum is needed so that the electron beam is not scattered and the lens system

consists of coils, which electromagnetically direct the electron beam.

TEM images were acquired using a Hitachi H7000 transmission electron microscope
with a bias voltage of 80 kV. Samples for TEM were prepared by placing a small
droplet (10 uL) of the sample solution onto 400 mesh copper grids coated with a
Formvar and a carbon film making the grids hydrophobic. While solutions with
organic solvents dried within seconds, aqueous solutions were left for 10 minutes
after which most of the solution was removed with a filter paper so that only a thin
water film remained. This film then dried within 30 minutes and the specimen was

ready for analysis.

3.4.5 Energy dispersive X-ray spectroscopy (EDX)
A possibility to find out the composition of a material is by analysing the specific X-

ray emissions of the sample. If an atom is excited either with photons or electrons of
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high enough energy (E > 1-20 keV), electrons in the shell of the atom can be
scattered out leaving a void. Electrons from higher shells are then filling the void
under emission of a photon with typical energies of several keV (see Figure 3.3).
The transitions are named X, where X is the name of the shell, which contains the
void (i.e. K, L, M,...) and y describes the distance of the filling shell from the void
with greek letters (i.e. a, B, y,...). For example, the transitions from L->K and from

M->K are denoted with K, and Kg, respectively.

Since the energies of electronic transitions between the shells are characteristic for
each element, the emitted photons are called characteristic X-rays. This concept is
used in energy dispersive X-ray spectroscopy where a sample is bombarded with
highly energetic electrons and the X-ray emission is detected. The limitation of this
method is that many elements have overlapping characteristic X-rays making it
difficult or sometimes even impossible to determine the presence of certain elements

in unsuitable mixtures.

o Nucleus

® Electron
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Figure 3.3: Illustration of the principle of the generation of characteristic X-ray radiation used in
EDX analysis. Electrons are removed from the atom by excitation with light or energetic electrons
leaving a gap behind. These are filled by other electrons under emission of a photon. The
transitions are named according to the shell with the gap (K, L, M...) and the electron filling the

gap (o,B,y).

It is possible to analyse the elemental composition using TEM, which has the
advantage that the sample can directly be selected. Furthermore, the source for the
excitation of the sample (accelerated electrons) is the same that is used to visualise
the sample, i.e. the X-ray spectrum naturally occurs when TEM is used. In a typical
spectrum, there are the aforementioned characteristic X-rays from the elements in
the sample but also a background which stems from the continuous Bremsstrahlung
of electrons being decelerated by the targets as well as from the TEM grids and the

grid holder inside of the microscope.
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In this work, EDX was used to verify the presence of the different metals in
semiconductor quantum dots and upconversion nanoparticles. The measurements
were performed on a FEI Tecnai T12 transmission electron microscope with an

integrated EDX system from EDAX.

3.4.6 Gel electrophoresis

Gel electrophoresis has become an important tool for the separation of differently
sized or charged objects like DNA sequences or nanoparticles. Electrophoresis
describes the movement of colloidal particles or molecules in an electric field. The
velocity of the objects mainly depends on the charge and the size under given
conditions. In order to increase the separation, gel matrices such as agarose or
polyacrylamide are typically employed because they alter the electrophoretic
mobility significantly. While originally utilised for DNA fragments and proteins, gel
electrophoresis is now also widely used in nanoscience for the separation and
purification of nanoparticles. In practice, two different types of gel matrices are used:

Polyacrylamide and agarose gels.

3.4.6.1 Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide gels are made by polymerisation of a mixture of acrylamide and N,N'-
Methylenebisacrylamide using an initiator such as ammonium persulfate (APS) and a
catalyser like tetramethylethylenediamine (TEMED) (see Figure 3.4). The resulting
network has pore sizes from few tens of nanometres to several hundred nanometres
depending on the mixture and the total concentration of the monomers. This makes

it suitable for the separation of small objects like oligonucleotides.
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Figure 3.4: Formation of a polyacrylamide gel matrix from the two precursors acrylamide and
N,N’-Methylenebisacrylamide.

Polyacrylamide gels were prepared using a Bio-Rad Protean II xi cell. Gels were
prepared in volumes of 70 mL. For a 6% w/v native polyacrylamide gel, 10.5 mL
40% 19:1 acrylamide:bis-acrylamide solution, 14 mL 5x TBE buffer and 45.5 mL
Milli-Q water were mixed in a beaker. 56 uL. of TEMED were added and the solution
was thoroughly stirred. In order to start the polymerisation, 560 ul. of an APS
solution (10% w/v) was rapidly injected and the solution stirred again. The solution
was then quickly transferred into the casting tray and left for one hour to polymerise
completely. Denaturing polyacrylamide gels were prepared accordingly except for
additional dissolution of urea to a final concentration of 7 M. Before loading the
samples, the gel was equilibrated by pre-running for 1 h at 10 W. In all
electrophoresis runs, the running buffer was 1x TBE. After pre-running, samples
were mixed with a Ficoll® PM400 solution (15% w/v, 3x TBE) to a final Ficoll®
concentration of 5% w/v and to a final volume of 50 uL. when native PAGE was
performed. Ficoll® is a neutral polymer increasing the density of the solution in
order to facilitate the loading of the sample into the gel and to ensure that it remains
at the bottom of the well. For denaturing gels, 50% v/v formamide was added. As an
indicator, a mixture of bromophenol blue (0.1% w/v) and xylene cyanol (0.1% w/v)

in formamide were used. These dyes migrate through the gel at different speeds and
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are used as indicators for the electrophoresis progress. Gel electrophoresis was
undertaken at 10 W for 2 h. After electrophoresis, the gels were stained with
ethidium bromide (5 ug/mL) in Milli-Q water for 15 min and finally analysed using a
Bio-Rad Gel Doc EZ system.

3.4.6.2 Agarose gel electrophoresis

Agarose gels are made from a polysaccharide, which gelates in aqueous solution
when it is boiled and left to cool down (Figure 3.5). The pore sizes are larger
compared to polyacrylamide gels starting with several hundred nanometres for a 1%
w/v gel, which makes it suitable to separate larger objects like proteins or

nanoparticles [269].
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Figure 3.5: Chemical structure of agarose.

Agarose gels were prepared by placing agarose powder in a flask and adding an
appropriate amount of 0.5x TBE buffer. For example, a 2% w/v agarose gel consisted
of 1.6 g agarose powder in 80 mL 0.5x TBE buffer. The mixture was then heated
with a microwave and was boiled until the solution became clear. In order to
minimise evaporation, the flask was covered with a petri-dish. The hot solution was
left to cool for 30 seconds at room temperature and cast in a Bio-Rad GT cell. Before
loading the samples, they were mixed with a Ficoll®-400 solution (15% w/v,
3xTBE) to a final concentration of 2.5% w/v when they were run natively. For
denaturing conditions, formamide was added to a final concentration of 30% v/v.
The samples were run with 0.5x TBE running buffer and an electric field of 10 V/cm.
For recovering the desired products, appropriate parts of the gel were cut with a

scalpel into small pieces and immersed in 0.5x TBE buffer with overnight shaking.

3.4.7 Dynamic light scattering (DLS)
The size of colloidal nanoparticles or macromolecules suspended in a liquid can be

analysed by dynamic light scattering, which relies on Brownian motion and Rayleigh



66 Chapter 3. Experimental

scattering. Light from a monochromatic and coherent light source like a laser is used
to illuminate the solution where the dispersed molecules scatter the light in all
directions. The scattered light from different molecules create an interference
pattern, which fluctuates due the constant movement of the molecules caused by
Brownian motion. Finally, the time scale of these fluctuations is analysed and
correlated with the diffusion coefficient, which allows the calculation of the

hydrodynamic diameter with the Stokes-Einstein relation.

The measurements were performed on a Malvern Zetasizer Nano ZS. The light
source was a He-Ne-Laser with a wavelength of 633 nm. The measurements were
performed with a 173° backscattering arrangement. Samples were made up to 1 mL
with Milli-Q water and placed in disposable cuvettes. Each measurement consisted of

10 sub-runs of 15 seconds and was repeated three times.

3.4.8 Zeta-potential

The {-potential is a measure of net the surface charge on dispersed particles and is
an important factor for determining the colloidal stability of nanoparticle
suspensions (see section 2.3.3). It can be measured similar to the hydrodynamic
radius by illuminating the sample with a laser and by applying an electric field to the
solution of interest. The velocity of the particles is determined by analysing the
mixture of scattered light from the particles with a reference beam. This yields a
Doppler shift caused by the particle motion which can be correlated to the zeta-

potential using the Smoluchowski model.

The measurements were performed as the DLS measurements on a Malvern Zetasizer
Nano ZS with a He-Ne-Laser source at 633 nm. Samples were made up to 1 mL with
Milli-Q water and placed in a disposable cuvette. Each measurement consisted of at

least 10 sub-runs and was repeated three times.
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Chapter 4. Results on nanoparticle synthesis and

characterisation

In this chapter, the characterisation of the nanomaterials described in chapter 3 will

be discussed.

4.1 Plasmonic nanoparticles

4.1.1 Gold nanoparticles

The gold nanoparticles synthesised according to the protocol of Turkevich et al. are
formed by reduction of sodium tetrachloroaurate with trisodium citrate [40] (see
section 2.1). Figure 4.1 shows a representative TEM image and size distribution of
15 = 1 nm gold nanoparticles. It can be clearly seen that the nanoparticles are well
separated and no larger aggregates are present. Furthermore, the size distribution is
fairly narrow with a mean size of 15.7 nm and a standard deviation of 1.0 nm. The
nanoparticle sizes were determined with the free software ImageJ [270]. The
resulting histograms were then fitted with a normal distribution. Even though
nanoparticle size distributions are typically fitted with log-normal distributions, the

normal distributions gave better results (in terms of R?) in this work.
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Figure 4.1: (A) TEM image of 15 = 1 nm gold nanoparticles synthesised with the citrate reduction
method. (B) Statistical analysis of the gold nanoparticle diameters.

After synthesis, citrate molecules are electrostatically adsorbed on the surface of the
nanoparticles. Citrate has three pK, values of 3.13, 4.76 and 6.40 meaning that the
molecule is partially deprotonated except under very acidic conditions [271]. The
resulting charges lead to a stabilisation of the colloid according to the DLVODLVO

theory (see section 2.3.3). However, if the ionic strength is increased above
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approximately 30 mM or if ions of higher valence (e.g. Mg?*) are added, the
nanoparticles will undergo irreversible aggregation [272]. Therefore, the AuNP are
functionalised with BSPP via a ligand exchange reaction presented by Loweth et al.,
which is depicted in Figure 4.2 [166]. Phosphine readily displaces the loosely bound

citrate molecules due to a higher affinity towards the gold surface.
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Figure 4.2: Functionalisation of citrate-coated gold nanoparticles with BSPP via a ligand exchange
reaction.

Besides the negative charges from the sulfonate groups (R-SO37), BSPP molecules are
much bulkier than citrate molecules. This increases the particles’ stability against
aggregation due to steric hindrance. In addition, the functionalisation allows the

concentration of the nanoparticles by centrifugation, which else causes aggregation.

The extinction spectra of as-synthesised citrate-stabilised and BSPP-functionalised
gold nanoparticles are presented in Figure 4.3. The nanoparticles have an
absorption peak at around 520 nm, which stems from the LSPR as described in
section 2.1.2. It can be seen that a small shift of the LSPR of 3 nm occurs after the
functionalisation with BSPP, which can be explained by the change of the local
refractive index on the nanoparticle surface. This demonstrates that the LSPR can be

used to monitor interaction between molecules and the nanoparticle [273].

The C-potentials of citrate- and BSPP-coated gold nanoparticles are depicted in
Figure 4.4. Initially, the nanoparticles have a potential of -28.4 = 4.6 mV from the
citrate molecules attached to the nanoparticle surface. Such a value suggests good
colloidal stability without considering steric effects (see section 2.3.3). After

functionalization with BSPP, the zeta potential becomes even more negative with
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-44.4 + 3.36 mV. This indicates the successful functionalization and the increased

colloidal stability of the nanoparticles.
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Figure 4.3: Extinction spectra of citrate- and BSPP-functionalised 15 + 1 nm gold nanoparticles.
The peak of the LSPR is shifted from 519 nm to 522 nm after ligand exchange.
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Figure 4.4: Zeta-potential of citrate- and BSPP-coated gold nanoparticles. After functionalisation
with BSPP the increased value from -28.4 mV to -44.4 mV indicates the successful capping and
enhanced colloidal stability.

Figure 4.5 illustrates the lack of colloidal stability against ionic strength for as-
synthesised citrate-capped gold nanoparticles. As an example, the nanoparticles were
dispersed in 0.5x TBE. There is an immediate change in the extinction spectra where

the LSPR peak shifts to the red and a shoulder at around 600 nm appears, which
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turns the colour of the solution purple/blue. The shoulder indicates nanoparticle
agglomeration or aggregation and is explained by plasmon coupling of many
nanoparticles. Similar results are obtained if the nanoparticles are centrifuged and
redispersed. This example shows the necessity of a suitable surface coating
depending on the experimental procedures. It should be noted that a lack of colloidal
stability does not necessarily need to be evident from UV-Vis, e.g. when the
aggregation is very slow. In this case, DLS is a better method to determine if a colloid

is stable because it is much more sensitive to the presence of clusters than UV-Vis.
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Figure 4.5: Extinction spectra of citrate-coated gold nanoparticles as-synthesised and in 0.5xTBE
buffer. The aggregation of the gold nanoparticles leads to a shoulder in the spectrum caused by
plasmon coupling.

Larger gold nanoparticles were synthesised using the protocol developed by the
group of Puntes [62] (see section 2.1.1). In this method, as-synthesised gold
nanoparticles used as seeds, which are subsequently grown by further addition of
gold precursor (NaAuCly) and citrate. After every three additions about half of the
solution was extracted and termed generation n. The other half was further grown
until the desired nanoparticle size is reached. The increase in nanoparticle size can
be followed by UV-Vis spectroscopy as shown in Figure 4.6. On the one hand, the
peak of the LSPR shifted with increasing nanoparticle size due to the excitation of

higher order modes as expected from the Mie theory considering a size-dependent



Chapter 4. Results on nanoparticle synthesis and characterisation 71

dielectric function [72] (see section 2.1.2). On the other hand, the absorbance at
the LSPR peak increases with size, which can be explained by the larger volume and
decreasing damping effects. The plasmon resonance shifted from 519 nm (g0, 12
nm) to 522 nm (g1, 18 nm), 523 nm (g2, 23 nm) and 525 nm (g3). The values for
the plasmon shift as well as the size of the gold nanoparticles of g3 (30 = 3 nm)
determined with TEM were in good agreement with the results from Puntes et al.

[62].

After functionalisation with BSPP, the respective UV-Vis spectra shifted by 3 nm. The
gold nanoparticles were then stable enough to be concentrated by centrifugation.
However, the larger gold nanoparticles are much more susceptible to aggregation
even at relatively low sodium chloride concentrations of about 30 mM (Figure 4.7).
It has been reported by several groups that the functionalization with short

polyethylene glycol leads to a better stabilisation of gold nanoparticles [274, 275].
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Figure 4.6: UV-Vis spectra of citrate-coated gold nanoparticles synthesised with the growth
method from Bastus et al. Both, the shift of the plasmon peak and the changing ratio A400/Amax
indicate the growth of the nanoparticles.
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Figure 4.7: Stability of 30 = 3 nm BSPP-functionalised gold nanoparticles (g3) against NaCl.
While there is no significant change in the UV-Vis spectra at 30 mM NaCl after 2 hours (left),
aggregation is indicated by a shoulder at 620 nm and a decrease of the main peak after 5 minutes
at 40 mM NaCl (right). The photographs show the colour change from red to blue due to
agglomeration/aggregation of the gold nanoparticles.

Small gold nanoparticles with diameters of 7.5 = 1.5 nm were synthesised with
sodium borohydride as a strong reducing agent [265]. Different from the Turkevich
method, tiny gold nanoclusters are forming immediately after addition of NaBHs,,
which is indicated by an immediate colour change from yellow to brown. This brown
solution contains gold nanoparticles of small diameters (d < 3 nm), which do not
have a plasmon resonance [64]. By adding several aliquots of the reducing agent
these nanoclusters are grown successively leading to an orange/red solution due to

the development of a LSPR.

Figure 4.8 shows a representative TEM image and the size distribution of the small
gold nanoparticles. The mean diameter of the nanoparticles is 7.6 nm with a
standard deviation of 1.3 nm. The extinction spectrum of the 7 * 1.5 nm gold
nanoparticles has a significantly damped LSPR as expected (Figure 4.9).
Additionally, the plasmon resonance is slightly blue-shifted at 519 nm. This

behaviour is in accordance with the intrinsic size effects explained in section 2.1.2.
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Figure 4.8: A representative TEM image and the size distribution of 7 = 1.5 nm AuNPs.
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Figure 4.9: Extinction spectrum of BSPP-coated 7 = 1.5 nm gold nanoparticles.

4.1.2 Silver nanoparticles

Silver nanoparticles were also synthesised by citrate reduction together with a small
amount of tannic acid, which leads to faster nucleation according to Bastus et al. and
therefore a narrower size distribution because of a longer size-focussing and shorter
Ostwald ripening phase (see section 2.1.1) [68]. A representative TEM image of the
as-synthesised AgNPs is shown in Figure 4.10. Similar to the gold nanoparticles, it
can be seen that the nanoparticles are well separated due to the electrostatic
stabilisation via adsorbed citrate ions and tannic acid. The size distribution of the
silver nanoparticles has a mean value of 22.5 nm with a standard deviation of 2.6

nm.
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Figure 4.10: Photograph (left), representative TEM image (middle) and size distribution of as-
synthesised silver nanoparticles.

The UV-Vis spectrum of as-synthesised silver nanoparticles consists of a strong
absorption at 404 nm (Figure 4.11), which stems from the LSPR of the AgNP. The
silver nanoparticles, similar to gold nanoparticles, are prone to aggregation if the
ionic strength is raised. At a concentration of 50 mM NaCl a shoulder appears in the
absorption spectrum. This is accompanied by a colour change from yellow to grey
indicating the aggregation of the silver nanoparticles because of plasmon coupling

between the particles in the clusters.
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Figure 4.11: UV-Vis spectra of 22.5 * 2.5 nm citrate-coated AgNP without (black) and with 50
mM Nacl (red). The arrow indicates the development of a shoulder due to aggregation.
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An attempt was made to increase the colloidal stability of the silver nanoparticles
against ionic strength with thiolated methoxy polyethylene glycol (SH-mPEG) and
folic acid. In several reports, thiols and primary amines were employed to post-
functionalise silver nanoparticles [68, 276, 277]. However, it seems not to be clear,
which functional groups forms a stronger bond with AgNP [278, 279]. Short PEGs
are typically used to functionalise nanoparticles because they form dense monolayers
on the surface. Folic acid has a terminal primary amine as an anchoring group and is
a rather large molecule, which adds steric hindrance to the nanoparticle surface. In
addition, this molecule has two terminal carboxyl groups, which provide electrostatic
repulsion as well as the possibility to apply EDC/NHS coupling chemistry for further

functionalisation [280].
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Figure 4.12: Zeta potentials of citrate- and SH-mPEG-coated silver nanoparticles. The significant
reduction of the zeta potential from -48.7 mV to -6.9 mV indicates the ligand exchange with SH-
mPEG.

