UNIVERSITY OF

Southampton

University of Southampton Research Repository

Copyright © and Moral Rights for this thesis and, where applicable, any accompanying data are
retained by the author and/or other copyright owners. A copy can be downloaded for personal non-
commercial research or study, without prior permission or charge. This thesis and the
accompanying data cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the copyright holder/s. The content of the thesis and accompanying
research data (where applicable) must not be changed in any way or sold commercially in any

format or medium without the formal permission of the copyright holder/s.

When referring to this thesis and any accompanying data, full bibliographic details must be given,

e.g.

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton, name of the

University Faculty or School or Department, PhD Thesis, pagination.

Data: Author (Year) Title. URI [dataset]






University of Southampton

Faculty of Engineering and Physical Sciences

School of Physics and Astronomy

Three-dimensional materials made from engineered oligonucleotides and

nanoparticles

by

Angela Federica De Fazio

ORCID ID 0000-0002-9733-3981

Thesis for the degree of Doctor of Philosophy

September 2019


https://www.southampton.ac.uk/lynda




University of Southampton

Abstract

Faculty of Engineering and Physical Sciences
School of Physics and Astronomy

Thesis for the degree of Doctor of Philosophy

Three-dimensional materials made from engineered oligonucleotides and nanoparticles
by

Angela Federica De Fazio

In the last decades, the ability to assemble nanoparticles into programmed 2D or 3D structures by
means of synthetic oligonucleotides has resulted into the fabrication of novel nanomaterials with
unique physical and chemical properties. Nuclei acids are an exceptional platform for the
architecture of complex structures, allowing routes to flexible and precise placing of functional
nanoparticles. The physicochemical properties of featured materials can be readily tuned by varying

the constituent building blocks.

In this thesis, the advanced programming of the assembly processes was combined with the use of
innovative ligation techniques. DNA-functionalised nanoparticles of different composition, size and

shape were prepared and used in DNA-guided assembling processes (Chapter 3).

Furthermore, engineered synthetic DNA strands were designed and employed for the fabrication
of nanoparticle assemblies with stability and resistance against DNA denaturing conditions (Chapter
4). DNA ligation was realised using a UV-sensitive molecule, the 3-cyanovinyl carbazole. Following
light-stimulation, this compound allows the formation of an interstrand crosslink within a DNA
duplex, providing a novel tool for the manipulation of three-dimensional nanoparticles assemblies.
In contrast with other crosslinking techniques, the carbazole interstrand bond can be reversed,
using a different wavelength as an external trigger. The efficient application of the 3-cyanovinyl

carbazole in extended nanoparticle crystals is demonstrated for the first time.

DNA-directed heterogeneous assemblies of plasmonic and fluorescent nanoparticles were also
manufactured (Chapter 5). The interplay between gold and upconversion nanoparticles within the

same aggregate structure and the effect on the linear and non-linear optical properties was studied.
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Chapter 1

Chapter1  Introduction

In 2009, the European Community identified a set of “Grand Challenges”,* such as climate change,
tightening supplies of energy, public health and security, which will need to be faced to lead to a
continuously-growing, eco-efficient European economy. In this context, nanotechnology is often
addressed as the next industrial revolution, with the potential to help tackling a number of these
challenges. For example, nanotechnology can enable more effective environmental and health
monitoring methods, it can provide more efficient energy solutions, faster and more accurate

disease diagnoses and customised medical treatments.

Nanotechnology is the science of the structures on the scale of 10° m. It encompasses all the
scientific fields aimed to develop new materials and devices by precise manipulation of the
structure of matter at the atomic- and molecular scales. It is regarded as promising to change
everything, from the medical treatments to more efficient solar cells, from new cancer therapies to

pollution-eating compounds, from more durable consumer products to detectors for biohazards.

However, efficient, cost-effective and robust nanomanufacturing methods must be developed to
fully realise this vast potential. As a proof of this, one could look at the funding that the nano-
manufacturing sector managed to secure in the last 20 years. Under the EU Seventh Framework
Programme (FP7), there were 285 nanotechnology and manufacturing projects with a European
Commission (EC) contribution of over EUR 500 million, 10.8% of the total EC contribution to
nanotechnology under FP7.2 However, according to the estimations of the Royal Society,?
nanomaterials account only for the 0.01% of the total amount of chemical production.* This
confirms the need to improve the existing fabrication methods and to develop new ones. We are
now under the Horizon 2020 funding program, which has the specific goal to fill the gap between
nanotechnology research and markets. It aims to realise the full potential contribution of
nanotechnology to sustainable growth by addressing the large scale market introduction of nano-

enabled products.®

The current approaches to manufacture advanced functional materials are based on top-down
techniques where the desired structures are made from the bulk, for example photolithography
and milling techniques. These methods have the benefit that almost any pre-determined structure
can be produced; however, they are intrinsically costly and unsuitable for the fabrication of 3D

materials.

Conversely, in bottom-up strategies, smaller building blocks are assembled into larger structures by

physical or chemical interactions between the units. This allows the fine control on the placement
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of the single components and the fabrication of 3D structures, as well as reducing the amount of

generated waste.

Amongst the bottom-up approaches, self-assembly is particularly appealing from both economic
and environmental points of view, as it offers a way through which materials or product
components essentially form themselves, creating less waste and using less energy. Nature is a
source of inspiration for self-assembly. Evolution in the natural world has shaped an astounding
variety of functional biomolecular devices. A natural tool of exceptional relevance is the
deoxyribonucleic acid (DNA). DNA is capable of high selectivity and specificity for complementary
sequences, allowing the fabrication of all sorts of structures.®® As architectural material, DNA can
be used on its own to build ordered static arrays of tiles,'° linked rings,** and polyhedra.'? Dynamic
nano-devices have also been fabricated, examples include a nanomechanical switch,’* a DNA-
fuelled motor,** DNA-based logic gates® and circuits.’® DNA can also be used in combination with
inorganic components (Figure 1.6), and it has been extensively exploited for the organisation of

colloidal particles,’"*° to direct the growth of semiconductor nanocrystals,?® and metal wires.?!

Within this framework, the aim of this project was to advance the assembly of hybrid materials
made of inorganic nanoparticles linked via DNA interactions. This thesis is organised as follows. In
the next sections of this Chapter 1, a brief literature review of the relevant theoretical background
behind this research project is given, while Chapter 2 contains all the experimental procedures and
the characterisation techniques employed in this work. Chapter 3 discusses the synthesis of
inorganic nanoparticles and the surface functionalisation with synthetic oligonucleotides as well as
the formation of self-assembled three-dimensional structures. The characterisation after each step
of synthesis, functionalisation and assembly is also described in this Chapter. Chapter 4 introduces
carbazole-modified oligonucleotides for the fabrication of extremely stable, light-responsive three-
dimensional crystals of gold and silver nanoparticles. The reversible response to different light
stimulation and the stability to unfavourable environment is thoroughly discussed. Chapter 5
presents the fabrication of heterogeneous assemblies of nanoparticles. The linear and non-linear
optical properties are investigated using both commercial and home-built setups. Chapter 6 draws
some conclusions and highlights future perspectives for the further development of the research

presented in this thesis.

1.1 Theoretical background

In this Section, the pertinent background information about materials and techniques used in this
project is introduced. Section 1.1.1 discusses the synthesis of various colloidal nanomaterials. Their

physicochemical properties are elucidated in Section 1.1.1.3. Oligonucleotide synthesis and
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modification of nanomaterials with oligonucleotides are explained in Sections 1.1.2. Finally, an
overview about programmed assembly of 3D nanomaterial-DNA conjugates is presented in Section

1.1.3.

1.1.1 Colloidal nanoparticles

Wet chemistry approaches provide versatile routes for the synthesis of monodispersed colloidal
suspensions of nanoparticles with different compositions, sizes and shapes. In this section, the
synthetic approaches and reactions involved in the synthesis of gold, silver and upconversion

nanoparticles are discussed.

1.1.1.1 Synthesis of gold nanoparticles

The first known synthesis of a colloidal suspension of gold nanoparticles (AuNPs) dates back to
nineteenth century, when Faraday reported a systematic study on the synthesis and optical
properties of colloidal gold nanoparticles.?? One century later, following Faraday study, Turkevich®
developed a new procedure to synthesise AuNPs based on the reduction of gold salt with citrate,
lately refined by Frens?* and Schultz.?® This method, with slight modifications, is still routinely used
today for the synthesis of monodisperse spherical AuNPs with size ranging between 10 and 20 nm.
In this strategy, two aqueous solutions of sodium tetrachloroaurate and trisodium citrate are
prepared and mixed together at 100 °C. By adjusting the precursors molar ratios, the size of the
resulting nanoparticles can be tuned.?* In this reaction, trisodium citrate acts as both reducing agent
and capping ligand, providing stabilisation to the gold colloids.?® The proposed mechanism of this

synthesis involves a 3-step reaction and is depicted in Scheme 1.1.27%
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Scheme 1.1 Reaction mechanism for the synthesis of AuNPs from citrate reduction. In step A, the
gold salt is reduced by the citrate precursor. In B, a complex between gold chloride and acetone
dicarboxylate anions is formed. In step C, the disproportionation of AuCl into Au(0) and AuCls

occurs. Adapted from ref.?®

Citrate Acetone dicarboxylate (ADC)

0 0 0 .
A o o —_ W+ o, + H" + 2e
0 o

0 0
AuCly+2e — AuCl+2CI
o A
0 0 0 0 0 0 Y 0 0 0 W
B JV[UI\ ¢ AuCl — W W
0 o 0 o 0 0
c 3 AuCl —_— 280 + AuCly

In the first step of the reaction, citrate is oxidised into acetone dicarboxylate while Au®* precursor
is reduced into Au'* to form gold monochloride (AuCl) (Scheme 1.1 Reaction A). In an intermediate
step, complexes between dicarboxylate anions and AuCl are created (Reaction B). Particles nuclei
are then formed by coagulation of the complexes followed by disproportionation of AuCl into Au®
(Reaction C). The nuclei promote an autocatalytic reaction with AuCl molecules, which are
absorbed onto the nuclei leading to the growth of AuNPs. Excess citrate ions bind loosely the

surface of the NPs, providing colloidal stability against irreversible aggregation phenomena.?®

Typically, the formation of nanoparticles relies on two stages: the formation of nuclei (nucleation)
followed by the growth of these nuclei into the NPs of desired diameter. A critical step to obtain
narrow size distribution is the simultaneous formation of all the nuclei and avoiding the occurrence
of secondary nucleation. Privman et al.3® have shown that, in this synthesis, the AuNPs
monodispersity is dependent upon the formation of gold atoms following disproportionation of
aurous species. Consequently, the rapid formation of dicarboxyacetone promotes fast dismutation
leading to homogeneous particles. Nevertheless, acetone dicarboxylate can also decompose into
acetone (Scheme 1.2), which is able reduce the gold precursor (Au3*).28 This can result in secondary

nucleation events, ultimately leading to particles with a wide size distribution.?® However, it has

30



Chapter 1

been demonstrated that this side reaction is slower compared to the citrate reaction (Scheme 1.1

Reaction A), thus affecting the growth process only at low citrate concentrations.?’
Scheme 1.2 Decomposition of dicarboxyacetone into acetone.

0] 0] 0]

2H*

In addition to its role as reducing agent and particle stabiliser, citrate acts as pH-mediators in the
reaction vessel. A systematic study by Ji et al.?® highlighted the role of pH in the reaction kinetics.
In particular, they showed pH is an important parameter of the reaction, proposing two different
reaction pathways for the AuNPs formation at different pH values. At high pH the gold precursor
reactivity decreases, and the particles formation follows the previously described pathway,
consisting of a slow nucleation followed by a separate growth step. Also, at pH above 6.4 the citrate
is completely deprotonated (Scheme 1.3), providing extra-stabilisation to the newly formed NPs.
Conversely, at acidic pH, the nucleation is very rapid, and it results in highly reactive small nuclei
that coalesce into bigger particles. This mechanism is prevalent at low pH where the citrate is fully

protonated and thus its ability to bind the NPs’ surface is reduced.

Scheme 1.3 Protonation equilibrium reactions for citrate ions. Citrate can be found in different

protonation states at different pH values, therefore its ability as capping agent is pH-dependent.

C;H:0,3+H,0 === GCHg0;,”+O0H  pK,=6.4
C3HgO,2 +H,0 <= (3H;,0; +OH pK,=4.76

C5H,05 + H,0 <—=  (GHgO;+ OH" pK,=3.13

One major disadvantage of the Turkevich method is the loss of monodispersity in particles’ shape
and size when trying to increase the diameter over 20 nm. To tackle this issue, seeded-growth
approaches have been developed.’'* The principle behind these methods is to isolate the
nucleation from the growing step to avoid secondary nucleation and obtaining a narrow size
distribution. In this approach, small particles’ seeds are synthesised at 100 °C with the citrate
reduction method. Following the seeds generation, the reaction temperature is lowered at 90 °C to

favour the growth of larger particles over the formation of new nuclei; this occurs since the citrate
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reduction ability is remarkably lower at temperature below 100 °C. By progressively injecting more
gold and citrate precursors, they were able to synthesis AuUNPs up to 200 nm with relatively small

size dispersion (<10%).

1.1.1.2 Synthesis of silver nanoparticles

Apart from gold nanoparticles, the Turkevich method has been employed for the synthesis of silver
nanoparticles (AgNPs).3*3% However, the sole use of citrate as both reducing and capping agent did
not yield uniform and monodisperse AgNPs. A great improvement was observed when tannic acid
was introduced as nanoparticles’ stabiliser.3” With this approach, highly monodisperse AgNPs were
obtained, with diameters ranging from 18 to 30 nm according to the amount of tannic acid

1.8 extended the growing method they developed for the

employed. After this finding, Bastus et a
synthesis of AuNPs (Section 1.1.1.1), to the synthesis of AgNPs with diameters up to 200 nm. In this
strategy, silver seeds are synthesised by injecting a silver precursor and tannic acid to a boiling
solution of sodium citrate. Following nuclei formation, the reaction vessel temperature is lowered
to 90 °C, condition in which the reductive potential of the citrate is lowered. Then, each growing

step consists of the subsequent addition of citrate, silver salt and tannic acid. By tuning the ratios

of the reagents, NPs up to 200 nm were produced.

1.1.1.3 Optical properties of metallic nanoparticles

The optical properties of nanomaterials are remarkably different from the corresponding bulk
material.®® Bulk materials show a continuous density of electronic states, while the states of
nanoparticles are discrete, resembling those of atoms and molecules. Because of this, new, size-
dependent properties arise. When the electromagnetic field interacts with metallic nanoparticles,
a charge separation occurs and a dipole oscillation of the free metal electrons of the conduction
band is observed. This phenomenon is called localised surface plasmon resonance (LSPR, Figure

1.1).
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Metal sphere

Electric field

Figure 1.1 The localised surface plasmon resonance for gold nanoparticles. When an electric field
is directed at nanoparticles, the surface plasmons become excited and begin to resonate. This
electric field also creates a separation of charge, that then causes a dipole oscillation in the same
direction as the electric field of the incident light. The electron cloud oscillation leads to large

absorption and scattering cross section.

In the case of gold and silver nanoparticles, the LSPR occurs in the visible light range, thus resulting
into vivid colours varying from red to blue (AuNPs) and yellow to green (AgNPs), according to the
NPs’ size. While Faraday was the first one to link the size of gold colloids to their colour,? it was
Gustav Mie to provide the first quantitative description of the SPR,* by solving Maxwell’s equation
for spherical nanoparticles. For particles with diameter below 30 nm, the electric field around a
particle that is smaller than the wavelength of light can be assumed to be constant and the
scattering becomes negligible (dipole approximation).?? In this regime, the polarizability of the
particle can be expressed with the Clausius-Mossotti equation, which links a macroscopic property

(the polarizability) with the microscopic behaviour (Equation 1.1).

Equation 1.1 The Clausius-Mossotti equation. a is the polarizability, V is the volume of the particle,
& is the vacuum permittivity and &(w) = &/ (w) + / & (W) =Emetal/Emedium is the complex
dielectric function of the metal divided by the dielectric constant of the surrounding

medium.

&gw)—-1

@

When the conduction band electrons are excited to coherently oscillate, they can relax to the
ground state by either radiative or non-radiative emission (absorption or scattering). If so, the
extinction cross-section can be expressed as the sum of the absorption and the scattering cross-
section.*! In this approximation, the extinction cross-section for a spherical NP can be written as in

Equation 1.2.
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Equation 1.2 Dipole approximation expression for the extinction cross section of spherical
nanoparticles (o,.,¢). In the equation, Vyp is the volume of the nanoparticle, &, is the dielectric
constant of the surround medium, ¢; and &g, are namely the imaginary and real part of the

particles’ dielectric function. Adapted from ref.*3

187rVNpe,?;l/2 &(w)

Oext = 73 (ere (@) + 261) + £2()

From Equation 1.2 a few considerations can be made. First, the plasmonic properties of a material
are determined by its complex dielectric function €, which corresponds to the sum of the real g,
and the imaginary ¢;. Second, e is maximised and a resonance occurs when the denominator in
Equation 1.2 is minimised, i.e. when gge = -2€, (Frolich condition), assuming that €; is small or only
weakly dependent on w.* Third, the resonance depends upon nanoparticle’s shape and size, as the
volume Vyp is present in the relation. This, however, does not predict the position of the plasmon
resonance as a function of particle size. Experimental findings have shown that the LSPR blue- or
red-shifts for smaller or larger particles respectively.* To take this behaviour into account, Kreibig
and Genzel proposed an amendment to the dipole approximation which rendered the dielectric
function size-dependent by considering the spatial constraint of electrons in small NPs.* Lastly, the
SPR is also influenced by the dielectric constant of the surrounding medium &,,. This property can
be used to explain shifts in the SPR as a result of changes in the medium to which nanoparticles are

exposed.*®47

Apart from the LSPR, metal nanoparticles also show photoluminescence (PL). The first report of
photoluminescence from gold and copper dates back to 1969.% In this seminal work, a single-
photon luminescence mechanism was describes as a three-step process. First, the excitation of
electrons from the d- to the sp-band generates electron—hole pairs, second, the electrons and holes
scatters with partial energy transfer to the phonon lattice, and finally the electron—hole recombines
resulting in photon emission.*® Later, while studying the one-photon luminescence of rough gold

surfaces, Boyd et al.*

reported another physical process, with a quadratic dependence on the
excitation energy. This phenomenon was identified as two-photon photoluminescence (TPPL). TPPL
has been described as the sequential absorption of two photons of the same energy. An electron
from the d band is promoted to the sp conduction band, at energy equal to twice the energy of the
irradiating photons. The energy absorbed is then radiatively emitted at half the wavelength of the
exciting one.**° TPPL is a non-linear optical process. Non-linear phenomena are usually studied by

means of laser light, which allows to generate high intensity of light and, consequently, high electric

field amplitudes, comparable to the energies involved in electrons and atomic nuclei interactions.>!
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In this regime, the material polarisation P; is not linear anymore and can be written as a function of

the n-th order susceptibility x(".

Equation 1.3 Non-linear polarisation written as expansion of n-th order susceptibility x™.

1 2 3
P, = Xi(j)Ej + ij,zEjEk + )(i(].,zlEjEkEl +

The two-photon absorption is a third-order non-parametric phenomenon, meaning that the
physical mechanism for this process involves the excitement of electrons to real energy states and
it is associated with the third-order x® . Therefore, the intensity of the luminescence response is
relatively weak but the signal can be amplified thanks to a resonant coupling with localized surface

1592 showed that local field enhancement at nanoscale metal structures

plasmons. Bouhelier et a
leads to local photoluminescence excited by two-photon absorption. This effect is known as near-

field enhancement or “hot spot” effect.

Notoriously, this process has been employed as imaging tool. In 1990, Denk et al.>® proved that the
simultaneous absorption of two photons could provide three-dimensional resolution in laser
scanning fluorescence microscopy. Since then, this technique has been explored as a powerful bio-
imaging tool that allows for non-invasive imaging of AuNPs within cells with a higher penetration

depth.>>8

1.1.14 Synthesis and optical properties of upconversion nanoparticles

Upconversion nanoparticles (UCNPs) are another class of materials with interesting optical
features. They are named after the fluorescence process known as photon upconversion. In this
fluorescence mechanism, a certain frequency of light (typically in the near infrared region, NIR) is
absorbed and consequently emitted at lower wavelengths (usually in the visible); hence they are
able to up-convert the photons they absorb to higher energy photons (anti-Stokes process).
Upconverting materials are guest-host systems where lanthanide guest ions are dispersed in a host
matrix. The first report on a bulk material able to harvest and up-convert energy dates back to
1970’s;°%%° but it wasn’t until 2003 that the observation of photon-upconversion in colloidal
suspensions was reported.®! Since then, a plethora of synthetic strategies sprouted for the synthesis

of UCNPs with different compositions, sizes and shapes.®?7%¢

To produce upconverting nanoparticles, a host matrix is doped with one or more rare-earth or
transition metal elements. The criteria for selecting the ideal host material include: transparency in
the spectral range of interest, low phonon losses, high chemical and thermal stability. A range of

host lattices has been studied, examples include LaFs,%” Gd,0s,%® YF3.%° Of particular relevance for
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this work is NaYF4. NaYF,can be found in two phases: a (cubic) and B (hexagonal). B-NaYF, is one of
the most transparent matrices in the NIR range and with the lowest phonon losses. Additionally, it

has been shown as one of the highest performing host materials for green and blue emission.6#7%71

Several synthetic strategies have been put into practice for the synthesis of NaYF; UCNPs, such as

| 67,72,73 75-77
’

solvotherma microemulsion,”® thermal decomposition and co-precipitation’® methods.
Among these, the thermolysis and the co-precipitation were superior in vyielding highly

monodisperse, uniform and phase pure particles.