{-potentials of as-synthesised citrate-coated and mPEG-functionalised silver
nanoparticles are depicted in Figure 4.12. The citrate-stabilised AgNPs have a
negative value of -48.7 = 4.8 mV. On the other hand, there is a large decrease of
the surface charge to -6.9 = 3.63 mV after functionalisation with SH-mPEG. A
decrease of the surface charge was expected after ligand exchange because the
mPEG ligand is nearly neutral [281]. Even though the surface charge is now close to
neutral, the colloidal stability is increased due to steric effects stemming from the

dense mPEG layer on the surface.

Unexpectedly, silver nanoparticles mixed with SH-mPEG showed a small blue shift of

2-3 nm compared with the citrate-coated AgNP (Figure 4.13). Typically, the LSPR of



76 Chapter 4. Results on nanoparticle synthesis and characterisation

AgNPs blue-shifts when their size decreases. It is known that silver nanoparticles are
prone to dissolution, which might have happened during the functionalisation
process. However, when the ionic strength is increased to a final concentration of
100 mM NacCl, only a small rise in the 500 nm region is visible. Thus, it can be
concluded that the SH-mPEG molecules attached to the AgNPs making them more
stable against ionic strength. Similar results were obtained using folic acid as a
ligand (Figure 4.14). Again, there was a small blue-shift in the absorption
maximum, which was not expected. Similar to the SH-mPEG functionalised AgNP,

the nanoparticles are stable to a sodium chloride concentration of at least 100 mM.
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Figure 4.13: UV-Vis spectra of 22.5 * 2.5 nm SH-mPEG and citrate functionalised silver
nanoparticles.
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Figure 4.14: UV-Vis spectra of 22.5 = 2.5 nm folic acid-functionalised and citrate-capped silver
nanoparticles.

4.2 Semiconductor quantum dots

Semiconductor quantum dots were synthesised via the hot-injection method as
outlined in section 2.1.3. The synthetic protocol published by Bae et al. is carried
out by first dissolving zinc acetate and cadmium oxide in a mixture of oleic acid and
1-octadecene at 150°C yielding the complexed precursors Zn(OA), and Cd(OA)a,
respectively [118]. The reaction temperature is then raised to 310°C before a
mixture of TOP-S and TOP-Se is injected in order to create nucleation burst leading
to a single species of quantum dots (see section 2.3.1). The protocol differs from
typical synthesis methods because the CdSe core and the ZnS shell are grown at the
same time giving rise to alloyed nanoparticles with a continuous transition from core

to shell, which is denoted as CdixSexZni.,Sy (Figure 4.15).
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Figure 4.15: Illustration of the composition gradient in CdixSexZniySy quantum dots. The core
(yellow) consists of CdSe and the outer shell layers of ZnS.

A representative TEM image of as-synthesised quantum dots with an emission
maximum at Amax = 520 nm (QD520) and their size distribution are presented in
Figure 4.16. From the same sample an EDX spectrum was acquired in order to verify
that all the four elements are present. The peaks were assigned to certain elements
by comparison with EDX tables containing information about the energies of the
characteristic X-rays. All four elements (Cd,Zn,Se,S) were clearly observed as
expected (Figure 4.17). In addition, several other elements (C,0,Si,P,Cu) were also
detected. While carbon, oxygen, silicon and copper are background signals from the
TEM grid and grid holder, the phosphorus signal can be explained with the TOP
bound on the nanoparticle surface. The EDX measurements only give a qualitative
elemental composition of the ensemble of nanoparticles. In order to verify that the
nanoparticles consist of alloys, different techniques such as EELS would be needed,
which allows determining the elemental distribution spatially within the particles.
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Figure 4.16: Representative transmission electron micrograph of CdixSexZniySy quantum dots
(QD520) and their size distribution.
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Figure 4.17: EDX spectrum of semiconductor quantum dots (QD520).

In many procedures, the CdSe core and the ZnS shell are grown with a two-step
method increasing the control of the nanoparticle size as well as the thickness of the
shell for optimised emission wavelengths and quantum yields [104]. A capping shell
reduces the surface defects and non-radiative trap states, which improves the
quantum yield of the nanoparticles (see section 2.1.3). However, this procedure is
by far more time consuming. Bae et al. investigated the consumption of the reactants
and found that the cadmium and selenium precursors are by far more reactive than
the other two [118, 119]. Therefore, a CdSe core is formed very rapidly until almost
all of one precursor is depleted followed by growth of the shell. The emission
spectrum of the quantum dots can accordingly be tuned by changing the amounts of
selenium because larger cores are synthesised with a higher amount of selenium

precursor causing a red-shift of the emission maximum (see section 2.1.4).

The absorption and emission spectra of four different quantum dots that were
synthesised with varying amounts of selenium are presented in Figure 4.18. The
emission maximum of the quantum dots was tuned from 480 nm (QD480) to 580
nm (QD580) with increasing amounts of selenium as expected. Furthermore, the
quantum dots showed a Gaussian emission profile with a FWHM of about 40 nm.

The shift of the emission wavelength can be explained with the quantum



80 Chapter 4. Results on nanoparticle synthesis and characterisation

confinement, which states that smaller nanoparticles emit at shorter wavelengths
(see section 2.1.3). While the emission changes with the amount of selenium
precursor, the actual sizes of the CdSe cores could not be determined due to the low
resolution of the TEM. The quantum yield of these quantum dots varied depending
on their size. Since the amount of shell precursors (Zn, S) was kept constant, it
might be that the shell was growing too large, which negatively influenced the
quantum yield [104]. In particular, the sample QD480 had a significantly lower
PLQY than the other samples, which can be seen directly in Figure 4.19. While the
samples QD520, QD540 and QD580 fluoresce very strongly, the blue quantum dots

are shining much weaker.
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Figure 4.18: Extinction and fluorescence spectra of different CdixSexZn1ySy quantum dots. The
excitation was at 400 nm.
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Figure 4.19: Photographs of quantum dots (QD480-QD580) under ambient light and under UV
irradiation.
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The as-synthesised quantum dots were highly soluble in many organic solvents due
to the surface capping with oleic acid and trioctylphosphine. In order to be able to
attach DNA on these particles they had to be transferred to aqueous solution. This
was done by exchanging the organic ligands with L-lipoic acid, which had a higher
affinity towards the zinc sulphide shell through the two thiol groups [171, 282]. The
group of Mattoussi have developed a rapid exchange of the ligands by activation
with UV light [266] (Figure 4.20). The dithiolane ring in the lipoic acid was opened
by irradiation with UV-A light and two sulfanyl radicals are formed, which readily
react with the quantum dot surface. The reaction was performed in methanol in
order to minimise side reactions with oxygen and hydrogen. The reaction can be
monitored by measuring the absorption at 333 nm stemming from the dithiolane
ring (Figure 4.20). After irradiation for 30 minutes, the absorption peak has
completely vanished indicating the opening of the ring. Additionally, the inset

images show that the former yellow lipoic acid solution turned colourless after

irradiation.
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Figure 4.20: Top: Activation of L-lipoic acid by cleaving the dithiolane bond with UV-A
irradiation. Bottom: In the course of the reaction the absorption peak at 333 nm drops indicating
the opening of the ring structure. The photographs show the colour change from yellow to
colourless due to the opening of the ring.
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The activated lipoic acid was then added to the quantum dots under vigorous
stirring, which led to an immediate transfer from the organic phase to the methanol
phase indicating the successful ligand exchange. The quantum dots exhibit a small
broadening in the emission after functionalization (Figure 4.21). The carboxylic
group of the lipoic acid serves two purposes. Firstly, it protects the quantum dots
from aggregation through electrostatic repulsion in near-neutral and alkaline media.
Secondly, it is used as an anchor for the attachment of amine-modified DNA via
EDC/Sulfo-NHS coupling (see section 4.5.3). {-potential measurements presented in
Figure 4.22 reveal a negatively charged surface with a potential of
-35 = 4.58 mV. Therefore, the charge is large enough to provide a good colloidal
stability. This can be further seen in a TEM micrograph of the water-soluble quantum
dots (Figure 4.23) showing that the quantum dots are well-dispersed after
functionalisation with lipoic acid. It should be noted that it cannot be ruled out that
a certain number of ligands are bent over with the carboxyl group facing towards the
surface. This could be analysed by IR spectroscopy because the carboxyl group is

sensitive to its different states (protonated/unprotonated, bound/unbound).

—_
o
|

— QD520 in Hexane
— QD520 in Water
- = - QD520 Extinction

normalised Fluorescence/Extinction
o
()]
1

<
o

500 600 700
Wavelength [nm]

Figure 4.21: Fluorescence spectra of QD520 in hexane and after transfer to water. The extinction
spectrum was acquired in water. The excitation was at 400 nm.
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Figure 4.22: Zeta potential of L-lipoic acid-functionalised quantum dots in water.

Figure 4.23: TEM micrograph of quantum dots (QD520) functionalised with lipoic acid.

4.3 Upconversion nanoparticles

Upconversion nanoparticles were synthesised by solvothermal decomposition
according to the protocol of Li et al. [137]. Chloride salts of yttrium, ytterbium and
erbium or thulium were first dissolved in oleic acid at 150°C to form Y(OA)s,

Yb(OA); and Er(OA)s or Tm(OA)s precursors. Then, sodium fluoride and sodium
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hydroxide in methanol are slowly added to the solution at room temperature. After
evaporation of the non-organic solvents methanol and water, the temperature is
quickly increased to 300°C, which led to nucleation and growth of the upconversion
nanoparticles. The resulting nanoparticles were made of a NaYF, template in which a
certain percentage of Y3 ions were replaced by Yb3* and Er®* (NaYF4:Yb,Er) or
Tm3* (NaYF4:Yb,Tm). The doping concentration was controlled by the amounts of
rare earth metal precursor. The resulting nanoparticles were protected with oleic

acid ligands making them soluble in many organic solvents.

A TEM image of thulium doped upconversion nanoparticles is shown in Figure 4.24.
For both, erbium and thulium-doped upconversion nanoparticles, EDX spectra were
acquired to check the chemical composition of the nanoparticles (Figures 4.25 and
4.26). As discussed before, the elements not belonging to the nanoparticles were
associated with the TEM grid and the TEM grid holder. It should be noted that the
first ytterbium line (1.521 keV) and thulium line (1.462 keV) are too close to each
other to be spectrally resolved. Furthermore, the thulium line at higher energy
(7.179 keV) is hidden in the strong copper peak. This is an example of the limitation
of this technique. Nevertheless, the EDX analysis was only used as a complementary
characterisation technique and the presence of thulium was evident from the

photoluminescence spectrum.

The EDX spectrum of erbium doped upconversion nanoparticles is shown in Figure
4.26. Here, the same peaks stemming from the elements of the nanoparticle are
clearly visible again. In addition, a small peak from the erbium (6.949 keV) can be
seen. The low intensity can be explained with the low doping (2%) of erbium. There
is another small peak visible at about 10 keV, which is only explainable as an
impurity from the apparatus (grid, grid holder). Nevertheless, this peak does not

influence the conclusion of the measurements.
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Figure 4.24: TEM micrograph and size distribution of NaYF4:Yb,Tm upconversion nanoparticles.
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Figure 4.25: EDX spectrum of NaYF4:Yb,Tm upconversion nanoparticles.
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Figure 4.26: EDX spectrum of NaYF4:Yb,Er upconversion nanoparticles.

The emission of the rare-earth doped nanoparticles is very peculiar due to its large
anti-stokes shift [28]. Even though this is a multi-photon process, rather efficient
upconversion can already be achieved with photodiodes instead of ultrafast lasers
(section 2.1.6). Energy transfer from the ytterbium atoms to the co-doped thulium
and erbium atoms leads to their dopant-specific emission spectra [144]. In the case
of erbium doped nanoparticles, emissions in the green at 522 nm and 541 nm and in
the red at 658 nm are present, which belong to the transitions of 2H112, Ss/2 > “I1s/2
and *Fos > “Iis/2, respectively (Figure 4.27). Thulium-doped nanoparticles have a
different emission spectrum consisting of two lines in the blue at 450 nm and 474
nm, one in the red at 650 nm and one in the NIR at 798 nm. The transitions for
these lines are 'Dy = 3F4, !G4 = 3Hs, 'G4 = 3F,4 from blue to red and 'Gs = 3Hs and
SH4s - 3Hs for the infrared line [144]. The different emission channels can to a
certain degree be influenced by different concentration of rare-earth dopants [145,
283]. A comparison between thulium doped nanoparticles with different thulium
concentrations evidently shows that the ratio between the blue and the infrared line

is biased towards the blue for a lower thulium doping (Figure 4.28).
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Figure 4.27: Emission spectrum of NaYF4:Yb,Er upconversion nanoparticles. The excitation
wavelength was 980 nm.
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Figure 4.28: Emission spectrum of NaYF4:Yb,Tm upconversion nanoparticles doped with 20%
Yb,2% Tm (spectrum A) and 30% Yb,0.2% Tm (spectrum B). The excitation wavelength was 980
nm.
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The oleic acid capped upconversion nanoparticles were rendered water-soluble by
performing a ligand exchange reaction with polyacrylic acid (PAA) [267]. Different
from the other nanoparticles, upconversion nanoparticles have no affinity towards
amines or thiols [284]. Instead, it has been reported that negatively charged groups
such as carboxyl groups are coordinated to the nanoparticle surface via electrostatic
interaction with the yttrium and rare-earth cations. The replacement of the bound
oleic acid was facilitated using multi-dentate ligands such as the polymer PAA. Both,
the nanoparticles and the PAA were soluble in tetrahydrofuran (THF) so that the two
components could be mixed together directly. Then, the ligand exchange slowly
proceeded and after 24 hours the nanoparticles were readily soluble in aqueous
solutions. The carboxyl groups of PAA served similar to the lipoic acid two purposes:
Electrostatic stabilisation and coupling capabilities via EDC/sulfo-NHS chemistry.
The degree of ligand replacement could not be determined. However, the solubility

in aqueous media suggests that a major part of the OA was replaced with PAA.

{-potential measurements and TEM imaging was performed on the PAA-coated
upconversion nanoparticle to provide additional characterisation. The
{-potential of -28.6 = 4.66 mV indicated a high negative surface charge from the
PAA (Figure 4.29). The TEM image in Figure 4.30 depicts the water-dispersed

UCNP showing that the ligand exchange was performed successfully.
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Figure 4.29: Zeta potential of PAA-coated upconversion nanoparticles in water.
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Figure 4.30: TEM micrograph of PAA-coated upconversion nanoparticles in water.

4.4 Lead halide perovskite nanoparticles

In the last couple of years, lead halide perovskites became a very promising material
for manufacturing efficient solar cells [33]. Very recently, methods for synthesising
lead halide perovskite nanoparticles were developed and are rapidly evolving right
[153, 155, 156]. In this work, two different methods were employed. First, a re-
precipitation method will be discussed leading to small nanoparticles with diameters
of around 5-7 nm. Then, a hot-injection method yielding larger particles will be

described.

In the first method, a precursor solution containing the relevant constituents of the
final nanoparticles was prepared. Typically, DMF was used because this solvent is
suitable for dissolution of lead halide salts as well as methylammonium halide
precursor. Furthermore, DMF is miscible with other organic solvents, which was
essential for the re-precipitation method. The solution was dropped in an organic
solvent (toluene) with a low solubility for the precursors inducing precipitation
[285]. Due to the long aliphatic ligands present in solution, the growth was limited
and small CH3sNH3PbX; (X = I, Br, Cl) nanoparticles were formed. The composition
of the nanoparticles depended on the mixture of halides in the precursor solution. A
representative TEM image of as-synthesised CH3NH3;PbBrs; nanoparticles together

with their size distribution is shown in Figure 4.31. It can be seen that the
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nanoparticles are very small with a mean diameter of only 3.4 nm with a standard

deviation of 0.6 nm.
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Figure 4.31: TEM micrograph and size distribution of CH3NHsPbBrs nanoparticles synthesised
with a re-precipitation method.

Similar to the semiconductor quantum dots, the fluorescence of the perovskite
nanoparticles was visible by the naked eye under ambient light indicating high
quantum yields. Spectroscopic analysis consisting of extinction, fluorescence and
photoluminescence excitation (PLE) spectra of these perovskites nanoparticles is
presented in Figure 4.32. All spectra were taken with nanoparticles in suspension.
The fluorescence of the perovskite nanoparticles had its peak at 522 nm and a
FWHM of only 25 nm. This emission matched the band gap, which can be seen in the
extinction spectrum at 520 nm. In addition to the band gap onset, there was an
intense peak in the extinction spectrum. In order to examine if this peak also
contributed to the emission at 522 nm a PLE spectrum was taken. The PLE graph
follows the extinction spectrum showing that the excitation at the peak wavelength
also contributed to the fluorescence at 522 nm. The explanation might be that there
was a higher energy state, which was resonantly excited similar to the higher exciton
peaks visible in quantum dot spectra [286]. However, it remains unclear why the

peak is as intense.
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Figure 4.32: Fluorescence spectrum (top), extinction spectrum (middle) and photoluminescence
excitation spectrum (bottom) of CH3NHsPbBrs nanoparticles synthesised with a re-precipitation
method.

The major drawback of these nanoparticles is their unsatisfying stability. Perovskite
nanoparticles disintegrate when they get in contact with a polar solvent. Due to their
small size it was not possible to centrifuge the particles down in order to remove the
residual DMF from the precursor solution. The residual DMF caused uneven films
when spin-coating techniques were applied because it dried much slower than the
toluene causing dissolution of the precursors and interface effects due to different
surface tensions [287]. Vacuum drying or evaporation of the solvent by heating was

not possible without destroying the nanoparticles [288].

A solution for these problems was discovered in this work by replacing one of the
capping ligands (octylamine) with the cationic quaternary amine cetrimonium
bromide (CTAB). The idea was that this molecule with its longer tail and the charged

head might increase the stabilisation of the nanoparticles. The CTAB was dissolved
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together with the other precursors in DMF yielding a colourless solution. When this
solution was then dropped in toluene, again a coloured and fluorescent solution was
obtained. Furthermore, it was now possible to centrifuge and clean the particles
allowing the removal of all the residual DMF. The nanoparticles’ integrity was not
altered by the washing steps. A TEM image and a size distribution of the CTAB-

modified nanoparticles are shown in Figure 4.33.

Bl CH;NH;PbBr,-CTAB distribution
80+ Log-normal: Mean = 6.5nm, SD = 1.23

=™

v

2
Vi
.

.

)
" -
-

s

~, ‘--,-
aTa mw -
. MY st
.‘ ", -
g Sl
.7y -
o ive <
Fon. Sy we
£ h. 5
e o O‘
2 3 AN
;C...

e
»

suew
s
%
.y

% o B

-
el

0] Hlm ™
4 6 8 10
Diameter [nm]|

|
el
o

-
.