Thermolysis refers to the decomposition of one substance into two constituents due to heating.
Organometallic compounds are employed as precursors, which decompose in a high boiling point
organic solvent with the assistance of surfactants. After decomposition at elevated temperatures,
the seeds ripe into nanoparticles assisted by the presence of a surfactant, which prevents
agglomeration. This method was successfully applied to synthesise hexagonal NaYF;-based

upconversion nanocrystals by different groups.”>”’

In these reports, uniform, small-size
upconversion NaYF4:Yb,Er and NaYF4:Yb,Tm nanocrystals were obtained from the decomposition of
fluoroacetate lanthanide precursors in oleylamine or in a mixture of oleylamine, oleic acid and
octadecene. This strategy, however, raised safety concerns because the decomposition of the

fluoride reactants creates toxic fluorinated species and even HF by hydrolysis.

At the same time, high-temperature co-precipitation methods for the synthesis of uniform,
hexagonal UCNPs were reported.’”®® These strategies are now considered amongst the most facile,
reproducible and user-friendly to obtain phase-pure, monodispersed UCNPs of different sizes (10-
70 nm)®8 and shapes (platelets, rodes, cubes).?3¥® Generally, the initial step of this method
involves the formation of an yttrium oleate precursor, followed by the addition of NH4;F and NaOH.
This leads to the formation of small amorphous aggregates. Treatment of these particles with
elevated temperatures (~300 °C) for one hour facilitates the particle growth and generates uniform
nanocrystals via an Ostwald ripening mechanism. This process is a thermodynamically-driven
dissolution of small crystals or sol particles followed by the redeposition of the dissolved species on
the surfaces of larger particles. This ultimately leads to the growth of larger particles on behalf of

the smaller ones.

1.1.1.5 Optical properties of upconversion nanoparticles

The peculiar fluorescence properties of upconversion nanoparticles are due to the ions doping the
transparent matrix. To facilitate the photon upconversion, a suitable dopant needs to meet specific

requirements, such as long lifetimes of the excited states and a ladder-like arrangement of the
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energy levels with similar spacing. These conditions are typically met by rare-earths and some
transition metal elements. This is due the long-lived metastable excited-states (up to 0.1s)® and to
the high number of energy levels in the 4f-5d shells, which provide multiple energy transfer
pathways for upconversion emission. By carefully choosing the dopants, a multi-colour tuning

covering the entire visible spectrum can be achieved.

In a single-doped UC material, i.e. a material doped with only one kind of chemical element, the
fluorescence emission is generated with an excited-state absorption (ESA) mechanism.%#%58> ESA
(Scheme 1.4A) arises from the successive absorption of two photons by a single electron of the
doping ion. The electron is sequentially excited from a ground state to an intermediate energy level
(E1) and afterwards from E1 to a higher energetic level E2. The emission will occur from the
radiative relaxation from E2 level, thus resulting in the emission of a photon with higher energy

than the exciting one.

Nonetheless, the intra-atom f-f transitions of lanthanide ions typically show low extinction
coefficients with narrow bandwidth. This feature, combined with the lack of fully matched
absorption bands between different lanthanide ions, impedes effective excitation of different
lanthanide activators under a single wavelength. This issue is normally overcome using indirect
excitation by introducing a co-dopant. In this configuration, the doping ions consists of a sensitizer,
which acts as an antenna harvesting the incident energy. The sensitizer ion is brought into a
metastable excited state (E1). This energy is then transferred to the activator, which is excited to
its first excited state while the sensitizer relaxes back to its ground state (G). Several of these energy
transfers lead to the excitation of the emitter to higher states (E2), resulting into multiple emissions
at different wavelengths (Scheme 1.4B). This mechanism is known as energy transfer upconversion

(ETU).

Other two complementary mechanisms are the cross relaxation (CR) and the photon avalanche (PA)
processes. CR (Scheme 1.4C) results from an inter-ions interaction typically occurs when the two
ions have similar energy levels. In their excited state E, both ions can absorb the incident radiation.
This energy is then transferred from one ion to the other, and it is radiatively emitted. The efficiency
of the CR process is in close relation with the dopant concentration and it usually occurs as

complementary mechanism to existing ones (such as ETU or PA).

PA (Scheme 1.4D) is a more complex looping process that requires multiple excited state
absorptions followed by cross-relaxation. Initially, the first excited level (E1) of ion 1 is occupied,
followed by the population of higher energy levels through ESA. When electrons relax from E2 they
can either emit light or transfer energy to the ion 2. If a transfer occurs, it can create an energy loop

that increases the chance of promoting more electrons in high energy levels (pumping process).
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Consequently, in optimal conditions, PA can facilitate the emission of light from a low-power
excitation source and maximise the energy-to-emission turnover ratio. Therefore, this mechanism

is highly desirable for UC lasers.8®

Scheme 1.4 Upconversion mechanisms for UCNPs doped with one or two lanthanide ions. excited-

state absorption (A), energy transfer upconversion (B), cross-relaxation (C) and photon avalanche

(D).
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Amongst the elements tested as antennas, ytterbium is particularly relevant for a number of
reasons.%®” First, Yb3* has a large absorption cross-section; therefore, it will absorb the majority of
the incident light, which can be transferred to the activators. Second, it has only one transition,
the ?F7/2 > ?Fs),, which is opportunely resonant with many f—f transitions of Er**, Tm*', and Ho*,
thus facilitating efficient energy transfer from Yb3* to these ions. Lastly, ytterbium transition can be

easily excited by means of an inexpensive, low power, continuous wave laser (980 nm).

On the other side, an ideal emitter would possess similar energy gaps between three or more
subsequent energy levels, so that sequential excitations are possible with a single monochromatic
light source. Rare-earth ions with an energy-level structure suitable for this type of excitation
include Er¥*,Tm3" and Ho®* , which are currently the most common emitters (activators) in
upconversion phosphors. In particular, Er** has at least three different transitions induced by IR

photons of the same energy, thus leading to emission of green and red light (Scheme 1.5).
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Scheme 1.5 (A) Energy levels for Yb% and Er®* ions, which acts as antenna and emitter, respectively.
In B, an illustration of the UC working principle within a particle. Within the host matrix (in green),

the antenna (red ion) harvests the incoming photon and it transfers it to the emitter (blue ions).

Adapted from refs.568
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1.1.2 DNA nanotechnology

In recent years, DNA has emerged as a powerful tool to generate nano-patterned materials, in one,
two or three dimensions.® The ability to precisely tailor DNA nanostructures has paved the way to
new and exciting applications in the areas of nanofabrication, chemical sensing, imaging, and gene
regulation. In this section, the structure and properties of synthetic oligonucleotides are explored
(Section 1.1.2.1). A brief overview of the relevant chemical modification for self-assemble

nanostructures is given in Section 1.1.2.2.
1.1.2.1 Structure and properties of oligonucleotides

Deoxyribonucleic acid (DNA) is a biological macromolecule, which encodes all the genetic
information in living organisms. It is a linear polymer formed by nucleotide monomers.® Each
monomer consists of a pentose sugar (deoxyribose), a phosphate group and a nitrogenous base.
The naturally occurring bases in DNA are the pyrimidines Cytosine (C) and Thymine (T) and the

purines Guanine (G) and Adenine (A) (Figure 1.2). Each nucleobase is linked to a deoxyribose, and
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the deoxyribose molecules are linked to each other by a phosphodiester bond (phosphate
backbone). At pH>2 phosphate groups are negatively charged, resulting in DNA being a highly
charged anionic polymer. It should be noted that each ribose is oriented in the same fashion, the
phosphodiester linkage is created between the 5’-phosphate group of one nucleotide to the 3’-
hydroxyl group of another. This characteristic endows each oligonucleotide with specific

directionality.
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Figure 1.2 Molecular structures of the DNA nucleotides. The phosphate is highlighted in blues, the

deoxyribose ring is in green and the different nucleobases in black.

In 1953, Rosalind Franklin, James Watson and Francis Crick revealed that oligonucleotides are
usually arranged in a three-dimensional double helix formed by two intertwined single strands.*° In
solution, the double-stranded DNA (dsDNA) is organised such that the negatively-charged pentose-
phosphate backbone lies on the outside and the hydrophobic bases on the inside. This arrangement

is driven by the binding between base pairs (bp) via hydrogen bonds. In order to maximise the
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number of hydrogen bonds, guanine pairs with cytosine (G-C), while adenine pairs with thymine (A-
T). These interactions are selective and highly specific. Within a duplex, the strands are arranged in
an anti-parallel manner, with the 5’-end of an ssDNA facing the 3’-end of the complementary one

(Figure 1.3).
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Figure 1.3 Structure of the double stranded DNA. In A, the hydrogen bonds and the specific
complementarity between the bases are highlighted. In B, the three-dimensional structure of the

duplex conformation is shown.

Apart from the hydrogen bonding between complementary bases, the dsDNA stability is also
ensured by m-stacking between adjacent nucleoside. This interaction arises from instantaneous
dipoles due to electron density fluctuations between the electron-rich nitrogenous rings of the

bases.

Nonetheless, the negatively charged backbones generate repulsive forces, making the duplex
sensitive to the environment conditions (temperature, pH, ionic strength). To facilitate the double
helix formation (hybridisation process) the charges are usually screened by means of positively
charged ions (e.g. Mg?*, Na*). Another parameter to consider is the pH of the surrounding medium,

as it will affect the protonation of the nucleobases and hence the hydrogen bonding within the
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duplex. For this reason, the pH of a dsDNA solution is usually controlled by means of buffer

solutions.

Besides, also the temperature is a key parameter. High temperatures will cause the DNA to unfold
(dehybridisation process) by breaking the hydrogen bonds between bases. To monitor this variable,
a dsDNA melting temperature T, is defined as the temperature at which 50% of the dsDNA are
dehybridised. This value can be experimentally determined for any oligonucleotide pairs by
exploiting the different UV absorption of ssDNA and dsDNA. As the duplex is denatured into two
single strands, the 1 interactions between the nucleotide bases are broken; this allows for a
stronger UV absorption (hyperchromic effect). This gives rise to a characteristic sigmoidal shape of
a DNA melting curve. The melting temperature is found at the inflection point of the curve. This
value depends on the number of pairing bases and for sequences longer than 13 bases can be

calculated according to Equation 1.3. Examples of melting curves can be found in Figure 3.17.

Equation 1.4 4 Melting temperature operative formula for oligonucleotides composed by more

than 13 bases.”!

yG +zC —16.4
WA + xT + yG + zC

T = 64.9 +41 X

Pre-programmed, customised synthetic DNA sequences can be produced by automated solid phase
phosphoramidite synthesis.®>* Furthermore, a wide range of functional groups can be either
incorporated via a functionalized column used for solid phase synthesis (for 3’ modifications only)
or by utilization of pre-modified nucleoside phosphoramidite monomers.’> The addition of
functional groups within synthetic oligonucleotides may serve different aims: anchoring on

surfaces, introduction of labelling agents, and introduction of new chemical functionalities.

In this work, two different modifier groups were employed to attach multiple ssDNA on the surface
of nanoparticles. In the case of gold and silver a thiol group was chosen, as the efficiency of the
linkage Au-SH and Ag-SH is well-established in the literature.’®8 For other kind of particles, such
as UCNPs, amino-modifiers were chosen instead. An amino group can covalently bound a carboxy
termination placed on the surface of the NPs, providing efficient loading of oligonucleotides.*®
Details of the anchoring group structures are reported in Figure 1.4 and reaction mechanisms can

be found in Section 1.1.2.3.
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Figure 1.4 Chemical modifications to the oligonucleotide sequences. The functional groups (in red)
were attached to the 5’ end. Aminohexyl (A) was used in the EDC/NHS coupling, while the sulphur

bridge (B) was used for Au and Ag oligo coating.

Another type of modification relevant for the present work, is the introduction of engineered
nucleobases able to introduce novel functionalities in the DNA strands. For the present work, a
particularly relevant example is the 3-cyanovinyl carbazole nucleobase. This compound can be
precisely positioned in an oligonucleotide sequence during the synthesis. It is able to create a
reversible covalent bond between two complementary strands, following appropriate light

stimulation.11% An extended discussion can be found in the following Section 1.1.2.2.

1.1.2.2 DNA crosslinking

As discussed earlier in this Chapter, the dsDNA is held together by weak forces which require
specific environment condition to retain their structure. To tackle this problem, crosslinking
approaches to create covalent bonds within dsDNA have been developed. Crosslinking between
two complementary strands can be promoted by the introduction of an intercalator, for example
8-Methoxypsoralen (8-MOP) and 1,3-Bis(2-chloroethyl)-1-nitrosourea (BCNU).1%1% These
compounds diffuse in gaps between base-pairs in dsDNA. Following permeation, these molecules
can undergo [2+2]-photoaddition with a thymine (8-MOP) or guanine (BCNU) This approach has
been recently used for the crosslinking of DNA-Nanoparticles superlattices.'®” However, an effective

crosslinking within a duplex can only happen if the intercalator is found between two opposite
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thymines, in the case of 8-MOP, or between a guanine and a cytosine, in the case of BCNU.1%*

Molecular structures and crosslinking reactions are detailed in Figure 1.5.
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Figure 1.5 Molecular structures and crosslink reactions for 8-Methoxypsoralen (A) and 1,3-Bis(2-

chloroethyl)-1-nitrosourea (B).1%

A different strategy to promote covalent ligation with a duplex envisages the introduction of a
modified nucleobase in the DNA sequence. As mentioned in Section 1.1.2.1, in this work a 3-
cyanovinyl carbazole nucleobase was employed. This molecule was developed by Fujimoto et a/.}%%"
102 3¢ efficient light-induced crosslinker of DNA. This reaction is a [2+2]-photocycloaddition between
an electron-rich double bond and an opposite thymine base, which leads to the formation of a
cyclo-butane ring. The reaction steps are illustrated in Scheme 1.6. In step 1, the highly energetic
UV light excites an electron from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). Following re-arrangement of electrons (steps 2 and 3), a new
bond is then formed with the double bond of the cyanovinyl group (step 4). In addition to the
covalent ligation, another novel feature is the possibility to efficiently de-crosslink the dsDNA by
irradiation with UV-B light. Light irradiation at 312 nm can be used to open the cyclobutane ring

and to yield the pristine cyano-ethylene group and thymine base.
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Scheme 1.6 Reaction mechanism for the [2+2]-photocycloaddition between a thymine and a
cyanovinyl carbazole. In the first step, the double bond of a thymine base is brought to an excited
state. An excited complex is formed with the cyanovinyl moiety of the carbazole nucleobase

(steps 2 and 3). Finally, a cyclobutane is formed (step 4).18
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In the past, this exceptional functionality has been used to assemble oligomers of gold
nanoparticles.’® In this work, the efficacy of this linkage was extended to three-dimensional
assemblies of thousands of particles.'® An extended discussion on this can be found in Section

1.1.3.

1.1.2.3 Strategies for oligonucleotide attachment on colloidal nanoparticles

Functionalization of nanoparticles is necessary for their stability, functionality, and
biocompatibility. The precise control on the surface chemical composition and its modification are
of utmost importance for added value applications concerning nanoparticles. The creation of
specific surface sites on nanoparticles for selective molecular attachment is considered a promising
approach for their applications in nanofabrication, nanopatterning, self-assembly, nanosensors,

nanomedicine.

A special role amongst the surface ligands is played by DNA. DNA modification provides the
nanoparticle with functional properties intrinsic to the DNA ligand, such as chemical recognition,

target specificity, biocompatibility. In particular, gold nanostructures functionalised with ssDNA
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have become increasingly important building blocks for applications in sensing and

111,112 113-117 118,119

nanomedicine,*'® metamaterials, nano-optics, and nanoelectronics.

In 1996, the first evidences of successful attachment of oligonucleotides on AuNPs were reported.
Specifically, Mirkin and co-workers showed that gold nanoparticles can be modified with a dense
shell of oligonucleotides,® while Alivisatos and co-workers revealed that it was equally feasible to

conjugate discrete number of ssDNA on the surface of AuNPs.Y’

The attachment of ssDNA on gold surface is now a well-established method due to employment of
thiol-terminated oligonucleotides (Section 1.1.2.1), and a number of strategies have been
developed for the conjugation of a large number of oligonucleotides onto a citrate-coated gold

nanosphere.

In general, to achieve a high loading of oligonucleotides on the NP’s surface is necessary to screen
the repulsive charges between the gold nanoparticle surface and the negatively charged phosphate
backbone on the DNA, as well as the charges between individual DNA strands.’?® This can be
obtained by increasing the concentration of screening ions in solution. This, however, may result in
irreversible nanoparticles aggregation.”! To prevent NPs precipitation, the ionic strength of the
DNA-NPs solution must be gradually increased. A common strategy to achieve this result is the so-
called salt-aging protocol. In this method, NaCl is gradually added to a suspension containing NPs
and thiol-modified ssDNA. The slow addition of Na* ions screens the charges between the citrate-
coated AuNPs and the oligonucleotides, and few ssDNA are able to bind the surface of the NP. As
this occurs, the NPs stability increases, allowing the addition of more cations without causing
aggregation. This, eventually, results in a dense layer of oligonucleotides on the gold nanoparticle
surface.? A similar strategy was reported by Kanaras et al. In their work, they obtained a similar
result using a vacuum centrifugation method in which the ionic strength and concentrations of
oligonucleotides and AuNPs are gradually increased as a result of an overall decreasing reaction

volume.®

A completely different strategy was recently reported by Zhang and collaborators using a pH-
assisted route.?® The quantitative DNA functionalisation was achieved in few minutes by adding a
citrate buffer at pH 3 to an AuNPs-ssDNA suspension. Another novel approach was developed by
Liu et al. In their work, they obtained densely-functionalised DNA-AuNPs by freezing and thawing

without the addition of any salt or buffer.'?*

All these methods work well for AuNPs since they rely on the bond affinity of sulphur for gold and,
to a lesser extent, for silver.1?>12 For particles with a different composition, the conjugation of

oligonucleotides is not equally straightforward. In many cases, inorganic nanoparticles are
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stabilized by polymers containing variable functional end-groups such as hydroxyl, carboxyl, amine,
alkyne, azide or aldehydes, which complicate the development of a general strategy for covalent
DNA conjugation.'?! Nevertheless, when the surface of particles contains carboxyl groups, amine-
terminated oligonucleotides can be conjugated via the use of well-established EDC/sulfo-NHS
coupling strategy.®'¥” EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) is a
commonly used cross-linking reagent employed for the coupling of a primary amine with a
carboxylic group. Sulfo-NHS (N-hydroxy sulfosuccinimide) is used to increase the stability of active
intermediates in coupling reactions via the formation of active ester functional groups with
carboxylates. The general reaction mechanism is outlined in Scheme 1.7.The reaction involves the
coupling of a primary amine with a carboxylic acid in presence of 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS); the
mechanism is depicted in Scheme 1.7. Initially, the carboxylic acid is activated by EDC to form a
highly reactive intermediate (Scheme 1.7, step 1). Due to the tendency of this intermediate to
hydrolyse, the overall yield of the coupling reaction may decrease; for this reason sulfo-NHS is
employed to form an active ester (Scheme 1.7, step 2), which has a higher selectivity to react with
primary amine to form an amide bond (Scheme 1.7, step 3). Using this method, Alonso-Cristobal et
al. showed that the surface of upconversion nanoparticles coated with a carboxy-rich silica shell

could also be successfully conjugated with amine-terminated DNA strands.*

Scheme 1.7 EDC/sulfo-NHS coupling reaction scheme. In the first step, the carboxylic acid is
activated by EDC to form a highly reactive intermediate. Sulfo-NHS is employed to form an active

ester (step 2), which selectively reacts with a primary amine to form an amide (step 3).
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Following on these reports, Au and AgNPs used in this work were functionalised with thiol-
terminated ssDNA using a progressive salt aging method. Carboxyl-functionalized nanomaterials
employed in this project (UCNPs, Iron Oxide NPs) were conjugated to amine-terminated DNA using
EDC/sulfo-NHS coupling. Experimental details of these procedures can be found in Section 2.2,

while results are discussed in Section 3.3.