Figure 4.33: TEM micrograph and size distribution of CHsNHsPbBrs nanoparticles synthesised
with CTAB.

The nanoparticle size is a few nanometres larger compared to the particles
synthesised without CTAB. As a surfactant, CTAB readily forms micelles in solution
[289]. An explanation for the ability to centrifuge these nanoparticles might be their
bigger size as well as an agglomeration of the CTAB micelles by Van-der-Waals
interactions between the aliphatic tails. Nevertheless, the steric hindrance of the long

tails also prevented the nanoparticles from irreversible aggregation.

The perovskite nanoparticles synthesised with CTAB had similar spectroscopic
properties as the others, which is shown in Figure 4.34. The fluorescence spectrum
had its maximum at 523 nm with a FWHM of 27 nm. The peak matched the band
gap wavelength measured by UV-Vis spectroscopy. In the extinction spectrum there
was a strong resonance in the UV at 357 nm. However, this peak was found to
belong to an energy state, which probably relaxed in a non-radiative way. This can
be seen from the PLE spectrum where at the same wavelength a depression appeared
meaning that at this wavelength the fluorescence at 523 nm is suppressed. The

origin of this behaviour could not be resolved.
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Figure 4.34: Fluorescence spectrum (top), extinction spectrum (middle) and photoluminescence
excitation spectrum (bottom) of CHsNHsPbBrs nanoparticles synthesised via re-precipitation with
CTAB.

Cubic CsPbX3 perovskite nanoparticles were synthesised with a hot-injection method
according to the protocol of Protesescu et al. [156]. Caesium oleate precursor was
rapidly injected in a mixture of the lead halide salt dissolved in oleic acid and
oleylamine. Nanoparticle formation was completed within seconds. A TEM image
and the size distribution of these nanoparticles is shown in Figure 4.35. The size was
measured in terms of the diagonal of the cubes and with a mean value of 11.7 nm
and a standard deviation of 1.5 nm the nanoparticles were rather monodisperse.
Furthermore, the sizes did not vary for perovskites with different halide ions. This
shows that the quantum size effect only plays a minor role for the nanoparticle

emission wavelength as discussed in section 2.1.7.
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Figure 4.35: TEM micrograph of CsPbBrs nanoparticles synthesised via a hot-injection method.
The nanoparticle sizes were measured in terms of the diagonal.

The emission wavelength could be tuned by employing different ratios of halide
precursors. In Figure 4.36 photographs of the caesium lead halide perovskite
nanoparticles with different amounts of bromide and iodide are shown under
ambient light as well as under UV-A illumination. The peak wavelength clearly red-
shifted with increasing iodine content due to a decreasing band gap (see section

2.1.7) [160]. By employing Br/Cl mixtures the wavelength could be blue-shifted.

The extinction and emission spectra of nanoparticles with different halide mixtures
are shown in Figure 4.37. Besides the onset at the band gap energy, there were no
other peaks at higher energies. The nanoparticles had emission maxima from 520 nm
(CsPbBr3) to 690 nm (CsPbl3) with FWHM values between 20-50 nm. This

demonstrates the good control of the nanoparticle emission similar to quantum dots.

Ambient light Ultraviolet light

CsPbX, Br, Br I . Brl, I CsPbX, Br, Br I . Brl, I,

1.571.5 3

Figure 4.36: Photographs of CsPbXs nanoparticles under ambient light and under illumination
with UV-A light.
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Figure 4.37: Extinction and fluorescence spectra of CsPbX3 nanoparticles with different halide
mixtures.

Since perovskite nanoparticles have emerged only in 2014, there is a lot of potential
for further research. Promising results for the application in photovoltaics, display
technology and lasing have been reported recently [162]. Another example is a
sensing platform for the explosive material 2,4,6-trinitrophenol, which has been

reported by Muthu et al. showing the versatility of these novel materials [290].

The above-mentioned synthesised perovskite nanoparticles are currently further
analysed in collaboration with the Hybrid Photonics group at the same faculty. In
particular, exciton dynamics as well as lasing properties in nano-cavities and with
distributed Bragg reflectors (DBR) are investigated. Furthermore, research on the
phase-transfer to the aqueous phase by employing amphiphilic polymers and growth

of an inorganic shell around the perovskites is currently conducted.

4.5 DNA-functionalisation of nanoparticles

In the previous part, the synthesis and characterisation of the nanoparticles used in
this work were described. Since the aim of this work was to utilise DNA for
controlled self-assembly of nanoparticles, the DNA attachment to the various

nanoparticles will be described in the following.
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4.5.1 Gold nanoparticles
BSPP-functionalised gold nanoparticles are a perfect platform for the attachment of
DNA [166]. The oligonucleotides employed in this work have been functionalised

with a linker containing a disulphide group (Figure 4.38).
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Figure 4.38: Structure of the thiol-linker used as oligonucleotide modification for the attachment
of DNA to nanoparticles.

For effective anchoring onto the gold nanoparticle surface via the strong gold-thiol
bond, the disulphide was cleaved by reduction of the S-S bond. The formation of
SAMs on gold surfaces with disulphides and thiols showed that thiols bind more
readily and faster than disulphides [291]. A similar behaviour was observed with
gold nanoparticles where SH-DNA attached to the AuNPs within an hour and
uncleaved DNA needed much more time. There are several thiol-containing reagents
like mercaptoethanol or dithiothreitol (DTT), which are often used to cleave
disulphide bonds [292]. However, thorough washing is needed to remove the
reducing agents after cleavage. Instead, several phosphine-based reagents like tris(2-
carboxyethyl)phosphine (TCEP) or BSPP have been used as mild reducing agents for
this purpose [293, 294]. As the gold nanoparticles are already coated with BSPP,
further addition does not influence the surface capping. The reaction of BSPP with a

disulphide is shown in Figure 4.39 [295].
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Figure 4.39: Illustration of the disulphide cleavage with BSPP.

Mixing BSPP-stabilised gold nanoparticles with thiolated DNA and BSPP leads to an
efficient attachment in one hour due to the stronger thiol-gold bond, which readily
displaces BSPP. However, the exact number of DNA strands on each nanoparticle
cannot be controlled and nanoparticles with different numbers of oligonucleotides
are obtained. In order to optimize control over nanoparticle assembly, the
nanoparticles with a single DNA strand were separated [249]. A fast and efficient
method to achieve separation was agarose gel electrophoresis. It was shown by
Zanchet et al. that if the number of oligonucleotide bases is at least 5-10 times the
nanoparticle diameter in nanometres, a separation of gold nanoparticle-DNA
conjugates depending on the number of attached oligonucleotides is possible by gel
electrophoresis [246]. Long DNA strands change the overall electrophoretic mobility

to such an extent that different AuNP-DNA conjugates run in different bands.

The oligonucleotides employed in the first part of the work consisted of 87 bases (see
Appendix A.2) and allowed the separation of 15 nm gold nanoparticles by the
number of attached strands. Figure 4.40 shows a sample agarose gel (2.25% w/v) of
AuNP-DNA conjugates after electrophoresis. In lane 1, a reference containing only 15
nm gold nanoparticles was run next to gold nanoparticles incubated with DNA (lane
2). Three distinct bands were obtained corresponding to unconjugated,
monoconjugated and diconjugated nanoparticles. The monoconjugate band was then

extracted from the gel by soaking it in 0.5x TBE buffer and letting the gold
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nanoparticles diffuse out of the gel overnight. The imperfection of the band
separation as well as the cutting with the scalpel made it possible that a small

fraction of unwanted species was present after extraction.
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Figure 4.40: Separation of 15 = 1 nm AuNP-DNA conjugates (SA1l) by the number of attached
oligonucleotides with agarose gel electrophoresis (2.25% w/v). Lane 1: AuNP reference, Lane 2:
AuNP mixed with DNA. The necessary band is then extracted from the gel by soaking the gel in
buffer.

In order to give a comparison with smaller nanoparticles, 7 = 1.5 nm gold
nanoparticles were functionalised with the 87 mer DNA and run in an agarose gel
(Figure 4.41). It is evident that a much better separation was achieved compared to
the 15 nm gold nanoparticles. As discussed earlier, this is because the relative
increase in size is much larger for the smaller nanoparticles. Again, lane 1 contained

a reference and lane 2 the gold nanoparticle-DNA mixture.

The need for long oligonucleotides to enable sufficient separation is the drawback of
this method [246]. In order to tackle this problem, Busson et al. introduced a
method to separate larger gold nanoparticles with diameters of 36 nm [296]. First,
the nanoparticles were incubated with the functional DNA, which is later used to
form assemblies. Then, an excess of a partially complementary lengthening strand
was added. In this way, the DNA length is increased so that separation by gel
electrophoresis was possible. By this method, a better control of the nanoparticle
functionalisation can be achieved if it is needed, e.g. when DNA templates for gold

nanoparticle assembly are used [248]. Since the oligonucleotides were long enough
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to separate the 15 nm gold nanoparticles, lengthening strands were not employed in
this work. The extraction of DNA-AuNP conjugates with 30 nm particles could not be
performed with the oligonucleotides in this work. Nevertheless, this was not

necessary for the SERS experiments conducted with these particles (see section 5.3).
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Figure 4.41: 7 = 1.5 nm AuNP-DNA conjugate (SA1) separation in an agarose gel (3% w/v).

4.5.2 Silver nanoparticles

The attachment of DNA to silver nanoparticles has been described in several reports
[278, 279]. However, in this work the preparation of silver nanoparticle-DNA
conjugates did not succeed. A problem was that the in situ cleavage of the disulphide
linker was not possible in the case of silver nanoparticles. Phosphine-containing
molecules readily dissolve silver nanoparticles even in little amounts by complex-
formation with the silver ions [297]. This has been tested by mixing silver
nanoparticles with BSPP-coated gold nanoparticles (Figure 4.42). The plasmon peak
of the former decreased while the peak of the latter increased and slightly shifted to
the blue. This indicates that the concentration of the silver nanoparticles decreased
and that there was some interaction with the gold nanoparticles. It might be possible
that some of the silver deposited on the gold nanoparticles, which would explain the
blue-shift of the LSPR [298]. This experiment shows that the application of silver
nanoparticles is not as straight-forward as for the gold nanoparticles. In order to
overcome this problem, it would be necessary to use amine-terminated DNA or to

cleave the disulphide group beforehand.
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Another problem besides the sensitivity towards BSPP was a lack of stability at
sodium chloride concentrations higher than 50 mM (Figure 4.43). While the
stability was increased by functionalisation with folic acid as well as short thiolated
polyethylene glycol, the attachment of DNA without cleaving the disulphide group
was not successful or could not be sufficiently controlled by gel electrophoresis. As
an example, citrate-coated silver nanoparticles were incubated for different times (1-
24 h) with DNA that was not de-protected and run in an agarose gel (Figure 4.43).
Lane 1 contained a reference and the other lanes contained AgNP with increasing
incubation times of 1 h, 6 h and 24 h. No band separation was observed, which
suggests that there was no DNA attachment onto the silver nanoparticles. Similar
results were obtained for silver nanoparticles with different surface ligands. Since the
focus of this project lied on the assembly of nanoparticles further use of silver

nanoparticles was not pursued.
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Figure 4.42: Extinction spectra of 15 = 1 nm BSPP-AuNPs mixed with 22.5 * 2.5 nm AgNPs

monitored at different times. The arrows indicate that the AgNP plasmon peak is decreasing and
the AuNP plasmon peak is increasing with time.
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1 2 3 4

Figure 4.43: 2% Agarose gel containing 22.5 = 2.5 nm silver nanoparticles incubated with
oligonucleotides (SC1) without de-protection. Lane 1: AgNP reference; Lane 2: AgNP 1 hour
incubation; Lane 3: AgNP 6 hours incubation; Lane 4: AuNP 24 hours incubation.

4.5.3 Quantum dots and upconversion nanoparticles

The functionalisation of the fluorescent nanoparticles (Quantum dots and
upconversion nanoparticles) was conducted via a coupling reaction of carboxylic
acids with primary amines activated by 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysulfosuccinimide (Sulfo-
NHS) [299, 300]. The reaction is illustrated in Figure 4.44 [301]. In the first step,
the carboxylic acid is activated with EDC forming an o-acylisourea intermediate.
Subsequently, primary amines can react with the activated molecule and form an
amide bond. However, the intermediate is very unstable and very prone to hydrolysis
in aqueous solution. In order to increase the yield of the reaction, Sulfo-NHS can be
utilised forming an active ester, which subsequently reacts with primary amines. This
EDC-based coupling reaction is widely used to attach biomolecules such as peptides

or biotin/streptavidin to surfaces or particles [163].
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Figure 4.44: Illustration of a coupling reaction between a carboxylic acid and a primary amine
with EDC and Sulfo-NHS. First, the carboxylic acid is activated with EDC formation an unstable
o-Acylisourea intermediate. This intermediate then readily reacts with a primary amine coupling
it to the carboxylic acid via an amide bond. The stability can be improved by addition of Sulfo-
NHS, which forms a semi-stable ester with the carboxylic acid. Adapted from ref. [301].

In this work, amine-modified oligonucleotides were coupled to the fluorescent
nanoparticles (QDs and UCNPs). As outlined above, the nanoparticles were
functionalised with molecules containing terminal carboxyl groups (PAA and lipoic
acid) enabling the coupling with EDC/Sulfo-NHS chemistry. The purpose for the
functionalisation of these nanoparticles with oligonucleotides was to investigate if a
resonance energy transfer from the upconversion nanoparticles to the quantum dots
by nanoparticle assembly could be facilitated. Short oligonucleotides with only 15
bases were used to bring the particles as close as 5 nm to each other. The details of

this study will be discussed in Chapter 6.

4.6 Summary
In this chapter, the nanoparticle characterisation and functionalisation with different

ligands as well as oligonucleotides was presented.

Spherical gold and silver nanoparticles synthesised with the Turkevich method were
functionalised with various ligands. The plasmonic properties of these nanoparticles
were analysed with UV-Vis spectroscopy. Shifts and broadening of the LSPR peak

referred to the colloidal stability of the nanoparticles and were used to determine



104 Chapter 4. Results on nanoparticle synthesis and characterisation

successful ligand exchange reactions. As a complementary analysis technique, (-
potential measurements were discussed. Gold nanoparticles were modified with
thiol-modified oligonucleotides and gel electrophoresis was introduced as a tool for
the separation of gold nanoparticles according to the number of attached DNA
strands. The functionalisation of silver nanoparticles with oligonucleotides was not

successful and the reasons were discussed.

On the other hand, fluorescent CdSe/ZnS and rare-earth doped upconversion
nanoparticles were synthesised and characterised. The extinction and fluorescence
spectra of the semiconductor quantum dots were recorded. Phase-transfer from
organic solvents to aqueous solutions was facilitated with L-lipoic acid via a ligand
exchange reaction. (-potential measurements indicated that the particles had a
highly negatively charged surface maintaining colloidal stability. The rare-earth
doped upconversion nanoparticles had a tuneable emission in the visible upon
irradiation with a NIR laser diode, depending on the co-doped lanthanides. A phase-
transfer was performed by replacing oleic acid ligands with the polymer PAA,
rendering the particles water-soluble. Both types of fluorescent nanoparticles were

functionalised with amine-modified DNA via EDC/Sulfo-NHS coupling chemistry.

Lead halide perovskite nanoparticles were synthesised and characterised by UV-
Visible and fluorescence spectroscopy. While the fluorescence spectra showed a
narrow single peak emission, a second peak appeared in the absorption spectrum.
The origin could not be determined. The processability of the nanoparticles was
improved by exchanging octylamine with CTAB in the synthesis, which allowed for

the complete removal of DMF.

In the upcoming chapters, the described nanoparticles will be used in two different
ways. Gold nanoparticles were used as model particles for the ligation of
oligonucleotides in three-dimensional nanoparticle assemblies in Chapter 5. For the
first time, a reversible crosslink reaction is presented utilising 3-cyanovinyl carbazole
as a UV-sensitive DNA cross-linker. Furthermore, the potential limitation of
spontaneous crosslink reactions such as the well-known alkyne-azide click reaction
will be discussed. In chapter 6, a resonance energy transfer system consisting of
upconversion nanoparticles and semiconductor quantum dots will be presented.
Short oligonucleotides were used to bring them in close proximity to each other,

which is needed to detect energy transfer. This system has not been reported yet in
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the literature and demonstrates the feasibility of using short oligonucleotides for the

assembly of different types of nanoparticles.
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Chapter 5. Formation and Ligation of AuNP-DNA

assemblies

In the previous chapter, the synthesis, functionalization and characterisation of
several different nanoparticles were discussed. In this chapter, the self-assembly of
AuNP-DNA conjugates will be described. While DNA has proven to be a versatile
platform for directed assembly, the need for increased stability in conditions like low
ionic strength and high temperatures is of importance [21, 302, 303]. In order to
tackle this issue, 15 = 1 nm gold nanoparticles have been employed in conjunction
with 3-cyanovinyl carbazole modified DNA to create fortified structures. For the first
time, a simple and efficient method for reversible ligation of AuNP-DNA assemblies is

presented.

At the beginning, the oligonucleotide sequences and their hybridisation behaviour
without nanoparticles will be briefly discussed in Section 5.1. Thereafter, the self-
assembly of gold nanoparticles and the crosslinking of the assemblies will be
presented in Section 5.2. Finally, an application for Surface enhanced Raman

spectroscopy is shown in Section 5.3.

Parts of this chapter were published in: Harimech, P. K.; Gerrard, S. R.; El-Sagheer,

A. H.; Brown, T.; Kanaras, A. G. “Reversible Ligation of Programmed DNA-Gold
Nanoparticle Assemblies“, Journal of the American Chemistry Society, 2015, 137,
9242-9245.

5.1 Characteristics of employed oligonucleotides

5.1.1 Design, modification and melting temperature

In this work, three sets of oligonucleotides were used to investigate the crosslinking
reaction between oligonucleotides coated gold nanoparticles. Each set contained four
oligonucleotides allowing the formation of dimers, trimers and a tetrahedral
structure. Each DNA strand had a total length of 87 bases and consisted of three
sections of 26 base pairs. One section was fully complementary to exactly one section
in one of the other three strands. The direction of the respective complementary
section was designed as such that 5’ and 3’ were reversed and the strands were able
to hybridise. In this way, each strand was able to bind only in one way with each of

the other strands (see Table 5.1). Every oligonucleotide was chemically modified
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with a disulphide linker to facilitate the attachment to gold nanoparticles (see
section 4.5.1). While one set of oligonucleotides was not further modified (SA1-
SA4), one set was modified with azide (SB1, SB2) and BCN (SB3, SB4) moieties
(see Appendix A.3) and one set with 3-cyanovinyl carbazole moieties (SC1-SC4)
(see Table 5.1).