1.1.3 Self-assembly of nanoparticles

Apart from manipulating the morphologies at the individual level, to realize the full potential of
nanomaterials it is of utmost importance to control the precise positioning and orientation of these
nanomaterials in the three-dimensional space. Moreover, it is critical to exert selective and dynamic
control over the assembly-disassembly process in response to specific stimuli. To meet these
requirements, directed-assembly methods relying on external variables, such as concentration,

reaction time, pH, and solution temperature are often employed.28130

A different strategy is the template-directed self-assembly approach. A template is any object
acting as a scaffold onto which different particles can be arranged into a structure with a
morphology that is complementary to that of the template. Thus, a broad variety of elements, such
as single molecules, microstructures (e.g. carbon nanotubes), block copolymers, rigid scaffold (such
as zeolites) can serve as templates. In this framework, a role of special relevance is played by DNA
(Figure 1.6). The high selectivity and specificity for complementary sequence, the versatility in the
structures that can be constructed and the tunability of the available chemical modification

leveraged the assembly NPs into many exotic structures.*
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Figure 1.6 A library of different nanostructures can be obtained from the rationally design of DNA

motifs coupled with the precise synthesis of nanoparticles. Adapted from ref °.

Pioneering work from Mirkin and collaborators showed that two batches of particles with
complementary DNA are reversibly forming aggregates depending on the temperature. This
approach was initially used for the amorphous aggregation of a large number of nanoparticles;
then, in 2008, the possibility to assemble DNA-coated AuNPs in an extended crystal habit
(superlattices) through DNA hybridisation was independently proved by Mirkin*' and Gang!®?
research groups. In their work, the annealing of two batches of NPs coated with complementary
ssDNA at a constant temperature resulted into the formation of polycrystalline superlattices. By
appropriate design, body centred cubic (BCC) and face-centred cubic (FCC) geometries were

synthesised via self-assembly, exploiting the self-recognition ability encoded in the properly

designed DNA strands.

The possibility to fabricate heterogeneous superlattices was firstly shown by Sun and Gangin 2011,

who reported the formation of BCC structures of gold nanoparticles and quantum dots. In their
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work, they also demonstrated that nanoparticles of different sizes can be assembled together in an

ordered structure. 133

In 2013, Mirkin group reported the first single crystal of DNA-coated AuNPs.’3* To favour the
formation of a structure with well-defined crystal facets, a slow-cooling assembly strategy was
preferred. In this approach, rather than annealing at a fixed temperature, the NPs were heated up
above the DNA melting temperature and allowed to slowly cool down to RT. In addition to this new
crystallisation protocol, the silanisation of the structures allowed the visualisation by scanning
electron microscopy.®* Since then, research has been focusing to extend the programmability and
tunability of AuNP-DNA superlattices,’3® studying the thermodynamics and kinetics of

137-139

formation, and expanding the library of available structures. 40

In 2010 anisotropic AuNPs (nanorods, triangular prisms, octahedrons) were firstly employed
within a superlattice. In this work, they shown that, being equal the DNA strands used, the shape
of the colloidal building blocks has strong influence in determining the most stable configuration,
directly affecting the lattice parameters, crystal structures and crystallisation conditions. Later'#?
NPs with different shapes were mixed, showing the principle of the maximisation of hybridisation
events, thus favouring the formation of long-range distance ordered structures composed by
complementary-shaped NPs (e.g. concave-convex cubes). Simultaneously, the increased level of
complexity in DNA engineering allowed for the formation of more exotic and even reconfigurable
structures. Examples of this include a system composed by hairpin strands, able to switch between
two different crystal lattices.’3° Another example includes the first diamond lattice made by AuNPs
and DNA, using DNA origami tetrahedron cages to encapsulate the NPs and then assembling them

in a diamond structure.'®

More recently, research has focussed on the attempt of producing very large superlattices, as this
is envisioned to facilitate the physical characterisation of the system. ** In their work of 2019, Seo
et al., explored the possibility to use extremely high salt concentration (up to 1 M), to facilitate the
growth of a single NPs crystal of about 10 um. However, this strategy yielded only one crystal in this

size range.

In parallel, a strategy to obtain small but highly homogeneous crystals has been reported.'® In this
method, the suspension containing AuNPs functionalised with complementary ssDNA was
deposited on a layer of dextran sulfate. When the crystals grow and reach a critical mass, they
become heavier than the dextran layer, and precipitate at the bottom of it. At this point, the growth
of the precipitated SLs is quenched as the dextran separate them from the solution containing free

DNA-NPs. In this way, AuSLs with significantly narrower size distribution were achieved.
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However, the inherent instability of DNA duplexes currently limits the application capability of
these materials. DNA strands can hybridise (and stay hybridised) only in presence of cations, able
to intercalate the double helix and screen the negatively charged phosphate backbones.* An
attempt to solve this problem consisted in the growing of a silica shell through sol-gel chemistry
around the crystals®®, thus encapsulating the superlattice in a rigid and stable shell. Other attempts
to tackle this issue have focused mainly on the intercalation of molecules'*® or ions!*” within the

DNA duplex.

The successful achievement of self-assembled NPs-DNA superstructures suggested the conceptual
assembly of a new periodic table!*® based on nucleic acid-nanoparticle conjugates acting as atom
equivalents (often referred as programmable atom equivalents, PAEs) to build higher ordered
materials through pre-programmed hybridisation events. Nucleic acids play the role of the

|ll

electrons connecting the atom equivalents to form artificial “molecules”. This new paradigm in
combination with a set of design rules for the self-assembly, facilitates the systematic investigation

of novel materials and may help to predict properties of certain nanoparticle combinations.

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 three-dimensional plasmonic and fluorescent nanoparticles is
investigated and a novel tool for the reversible cross-linking of ordered superlattices with 3-

cyanovinyl carbazole is presented.
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Chapter 2  Experimental Procedures

This Chapter includes all the experimental procedures used in this work. Protocols for the synthesis
and surface modification of nanoparticles and their assembly can be found in Sections 2.1, 2.2 and

2.3. Characterisation techniques are described in Section 2.5.

2.1 Synthesis of Nanoparticles

Nanoparticles with different size, shapes and composition were synthesised according to well-

established wet chemistry protocols. Corresponding characterisation can be found in Section 2.5.

2.1.1 Synthesis of 14 nm spherical gold nanoparticles

Spherical gold nanoparticles of 14 £ 1 nm were synthesised following a citrate reduction method,
developed by Turkevich?® and modified by Frens?*. In detail, an aqueous solution of sodium
tetrachloroaurate (100 mL, 1 mM) was heated to 100 °C whilst under gentle stirring. Once boiling,
trisodium citrate (5 ml, 2% wt in water) was sharply injected under vigorous stirring and a colour
change from yellow to colourless was immediately observed. After the colour turned to red, the
solution was left to stir at 100 °C for additional 15 minutes. Subsequently, the suspension of AuNPs
was left to cool down overnight under mild stirring. Finally, the NPs were purified by filtration over

a 0.45 um syringe filter and stored at 4 °C for further characterisation and use.

2.1.2 Synthesis of large spherical gold nanoparticles

Large AuNPs (> 20 nm) are synthesised according to a seed-mediated protocol. In this synthetic
protocol two stages are required: in the first, the gold seeds are synthesised, in the second one, the

growing occurs in multiple steps, according to the targeted size.

A solution of sodium citrate in Milli-Q water (150 mL, 2.2mM) was heated for 15 min under vigorous
stirring. Afterwards NaAuCl, (1 mL, 25 mM) was injected. A colour change from yellow to grey and
then to light red was observed within 10 min. The solution was cooled to 90 °C and two further
injections of NaAuCls (1 mL, 25 mM) were carried out at 30-minute intervals. Afterwards, the
sample was diluted by extracting 55 mL of sample and adding of Milli-Q water (53 mL) and of sodium
citrate (2 mL, 60mM). This solution was then used as a seed solution, and the process was repeated
again. This process was repeated in order to produce AuNPs of increasing sizes. After production of

NPs with the desired size, the heating mantle was removed, and the suspension was allowed to
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cool at room temperature. The nanoparticles were purified by filtration over a 0.45 um syringe filter

and stored at 4 °C for further characterisation and use.

213 Synthesis of spherical silver nanoparticles

The synthesis of 15£6 nm AgNPs was performed with slight modifications of a previously reported
protocol.?® Sodium citrate (1 mL, 5 mM) and tannic acid (1 mL, 0.025 mM) were added to 98 mL of
ultrapure water. Once boil had started, AgNOs (1 mL, 25 mM) was injected to the boiling solution,
which became bright yellow. The reaction was left to stir for additional 15 minutes. The so-obtained
seeds can be used to grow different generation of particles with increasing size. Each growth step
consisted in the extraction of 19.5 mL of the starting solution, followed by sequential addition of
ultrapure water (16.5 mL), tannic acid (1.5 mL, 2.5 mM), sodium citrate (0.5 mL, 25 mM) and silver
nitrate (1 mL, 25 mM). After a colour change is observed, the mixture is left to react for further 15
minutes. This growth step can be repeated until the desired NP size is reached. After the
achievement of the target size, the NPs were purified by centrifugation (10000 rpm, 20 min, 3x),

dispersed in 5 mL of ultrapure water and stored at 4 °C.

214 Synthesis of lanthanide-doped NaYF, upconversion nanoparticles

Lanthanide upconversion nanoparticles were synthesized according to minor modifications to a
previously reported thermal decomposition protocol.?® The crystalline matrix was created by using
yttrium(lll) chloride hexahydrate, sodium hydroxide and ammonium fluoride. Ytterbium(lll)
chloride hexahydrate, was used as the sensitizer and erbium(lll) chloride hexahydrate as emitter.

The ratio of yttrium/ytterbium/erbium salts was kept as 78%:20%:2%.

Yttrium(lll) chloride hexahydrate (236 mg, 0.78 mmol), ytterbium(lll) chloride hexahydrate (77 mg,
0.20 mmol) and erbium(lll) chloride hexahydrate (8 mg, 0.02 mmol) salts were dissolved with oleic
acid (6 mL, 19 mmol) and 1-octadecene (15 mL) in a three-necked round-bottom flask. The flask
was placed in a heating mantle equipped with a temperature probe and heated at 150 °C for 1 h
and 30 minutes under argon flow to allow the solubilisation of the salts. Then, the solution was
cooled down to room temperature and a solution of methanol (10 mL) containing sodium hydroxide
(100 mg, 2.5 mmol) and ammonium fluoride (148 mg, 4 mmol) was added dropwise to the reaction
under vigorous stirring. This mixture was slowly heated to 110°C for 1 h under argon gas at
atmospheric pressure and then 30 more minutes under vacuum. Next, the temperature was raised
to 310 °C and left to react for 1 h and 10 min. Subsequently, the mixture was left to cool to room
temperature, and the NaYF4:Yb3*,Er®* nanoparticles were collected by precipitation in ethanol and

centrifugation (8000 rpm, 10 min). The supernatant was removed and the pellet redispersed in
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ethanol and centrifuged again (5000 rpm, 15 min). This process was repeated three times, after
which the precipitate was left to dry overnight. The weight of the resulting nanoparticles was
measured, and the particles (10 mg/mL) were stored in hexane at room temperature until further

use.