SC1 | 5-HSCeH12-TTT TTT CCC TAT TAG
AAG AXA TCA GGT GCG CG TTT CGG TAA GTA GAC GGT GTC AGT TCG CC

SC2 | 5’-HSCsH1,-TTT CGC GCA CCT GAT GTC TTC TAA TAG GG TTT GCG ACA GTC
GTT CAX ATA GAATGC CCTTT GGG CTG TTC CGG GTG TGG CTC GTC GG

SC3 | 5-HSCsH12-TTT GGC CGA GGA CTC TGT CTC CGC TGC GG TTT GGC GAA CTG
AXA CCG TCT ACT TAC CG TTT CCG ACG AGC CAX ACC CGG AAC AGC CC

SC4 | 5'-HSCH1o-TTT TTT CCG CAG CGG
AGA XAG AGT CCT CGG CCTTT GGG CATT CTATGT GAA CGACTG TCG

Table 5.1: Oligonucleotide sequences modified with 3-cyanovinyl carbazole. The colours indicate
the complementarity between the DNA strands. The X denotes the 3-cyanovinyl carbazole
modification within the DNA strands.

S1-+53

Dimers Tetrahedron

Figure 5.1: Illustration of different assemblies from different combinations of oligonucleotides
are mixed. A: S1+S3, B: S1+S3, C: S1-S3, D: S1-S4. The spheres indicate the positions of the
nanoparticles in NP-DNA assemblies.
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Figure 5.2: Illustration of the tetrahedron formed by directed folding of all four oligonucleotides
from Table 5.1. The 5’-end is at the thiol-modification. The three thymine bases (TTT) in between
the different sections were omitted. Each oligonucleotide is coloured with a single colour (SC1:
red, SC2: blue, SC3: green, SC4: yellow). The boxes indicate the 3-cyanovinyl carbazole
crosslinking sites.

[llustrations of the resulting assemblies obtained with different oligonucleotide
combinations are depicted in Figure 5.1 and Figure 5.2. The complementarity of
each strand to each other led to an intertwining of the strands in such a way that
they folded into an equilateral pyramid. The thiol linkers were located at the vertices
of the structure and were pointing outwards for facilitation of nanoparticle assembly.
Additionally, the oligonucleotides had TTT-spacers after the thiol linker and in
between the 26 base pair sequences. These have been fitted in order to reduce strain
from the structure as the oligonucleotides were bending along the corners [249].
Depending on the crosslinker modification, the boxes in Figure 5.2 indicate the
positions of 3-cyanovinyl carbazole or azide/BCN pairs. Since the design of such a
structure is not trivial, oligonucleotide sequences from the literature were used with
slight modifications [249]. Potential problems are self-complementarity and partial
complementarity of different strands. While the former might lead to hairpin loop
formation, the latter might cause unwanted hybridisation on certain parts of the

strand and therefore wrong products, e.g. long DNA chains. As the number of
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oligonucleotides increases and the strands become longer, the difficulty in avoiding

these problems rises.

A melting analysis was conducted by measuring the absorbance at 260 nm for three
cycles from 20°C to 85°C (see Section 2.4). In this experiment, 0.5 nmol of
oligonucleotide was dissolved in 1 mL phosphate buffer (20 mM, pH = 7.4)
containing 200 mM NaCl. The melting curve of a dimer mixture is plotted in Figure
5.3. The graph contains the typical hyperchromicity around the melting temperature
caused by dehybridisation of the DNA (see section 2.4.1). The melting temperature
was determined at the point of inflection. For the dimer made from SA1+SA2, a

melting temperature of 74°C was determined.

The theoretical melting temperature was calculated with the nearest-neighbour
method using the free online tool OligoCalc [201]. For the fully complementary 26
base pair part of the DNA at a concentration of 500 uM and 200 mM NaCl, a melting
temperature of 74.2°C was calculated. This comparison indicates that the theoretical
model could be used determine the melting temperatures in very good
approximation. Therefore, OligoCalc was utilised for further melting temperature

approximations.

Besides the hyperchromicity, a rise in the absorption was visible. Due to the length of
the oligonucleotides, there was a certain small self-complementarity in each strand
with itself as well as partial complementarity between different strands other than
the full complementarity. Therefore, as the temperature increased these unstable and
only loosely bound duplexes dehybridised at much lower temperature than the fully
complementary 26 bases leading to a steady increase in the absorption spectrum. It
should be noted that oligonucleotides bound to nanoparticles were spatially
restricted and therefore the self-complementarity did not play a role in nanoparticle
assembly. After the melting temperature of the oligonucleotides was established,
further hybridisation experiments were conducted using gel electrophoresis for

analysis.
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Figure 5.3: Melting curve of oligonucleotide dimers (SA1+SA2). The curve was determined as an
average from 3 complete cycles. The melting temperature was determined at the point of
inflection as 74°C.

5.1.2 Polyacrylamide gel electrophoresis

The hybridisation of different combinations of the oligonucleotides was validated by
native polyacrylamide gel electrophoresis. As explained in section 3.4.6, gel
electrophoresis is used to separate molecules by size and charge. Since the charge of
all the strands was the same, the size dictated the differences in electrophoretic

mobility [246].

5.1.2.1 Unmodified oligonucleotides

First, the hybridisation of oligonucleotides without crosslinking modifications will be
discussed. Different mixtures of the oligonucleotides led to different bands during gel
electrophoresis indicating the formation of different assemblies. A representative gel

is shown in Figure 5.4.

Lane 1 contained single oligonucleotide strands as a reference. Lanes 2 and 3
contained two different combinations of a mixture of two DNA strands (SA1+SA4
and SA1+SA3). Both the oligonucleotides were running slower with respect to the
reference. Furthermore, there was retardation between the two combinations
because the complementarity was either at the beginning or in the middle of the
DNA causing a difference in length (see Figure 5.1). Likewise, in lanes 4-7 the four

combinations of three oligonucleotides were further retarded than the previous
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assemblies. The four different combinations showed different retardations, which
can be explained by different GC contents in the different structures. It has been
reported that different oligonucleotide compositions migrate at different speeds in
gel electrophoresis [304]. Finally, in lane 8 all four oligonucleotides were mixed
leading to the formation of the potential tetrahedral structure, which was even
further delayed. The single band shows that there is only one configuration on how
the four strands form the structure, which indicates that the band corresponds to a
tetrahedron. However, other techniques like AFM and mass spectrometry would be
needed to determine the three-dimensionality of the product. A DNA ladder would
not be appropriate because it corresponds only to linear DNA and was therefore
omitted in this work. Clearly, the different structures (dimers, trimers, tetramers) ran
very differently from each other showing their increasing complexity. Furthermore,
the hybridisation yields were high. However, there was an agglomeration visible in
the wells for the trimers and tetramers. The residue in the wells may have been
caused by too high loading or due to formation of higher ordered structures. For
example, possible that several intertwined structures could have formed, which were

too large to pass into the gel [236].

Y
+

1 2 3 4 5 6 7 8

Figure 5.4: 6% native polyacrylamide gel of different DNA mixtures without crosslinking groups
(SA1-SA4). The gel was stained with ethidium bromide. Lane 1: Single strand; Lanes 2-3: DNA
dimers (SA1+SA3 and SA1+SA4); Lanes 4-7: DNA trimers; Lane 8: DNA tetramers. The different
bands were labelled as single strands (a), DNA dimers (b), DNA trimers (c) and DNA tetrahedra
(d).
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5.1.2.2 Oligonucleotides modified with azide- and alkyne-modification

Next, the oligonucleotides functionalised with azide and BCN groups (SB1-SB4)
were analysed by PAGE and compared with the unmodified DNA. A representative
gel is shown in Figure 5.5. It should be noted that the gels in this section were
visualised using a transilluminator with a 254 nm UV source and not stained with

ethidium bromide and that the black speckles are artefacts.

In Lane 1, a reference strand (SA1l) was used. Lanes 2 and 3 show dimer
oligonucleotide mixtures of unmodified DNA (SA1+SA4, SA1+SA3). As before, the
different dimers have different electrophoretic mobilities. However, the hybridisation
was not completely finished so that unreacted strands appeared at the bottom of the
gel. Lanes 4 and 5 contained oligonucleotides with azide and BCN groups

(SB1+SB3, SB1+SB4).

There was no difference between the retardation of the modified DNA and the
unmodified DNA (bands a-c). This indicated that the same assemblies have formed.
However, several bands appeared above the dimer band (area d, arrows) in lanes 4
and 5. The appearance of these extra bands was investigated in further experiments.
The results helped to explain the problems faced with nanoparticle hybridisation,

which will be discussed later (see section 5.2.2).
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Figure 5.5: 6% native polyacrylamide gel containing different DNA dimer mixtures with
unmodified and azide/BCN-modified oligonucleotides. Lane 1: Single strand reference; Lane 2:
SA1+SA4; Lane 3: SA1+SA3; Lane 4: SB1+SB3; Lane 5: SB1+SB4. The different bands were
labelled as single strands (a), dimers (b+c), and higher order complexes (d, indicated with
arrows).

Several gels were run with different conditions including varying sodium chloride
concentrations as well as temperature in order to verify that these extra bands were
a result of the azide/BCN modifications. In all experiments, phosphate buffer (20
mM, pH 7.4) was used. Indeed, it was found that these additional bands occurred
whenever two or more oligonucleotides with both BCN and azide groups were
hybridised. In Figure 5.6, a gel containing two DNA dimer mixtures with different
NaCl concentrations as well as a mixture of all four strands is presented. Lane D
shows the dye xylene cyanol as a reference. Lane 1 contained a dimer mixture
(SB1+SB3) hybridised with 100 mM NaCl. In lane 2, the same dimer mixture was
used but with 200 mM NaCl. Lane 3 contained a mixture of all DNA strands (SB1-
SB4) with 200 mM NacCl. In each case, equimolar amounts were used. In lanes 1 and
2 there is a ladder-like structure (c) visible above the dimer band (b) and the
unreacted single strands (a). Furthermore, in lane 3 where all four DNA strands
were mixed no dimer band appeared and only a very weak band of unreacted

oligonucleotides was present.
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This finding showed that there was no influence caused by the different NaCl
concentrations, i.e. the formation of larger complexes due too high ionic strength
could be ruled out. An evident spot at the bottom of the loading well could be seen
in lane 3 (red arrow). An explanation could be that the click reaction resulted in the
formation of large DNA fragments that were not able to pass through the gel. It
might be that these large fragments complete block the lane so that the other

oligonucleotides were not able to pass into the gel.
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Figure 5.6: 6% native polyacrylamide gel of different DNA mixtures. Lane D: Cyanol xylene
reference; Lane 1: DNA dimers (SB1+SB3) with 100 mM NacCl; Lane 2: DNA dimers (SB1+SB3)
with 200mM NaCl; Lane 3: DNA tetrahedra (SB1-SB4) with 200 mM NacCl. The different bands
were labelled as single strands (a), DNA dimers (b), and higher order complexes (c, black
arrows). The red arrow indicates DNA residue, which did not pass into the gel.

Another gel is shown in Figure 5.7 where oligonucleotide dimer mixtures
(SB1+SB3) were hybridised at different temperatures. This parameter influences the
reactivity of the click reaction as well as the hybridisation behaviour (see section
2.4). In all cases, the phosphate buffer (20 mM, pH 7.4) containing 200 mM NacCl
was employed. The hybridisation temperature of the different samples was varied
from 55°C to 70°C in 5°C steps. Lane D contained the xylene cyanol dye for tracking
the migration. From lane 1 to lane 4 the temperature was increased. It can be seen
that all four samples showed similar hybridisation behaviour with the same bands

(unreacted (a), dimers (b) and larger structures (c)) appearing as in the previous
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samples. Nevertheless, the material not passing through the gel increased with

higher temperatures.
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Figure 5.7: 6% native polyacrylamide gel of DNA dimers (SB1+SB3) hybridised at different
temperatures. Lane D: Cyanol xylene reference; Lane 1: 55°C; Lane 2: 60°C; Lane 3: 65°C; Lane 4:
70°C. The different bands were labelled as single strands (a), DNA dimers (b), and higher order
complexes (c).

All these findings suggest that the oligonucleotides with the different click groups
participated in uncontrolled click reactions between several strands leading to
clusters of DNA. The increased reactivity of the clicking groups with increasing
temperature would explain the larger amount of DNA stuck in the well. Even though
there were residues present in the wells when the unmodified oligonucleotides were
used, no ladder-like band structure appeared in the gel. Furthermore, the higher
order bands only occurred when the DNA strands with both clicking groups were
mixed. It might be that if the BCN group is replaced by a less reactive group like
DIBO the uncontrolled click reaction could be avoided [305, 306]. However, it was

not possible in the scope of this work to further test other cyclooctynes.

As an alternative crosslinking technique, the molecule 3-cyanovinyl carbazole was

chosen [24, 213]. Besides having control over the crosslink reaction with an external
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stimulus, the reaction can be reversed, which is not possible with the SPAAC reaction

and therefore introduces a new type of functionality.

5.1.2.3 Oligonucleotides modified with 3-cyanovinyl carbazole

Oligonucleotides functionalised with 3-cyanovinyl carbazole (SC1-SC4) were
compared with the non-functionalised DNA strands (SA1-SA4) using PAGE. In all
experiments, phosphate buffer (20 mM, pH 7.4, 200 mM NaCl) was used. The results
are shown in Figure 5.8. In the odd lanes the carbazole modified DNA was run next
to the unmodified DNA in the even lanes. Single oligonucleotide strands (lanes
1+2), DNA dimers (lanes 3+4), DNA trimers (lanes 5+6) and DNA tetrahedral

structures (lanes 7+8) were run for comparison.

Besides the distinct electrophoretic mobilities, it is evident from the PAGE gel that
the two different sets hybridised in exactly the same way. Furthermore, the ladder-
like bands present in the azide/BCN-modified DNA were not observed any longer
with the 3-cyanovinyl carbazole groups. On the one hand, this indicated once more
that the azide/BCN modification influenced the hybridisation result. On the other

hand, the result shows that the hybridisation worked as expected.

12345678

Figure 5.8: 6% native polyacrylamide gel of carbazole-modified and unmodified oligonucleotides.
The odd lanes contain the carbazole strands and the even lanes the unmodified strands. The gel
was stained with ethidium bromide. Lanes 1+2: single strand (SA1,SC1); Lanes 3+4: two strands
(SA1+SA2,SC1+SC2); Lanes 5+6: three strands (SA1-3,SC1-3); lanes 7+8: all four strands (SA1-
4,SC1-4). The bands are labelled as single strands (a), dimers (b), trimers (c) and tetrahedra (d).
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After the proper hybridisation of the oligonucleotides was verified, the next step was
to test the crosslinking reaction between the 3-cyanovinyl carbazole modification and
thymine base on the opposite strand (see section 2.4.2). Two different
oligonucleotides were hybridised as before and then irradiated with UV-A light
centered at 365 nm, which promoted a [2+2]-photocycloaddition reaction [24]. The
samples were placed in an ice bath in order to ensure that there was no thermal
effect from the UV light that might have led to denaturation of the dsDNA. Several
illumination durations were performed to check if there is an influence on the

dsDNA.

The results of this experiment are presented in the polyacrylamide gel in Figure 5.9.
In each lane the same type of oligonucleotide dimer (SC1+SC2) was used. The
illumination times were decreased from 300 s (lane 1) to 240 s (lane 2), 120 s (lane
3), 60 s (lane 4) and finally 30 s (lane 5). It can be seen that in the last lane with the
shortest irradiation time only two bands were present (b and d), which were related
to unreacted single strands and oligonucleotide dimers, respectively. As the
irradiation time was increased, two additional bands (a and c) appeared and became
more pronounced with longer illumination. Since the bands a and ¢ run faster than
the bands b and d, degradation of the oligonucleotides due to prolonged irradiation

is most likely the reason of this observation [307].

1 2 3 4 5

Figure 5.9: 6% native polyacrylamide gel with carbazole-modified oligonucleotide dimers
(SC1+SC2) after different times of UV-A irradiation. The gel was stained with ethidium bromide.
Lane 1: 300 s; Lane 2: 240 s; Lane 3: 120 s; Lane 4: 60 s; Lane 5: 30 s. The bands a labelled as
degraded single strand (a), single strand (b), degraded dimer (c) and dimer (d).
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The crosslinking of the oligonucleotides was verified by denaturing polyacrylamide
gel electrophoresis. Denaturing of dsDNA was achieved using several methods [308].
Firstly, urea embedded in the polyacrylamide matrix helped breaking the hydrogen
bonds of the dsDNA as it migrated through the gel. Secondly, the samples were
mixed with formamide, which is known to lower the melting temperature of the
dsDNA due to disruptive interaction with the helix [309]. Finally, heating above the
melting temperature and rapid cooling to room temperature (typically with an ice-
bath) provided effective denaturation. Denaturing gel electrophoresis was therefore
a suitable tool to investigate crosslinked DNA because the covalent bond formed

after irradiation prevented the dsDNA to completely dehybridise.

Figure 5.10 shows a denaturing polyacrylamide gel with samples (SC1-SC4) that
were crosslinked for 30 seconds. For denaturation, urea and formamide were
employed and the sample heated to 95°C for 30 seconds with subsequent rapid
cooling to 0°C in an ice-bath. This procedure broke the oligonucleotide assemblies
into single strands if no covalent bond was formed. DNA dimers (lane 2), DNA
trimers (lane 3) and DNA tetrahedral structures (lane 4) were well retarded in
comparison to the single strands (lane 1). This shows that the DNA crosslinking
reaction was performed very efficiently and that the oligonucleotide assemblies were
highly stable even under the highly unfavourable conditions used in this experiment.
On the other hand, non-crosslinked DNA assemblies completely disintegrated as it

was expected.

The conclusions of the experiments are the following: 1) The unmodified and
carbazole-modified oligonucleotides formed distinct assemblies depending on the
number of strands mixed (dimers, trimers, tetramers). 2) The DNA modified with
BCN/azide groups reacted in an uncontrolled way, probably due to the high
reactivity of the BCN molecule. 3) The 3-cyanovinyl carbazole modification yielded

successful crosslinks, which was verified by denaturing PAGE.

In the next part, the assembly of gold nanoparticles with these oligonucleotides will
be discussed and the successful crosslinking with the 3-cyanovinyl carbazole

modification in this hybrid system will be shown.
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Figure 5.10: 6% denaturing polyacrylamide gel with 3-cyanovinyl carbazole-modified and cross-
linked oligonucleotides. The gel was stained with ethidium bromide Lane 1: Single strand (SC1);
Lane 2: two oligonucleotides (SC1+SC2); Lane 3: three oligonucleotides (SC1-3); Lane 4: All four
oligonucleotides (SC1-4). The bands were labelled as single strands (a), dimers (b), trimers (c)
and tetrahedra (d).

5.2 Directed gold nanoparticle assembly

After the characterisation of the oligonucleotide hybridisation, the DNA strands were
utilised for the formation of self-assembled nanostructures. It should be noted that
one drawback of nanoparticle assembly is that typically the overall yield of the
reaction is rather low [310, 311]. While this is commonly encountered in the
literature, there is rarely a discussion about this issue [312]. Furthermore, the
hybridisation conditions for nanoparticle assembly are clear and vary significantly in
different reports. For a similar system, sodium chloride concentrations between 50-
100 mM and annealing temperatures from 50°C-95°C as well as different buffers for
hybridisation have been reported [249, 250, 259, 311]. Therefore, several
experiments were conducted trying to optimise the system. It will be shown that for
some unknown reason the assembly yield is limited under the conditions tested. In
the following experiments, AuNP dimers and AuNP trimers were made from AuNP-

S1+AuNP-S2 and AuNP-(S1-S3), respectively.
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5.2.1 Unmodified oligonucleotides

AuNP-DNA monoconjugates were the starting point for the formation of nanoparticle
dimers, trimers and tetramers (see section 4.5.1). The AuNP-DNA monoconjugates
were mixed in equimolar amounts and different hybridisation conditions were then

tested to optimise the system.

The annealing temperature was varied as the largest effect on hybridisation
performance was expected when the temperature is varied by around 5-10°C above
and below the melting temperature (see section 2.4.1). The ionic strength was
varied with the limitation that BSPP-functionalised gold nanoparticles were only
stable in sodium chloride concentrations less than 80 mM. In all experiments
phosphate buffer with a pH of 7.4 was used because only minor hybridisation
changes were expected in the pH range of 7-8. The samples were heated at the
desired temperature for 5 minutes and then slowly cooled down to room

temperature (<30°C) in about 3 hours.

Figure 5.11 shows a typical agarose gel in which unreacted gold nanoparticle
monoconjugates were separated from gold nanoparticle dimers [250]. The salt
concentration was 60 mM and the hybridisation temperature was changed in 5°C
steps from 75°C (lane 1) to 60°C (lane 4). Firstly, it can be seen that there are only
two bands present, which were assigned to unreacted AuNPs (band a) and AuNP
dimers (band b). Secondly, the intensity of the second band slightly increases with
decreasing annealing temperature. It has been reported previously that
oligonucleotides might detach from gold nanoparticles when the temperature of the
solution becomes too high [313]. This could explain the decreased hybridisation
yield at higher temperatures. Thirdly, it is evident that after hybridisation a lot of
nanoparticles remain unreacted, which shows the aforementioned problem of
assembly yield. It should be noted that under similar conditions the free

oligonucleotides hybridise in high yields (see section 5.1.2).
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Figure 5.11: 2% agarose gel of 15nm gold nanoparticle dimers (SA1+SA2) hybridised at different
temperatures. The buffer used was phosphate buffer (20 mM, pH 7.4) and the final NaCl
concentration was 60 mM. Lane 1: 75°C, Lane 2: 70°C, Lane 3: 65°C, Lane 4: 60°C. The lanes are
labelled as single AuNPs (a) and AuNP dimers (b).

Similar results as above were obtained when the ionic strength was varied. The
outcome is shown in Figure 5.12. The hybridisation temperature was set to 65°C
and the sodium chloride concentration was varied between 10 mM and 100 mM. In
lane 1, a monoconjugate reference was run. The NaCl concentration in the different
lanes was 100 mM (lane 2), 80 mM (lane 3), 60 mM (lane 4), 40 mM (lane 5) and
10 mM (lane 6).

In the samples with sodium chloride concentrations of 40 mM and higher dimer
bands appeared. However, the degree of hybridisation performance differed between
the samples. It can be seen that the best results in terms of dimer band intensity
were at NaCl concentrations between 40 mM and 60 mM (lanes 4 and 5). At higher
concentrations aggregation of the nanoparticles started to occur. The large clusters
of the gold nanoparticles were not entering the pores of the agarose gel and
therefore remained in the well (lanes 2 and 3). Due to aggregation, the hybridisation
yield of dimers is significantly reduced and only a faint dimer band is visible. If the
salt concentration was very low no hybridisation could be detected, which was
expected because of the electrostatic repulsion between both, the gold nanoparticles
and the oligonucleotides. Furthermore, the intensity ratio the monomer and dimer

band was still below 50% under varying conditions.
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Figure 5.12: 2% agarose gel of 15nm gold nanoparticle dimers (SA1+SA2) hybridised with
different sodium chloride concentrations. The hybridisation temperature was 65°C and the buffer
was phosphate buffer (20 mM, pH 7.4) with varying NaCl contents. Lane 1: Monoconj. reference;
Lane 2: 100 mM NaCl; Lane 3: 80 mM NacCl; Lane 4: 60 mM NaCl; Lane 5: 40 mM NacCl; Lane 6:
10 mM NacCl. The lanes are labelled as single AuNPs (a) and AuNP dimers (b).

So far the nanoparticles were in all the experiments heated in a water bath at the
designated hybridisation temperature for 5 minutes and then left to cool to room
temperature. It took 20-30 minutes to reach 50°C and another 2.5 hours to reach a
temperature of 30°C or less. Next, the annealing time was increased and the
influence of agitation investigated. The idea was to overcome potential kinetic
limitations by increasing the reaction time and the diffusion of the nanoparticles in

solution.

Figure 5.13 depicts the agarose gel at three different conditions. In all experiments,
the NaCl concentration was 50 mM. Lane 1 contained AuNP-DNA monoconjugates as
a reference. In lane 2, the sample was incubated at 65°C for 5 minutes and left to
cool to 50°C at which the sample was shaken for two additional hours at 50°C. Lane
3 shows a sample that was heated to 65°C for one hour and subsequently left to cool
to room temperature. Lane 4 contained a sample that was heated to 50°C and shaken

for 2 hours before left to cool to room temperature.

The total hybridisation yield of gold nanoparticle dimers was not improved by any of
the conditions chosen in these experiments. The prolonged incubation at 10-15°C
below the melting temperature (lane 2) did not improve the nanoparticle dimer
formation compared to the experiments conducted before. The extended heating
period at 65°C (lane 3) as well as the lack of incubation at higher temperatures (lane

4) led to very poor nanoparticle assembly yields. There was only a very faint dimer
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band visible in those two lanes indicating unsuccessful dimer formation. In the case
of the longer incubation at 65°C, there the oligonucleotides probably detached from
the gold nanoparticles, which was observed in other experiments before. On the
other hand, if the hybridisation was not performed at a temperature high enough it
might be that the kinetics of the nanoparticle assembly was too slow to be observed.
This would also explain why there was no improvement under the condition in lane

2.
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Figure 5.13: 2% agarose gel of 15 nm gold nanoparticle dimers (SA1+SA2) hybridised with
different conditions. The buffer was phosphate buffer (20 mM, pH 7.4) with 50 mM NacCl. Lane 1:
Monoconj. reference; Lane 2: Hybr. Temp = 65°C, shaken for 2h at 50°C; Lane 3: Hybr. Temp =
65°C for 1 h; Lane 4: Hybr. Temp = 50°C, shaken for 2 h at 50°C. The lanes are labelled as single
AuNPs (a) and AuNP dimers (b).

Agitation of the samples was assumed to increase the diffusion of the gold
nanoparticles in the solution and therefore to facilitate hybridisation. While
prolonged shaking was found not to increase the hybridisation yield, few short
inversions of the solution every 5-10 minutes at the beginning of the reaction did
accelerate the reaction. With this method hybridisation consistent yields between 40-
50% were obtained in three hours of hybridisation. It remains unclear what the
reason for this behaviour was but most probably the hybridisation process was
diffusion-limited and therefore shaking increased the kinetics. In order to gain a
better understanding, it would be useful to take theoretical models into account,

which consider the diffusion of the gold nanoparticles and hybridisation probabilities
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as parameters. Such modelling could give indications on how long the hybridisation

process takes to be completed as well as what final results could be expected.

In the last part of this subsection, the hybridisation of all four AuNP-DNA
monoconjugates will be discussed. The result is shown in Figure 5.14 where four
different hybridisation parameters (NaCl concentration and temperature) were
chosen. All monoconjugates were mixed in equimolar ratios. Lane 1 contains AuNP-
DNA monoconjugates as a reference. In lanes 2 and 3 the sodium chloride
concentration was 50 mM and 65 mM, respectively. The samples were hybridised at
60°C for 5 minutes and slowly left to cool down to room temperature in three hours.
The sample in lane 4 was also hybridised at 60°C with 50 mM NaCl but prepared
beforehand so that the total reaction time at room temperature was 18 hours. Lane 5
shows a sample, which was hybridised with 50 mM NaCl at 55°C for 5 minutes and
left to cool to room temperature. In addition, this sample was shaken every 10

minutes in the first 30 minutes.

After the hybridisation of all four different AuUNP-DNA monoconjugates there were
four bands after gel electrophoresis. This indicated that dimers, trimers as well as
tetramers formed during the hybridisation process. The different assemblies were
well separated and could be extracted individually so that assembly purities of up to
85% were obtained. Representative TEM images of the respective bands are shown
in Figures 5.15-5.17. There was always a certain percentage of other nanoparticle
assemblies present after extraction as gel electrophoresis is not a perfect purification
method. Another important observation was that there is no significant difference in
the hybridisation yields for the different conditions. It was at least expected to shift
the intensities towards the higher ordered structures by changing the reaction time.
However, it remains unknown why the assembly yield was limited and further work
needs to be conducted to optimise the hybridisation of nanoparticles with

oligonucleotides.

To conclude this section, it has been shown that oligonucleotides present a versatile
platform for the self-assembly of gold nanoparticles. Gold nanoparticle dimers,
trimers and tetramers were separated by gel electrophoresis and extracted from the
gel vyielding nanoparticle assemblies with high purity. In the next section,

oligonucleotides chemically modified with azide and BCN groups will be considered.
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1 2 3 4 5

Figure 5.14: 2% agarose gel of all four AuNP-DNA monoconjugates (SA1-SA4) hybridised at
different conditions. In all samples PBS (20 mM, pH 7.4) with the indicated sodium chloride
concentration was used. Lane 1: Monoconjugate reference; Lane 2: 60°C, 65 mM; Lane 3: 60°C,
50 mM; Lane 4: 60°C, 50 mM, 24h; Lane 5: 55°C, 50 mM, shaken.

200 nm

Figure 5.15: Representative TEM micrograph of gold nanoparticle dimers purified by agarose gel
electrophoresis.
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250 nm

Figure 5.16: Representative TEM micrograph of gold nanoparticle trimers purified by agarose gel
electrophoresis.
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Figure 5.17: Representative TEM micrograph of gold nanoparticle tetramers purified by agarose
gel electrophoresis.
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5.2.2 Azide/BCN-modified oligonucleotides

In this part the assembly of gold nanoparticles using oligonucleotides with clicking
groups will be discussed. The SPAAC reaction (see section 2.4.2) was performed
with BNC and azide groups to promote copper-free click chemistry [221]. Two
groups were placed in each oligonucleotide allowing covalent crosslinks to be formed
in the middle of each edge of the tetrahedron (see Appendix A.3). The expected
results were higher stability of the nanoparticle assemblies as well as a potential
increase in hybridisation yield because once two strands hybridise they would not

dehybridise again, even above the melting temperature.

In Figure 5.18, a representative gel is shown for a mixture containing all four
different AuNP-monoconjugates. The nanoparticles were hybridised at 60°C for 5
minutes, shaken 3 times in 30 minutes and then left to cool to room temperature.
The sodium chloride concentration was 50 mM (lane 1) and 65 mM (lane 2),
respectively. The nanoparticles formed various assemblies, which were separated
during gel electrophoresis. The intensity of band d, which was the tetramer band,
increased with higher salt concentration. Additionally, the ratio between the
unreacted monoconjugates (band a) and the assemblies was smaller in lane 2
compared to the sample in lane 1. However, a fifth band appeared (band e)

indicating that larger assemblies have formed during hybridisation.

The nanoparticle self-assembly with the azide/BCN-modified oligonucleotides was
clear from the bands that were obtained after gel electrophoresis. An increase of the
salt concentration led to more intense bands especially for the larger assemblies. The
hybridisation was increasingly favoured when more counter-ions were in the media.
In addition, the irreversible bond from the SPAAC reaction should increase the
product yield. However, a significant amount of unreacted strands was still present.
Even though the fifth band was an unexpected, it was consistent with the previous
results from DNA assemblies of BCN/azide-modified oligonucleotides (section

5.1.2.2).
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Figure 5.18: Agarose gel of hybridised AuNP-monoconjugates with azide/BCN-modified
oligonucleotides (SB1-SB4). The hybridisation temperature was 65°C. Phosphate buffer (20 mM,
pH 7.4) and two different salt concentrations were used. Lane 1: 50 mM NaCl; Lane 2: 65 mM
NaCl. The bands correspond to monoconjugates (a), dimers (b), trimers (c), tetramers (d) and
higher ordered structures (e).

1mm

Figure 5.19: Representative TEM micrograph of the AuNP dimer band made with azide/BCN-
modified DNA (SB1-SB4) after gel electrophoresis (see Figure 81, lane 2, band b).
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100 nm

Figure 5.20: Representative TEM micrograph of the AuNP trimer band made with azide/BCN-
modified DNA (SB1-SB4) after gel electrophoresis (see Figure 81, lane 2, band c).
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Figure 5.21: Representative TEM micrograph of the AuNP tetramer band made with azide/BCN-
modified DNA (SB1-SB4) after gel electrophoresis (see Figure 81, lane 2, band d).
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The TEM images shown in Figure 5.19-5.21 depict the contents of the bands b-d
from the sample in lane 2 (Figure 5.18). As expected, the main contents of band b
and ¢ were dimers and trimers, respectively. Nevertheless, in all TEM images large
aggregates of gold nanoparticles were found. These clusters might form over time,
which would explain the presence of the bands. The number of aggregates increased
from the top bands to the bottom bands. The tetrahedron band d contained almost
only aggregates. This behaviour was encountered in all experiments where AuNP-

DNA monoconjugates with the two different clicking groups were employed.

In section 5.1.2, the polyacrylamide gel analysis of the azide/BCN-modified DNA
revealed a ladder-like structure that could be explained with spontaneous multiple
reactions of the clicking groups. This explanation is supported by the behaviour of
the gold nanoparticle assemblies during hybridisation. Most probably, the click
reaction between the BCN and the azide modification happened quicker than the
hybridisation process so that the oligonucleotides were not crosslinked at the
designed positions. The oligonucleotides on the gold nanoparticles were also
relatively flexible due to their length and this may have led to uncontrolled clicking

when nanoparticles were in close proximity to each other.

On the other hand, there were no additional bands found in the oligonucleotide
mixtures with the same clicking group (azide or BCN). This outcome was verified by
hybridising the two AuNP-DNA monoconjugate pairs (SB1+SB2,SB3+SB4) with the
same modification (azide+azide and BCN+BCN). The resulting agarose gel is
depicted in Figure 5.22. Different from the previous gel, only two bands appeared
indicating that there were only dimers and larger structures present. TEM analysis of
the respective dimer bands (band b) showed the expected result with highly enriched

dimers (= 80%) without any clusters (Figure 5.23).

In conclusion, the SPAAC reaction between oligonucleotides with two BCN and azide
groups was investigated in order to promote crosslinking of oligonucleotides. When
oligonucleotides with different clicking groups were mixed and hybridised, several
unexpected bands appear in the PAGE gel (section 5.1.2). A similar behaviour was
found when AuNP-DNA conjugates were hybridised to form nanoparticle assemblies.
TEM micrographs showed large clusters of nanoparticles after hybridisation,
consistent with the previous results. However, if AuNP-DNA conjugates with the

same clicking group were mixed no such clusters appeared. Therefore, it became
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clear that if more than one clicking group per oligonucleotide is involved, unwanted
crosslinking cannot be excluded. Further experiments could be conducted with less
reactive cyclooctynes to check if the problem of uncontrolled crosslinking could be
avoided. In order to overcome these issues, an alternative chemistry has been
employed, which involves the utilisation of 3-cyanovinyl carbazole — a photo-reactive

molecule [24, 213].

1 2 3

Figure 5.22: Agarose gel of gold nanoparticle dimers. The DNA pairs containing the same clicking
groups were utilised. Lane 1: Monoconjugate; Lane 2: SB1+SB2 (azide); Lane 3: SB3+SB4 (BCN).
The bands are labelled as monoconjugates (a) and dimers (b).
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200 nm

Figure 5.23: TEM image of AuNP dimers. The contents are from the agarose gel in Figure 5.22
(Lane 2, band b).

5.2.3 3-cyanovinyl carbazole-modified oligonucleotides

As outlined earlier, 3-cyanovinyl carbazole is a molecule that forms a cyclobutane
ring with a thymine base upon irradiation with UV-A light [24] (see section 2.4.2).
While there have been few reports on 3-cyanovinyl carbazole for oligonucleotide
crosslinking, there are no reports to date where this molecule was used to crosslink
nanoparticle assemblies [213, 314, 315]. The main advantage of this photo-
responsive molecule is that it promotes a reversible photo-reaction, which is of
particular interest if one wants to control the crosslinking and de-crosslinking of

nanoparticle assemblies [316, 317].

Figure 5.24 illustrates the experimental route for gold nanoparticle dimers. As
described before, AuNP-DNA monoconjugates were hybridised to form gold
nanoparticle dimers. After hybridisation, the dimers were illuminated with UV-A
light in order to crosslink the oligonucleotides at the position of the 3-cyanovinyl
carbazole. The crosslinked dimers were then stable under denaturing conditions. The
reaction was reversed by illumination with UV-B light leading to single nanoparticles
when the sample was denatured. The reversibility of the covalent link provides a

new feature, which is not available in the SPAAC reaction or with psoralen [209].
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This scheme is also valid for other types of assemblies like trimers and tetramers,

which have been synthesised in this work as well.
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Figure 5.24: Illustration of DNA cross-linking and de-crosslinking on gold nanoparticle dimers.
Gold nanoparticles conjugated with complementary oligonucleotides are hybridized to form
dimers. One of the oligonucleotides contains a 3-cyanovinyl carbazole group, which can react
with an adjacent thymine, in the opposite strand, upon light irradiation. Irradiation with UV-A
light allows the formation of a cyclobutane bridge between the opposite thymine base as
indicated by the red box. After cross-linking, the dimers remain intact even under denaturing
conditions. The crosslinked DNA strands can be reversibly de-crosslinked with UV-B light
irradiation.
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Figure 5.25: UV-Vis spectra of 15 + 1 nm gold nanoparticles before and after irradiation with UV-
A (365 nm) and UV-B light (312 nm) for 15 minutes. The perfect overlap of the spectra indicates
that there is no change of the gold nanoparticles during UV irradiation.

In a first experiment, gold nanoparticles were irradiated with UV-A and UV-B light in
order to account for a potential change in morphology or size. The reason is that
ultraviolet light is used for the synthesis of nanoparticles with different shapes [318,
319]. The nanoparticles were irradiated under the conditions used for the carbazole
crosslink reaction, i.e. in phosphate buffer (20 mM, pH 7.4, 50 mM NaCl) and cooled
in an ice bath. A UV-Visible spectrum was taken before and after the irradiation
(Figure 5.25). It can be seen that each of the two spectra before and after UV-A and
UV-B illumination overlap. This indicated that the nanoparticles were not altered by

the UV illumination, which was verified by TEM imaging.

The hybridisation of the different monoconjugates and separation of the nanoparticle
assemblies were performed as explained earlier. The nanoparticle assemblies were
then irradiated for 15 minutes with the respective UV light for crosslinking and de-
crosslinking and subsequently analysed by agarose gel electrophoresis as well as

TEM.