2.15 Synthesis of lanthanide-doped NaY:GdF,; upconversion nanoparticles

To modulate the size of the matrix, gadolinium was used to replace part of the Y in the lattice.
Gadolinium-doped UCNPs were synthesised by modifying the amounts used in the synthesis
reported above (Section 2.1.4). The amount of Y was decreased while the Gd was increased
accordingly, keeping the ratios of Gd/Y to 20%/80% or to 30%/70%, while the other salts were kept

unvaried to ytterbium/erbium 20%/2% of the combined matrix ions Gd** and Y**.

Specifically for UCNPs 20%Gd: yttrium(lll) chloride hexahydrate (180 mg, 0.59 mmol), gadolinium
(1) chloride hexahydrate (74 mg, 0.20mmol), ytterbium(lll) chloride hexahydrate (77 mg, 0.20

mmol) and erbium(lll) chloride hexahydrate (8 mg, 0.02 mmol) salts were weighted.

For UCNPs 30%Gd: yttrium(lll) chloride hexahydrate (142 mg, 0.47 mmol), gadolinium (lll) chloride
hexahydrate (116 mg, 0.31 mmol), ytterbium(lll) chloride hexahydrate (77 mg, 0.20 mmol) and

erbium(lll) chloride hexahydrate (8 mg, 0.02 mmol) salts were weighted.

After weighing the appropriate amount of compounds for the desired concentration, the salts were
dissolved with oleic acid (6 mL, 19 mmol) and 1-octadecene (15 mL) in a three-necked round-
bottom flask and placed in a heating mantle equipped with a temperature probe. The temperature
was raised to 150 °C under argon flow to allow complete solubilisation. After 1h and 30 minutes,
the solution was cooled down to room temperature and a solution of methanol (10 mL) containing
sodium hydroxide (100 mg, 2.5 mmol) and ammonium fluoride (148 mg, 4 mmol) was injected
dropwise to the reaction while stirring. This mixture was slowly heated to 110°C for 1 h under argon
gas at atmospheric pressure and then 30 more minutes under vacuum. Finally, the temperature
was raised to 310 °C and left to react for 1 h and 10 min. Subsequently, the mixture was left to cool
to room temperature, and the NaY:GdF4:Yb*',Er** nanoparticles were collected by precipitation in
ethanol and centrifugation (8000 rpm, 10 min). The supernatant was removed and the pellet
redispersed in ethanol and centrifuged again (5000 rpm, 15 min). This process was repeated three
times, after which the precipitate was left to dry overnight. The weight of the resulting
nanoparticles was measured, and the particles (10 mg/mL) were stored in hexane at room

temperature until further use.
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2.1.5.1 Wet annealing of upconversion nanoparticles

The dispersibility of the UCNPs was improved increasing the amount of oleic acid molecules

surrounding each nanoparticle; this was done via a wet annealing protocol.

UCNPs (10 mg/mL in hexane, 10 mL) were added to 20 mL of 1-octadecene and 15 mL of oleic acid
in a three-neck flask placed in a heating mantle and equipped with a temperature probe and
connected to an argon gas line. The temperature was raised to 80 °C and kept for 1 hour to allow
complete evaporation of the hexane under Ar flow. Next, the temperature was increased to 240 °C
to allow the surface coverage of the oleic acid ligands. After 2 h, the reaction was cooled down to
room temperature and the particles were purified by centrifugation in ethanol (5000 rpm, 15 min,

3x) and allowed to dry.

2.1.6 Synthesis of iron oxide nanoparticles

The synthesis of iron oxide nanoparticles was performed in two steps following a literature
protocol.* First, the precursor Fe(oleate)s; was synthesised. FeCls (324 mg, 2mmol) was placed in
a three-neck round bottom flask and solubilised in a mixture of water and ethanol (ratio 3:4, 6 mL
and 8 mL respectively), and then oleic acid (1.9 mL, 6 mmol) and hexane (14 mL) were added. The
mixture was left to stir at room temperature for 30 min under Ar flux. The flask was placed in a
heating mantle equipped with a probe and a temperature controller. Solid NaOH (240 mg, 6 mmol)
was added and the temperature was raised to 70 °C. After four hours, the heating mantle was
removed and, upon cooling, the product was isolated using a separating funnel and washed three
times with hexane. The so-obtained brown slurry was transferred in octadecene (12.5 mL) and oleic
acid (0.5 mL, 1.58 mmol) was added. After solubilisation at room temperature for 30 minutes, the
reaction was initiated by increasing the temperature to 320 °C and allowing a reaction time of 1
hour. After cooling, the particles were purified by centrifugation (5000 rpm, 15 min, 3x) and allowed

to dry.

2.2 Oligonucleotide Functionalisation of Nanoparticles

The different protocols to create a dense layer of single stranded DNA sequences on the surface of
gold and silver nanoparticles is reported in the following Sections 2.2.1 and 2.2.2. The
oligonucleotide attachment on NaYF, and Fe;0s nanoparticles is illustrated in Sections 2.2.3 and

2.2.4. Oligonucleotides used in this work are reported in Table 2.1 below.
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Table 2.1 DNA sequences used in this work. Molecular structures of carbazole modification

(indicated as Z), SH-CsHs and aminohexyl (positioning indicated as X) are shown in Figure 1.4.

Abbreviation Sequence and Modification
Resl 3'-X-TTTTTTTTT TTT TTT-TAA CCT AAC CTT CAT-5’
Res2 I-X-TTTTTTTTT TTT TTT-ATG AAG GTT AGG TTA-5’
Reslc 3’-SH-C3He-TTT TTT TTT TTT TTT-TAA CCT AZAC CTT CAT-5’
Res2c 3’-SH-C3He-TTT TTT TTT TTT TTT-ATG AAG GTGT AGG TTA-5’
221 Surface modification of spherical metallic nanoparticles with a dense shell of

oligonucleotides

15 nm gold and silver NPs were functionalised with a dense layer of synthetic oligonucleotides using
a well-established salt-aging protocol.'?° The first step of this procedure required the deprotection
of the thiol termination of the synthetic oligonucleotides. The DNA strands (8 nmol, 27 uL, molar
ratio with nanoparticles equal to NP/ssDNA=1/800) were incubated with TCEP (0.5 M, 5 uL) for two
hours in ice. After this, the excess TCEP was removed via spin-column chromatography using
Sephadex G-25 columns pre-equilibrated in distilled water containing 0.05% Kathon CG/ICP Biocide.
The purified and deprotected DNA strands were incubated with gold or silver NPs (1 mL, 10 nM) for
additional two hours, followed by the addition of phosphate buffer (0.1 M, pH 7.4) to achieve a final
concentration of 0.01 M. The mixture was left to equilibrate in a revolving shaker overnight. A
solution of NaCl (2 M) was gradually added (6 additions of 30 pL each over 8 hours) to the DNA and
NPs mixture to achieve a final concentration of 0.3 M. Each addition was followed by 60 seconds of
ultrasonication. The DNA-coated NPs were left shaking overnight and purified by centrifugation in
ultrapure water (16400 rpm, 20 min, 3x). After the last centrifugation step, they were dispersed in

water or phosphate buffer for further use.
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2.2.2 Surface modification of large metallic nanoparticles with a dense shell of

oligonucleotides

Large (>15 nm) gold and silver nanoparticles were functionalised with a shell of thiol-modified
ssDNA, using a salt-aging protocol.?? In the first step of this procedure the deprotection of the thiol
termination of the synthetic oligonucleotides was carried out. The DNA strands (32 nmol, 108 uL,
molar ratio with nanoparticles equal to NP/ssDNA=1/3200) were incubated with TCEP (0.5 M, 5 pL).
After two hours in ice, the excess TCEP was removed via spin-column chromatography using
Sephadex G-25 columns pre-equilibrated in distilled water containing 0.05% Kathon CG/ICP Biocide.
The purified and deprotected DNA strands were incubated with gold or silver NPs (1 mL, 10 nM) for
additional two hours, followed by the addition of phosphate buffer (0.1 M, pH 7.4) to achieve a final
concentration of 0.01 M. The mixture was left to equilibrate in a revolving shaker overnight. A
solution of NaCl (2 M, 30 puL) was added to the spinning suspensions of NPs in phosphate buffer.
After 2 hours, 10 further additions of NaCl (2 M, 30 L) were completed over 8 hours to achieve a
final concentration of 0.3 M. Each addition was followed by 60 seconds of ultrasonication. The DNA-
coated NPs were left shaking overnight and purified by centrifugation in ultrapure water (10000
rom, 20 min, 3x). After the last centrifugation step, they were dispersed in water or phosphate

buffer for further use.

2.2.3 Surface modification of UCNPs and IONPs with synthetic oligonucleotides

After the synthesis, lanthanide-doped NaYF, and iron oxide NPs are covered with a layer of oleic
acid molecules. To attach DNA on the NPs surface, nanoparticles should be water-soluble and have
availability of COOH ends on their surface to allow for an EDC/NHS coupling reaction to occur
(Section 2.2.4). To achieve these requirements, two different chemical strategies were employed:
the ligand exchange with the hydrophilic polymer polyacrylic acid, PAA (Section 2.2.3.1) and the

surface carboxylation via previous silanisation and amination steps (Section 2.2.3.1).

2.23.1 PAA ligand exchange

The oleic acid ligands on the surface of UCNPs and IONPs were replaced by the multidentate
hydrophilic polymer polyacrylic acid (PAA) following previously reported protocols.®**® PAA (250
mg, MW = 1.8 kDa) was dissolved in 3 mL of THF, added to a stirring solution of nanoparticles in
THF (10 mg/mL, 5 mL) and left to mix for 96 hours. Purification was performed by three rounds of
centrifugation (16400 rpm, 15 min) in ethanol. The particles were stored in borate buffer (1 mM,

pH 8.5) to a final concentration of 2 mg/mL at 4 °C.
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2.2.3.2 Carboxylation via silanisation and amination

The first step of the functionalisation is the silica coating of the NPs’ surface via base-catalysed
polymerisation of tetraethyl orthosilicate (TEOS) in reverse water-in-oil microemulsion. Initially, the
surfactant IGEPAL CO-520 (500 mg, MW) was dissolved via sonication in 10 mL of hexane containing
nanoparticles (40 mg). Subsequently an ammonium hydroxide solution (100 L, 35% v/v) was added
and the solution was sonicated until a clear homogeneous suspension was obtained. TEOS (75 uL)
was added to the emulsion, which was left to stir overnight. The silica-coated NPs were centrifuged

and washed with ethanol (5000 rpm, 15 min, 3x) to remove excess reagents.

In the second step, the NPs@SiO; were chemically modified with amino groups on the surface. The
amino-enriched silane reagent (APTMES, 150 pL, 0.068 mmol) was added to a suspension of the
NPs@SiO, in ethanol (10 mg/mL, 4 mL) and allowed to react overnight. Three rounds of

centrifugation in ethanol (5000 rpm, 15 min) were performed to remove excess reagents.

For the third stage, the NPs@SiO,-NH, were dispersed in dry DMF (2 mg/mL, 5 mL) and 3 mL of
succinic anhydride (150mg, 1.5 mmol in dry DMF) was added dropwise. The reaction was left
stirring overnight under Ar. Three centrifuge rounds in ethanol (5000 rpm, 20min) were performed
and the NPs@SiO,-COOH were either stored in ethanol or dispersed in borate buffer (1 mM, pH

8.5) at a concentration of 2 mg/mL for further functionalisation.

224 Oligonucleotide attachment on UCNPs and IONPs

Oligonucleotide attachment on UCNPs and IONPs was carried out exploiting the NHS-EDC coupling
chemistry (more discussion on this can be found in Sections 3.3.4.1.4 and 3.3.4.2.4). 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (1.15 mg, 191.70 g/mol) was dissolved in MES buffer
(20uL, 0.1 M, pH 6) to a final concentration of 0.3 M and in a separate vial N-
hydroxysulfosuccinimide sodium salt (Sulfo-NHS, 2.6 mg, 217.13 g/mol) was dissolved in MES buffer
(40 uL, 0.1 M, pH 6) also to a final concentration of 0.3 M. Both solutions were mixed, sonicated
and added to a borate buffer solution of nanoparticles (2 mg/mL, 1 mL). The mixture was shaken
for 1 h and the oligonucleotide of choice was added in excess (15 nmol, 40 pL). The reaction was
left to shake overnight and subsequently purified by centrifugation in ultrapure water (16400 rpm,
15 min, 3x). The pellet was collected and dispersed in ultrapure water (1 mg/mL) and stored at 4

°C.
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2.3 DNA-Nanoparticles Assemblies

Nanoparticles were assembled by modifying previously reported literature protocols.***** Two
approaches were exploited: the annealing at constant temperature (Section 2.3.1) and the slow

cooling procedure (Section 2.3.2).

2.3.1 Annealing at constant temperature

In this protocol, the DNA hybridisation is allowed by keeping the DNA-coated NPs at a constant
temperature slightly below or above the DNA duplex melting temperature (see Section 1.1.2.1 for
further details). Two batches of NPs (10 pmol, 1 mL each) functionalised with complementary DNA
strands were incubated in a NaCl solution (1 mL, 0.3 M). They were pre-annealed above the DNA
melting temperature for 20 minutes and then let cool overnight. After that, the suspensions were
annealed at constant temperature (ranging from 45 to 65 °C) close to the melting temperature for
two hours in a thermomixer and then removed. After particles’ assembly at the bottom of the tube,

the supernatant was removed and fresh NaCl (1 mL, 0.3 M) was added.

2.3.2 Slow cooling procedure

Two batches of NPs (10 pmol, 1 mL each) decorated with complementary DNA strands were
incubated in hybridization buffer (10 mM Phosphate buffer, NaCl 0.3 M) at a temperature above
the melting temperature of the DNA duplex (typically 70°C) and slowly cooled down to 25°C using
a programmable Applied BioSystems ProFlexTM PCR thermal cycler (0.1°C/10 min). When a pellet

was present, the supernatant was removed and fresh NaCl (1 mL, 0.3 M) was added.

233 Silica embedding for imaging

To prevent the collapse of the nanostructure during SEM imaging, DNA-NPs crystals were
encapsulated in a silica shell.!® The as —synthesised SLs were transferred in a 1.5 mL tube and the
volume was brought 1 mL with NaCl 0.3 M. N-Trimethoxysilylpropyl-N,N,N-trimethylammonium
chloride (TMSPA, 50% methanol, 2 pul) was added to the shaking (700 rpm) suspension of SLs, to
allow the electrostatic binding of the ammonium to the negatively-charged phosphate backbone of
the DNA. After 20 minutes, a silica growing agent, either triethylsilane, TES, or tetraethyl
orthosilicate, TEOS, was added (4 ul, 99% v/v). After four days of shaking, the supernatant
containing excess of silica was very carefully removed, and the mixture was purified by three rounds

of centrifugation (700 rpm, 5 minutes) and redispersed in 1 mL of water.
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2.4 Light-induced crosslinking and denaturation experiments

DNA crosslinking was performed by transferring 200 ul of assembled DNA-NPs SLs on a plate in an
ice-bath and placed under UV-A light (centred at A = 365 nm) for 30 minutes at a power of 50
mW/cm? and at a distance of 4 cm from the UV lamp. DNA de-crosslinking was carried out under
UV-Birradiation (centred at A =312 nm, power 50 mW/cm?, 30 min). The de-crosslinked SLs samples
were transferred to DNA denaturing conditions by addition of urea (7 M, 200 pul) followed by
ultrasonication and heating above the DNA melting temperature (70 °C). The
decrosslinking/denaturing step was repeated twice to allow full dissolution of the crystals. DNA-
functionalized NPs obtained from the decrosslinking/DNA denaturation procedure were purified by

centrifugation (16400 rpm, 10 min).

2.5 Characterisation Techniques

DNA, nanoparticles, DNA-coated nanoparticles and their assemblies were characterised using a
variety of spectroscopies (Section 2.5.1), structural (Sections 2.5.2 and 2.5.5) and morphological

(Section 2.5.4) analytic techniques.

2.5.1 Spectroscopic techniques
2.5.1.1 UV-Visible spectroscopy

The concentrations of gold and silver NPs were determined by monitoring the absorption maximum
over a wavelength range of 200 to 800 nm. Spectra were collected using a black low volume quartz

cuvette (optical path length 1 cm) using a 2600 Shimadzu UV-vis spectrophotometer.

2.5.1.2 Oligonucleotides melting curves

The DNA melting temperatures were determined by monitoring the variation of the absorbance at
260 nm for the dehybridisation/hybridisation of a DNA duplex (see Section 1.1.2.1 for theoretical
background). Two complementary oligonucleotides (10 pmol each) were mixed in hybridisation
buffer (1 mL, phosphate buffer 0.01 M, NaCl 0.3 M) and transferred in a Suprasil quartz absorption
cuvette. Using a Cary 300 Bio UV-Vis spectrophotometer equipped with a thermal cell connected
to an external controller (Agilent Technologies), the temperature was firstly raised to 90 °C and
then decreased to 25 °C (rate 1 °C/min) and the variation of the absorbance at 260 nm was

monitored.
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2.5.1.3 DNA density on gold nanoparticles

After the functionalisation of the AuNPs, the number of successfully attached thiol-modified
nucleotides was quantified by dissolution of the gold core. A solution of KI/I (ratio of I, to KI 1:6, 5
uL) was slowly added to the ssDNA-coated AuNPs to induce the dissolution of the core until a colour
change from wine red to bright yellow was visible. The solution was then made up to 1 mL using
ultrapure water and loaded onto a NAP 10 desalting column. After 1 mL of the solution had entered
the column it was eluted using an additional 1 mL of ultrapure water and 1.5 mL were collected for
UV analysis. The oligonucleotide optical density (0.D.) was measured at 260 nm on a DeNovix DS —

11 spectrophotometer and the concentration calculated using the Beer-Lambert Law.

2.5.1.4 DNA density on silver nanoparticles

The number of oligonucleotides attached to spherical AgNPs was determined via dissolution of the
metal core. A solution of or KCN (0.1 M, 5 pL) was slowly added (1 pL per addition) to the
oligonucleotide-coated silver suspensions (100 nM, 100 pL) until the dissolution of silver was
testified by the disappearance of the yellow colour to yield a colourless solution. The solution was
brought to an overall volume of 1 mL using ultrapure water and loaded onto a NAP 10 desalting
column. After 1 mL of the solution had entered the column it was eluted using an additional 1 mL
of ultrapure water and 1.5 mL were collected for UV analysis. The oligonucleotide optical density
(0.D.) was measured at 260 nm on a DeNovix DS — 11 spectrophotometer and the concentration

calculated using the Beer-Lambert Law.

2.5.1.5 Fluorescence measurements of upconversion nanoparticles

Upconversion fluorescence of a suspension of UCNPs was measured in a manually aligned setup
with a continuous wave 980 nm 300mW diode laser (Thorlabs) as excitation source, a SpectraSuite
Spectrometer (OceanOptics, USA) and a single photon counting avalanche detector (id100, ID-
Quantique, Switzerland). The emitted fluorescence was collected at an angle of 180° to the
excitation beam using a 35mm focal length lens and was analysed using a fibre-coupled grating
spectrometer (USB4000, OceanOptics, USA). A short pass IR-blocking filter (FGS900) and a
narrowband optical filter centred at 545nm (Thorlabs) were used to suppress scattered excitation
light and select only the fluorescence emission. Specimen samples were prepared by transferring 1
mL of UCNPs (1 mg/mL in hexane) in a quartz cuvette and each measurement was performed with
1 second of integration time and 10 scans to average and at least three independent datasets were

collected. A schematic drawing of the set-up can be found in Section 5.3.
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2.5.1.6 Fourier-transform infrared spectroscopy

The successful ligand exchange and DNA attachment via EDC/sulfo-NHS coupling on UCNPs and
IONPs was confirmed via Attenuated Total Reflectance Fourier Transform infrared (ATR-FTIR)
spectroscopy. In detail, 5 mg of PAA-coated NPs and DNA-coated NPs were analysed on a Nicolet
iS5 FT-IR Spectrometer (Thermo Fisher). Each spectrum was taken at room temperature, 10 seconds

scan time.

2.5.2 Gel electrophoresis

Native 8 % polyacrylamide gels were prepared by mixing acrylamide monomer solution (10.5 mL,
40% wt/V), TBE buffer (14 mL, 5x) and ultrapure water (45.5 mL). N, N, N’, N’-tetramethylethylene
diamine (56 pL) was added as a catalyst and amine persulfate (560 pL, 10 % wt/V) as an initiator.
Denaturing 8% polyacrylamide gels were made by adding urea (29.4 g, 8 M) to an acrylamide
monomer solution (14 mL, 40% wt/V), TBE buffer (14 mL, 5 x) and ultrapure water (up to 70 mL).
The polymerisation was then initiated by adding N,N,N’,N’-tetramethylethylenediamine (45 pL) as
a catalyst and amine persulfate (450 pl, 10 % wt/V) as an initiator. The gels mixture was quickly
casted between two glass plates and a comb was inserted to create wells. After 2 hours of
polymerisation, the gel was placed in a bath of 1 x TBE running buffer, the comb was removed and
the wells were filled with running buffer. Electrodes of the PROTEAN Il xi Cell from BioRad were
connected and samples prepared as following were loaded in the gel’s wells. Samples were
prepared by mixing an equimolar ratio of the desired DNA strands in buffer (10uL, phosphate buffer
0.01 M, NaCl 0.3 M or MgCl; 15 mM) in a final volume of 50 pl. The hybridisation was conducted by
heating up the mixture for 5 minutes at 75 °C and cooling down to room temperature. When using
denaturing conditions after hybridisation, samples were mixed with a solution of formamide (1/2
of the final volume) and heated up to 75 °C for 10 minutes before being chilled in an ice bath. A
solution of ficoll, high-mass polysaccharide (20 uL, 15% in 3x TBE), was added to increase the density
of the samples. Samples were loaded and the gel was run at 110 W for 2 h. To visualise the strands,
the gel was immersed in 200 uL of ultrapure water containing the Diamond™ Nucleic acid dye (20
uL). After 10 minutes, the gel was rinsed with water and imaged using the Gel Doc EZ system from

Bio-Rad.