In order to test the successful crosslinking of gold nanoparticle dimers, denaturing
conditions were applied. This was done by addition of formamide to the
nanoparticles and incubation at 70°C for 5 minutes. Subsequently, the solution was

quickly cooled to room temperature in an ice-bath. Similar as for the DNA the
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crosslinked nanoparticle assemblies were expected to be stable under these
conditions. For comparison, the assemblies were run under native conditions with
Ficoll-400 instead of formamide. Two different final volume percentages of
formamide were used to check if the denaturing conditions were appropriate for this
system. It should be noted that the density of formamide was high enough to replace
Ficoll-400 completely. The agarose gel showing the results of the denaturing

experiment is presented in Figure 5.26.

In lanes 1 and 2, gold nanoparticle monoconjugates and dimers were run under
native conditions as a reference. Lanes 3-5 contained monoconjugates, non-
crosslinked dimers and crosslinked dimers with 30% v/v formamide under
denaturing conditions. Lanes 6-8 contained the same set of samples but with 50%
v/v formamide. Clearly, all monoconjugate as well as dimer bands ran on the same
level showing that formamide did not influence the electrophoretic mobility of the
nanoparticles. This includes the colloidal stability of the gold nanoparticles against
formamide. More importantly, the non-crosslinked dimers (lanes 4 and 7) were
completely denatured whereas the crosslinked dimers (lanes 5 and 8) were retarded

as the control in lane 2.

On the one hand, it can be concluded that the denaturing conditions applied in this
experiment were sufficient to destroy the nanoparticle assemblies. From the two
different conditions tested in this experiment, it is clear that a formamide content of
30% v/v was high enough for complete denaturation of the nanoparticle assemblies.
On the other hand, it was shown that the crosslink reaction worked effectively even
in nanoparticle assemblies. Different from the azide/BCN-modified oligonucleotides

no clustering of nanoparticles occurred.
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Figure 5.26: 2% agarose gel of non-crosslinked (nc) and crosslinked (c¢) gold nanoparticle dimers
(SC1+SC2). Lane 1: monoconjugates native; Lane 2: dimers native; Lane 3: monoconjugates
formamide (30%); Lane 4: dimers (nc) formamide (30%); Lane 5: dimers (c) formamide (30%);
Lane 6: monoconjugates formamide (50%); Lane 7: dimers (nc) formamide (50%); Lane 8:
dimers (c) formamide (50%). The percentages are given as final v/v %. The bands are labelled as
monoconjugates (a) and dimers (b).

The experiment shows how crosslinking oligonucleotides can stabilise gold
nanoparticle assemblies even under very unfavourable conditions. While similar
stabilisation can also be achieved by other means, for example utilising the SPAAC
reaction or polymeric crosslinkers as discussed in section 2.4.2, the carbazole
chemistry allows reversing the crosslinking reaction. This novel functionality will be
shown in the following experiments with gold nanoparticle assemblies. The model
assemblies of gold nanoparticle dimers, trimers and tetramers have been studied in

the following ligation experiments.

In addition to UV-A irradiation, the samples were irradiated with UV-B and another
time with UV-A light to complete an oligonucleotide crosslinking and de-crosslinking
cycle. Following this, all samples were denatured with formamide and heat as
described above and run against native control sample. Figure 5.27 shows an
agarose gel containing gold nanoparticle dimers. The monoconjugate reference in
lane 1 ran on the same level as the de-crosslinked sample in lane 3. On the other
hand, the two crosslinked and re-crosslinked samples ran slower indicating that the
dimers were still intact even after denaturation. The gel demonstrates that the
oligonucleotide crosslinking reaction worked very effectively in both directions [24,
314]. There was no sign of degradation after the full irradiation cycle. The respective
bands were extracted from the gel and analysed with TEM (Figure 5.28). The
images supported the findings from the agarose gel. The percentage of dimers
present in the crosslinked sample was with an average of 85% as high as in the non-
denatured sample. On the contrary, the amount of single nanoparticles after de-

crosslinking was 90% on average. After re-crosslinking the dimer content dropped by
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a few per cent with an average of 80% compared with the non-denatured sample.
The loss could be explained with a small number of assemblies that might have
denatured during irradiation or with incomplete crosslinking. Nevertheless, these
numbers demonstrate that 3-cyanovinyl carbazole is a very effective crosslinker that

can be used for in situ crosslinking of nanoparticle assemblies.
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Figure 5.27: Agarose gel electrophoresis of gold nanoparticle dimers (SC1+SC2) under
denaturing conditions showing the reversibility of the photo-crosslinking reaction. Lane 1: Mono-
conjugates as reference; Lane 2: Cross-linked dimers; Lane 3: De-crosslinked dimers running as
mono-conjugate band; Lane 4: Re-crosslinked dimers.
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Figure 5.28: Representative TEM images of crosslinked and de-crosslinked 13 nm gold
nanoparticle assemblies. The samples were deposited on the grids under DNA denaturing
conditions. Photo-crosslinked gold nanoparticle dimers (A), de-crosslinked nanoparticle dimers,
which disassemble to mono-conjugates (B), and re-crosslinked dimers (C).

Similar experiments were conducted with gold nanoparticle trimers and gold
nanoparticle tetramers. In order for these nanoparticle structures to remain stable
during denaturation, several crosslinks needed to be formed in one structure. While
the gold nanoparticle trimers needed at least two of the three 3-cyanovinyl carbazole
molecules to form interstrand bonds, the tetrahedral structures needed at least four

of the six groups to react (Figure 5.29).

Figure 5.29: Illustration of the trimer and tetrahedron formation with three and four
oligonucleotides. The arrows and black lines indicate the position of the 3-cyanovinyl carbazole
groups.

The results of these experiments are shown in Figures 5.30 and 5.31 for the

nanoparticle trimers and in Figures 5.32 and 5.33 for the nanoparticle tetramers,

respectively. For comparison, monoconjugates and dimers were run as an additional
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reference in the trimer sample and dimers as well as trimers in the tetrahedra
sample. From the agarose gels it is evident that the carbazole reaction is working
very well even in the more complex structures. Whereas the crosslinked and re-
crosslinked trimer bands (lanes 3 and 5) were well behind the dimer (lane 2) and
monoconjugate bands (lane 1), the de-crosslinked trimers (lane 4) were completely
dehybridised and ran as a single band. TEM analysis of the bands verified that there
was a high purity of the assemblies after the crosslinking steps and that almost no
structures remained after de-crosslinking (Figure 5.31). The same result was
achieved with the tetramer assemblies. The band of the gold nanoparticle pyramids
(lanes 4 and 6) ran slower than the gold nanoparticle trimer reference (lane 3) after
denaturing. On the other hand, when the assemblies are de-crosslinked and
denatured the band runs on the level of the gold nanoparticle monoconjugates. This
means that two aspects were demonstrated in these experiments. Firstly, several
reactions could be triggered simultaneously in the same oligonucleotide in high
yields. Secondly, complex nanoparticle assemblies could be stabilised and remained

intact in very high numbers even in denaturing conditions.
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Figure 5.30: An agarose gel comparing crosslinked and de-crosslinked trimers (SC1-3) with
mono-conjugates and dimers in denaturing conditions. Lane 1: reference mono-conjugates; Lane
2: reference dimers; Lane 3: crosslinked trimers; Lane 4: de-crosslinked trimers; Lane 5: re-
crosslinked trimers.
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Figure 5.31: TEM images of crosslinked trimers, de-crosslinked trimers and re-crosslinked
trimers.

mono-

dimers conjugates

trimers
tetramers i/ \L
\

S Ot s NN =

Figure 5.32: An agarose gel comparing crosslinked and de-crosslinked tetramers (SC1-4) with
mono-conjugates, dimers and trimers in denaturing conditions. Lane 1: reference mono-
conjugates; Lane 2: reference dimers; Lane 3: reference trimers; Lane 4: crosslinked tetramers;
Lane 5: de-crosslinked tetramers; Lane 6: re-crosslinked Tetramers.



142 Chapter 5. Formation and Ligation of AuNP-DNA assemblies

Crosslinked —»  De-crosslinked —»  Re-crosslinked

.
¥ "°
Toonm £ _ A
T 200 nm
.:. 1
® . 3 %
—oonm | | 00 mm —200nm

Figure 5.33: TEM images of crosslinked tetrahedra, de-crosslinked tetrahedra and re-crosslinked
tetrahedra.

As a complementary method DLS was used to analyse the nanoparticle assemblies
qualitatively [259] (see section 3.4.7). When the nanoparticles were bound in
assemblies, their Brownian motion was reduced and a larger hydrodynamic radius
was obtained. The results are shown in Figure 5.34. The different nanoparticle
assemblies were measured by DLS after extraction from the agarose gel. The

hydrodynamic radius increased with the complexity of the assembly as expected.
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Figure 5.34: Dynamic light scattering spectra of gold nanoparticle monomers (red), dimers
(green), trimers (blue), tetrahedra (black). The peaks of the hydrodynamic diameters are at
16.06 nm (single NP), 27.74 nm (dimers), 40.31 nm (trimers) and 45.41 nm (tetrahedra).

Further analysis was conducted by means of UV-Vis spectroscopy in order to check if
plasmon coupling could be observed from gold nanoparticle assemblies (see section
2.5). The extinction spectra depicted in Figure 5.35 showed only a small LPSR red-
shift of a few nanometres between the nanoparticle assemblies and the

monoconjugates. The tetrahedral assemblies had a small broadening at around 600
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nm. These findings are in accordance with previously published data from Lan et al.
[320]. They investigated the influence of particle size and distance on the LSPR of
gold nanoparticle dimers. The particles had diameters up to 40 nm and gaps down to
5 nm were realised. The experimental results were compared with theoretical
simulations. They found that the experimental results deviate significantly from
simulated spectra [251, 320]. While the theoretical models suggest a significant red-
shift of the LSPR at gaps of only 5 nm, only a small shift was measured
experimentally. However, a broadening of the LSPR was detected instead, which the
authors attributed to enhanced scattering of nanoparticle dimers at a higher
resonance wavelength compared to single AuNPs. A similar broadening was found
for the tetrahedral structures. The theoretical gap of the nanoparticles in the
tetrahedron was 11 nm (32 bases with a distance of 3.4 /o\). The small broadening is
only present in the tetrahedral structures, which might be due to the collaborative

plasmon coupling of all the nanoparticles in the structure.
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Figure 5.35: UV-Visible spectrum of gold nanoparticle mono-conjugates, dimers, trimers and
tetrahedral structures.

In conclusion, it was shown that 3-cyanovinyl carbazole can be employed as an
effective crosslinker molecule for in situ crosslinking of gold nanoparticle assemblies.
Even complex assemblies using oligonucleotides with multiple crosslinking sites react
in high yields and are stable under denaturing conditions. The reversibility of the
reaction was demonstrated. In the last part of this chapter, larger gold nanoparticle
dimers were used in surface enhanced Raman (resonance) spectroscopy (SER(R)S)

experiments.
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5.3 Nanoparticle assemblies for SER(R)S

Raman scattering was first discovered in 1928 after the effect had been predicted by
Smekal in 1923 [321-323]. Raman spectroscopy has become an important and
widely used tool in which vibrational and rotational modes of molecules and crystals
are detected by measuring inelastically scattered light from the sample [324].
Several properties of crystals such as crystallinity, composition or doping can be
deduced using this method. Even biological systems have already been analysed

using Raman spectroscopy, showing the versatility of this method [325].

The principle of Raman spectroscopy is depicted in Figure 5.36. Monochromatic
light (typically a laser source) is irradiated on a sample. The incident photons have a
small probability to interact with molecules exciting them into a virtual state (VS). If
there is no coupling with a vibrational or rotational mode of the molecule, the
photon is re-emitted with the same energy, which is known as Rayleigh scattering
[326]. However, if there is coupling the re-emitted photon can be lower in energy
(Stokes scattering) or higher in energy (anti-Stokes scattering). Typically, Stokes
scattering is used for analysis in Raman spectroscopy. Because only a small fraction
of photons is scattered with an energy transfer (~107 of the incident intensity), high
concentrations of molecules and high laser powers are needed to obtain a

measurable Raman signal [327].

One way to increase the sensitivity of Raman measurements is to rely on molecules
with an electronic transition close to the excitation wavelength. This type of set-up is
termed resonance Raman (RR) spectroscopy. When molecules are excited at an
electronic transition, certain modes, which are associated with the transition, will
show greatly increased Raman scattering [328]. However, if chromophores or other
fluorescent molecules are involved in the measurements, the fluorescence needs to
be excluded from the signal as its intensity is 10%-10!! times larger than the Raman
signal [329]. In order to avoid fluorescence, the sample can be irradiated at the
absorption tail of the fluorophore while still maintaining resonant Raman

enhancement. This is referred to as pre-resonance condition [330, 331].
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Figure 5.36: Principle of (non-)resonant Raman scattering. An incident photon has a small
probability of interacting with molecules so that they are excited to a virtual excited state (VS).
The molecule then either re-emits a photon of the same energy (Rayleigh scattering), of lower
energy (Stokes scattering) or of higher energy (anti-Stokes scattering, not shown). If the
molecule has an electronic transition at the wavelength of the incident light (Eo->S1), the
excitation is in resonance leading to larger scattering probabilities.

A new type of Raman scattering enhancement was discovered by Fleischmann et al.
in 1973 [332]. This effect is termed surface enhanced Raman scattering (SERS) and
is associated with electromagnetic enhancements from the LSPR of nano-sized gold
and silver [333-335]. A major milestone was the detection of single molecules based
on large enhancement factors of up to ~10% compared to conventional Raman
spectroscopy [336, 337]. Such high enhancement factors are possible when the
principle of resonance Raman scattering is combined with the plasmonic
enhancement in SERS. This combination is therefore termed surface enhanced
resonance Raman spectroscopy (SERRS). The technique has become a very active
field of research as plasmonic nanoparticles with different shapes and tuneable LSPR

became available [338, 339].

To date most of SER(R)S studies have been conducted on substrates prepared with
lithographic and wet chemistry methods [340-342]. A major challenge is the
reproducibility of such substrates with consistently high enhancement factors [343,

344]. Typically, there is a spot to spot variation of the SER(R)S signal on a single
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prepared surface. The reason is that this spectroscopy technique is very sensitive to
the distance of the nanoparticles either from each other or from an active Au/Ag

surface (Isers ~ R'?) [345].

An alternative to substrate-based SER(R)S detection is a solution-based experimental
setup [346]. As a proof of concept experiment acridine orange (AO) was used in
conjunction with 30 = 3 nm gold nanoparticle dimers (SC1+SC4). The idea was to
investigate if the hot-spot in between these gold nanoparticles can be utilised for
SER(R)S experiments (see section 2.5). Acridine derivatives are known Raman
reporter molecule for excitations in the visible [347]. Furthermore, it is used as a
DNA/RNA marker with the ability of intercalating oligonucleotides [348]. The DNA-
AO complex has an absorption maximum at 502 nm and an emission maximum at
526 nm [349]. The gold nanoparticle dimers had a LSPR at 528 nm (Figure 5.37). It
should be noted that the broadening of the LSPR was much more pronounced than
in the case of the assemblies with the smaller nanoparticles (see section 5.2.3). As
excitation source a 532 nm laser was used because it is both, pre-resonant with
absorption of AO as well as resonant with the LSPR of the gold nanoparticles.
Therefore, the conditions for SER(R)S were met. The set-up is described in section
3.4.3. Such a solution-based Raman system might be of interest for analytical

purposes because it is rather cost-efficient using only wet-chemistry methods.
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Figure 5.37: Extinction spectra of 30 + 3 nm AuNPs and dimers purified after gel electrophoresis.
The broadening of the plasmon bands indicates a plasmonic interaction between the two
nanoparticles in the dimer.
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Reference experiments were conducted with concentrated AO solution (5 mg/mL)
on both, a microscope glass slide and Sterlitech silver filters with a 300 nm gold film
(provided by the group of Prof. Muskens). A drop 200 uL was placed on the glass
slide and left to dry. The filter was immersed in the concentrated solution and
subsequently blow dried with nitrogen. The results are shown in Figure 5.38. While
on the reference glass slide without any AO solution there are no Raman peaks
visible (Figure 5.38(A)), Raman peaks are obtained from both the glass slide with
AO (Figure 5.38(B)) as well as from the substrate (Figure 5.38(C)). These Raman
peaks corresponded to certain stretches and deformations of parts of the AO
molecule. Zimmermann et al. conducted a very thorough investigation of SERRS on
AO and assigned the Raman peaks to the different vibrations [204]. For example, the
peaks at 630 cm?, 1360 cm?! and 1625 cm! were assigned to ring+CH;
deformations, CH+CHj; deformations and ring stretches, respectively. Both samples
had several peaks in common but there were also different peaks as well as varying
intensities. It is common that the different peaks are shifted slightly depending on
the substrate because of changing vibrations for different molecule orientations
[350]. These control experiments verified that Raman scattering could be detected

on a substrate at high concentrations.
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Figure 5.38: Raman spectra of an empty reference glass slide (A) and an acridine orange solution
(5mg/mL) deposited on a glass slide (B) and on a PTFE-Au substrate (C). Raman peaks appear in
the acridine orange sample at 630, 1222, 1314 and 1360 cm™!.
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As described earlier, it was expected that gold nanoparticle dimers enhance the
Raman signal significantly due to plasmonic enhancement. Figure 5.39 depicts
Raman spectra of unhybridised 30 = 3 nm gold nanoparticles as well as hybridised
30 nm gold nanoparticle dimers with AO. The final concentration of AO was 1-10% M
and the samples were incubated for 30 minutes. The ratio between AO molecules to
the number of dimers was 50:1. The unhybridised gold nanoparticles showed no
detectable Raman peaks (Figure 5.39(A)), which was in accordance with recent
findings that spherical gold nanoparticles on their own do not provide sufficient field
enhancement for SERS [351]. On the other hand, AO with gold nanoparticle dimers
exhibited clear Raman peaks, which were at similar positions as in the substrate-
based samples. It should be noted that an increase of the analyte did not significantly
change the spectra. This could be explained by saturation of the dsDNA intercalation.
Recently, a study with gold nanoparticle dimers concluded that only molecules in
between the nanoparticle gap contribute significantly to SER(R)S [352]. The
contribution of molecules close to the nanoparticle surface should therefore be
negligible. The experiments showed that detection of a Raman reporter employing
nanoparticle dimers with DNA interaction is possible at low concentrations.
Unfortunately, it was not possible to directly compare this system to other systems
because the enhancement factor could not be determined. In addition, it is difficult
to compare the Raman performance of different molecules. Considering the
dimensions of the laser spot and the concentration of the Raman reporter, acridine
orange was detected in the fmol range, which is comparable to many reports. While
there have been reports of detection down to zmol, the measurements are usually
performed on a substrate with a nanoparticle ensemble [103, 353, 354]. An
interesting approach is the formation of gold nanoparticle clusters, which leads to
large enhancement factors allowing Raman spectroscopy on a single cluster level
[355, 356]. There is still a lot of research conducted on the geometries and
composition of SERS materials [357]. The initial results suggest that further analysis
of this system might be of interest for the development of a solution-based SER(R)S
device [358, 359].
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Figure 5.39: Raman spectra of 30nm gold nanoparticles (A) and 30nm gold nanoparticle dimers
(B) with acridine orange at a concentration of 10 M. While the single nanoparticles show no
Raman peaks, several peaks at 635, 1228, 1321, 1370, 1526, 1569 and 1632 cm’! are present in
the dimer sample.

5.4 Summary

Four different oligonucleotides were designed in such a way that a symmetric
tetrahedron is formed when all strands are hybridised [249]. The oligonucleotides
were analysed with polyacrylamide gel electrophoresis. One set of oligonucleotides
was modified with azide and BCN groups in order to covalently crosslink the dsDNA
via SPAAC. PAGE analysis revealed that unexpected bands appeared when
oligonucleotides with the two different modifications were hybridised. This
observation was contrary to earlier reports where DIBO was successfully applied for
nanoparticle ligation [22]. Several different conditions such as different ionic
strength or hybridisation temperature had no effect on the appearance of the extra
bands. 15 nm gold nanoparticles were functionalised with these modified
oligonucleotides and hybridised to form DNA-directed assemblies. Likewise, gel
electrophoresis as well as TEM showed large clusters of gold nanoparticles. Since
larger clusters were obtained in both PAGE and with AuNPs, it was concluded that
the SPAAC reaction caused uncontrolled crosslinking between the DNA strands. Such
a result has not been reported before. An explanation could be the high reactivity of
the BCN molecule and that the reaction proceeded faster than the hybridisation.
However, this explanation could not be verified in this work. In order to check this,

other cyclooctynes with a lower reactivity like DIBO could be employed in future

experiments.
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As an alternative, a novel reversible and light-mediated crosslinking reaction
employing the molecule 3-cyanovinyl carbazole was applied in conjunction with gold
nanoparticle assemblies for the first time [24]. The four oligonucleotides were
modified with this molecule and analysed by PAGE, which showed the same bands
after hybridisation as the unmodified oligonucleotides. Denaturing PAGE indicated
the successful crosslinking of the dsDNA with high yields. These findings are in
agreement with the reports of Fujimoto et al. who invented this molecule [24].
Various gold nanoparticle assemblies consisting of dimers, trimers and tetramers
were successfully synthesised. A full cycle of crosslinking and de-crosslinking was
performed and high reactions yields were obtained. These experiments proved that
3-cyanovinyl carbazole could be employed as an alternative to the alkyne-azide click
reaction. The additional reversibility is a novel feature, which is not found in other

crosslinking techniques.

In the last part, gold nanoparticle dimers consisting of 30 nm AuNPs were assembled
and crosslinked. A broadening in the UV-Visible spectrum indicated plasmon
coupling between the larger nanoparticles due to their short distance from each
other [320]. These nanoparticles were then employed in SERRS experiments
utilising acridine orange as a Raman label, which intercalated dsDNA and was
therefore located in the hot-spot of the gold nanoparticle dimers. Concentrations of
acridine orange as low as 10® M were detected in solution showing the promising
capabilities of this system. The advantage of solution-based Raman spectroscopy is
the reproducibility and the facile calibration [359]. Furthermore, wet-chemical
methods are cost-efficient compared to top-down methods. The drawback is that the

best sensitivities have been achieved with substrate-based SERS samples [360].
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Chapter 6. Upconversion nanoparticle-Quantum dot

hetero-assemblies

6.1 Introduction

In Chapter 5, DNA was utilised to create self-assembled three-dimensional
nanoparticle structures by design. Long oligonucleotides facilitated the purification
of nanoparticles with a defined number of strands and acted as a template for

organisation of nanoparticles on pre-set positions inside the assembly.

Another approach of assembling nanoparticles consists of the functionalisation with
many oligonucleotides [14, 361]. These assemblies are particularly interesting as
colorimetric sensors or for the creation of super-lattices [362, 363]. In this chapter,
this approach will be used to investigate if a FRET system between upconversion
nanoparticles (UCNPs) and semiconductor quantum dots (QDs) based on directed

assembly with DNA can be realised.

Forster resonance energy transfer (FRET) is a well-known energy transfer
mechanism between an excited donor molecule and an acceptor molecule [364,
365]. The energy is transferred radiationless via dipole-dipole interactions and can
be described by Coulomb’s law. Thus, the FRET efficiency depends on the distance
between the FRET pair as 1/r°. Another factor influencing the FRET efficiency is the
mutual orientation between the donor and the acceptor. Lastly, there needs to be an
overlap of the donor emission and the acceptor absorption in order for FRET to

occur.

Upconversion nanoparticles have attracted interest due to their capability of
generating visible light upon near-infrared irradiation (see Section 2.1.6) [28, 366].
One the one hand, there are manifold reports on UCNPs as potential probes for
biological applications including in vivo studies or as probes for molecule sensing
[25, 367-369]. On the other hand, potential applications in solar cells as light
harvesters are considered because there is not yet an efficient way of using the

infrared spectrum of the sun for photovoltaics [148, 370-372].

Semiconductor quantum dots have been thoroughly studied in the last 20 years
[134]. These particles are a model system for zero-dimensional materials with

efficient and tuneable photoluminescence properties (see section 2.1.4). The
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advantages of QDs compared with other dyes are high photostability and as well as a
wide range of applicability through versatile surface chemistry. Quantum dots have

been applied in many different fields from optoelectronics to biology.

In the recent past nanoparticle hybrid systems, which contain several types of
different nanoparticles, have been actively researched on [373, 374]. The paradigm
from Mirkin et al. demonstrates the ambition of creating versatile and multi-
functional tools by employing nanoparticle assembly [239] (see section 2.5).
However, to date there is still a comparably little number reports on such

heterogeneous nanoparticle systems published.

While some reports on energy transfer between nanoparticles and organic dyes have
been published [375-378], there have been only few reports utilising quantum dots
and upconversion nanoparticles as a hybrid system [378, 379]. For example,
Mattsson et al. used avidin-strepavidin recognition in order to synthesise UCNP-QD
assemblies. They analysed the system with respect to FRET and developed an assay
for the detection of biotin based on competitive binding between the biotin-
functionalised QDs and free biotin. By time-resolved analysis of the luminescence
decay, they found a FRET efficiency of 7% for nanoparticles with a distance of 6 nm.
To date, there has been no report about a system where both particles are linked

using oligonucleotides [380].

6.2 Assembly of UCNP and QDs with short DNA

The aim was to investigate hetero-assemblies between upconversion nanoparticles
(NaYF4:Yb,Tm) and quantum dots (CdSe/ZnS) using short oligonucleotides. Figure
6.1 illustrates a FRET system with the two particles where they are coupled with
DNA. Upconversion nanoparticles were transferred from organic solvents to water
and then functionalised with oligonucleotides containing 15 bases (see chapter 4).
Likewise, quantum dots were modified with completely complementary
oligonucleotides. By mixing the two nanoparticles together, the quantum dots and
the upconversion nanoparticles were forming assemblies via DNA hybridisation. The
theoretical distance between the different particles was 5 nm. The system was
analysed by fluorescence spectroscopy using a home-built setup (see section 3.4.2).
Energy transfer from the upconversion nanoparticles to the quantum dots was

expected after successful hybridisation (see Appendix A.5).
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Figure 6.1: Illustration of an upconversion nanoparticle-quantum dot FRET system. The rare-
earth doped upconversion nanoparticles (UCNP) absorb light in the infrared (980 nm) and emit
light A¢;_ycnvp. Some of the energy is transferred to quantum dots in close proximity via FRET,
which leads to emission at a different wavelength Ayp_pger. This system utilises DNA as linker
between the nanoparticles and enables control of the distance between the donor (UCNP) and the
acceptor (QD).

The DNA sequences that were used in the experiments are listed in Table 6.1. All
oligonucleotides were modified with an amine-linker at the 5’-end in order to attach
them to the nanoparticles via EDC/Sulfo-NHS coupling chemistry (see section
4.5.3). The sequences consisted of 15 bases so that the length of the dsDNA was 5.1
nm (considering an interbase distance of 3.4 A). The sequences Seql and Seq2 were
completely complementary with a calculated melting temperature of 55°C (50 mM
NaCl). A third oligonucleotide Seql-Cy3 with the same sequence as Seql but
modified with the organic dye Cy3 at the 3’-end was synthesised and was used for

control experiments.

Seql 5’-NH2-CsH12-CGA GGA CAC GGA CCT

Seq2 5’-NH2-CsH12-AGG TCC GTG TCC TCG

Seq1-Cy3 5’-NH>-CsH12-CGA GGA CAC GGA CCT-Cy3

Table 6.1: Oligonucleotide sequences employed for the assembly of upconversion nanoparticles
and quantum dots. The sequences Seql and Seq2 are completely complementary. The sequence
Seq1-Cy3 is equal to Seql but contains a Cy3 label at the 3’-end.
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In a first step, the nanoparticles were functionalised with L-lipoic acid (QDs) and
PAA (UCNPs) in order to transfer them from organic to aqueous media and to have
carboxyl groups available at the surface (see section 3.2.2/3.2.3). Then, the water-
soluble nanoparticles were incubated with the amine-modified oligonucleotides
together with the coupling agents EDC and Sulfo-NHS. Even though the EDC/Sulfo-
NHS chemistry is well-established and is commonly used for coupling molecules to
nanoparticles, there are a variety of protocols using different EDC/Sulfo-NHS
concentrations as well as buffers [381, 382]. For each system the optimal
parameters may differ because of different pK, values for different molecules. The
resulting coupling performance was unsatisfying when near-neutral phosphate buffer
(0.1 M, pH = 7.4) was used. Here, the coupling yield was a lot better if the pH was
reduced to slightly acidic conditions using MES buffer (pH = 6-6.5).

As control experiment for the attachment of the DNA, the oligonucleotide Seq1-Cy3
was coupled to quantum dots with an emission wavelength of 540 nm (QD540).
There were three measures for the successful attachment of oligonucleotides on the
nanoparticle surface. Firstly, since the oligonucleotide has a Cy3 label, it has a bright
pink colour. After the coupling reaction, the colour of the precipitate indicated the
presence of Seq1-Cy3 on the nanoparticles (Figure 6.2). The colour change is more
intense after coupling with MES buffer indicating a higher DNA loading. In addition,
the fluorescence emission of the DNA-functionalised nanoparticles under UV
illumination was red-shifted with respect to the unmodified nanoparticles (Figure
6.3). This could be explained by FRET from the QDs to the Cy3 dye, which was
located in close vicinity to the nanoparticles. The absorption and emission spectra of
the donor and the acceptor matched so that FRET should be observed (see Appendix
A.5). FRET systems between organic dyes and quantum dots have already been used

for sensing in the past [383, 384].
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Figure 6.2: Quantum dots (QD540) before and after attachment of DNA (Seql-Cy3) with
EDC/Sulfo-NHS coupling. I: QD540 without DNA, II: QD540 coupled with phosphate buffer, III:
QD540 coupled with MES buffer. The pink colour indicates the presence of Seql-Cy3 on the
nanoparticle surface.

Figure 6.3: Quantum dots (QD540) illuminated with UV-A light after EDC/Sulfo-NHS coupling.
Left: QD540 without DNA; Middle: QD540 coupled with phosphate buffer; Right: QD540 coupled
with MES buffer.

Secondly, UV-Visible spectroscopy was employed. Cy3 as an organic dye has a
specific absorption spectrum with a peak extinction at Agyy* = 550nm and a
shoulder at higher energies (see Appendix A.5) [385]. This allows for checking the
functionalisation of the nanoparticles by UV-Vis spectroscopy. Figure 6.4 shows UV-
Vis spectra of quantum dots (QD540) after DNA coupling with phosphate and MES
buffer. Unmodified QDs in water were used as a reference. The extinction spectrum
of QDs incubated in MES buffer showed the signature of the Cy3 dye, which
indicated the attachment of the DNA. On the other hand, there was only a small

increase in the extinction after EDC/Sulfo-NHS coupling in phosphate buffer.
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Figure 6.4: Extinction spectra of QD540 before and after coupling with Seq1-Cy3 using phosphate
buffer or MES buffer.

Thirdly, the nanoparticles were analysed by fluorescence spectroscopy. The samples
were excited at 400 nm where Cy3 has a very low extinction coefficient and almost
no fluorescence from direct excitation of the dye was obtained. Figure 6.5 shows the
fluorescence spectra of quantum dots (QD540) functionalised with Seq1-Cy3 using
PBS or MES buffer. The spectra show that quantum dots coupled with Seq1-Cy3
using MES buffer were almost completely quenched and that the spectrum follows
the Cy3 emission instead. On the other hand, there was only a small shoulder
present when phosphate buffer was used. As a reference, the spectrum of quantum

dots in water is displayed as well.

From these coupling experiments it can be concluded that the EDC/Sulfo-NHS
coupling works a lot better at slightly acidic conditions for this system. Similar
results regarding the coupling performance were found with the upconversion
nanoparticles. When MES buffer was used the nanoparticle pallet was pink in colour
after centrifugation, which indicated the successful coupling of Seq1-Cy3 to the
UCNBPs. In the following, the quantum dots with an emission at 580 nm (QD580)

were used because of their larger extinction coefficients in the near-UV.
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Figure 6.5: Fluorescence spectra of QD540 with Cy3-DNA coupling by two different methods via
EDC/NHS chemistry.

Before the hybridisation experiments, potential reabsorption by the quantum dots
(QD580), i.e. photons emitted by the UCNPs are absorbed by the QDs, was checked.
This was done by mixing both types of nanoparticles without DNA functionalisation
in the upconversion set-up (see section 3.4.2). Two different ratios with UCNPs:QDs
of 1:100 and 1:10° and with a concentration of 1 nM UCNP were tested. The results
are displayed in Figure 6.6. While reabsorption was detected at high concentrations
of QDs, there was no such measurable interaction for a 100x excess of QDs. This was
expected because of the low emission efficiency of the UCNPs and the short path
length in the cuvette. The lower ratio corresponds to the highest ratio used in the
hybridisation experiments. From the emission spectra it is clear that the blue
emission is largely quenched at high quantum dot concentrations because of the
absorption of blue light. On the other hand, the emission spectrum of the quantum
dots (QD580) with a peak wavelength at 580 nm appeared and showed that the
photons are absorbed by the quantum dots. Therefore, a high concentration of

quantum dots was needed for a significant reabsorption effect.
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Figure 6.6: Photoluminescence spectra of UCNP (NaYF4:Yb,Tm) mixed with QDs (QD580) and
without DNA functionalisation to determined potential reabsorption from the QDs. The UCNP
concentration was 1 nM. At a ratio of UCNP:QD of 1:100, there is no emission from the QDs (red
curve). At a ratio of UCNP:QD of 1:10°, the QD spectrum is clearly obtained and the blue emission
of the UCNP quenched (red curve).

In the next step, the quantum dots (QD580) and upconversion nanoparticles were
functionalised with oligonucleotides Seq1 and Seq2, respectively. The quantum dots
were placed in the upconversion set-up to verify that there is no detectable
luminescence due to two-photon absorption. As expected, there was no signal
obtained due to two-photon absorption because the power density of the laser diode
was too low (Figure 6.7, black curve). Then, the two different nanoparticles were
hybridised using different ratios of UCNPs:QDs and luminescence spectra were
acquired under illumination with light of 980 nm. The results are presented in
Figure 6.7. The hybridised samples all show different photoluminescence intensities
from the quantum dots. This indicates that the nanoparticles successfully hybridised
and that there was FRET between the nanoparticles. With increasing quantum dot
concentrations, the peak intensity increased from 4000 (1:10) to 7000 (1:25) and
11000 (1:100). This behaviour indicated that not all hybridisation sites on the
upconversion nanoparticles were occupied by the quantum dots at lower
concentrations. Nevertheless, there seems to be a saturation at the highest ratio

because the intensity was significantly smaller than a linear extrapolation would
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suggest. Even though quantification was not possible in this set of experiments, the
saturation seemed reasonable. The UCNP were functionalised using 50 DNA strands
per particle. Assuming that in the case of the 1:10 ratio all QDs are bound, an
estimated number of roughly 30 DNA strands would be present on the UCNP.
However, further experiments are needed to quantify the number of DNA strands
and the resulting luminescence created by energy transfer to the quantum dots. It
should be noted that the PL signals from the QDs were rather low and the
integration time needed to be increased (5-fold). The main reason is that due to the
large size of the UCNP, the PL from the inner core was not affected by energy
transfer due to the inverse 6 power law. Therefore, a much larger portion of the

incident light was still emitted instead of transferred.
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Figure 6.7: Photoluminescence spectra obtained from UCNP-QD580 assemblies. No PL was
obtained from QDs under irradiation with 980 nm light (black curve). Hybridised assemblies
showed quantum dot PL depending on the ratio UCNP:QD due to energy transfer from the UCNPs
(1:10 green, 1:25 red, 1:100 blue).

In conclusion, the successful self-assembly of upconversion nanoparticles and
quantum dots using DNA was demonstrated. The system was analysed in terms of
FRET between the two nanoparticles. While there was no emission from the QDs
themselves or mixtures of both nanoparticles without DNA functionalisation,

photoluminescence from the QDs was obtained after hybridisation. With increasing



160 Chapter 6. Upconversion nanoparticle-Quantum dot hetero-assemblies

quantum dot concentrations, the PL intensity increased non-linearly indicating a
saturation of the UCNP binding sites. This proof of concept study shows the
feasibility of creating hetero-assemblies with short oligonucleotides and combined
properties from both nanoparticle types. Therefore, it would be of interest to carry
out further research in order to quantify the FRET efficiency and to gain a general
understanding of the properties of larger hetero-assemblies. The formation of
different other hetero-assemblies would also be interesting. Especially, a
combination of plasmonic nanoparticles (e.g. gold nanorods or copper chalcogenide
nanoparticles (CuzS)) and upconversion nanoparticles could be investigated focussed

on plasmonic enhancement of photoluminescence.
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Chapter 7. Summary and Outlook

The field of nanotechnology has rapidly evolved in the last two decades and will
certainly become part of everyday life in the near future. The rich library of
nanoparticles with different sizes, shapes and compositions is the foundation for the
creation of novel materials and devices [262]. The seminal work from Alivisatos and
Mirkin on DNA-nanoparticle hybrids created a large stimulus in the field of self-
assembling nanoparticles [13, 14]. While a lot of progress has been made in this area
and many interesting results were obtained, there are still many challenges to be
overcome [17]. In this work, the method of nanoparticle self-assembly with DNA was
further developed. A summary of the results will be given in section 7.1. Following

the summary, suggestions and ideas for future work will be presented in section 7.2.

7.1 Summary of results

Several different types of nanoparticles were synthesised and characterised in order
to use them as building blocks for self-assembly (Chapter 4). Plasmonic gold and
silver nanoparticles were synthesised with the standard Turkevich method [58].
Fluorescent CdSe/ZnS semiconductor quantum dots and NaYF4:Yb,Tm upconversion
nanoparticles were synthesised by solvothermal methods in high boiling point
organic solvents [106]. The nanoparticles were rendered water-soluble by ligand
exchange with molecules containing terminal carboxyl groups allowing the
attachment of oligonucleotides [266]. A novel protocol for the synthesis of lead
halide nanoparticles was established by replacing octylamine with CTAB. These
particles exhibit a higher stability and allow for complete removal of DMF improving
spin-coating results significantly. Different techniques were employed for the
characterisation of the nanoparticles. UV-Visible spectroscopy, fluorescence
spectroscopy, TEM as well as zeta-potential measurements validated the stability of

the nanoparticle dispersions.

In Chapter 5, oligonucleotides with different modifications were analysed and
employed for the self-assembly gold nanoparticle structures. The DNA approach
towards nanoparticle assembly is still the most promising for the creation of well-
defined structures. Different from other self-assembly techniques, the recognition of
the building blocks via Watson-Crick base pairing allows for the design of complex
structures. The oligonucleotides were designed in such a way that they fold into a

tetrahedral structure [249]. In order to stabilise the assemblies, the oligonucleotides
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were functionalised with either azide and bicyclononyne (BCN) groups or 3-
cyanovinyl carbazole [213]. This was done in order to tackle the inherent
disadvantage of DNA-based assembly, which is the reversible nature of the DNA
hybridisation. Stable DNA nano-constructs that maintain their structure in low ionic
strength media are important for the application with nanoparticles [386]. The first
combination forms a covalent bond between two DNA strands by spontaneously
reacting in a strain-promoted azide-alkyne click reaction (SPAAC). The latter
molecule reacts with an opposite thymine base in dsDNA when illuminated with UV-
A light and can be reversed using UV-B light. While the unmodified and carbazole-
modified oligonucleotides showed the expected hybridisation behaviour and formed
different assemblies depending on the DNA mixture, PAGE analysis of the
hybridisation behaviour of the differently modified oligonucleotides revealed that
azide/BCN-modified oligonucleotides form large assemblies, which do not pass
through the gel. Similarly, gold nanoparticle assemblies contained large clusters
when azide/BCN-modified DNA was used. These results were unexpected because
the SPAAC reaction has been applied successfully before [22, 213]. However, in
these examples there has only been one clicking moiety per oligonucleotide.
Therefore, these findings suggest that either BCN is too reactive in order to be used
as multiple modification in oligonucleotides or that the use of several clicking groups

per DNA strand is not possible generally.

On the other hand, 3-cyanovinyl carbazole was shown to overcome these problems
and to provide an effective way of ligating complex structures such as tetrahedral
assemblies of gold nanoparticles [24, 315]. The advantage of this molecule is that
there is only a crosslinking reaction upon UV irradiation. Besides the effective
crosslinking, the reversibility of the interstrand bonds provides a new functionality,
which is not present in other crosslinking techniques. While the crosslinked gold
nanoparticle assemblies were stable under denaturing conditions, the de-crosslinked
assemblies broke apart into their individual building blocks. Furthermore, it was
found that the crosslinked nanoparticle assemblies could be efficiently purified to a
high purity of up to 90% with gel electrophoresis. In comparison, the non-
crosslinked assemblies were partially dissociating after centrifugation. This technique
can be applied to trigger the reactions time- and spatially controlled, which might be

of interest in superlattices and for the design of switchable nanostructures [387].
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One of the major problems of nanoparticle self-assembly is the yield of the final
product [303]. A range of different hybridisation conditions were employed in order
to improve the yield. Nevertheless, no conclusive answer can be given on the best
reaction conditions and why the product yield seems to be limited. Therefore, further

research should be conducted in this direction in the future.

In Chapter 6, the assembly of hetero-structures is presented. NaYF4:Yb,Tm
upconversion nanoparticles and CdSe/ZnS quantum dots functionalised with two
completely complementary 15 mer oligonucleotides were employed as building
blocks. EDC/Sulfo-NHS coupling was used for the attachment of amine-modified
DNA to the nanoparticles bearing carboxyl group on their surfaces [300]. Since there
are many different coupling conditions for different applications, the best choice of
buffer was determined first. It was found that MES buffer with slightly acidic pH (6-
6.5) provided much more efficient coupling than phosphate buffer. Due to the short
length of the DNA, the hybridisation of the two different nanoparticles led to a
detectable energy transfer from the upconversion nanoparticles to the quantum dots.
A similar system has been investigated where instead of DNA, avidin and
streptdavidin were employed to assemble the nanoparticles [379]. While a direct
comparison between the two systems was not possible due to a lack of analysis
equipment, it is clear that there has been a significant energy transfer from the
upconversion nanoparticles to the quantum dots in the DNA-based system. The
advantage of using DNA is that it is a more versatile material as it can be modified in
manifold ways. Especially in the context of superlattices, these first results show the
feasibility of combining differently composed nanoparticles using short

oligonucleotides in order to create new interactions [31].

7.2 Outlook to future work

In the last years, the complexity of self-assembled nanoparticle structures increased
tremendously [9, 17]. Nevertheless, there are still several challenges, which prevent
a wide use of this technology in applications [17]. While DNA nanotechnology is
already capable of creating very advanced structures (e.g. DNA origami), the
implementation of design rules for DNA in nanoparticle assembly has just begun [17,
263]. Hybridisation simulations are focussed on nanoparticles with a dense layer of
oligonucleotides [388]. However, it would be of interest to analyse the hybridisation

of NP-monoconjugates in order to improve the reaction yields. Potential experiments
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could include the hybridisation of nanoparticle dimers with oligonucleotides
containing only one BCN or highly reactive cyclooctyne [227]. This system would
allow to gather information about the hybridisation process of nanoparticles because
once clicked, the dimers will not be available for further hybridisation and could be
analysed subsequently without breaking. It would also be interesting to compare pre-
formed DNA structure templates onto with nanoparticles are bound in order to
understand if this process is giving higher product yields than the direct
hybridisation of nanoparticles. Such a comparative study would be interesting to

determine the limitations of the different approaches.

The results obtained in this work could be a starting point for further research. The
oligonucleotides modified with two BCN groups proved to be unsuitable for the
system explored in this work. However, it was not possible to determine the exact
cause. The hybridisation of oligonucleotides additionally modified with well-
established FRET pairs like Cy3 and Cy5 could be used to determine if the wrong
groups reacted [389]. Furthermore, the BCN group could be replaced with less
reactive cyclooctynes like DIBO in order to find out if the problem of clustering still

occurs [227].

The presented crosslinking technique using 3-cyanovinyl carbazole could be a way to
improve DNA templates for the assembly of nanoparticles. DNA scaffolds, which are
already used in DNA origamis could be permanently linked and would therefore
readily be available for the use with nanoparticles. Typically, these origamis need
high ionic strength media, which is unsuitable for nanoparticles because of
aggregation problems [386]. It would be interesting to conduct nanoparticle
assembly experiments exploiting the orthogonality of the carbazole chemistry with
click chemistry [213]. The smart design and modification with reversible and
irreversible crosslinkers could allow to create switchable systems, which change their
states triggered by an external stimulus [390]. Recently, gold nanoparticle
superlattices with DNA and RNA bonds were formed making them responsive to
enzymatic digestion by ribonuclease [387]. The reversibility of 3-cyanovinyl
carbazole could introduce a UV-responsiveness, which further increases the design

possibilities in terms of dynamic structures.

Besides the improvement of the assembly process, lots of research is needed on the

development and characterisation of hetero- and homo-assemblies [31]. The UCNP-
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QD system presented in this work could be further developed and analysed by using
smaller upconversion nanoparticles or plasmonic nanoparticles [30]. It is known that
photoluminescence properties can be improved by plasmonic enhancement [391,
392]. The DNA-mediated assembly allows to control the spacing between the
nanoparticles in a defined way and could therefore be a reasonable approach to
investigate such systems in solution. The determination of the FRET intensity and the
potential of plasmonic light harvesting could be interesting factors for the application

in photovoltaics.
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A. Appendix

A.1 List of reagents and suppliers

All chemicals were used without further purification.

Sigma-Aldrich: Acridine orange, Ammonium persulfate, Boric acid, Bis(p-
sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (BSPP), Cadmium
oxide, N-(3-Dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC),
Ethylenediaminetetraacetic acid (EDTA), Ficoll-400, Formamide, N-
hydroxysulfosuccinimide (sulfo-NHS), L-lipoic acid, Lead bromide, Lead chloride,
Lead iodide, Methylamine, MES sodium salt, 1-Octadecene, Octylamine, Oleic acid,
Rhodamine 6G, Sodium borohydride, Sodium chloride, Sodium
tetrachloroaurate(III) dehydrate, Selenium, Silver nitrate, Sodium hydroxide, Sulfur,
Tannic acid, N,N,N’,N’-tetramethylethylenediamine, Trisodium citrate, Tris base,

Zinc acetate.

Fisher Scientific: Acrylamide:bis-acrylamide 1:29 solution (40%), Ammonia
solution (35%), N,N-Dimethylformamide (DMF), Ethanol, Hydrochloric acid

(conc.), Methanol, Nitric acid (conc.), Potassium carbonate, Toluene.

ATDBio: All oligonucleotides were obtained from ATDBio with HPLC grade
purity.

A.2 Calculation of nanoparticle concentration

In this section the estimation of nanoparticle concentrations will be explained.
Gold and silver nanoparticles:

The concentration of gold nanoparticles was calculated according to the following
method based on UV-Vis spectroscopy. For the determination of nanoparticle
concentrations, three UV-Vis spectra were measured with different dilutions in order
to obtain a reliable mean value. The extinction coefficients for the gold nanoparticles
were taken from a table, which was published by Haiss et al. containing nanoparticle
sizes from 5 nm to 100 nm [60]. The concentration was then calculated using Beer-

Lambert’s law as follows (section 3.4.1):
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A-D

‘Tl
where € is the molar extinction coefficient, D the dilution factor, A the absorbance
and 1 the path length. The extinction coefficients are: (5 nm AuNP) = 9.14 - 10° L
mol! em™, €(15 nm AuNP) = 3.55 - 108 L mol! em™! and €(30 nm AuNP) = 3.64 -
10° L. mol! cm™. For example, if a 15 nm gold nanoparticle solution has an

absorbance of 0.5 with a dilution factor of 1000 and has been measured using a 1 cm

cuvette, the concentration would be:

_ 0.5-1000
"~ 355 -108Lmol-lcm~1 - 1cm

mol
c = 141 - 10‘7T = 140 nM

In the same way, the concentration of silver nanoparticles can be estimated as
Paramelle et al. have published a table of extinction coefficients for these

nanoparticles [393].
Quantum dots:

The concentration of semiconductor quantum dots can be determined in a similar
way with a few more calculations following the method of Yu et al. [268]. First, the
wavelength of the first exciton peak and the absorbance at that point are determined
by UV-Visible spectroscopy. Then, the diameter of the CdSe core can be calculated

using the empirically fitting function

D[nm] = (1.6122-107%) - A* — (2.6575-107°) - 23 + (1.6242-1073) - A2
—0.4277 - 1+ 41.57,

where A is the wavelength of the first exciton peak. From the size of the CdSe core

the molar extinction coefficient can be calculated with the fitting function
&€ =5857- D265

where ¢ is the molar extinction coefficient and D is the diameter in nanometres.
Finally, by employing the calculated € the concentration can be determined using
Beer-Lamberts law. It should be noted that the same procedure can be used for both,
hydrophilic and hydrophobic quantum dots as discussed in the report of Yu et al.
[268].
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As an example, the UV-Visible spectrum of water-soluble quantum dots (QD520)
shown in Figure A1 will be considered. Then, the calculations yield the following

values for D, € and the concentration c:
D =(1.6122-1079)-503* — (2.6575-107°) - 5033 + (1.6242-1073) - 5032 —

0.4277-503 + 41.57 = 2.37 nm

L
€ =05857-239%0 = 157644
mol + cm mol * cm

0.04
c= = 694 nM

57644 L 1lcm
mo

- cm

0.20

— QD520 in water

0.15 1

0.104

Extinction

0.05 1
0.04

0.00 T , .
400 503 600

Wavelength [nm]

Figure A1l: Extinction spectrum of QD520 in water. The first exciton peak is used to determine the
concentration of the quantum dots.

Upconversion nanoparticles:

For upconversion nanoparticles there is no spectroscopic procedure for determining
the molar concentration. However, an estimate can be made by considering the
nanoparticle size as well as the density of the host crystal [394]. First, the volume of
one nanoparticle is calculated from its dimensions obtained by TEM. Then, the mass
of one particle can be obtained using literature values for the crystal density. The

weight concentration of the sample in mg/mL is then converted to a molar
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concentration using Avogadro’s number. An example calculation for the

nanoparticles used in this work will be given in the following.

The diameter of the upconversion nanoparticles determined from TEM was 32 nm

3
(section 4.3). Therefore, the volume of one nanoparticle is V =§n(§) =1.7-

1077cm3. Assuming a density of p = 4.2 g/cm3 for the NaYF, crystal [394], the
mass per particle is: m, = p-V =7.2-107'" g. Now, the molar concentration of

nanoparticles cmolar can be calculated from the weight concentration Cyeighe as follows:

_ Cweight

Cmolar = . Na denotes Avogadro’s number. For the nanoparticles considered in
my - Ny

this example, 1 mg/mL weight concentration corresponds to a molar concentration

of 23 nM.

A.3 Sequences of unmodified and Azide/BCN-modified DNA

The sequences of the oligonucleotides without a cross-linker group are displayed in

Table Al.

Strand SA1 | TTT GCC TGG AGA TAC ATG CAC ATT ACG GC TTT C CCT ATT AGA
AGG TCT CAG GTG CGC G TTT CG GTA AGT AGA CGG GAC CAG TTC
Gce

Strand SA2 | TTT CGC GCA CCT GAG ACC TTC TAA TAG GG TTT G CGA CAG TCG
TTC AAC TAG AAT GCC C TTT GG GCT GTT CCG GGT GTG GCT CGT
CGG

Strand SA3 | TTT GGC CGA GGA CTC CTG CTC CGC TGC GG TTT G GCG AAC TGG
TCC CGT CTA CTT ACC G TTT CC GAC GAG CCA CAC CCG GAA CAG
cce

Strand SA4 | TTT GCC GTA ATG TGC ATG TAT CTC CAG GC TTT C CGC AGC GGA
GCA GGA GTC CTC GGC C TTT GG GCA TTC TAG TTG AAC GAC TGT
CGC

Table A1l: Oligonucleotide sequences without cross-linker modifications.

The sequences of the azide and BCN containing sequences are shown in Table A2.
The azide moieties are marked as X and the BCN moieties are marked as Y.

Furthermore, the TTT spacers are marked in bold.
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Strand SB1 | TTT GCC TGG AGA GAC AXG CAC AGT ACG GC TTT C CCT ATT AGA
AGG TCT CAG GTG CGC G TTT CG GTA AGT AGA CGG XAC CAG TTC
GCC

Strand SB2 | TTT CGC GCA CCT GAG ACC TTC TAA TAG GG TTT G CGA CAG TCG
XAC GAC TAG AAT GCC C TTT GG GCT GTT CCG GAX GTG GCT CGT
CGG

Strand SB3 | TTT GGC CGA GGA CTC CTG CTC CGC TGC GG TTT G GCG AAC TGG
YAC CGT CTA CTT ACC G TTT CC GAC GAG CCA CAY CCG GAA CAG
cce

Strand SB4 | TTT GCC GTA CTG TGC AYG TCT CTC CAG GC TTT C CGC AGC GGA
GCA GGA GTC CTC GGC C TTT GG GCA TTC TAG TCG YAC GAC TGT
CGC

Table A2: Oligonucleotide sequences

(labelled with Y).

modified with azide (labelled with X) and BCN moieties

SH-TTT GC CTG GAG AGA CAT GCA CAG TAC GGC
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Figure A2: Three-dimensional representation of the tetrahedron formed by hybridisation of all
four oligonucleotides SB1-SB4 and the positions of the clicking groups (see Table A2).
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Figure A2 depicts the tetrahedron formed by hybridisation of all for oligonucleotides
SC1-SC4. The azide and alkyne moieties were placed in such a way that they are in

direct proximity to each other.

A.4 Determination of the PLQY

In this part, the procedure for the determination of the photoluminescence quantum
yield (PLQY) will be described. The measurement of PLQYs is rather difficult because
there are many potential sources of errors [395-397]. A detailed report about the
quantification of PLQYs was recently published by Wiirth et al. and suggests best

practices for minimising errors [398].

The PLQY is defined as the fraction of the number of emitted photons over the

number of absorbed photons and has values between 0% and 100%:

# emitted photons

" #absorbed photons

Equation A1l: Definition of the photoluminescence quantum yield.

The idea for the quantification is that all emitted photons are counted and correlated
to the number of absorbed photons. Except if an integrating sphere is used, both
quantities are typically unknown [399]. Therefore, a reference with a known
quantum Yyield needs to be utilised. Several organic dyes like rhodamine 6G or
Fluorescein have proven to be reliable as standards and are often used for PLQY

measurements.

In order to calculate the PLQY, absorption and emission spectra of the sample and

the reference are taken. Then, the following formula is applied:

I;1—10"4r n2

d. = 2 2
ST TR 11— 10745 ng?

Equation A2: Formula for the calculation of the quantum yield ¢.

where I denotes the integrated intensity of the whole emission spectrum, A the
absorbance at the excitation wavelength and n the refractive index of the solvent.
The indices s and R refer to sample and reference, respectively. The refractive indices

are correcting the different optical geometries caused by refraction.
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The quantum yields were determined using rhodamine 6G and fluorescein as
reference dyes. The procedure was first verified by cross-checking the quantum
yields of both dyes with each other. Then, the quantum yields of the nanoparticles
was measured (Table A3). The solvents were 0.1 M NaOH (fluorescein), ethanol
(Rhodamine 6G), hexane (QDs) and toluene (Perovskite NP). The excitation
wavelength was 470 nm for all samples. The calculated values are the average from

two independent samples with a deviation smaller than 0.07 between both

measurements.
Sample Calc. PLQY Lit. PLQY
Rhodamine 6G - 0.91 [398]
Fluorescein 0.87 0.89 [398]
QD520 0.68 0.6-0.8 [118]
QD580 0.45 0.6-0.8 [118]
CHsNH3PbBrs; NP (CTAB) 0.58 >0.5[154]

Table A3: Calculated and literature quantum yields for different nanoparticles.

A.5 Extinction and PL spectral overlap

As explained in chapter 6, FRET is only possible when the absorption of the acceptor
spectrally overlaps with the emission of the donor. Figure A3 visualises the emission
spectrum of QD540 and the absorption and emission spectrum of Cy3. This
combination was used for the determination of DNA attachment (section 6.2). The
emission spectrum of QD540 almost completely matches the absorption of the Cy3
dye, which makes this donor-acceptor pair suitable for FRET. Cy3 emission is
obtained after energy transfer. Likewise, the absorption of QD580 overlaps
completely with the emission of thulium-doped upconversion nanoparticles (Figure
A4). This leads to an emission around 580 nm from the quantum dots due to energy

transfer.
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Figure A3: The emission spectrum of QD540 (red curve) and the absorption of Cy3 (blue curve)
have a large overlap allowing FRET to occur, which results in emission from the Cy3 dye (pink
curve).
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Figure A4: The emission spectrum of NaYF4:Yb,Tm UCNP (blue curve) and the absorption of
QD580 (red curve) have a complete overlap allowing FRET to occur, which results in emission
from QD580 (orange curve).
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