2.5.3 Thermogravimetric analysis

Thermogravimetric analysis was performed using a TG 209 F1 Libra (Netzsch). In a typical

experiment, ~ 10 mg of a dried sample were loaded in an alumina crucible and heated from room
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temperature to 900°C at a rate of 10°C/min under an air atmosphere (flow 50 mL/min) and the

mass variation was measured with the in-built scale.

254 Microscopy techniques

The morphology of the synthesised materials was analysed by Transmission Electron Microscopy
(TEM) and Scanning Electron Microscopy (SEM). Details about these techniques can be found in

section.

2.5.4.1 Transmission electron microscopy

For TEM imaging of the synthesised nanoparticles, a diluted specimen droplet was deposited and
evaporated on a 400 Mesh Copper grid coated with a Formvar and a carbon film to make the surface
hydrophobic. Visualisation of gold nanoparticles and their assemblies was performed using a
Hitachi H7000 TEM, operating voltage: 75kV or Hitachi H7700, operating voltage 100kV. Images of
the particles were analysed using the Imagel software and the data were plotted using Origin

software to obtain size distribution histograms.

2.5.4.2 Scanning electron microscopy

SEM images of the superlattices were obtained either on a Jeol JSM 7500F Field-Emission Gun SEM,
with resolution of 1 nm at 15kV, operating between 0.5 and 30kV, or on a JEOL JSM 6500F Field-
Emission Gun SEM, with resolution of 1.5 nm at 15kV, operating between 0.5 and 30kV. The
instrument is equipped with an Oxford Instruments INCAx-act x-ray detector, which allows for

Energy-Dispersive X-Ray Spectroscopy.

Samples were prepared by dropcasting a droplet (ca. 10 pL) of the specimen onto a silicon wafer

chip (Agar Scientific) and allowed to dry.

In some cases, to facilitate the visualisation, a thin layer of metallic gold was spin coated onto the
silicon chip using a Quorum Mini Sputter Coater/Glow Discharge System SC7620, operating at 18

mA for 30 seconds to obtain a layer thickness of ~5 nm.

2.5.4.3 Optical microscopy

Optical microscope images were obtained on a Bresser Biolux NV 20x-1280x Microscope, equipped
with 3 objectives (4x, 10x and 40x) and 2 changeable wide field eyepieces (5x and 16x) which allow
to achieve a magnification range from 20x to 1280x. The white light source was a 6-step dimming

LED, which included a condenser lens.
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2.5.5 Scattering techniques
2.5.5.1 Zeta potential

Electrophoretic mobility and zeta potential measurements were performed using a Malvern
Zetasizer Nano ZS with a He-Ne light source at 633 nm wavelength and collection angle 173°. Each
measurement was performed loading 1 mL of the colloidal sample in a disposable folded capillary

cell and recording 10 sub-runs for three times.

2.5.5.1 Powder X-rays diffraction

Powder X-rays diffraction data were collected on a Bruker D2 phaser in the angular range 26 = 20-
80° with an angular accuracy of £0.02° 20. A copper detector is used with the Cu Ko at a wavelength
of 0.15418 nm. The generated X-Rays were filtered using a nickel KB filter to obtain monochromatic
X-rays with only Ka wavelength. The beam of electrons was accelerated in the vacuum tube at a
potential of 30 kV with a 10 mA value of current. The 26 values were scanned from 20° to 80° with
a 0.02° increment and 2 s step time. In a typical experiment, ~ 10 mg of powdered sample were
smeared on a glass sample holder, assuring a flat upper surface. The sample was placed on a
motorised stage in a chamber and the intensity of diffracted X-rays was continuously recorded as
the sample and detector rotated through their respective angles. A peak in intensity occurs when
the powder contains lattice planes with d-spacings appropriate to diffract X-rays at that value of 6

(Appendix A.2.6 for the theoretical explanation).

25.5.2 Small-angle x-ray scattering

Small-angle X-Ray scattering was used to characterise the nanoparticles arrangement of the

superlattices (see Appendix A.2.7 for the relevant theory behind this technique).

SAXS measurements were performed at the Complex Materials Scattering (CMS) beamline of the
National Synchrotron Light Source Il (NSLS-Il, Brookhaven National Lab, Upton, USA). Samples in
buffer solution were loaded into glass capillaries and set onto a sample stage for scattering under
ambient conditions and an exposure time of 30 s. The SAXS detector was a Pilatus 2M detector
from Dectris, the detector distance was 5.02 m, the wavelength used was 0.918 A with current at
13.5 KeV. The scattering angle was calibrated using silver behenate as a standard. The scattering
data were converted to 1D scattering intensity vs. wave vector transfer, q. The structure factor S(q)
was calculated as the ratio between the background corrected 1D scattering intensities extracted

by angular averaging of CCD images for assembled systems and dissociated particles.
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Chapter 3  Programmed Assembly of Nanoparticles

Over the last decades, the fabrication of functional materials has been greatly enabled by the
capability to synthesise and assemble different nanoparticles with precise control over shape, size
and surface chemistry. The ability to direct the organisation of colloidal nanomaterials has been

significantly boosted using DNA as a scaffold to arrange particles into complex assemblies.

In the following chapters, DNA-directed, light-stimulated extended superlattices of gold or silver
NPs are synthesised and characterised (Chapter 4), along with heterogeneous assemblies of gold

nanoparticles with lanthanide-doped NaYF4 (Chapter 5).

This Chapter includes the results and discussion for i) the synthesis of the various types of
nanoparticles (Section 3.1), ii) their functionalization with oligonucleotides (Section 3.3), iii) the
self-assembly of nanoparticle superlattices driven by nucleic acids (Section 3.2) and iv) the

characterisation of these mesoscale materials (Section 3.4).
3.1 Synthesis of nanoparticles

3.1.1 Spherical gold nanoparticles

Spherical gold nanoparticles with an average size of 14 nm were synthesised according to the
Turkevich method.?*?* This method is based on the reduction of Au(lll) to metallic Au(0) by
trisodium citrate, which acts both as reducing and stabilising agent. AuNPs of size ranging between
10 to 20 nm can be obtained (Sections 2.1.1 and 2.1.2). Figure 3.1 shows a representative
transmission electron micrograph of gold nanoparticles. Size distribution of 14 + 1 nm was obtained
by analysing =2000 particles over multiple high resolution TEM images using ImageJ software and

plotted as histograms with OriginLab software.
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Figure 3.1 In (A) a representative low magnification TEM image shows the uniformity of size and
shape of citrate-coated AuNPs. The size distribution histogram (B) was calculated by measuring
>2000 citrate coated AuNPs over multiple high resolution micrographs. The average size resulted

in 14 £ 1 nm. Scale bar 200 nm.

UV-Vis spectroscopy was used to monitor the stability and monodispersity of nanoparticles, as well
as to calculate the concentration of every freshly synthesised batch of particles. In Figure 3.2, the
spectrum of AuNPs is displayed, showing a narrow LSPR peak at 522 nm, characteristic for 14 nm

NPs. 15t

Absorbance

400 500 600 700 800
Wavelength (nm)

Figure 3.2 Normalised UV-vis spectrum of AuNPs 14 nm, showing a sharp and well-defined LSPR

peak with maximum at 522 nm.
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Larger gold nanoparticles were also synthesised via a seed-mediated growth approach
(experimental in Section 2.1.2). In this strategy, gold seeds are firstly synthesised by citrate
reduction of Au(lll) at 100 °C; next, the temperature is lowered to 90 °C and more gold and citrate
precursors are added.* By lowering the temperature, the formation of new seeds is prevented and,
consequently, the growth of the existing ones is favoured. Figure 3.3 shows AuNPs at different
growth stages: the initial seeds (A), the first generation (B) and the second generation (C). The
average size distributions were measured and corresponding histograms are reported in Figure 3.3,
showing an average size of 15 + 1 nm for the seeds, 21 + 2 nm for the first growth and 45 + 5 nm

for the second growth, calculated on = 1000 NPs from multiple high resolution TEM images.
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Figure 3.3 Transmission electron micrographs of gold nanoparticles at different stages of the
synthesis: seeds (A), after one growth step (B) and after two growth steps (C). Corresponding size
distribution histograms for seeds (D, 15 + 1 nm), growth 1 (E, 21 # 2 nm) and growth 2 (F, 45 + 5

nm). Scale bars 200 nm.

The growth of AuNPs was also followed by UV-Vis spectroscopy (Figure 3.4). As thoroughly
discussed in Section 1.1.1.3, the LSPR shows a red-shift as the average diameter of the particles

increases.'® The absence of shoulders or secondary peaks confirmed the synthesis of spherical and

homogeneous nanoparticles.
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Figure 3.4 UV-Visible spectra for gold seeds (black), first (red) and second (blue) growth
nanoparticles, normalised to the maximum. A distinct red-shift of the maximum LSPR peak is

observed as the average size of the AuNPs is increased.

3.1.2 Spherical silver nanoparticles

Colloidally stable spherical silver nanoparticles were synthesised using a recently published
protocol.3® In this approach, AgNPs seeds are obtained using trisodium citrate to reduce a Ag(l) salt,
and stabilised by addition of tannic acid. By tuning the amount of citrate and tannic acid, silver
seeds between 10 and 20 nm can be obtained. Figure 3.5 shows a representative TEM image and
size distribution of a sample of 15 £ 6 nm AgNPs. Size histogram was obtained by analysing = 600

NPs over multiple high resolution TEM images.
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Figure 3.5 Representative TEM micrograph (A) and size distribution plot (C) for 15 + 6 nm AgNPs.
TEM micrograph (B) and size distribution plot (D) for 48 + 10 nm AgNPs, after one growth step.

Scalebars 50 nm.

The so-obtained AgNPs were used as seeds to grow a first generation of larger particles, executing
a single growth step following the experimental protocol reported in Section 2.1.3. Representative
TEM micrograph of AgNPs after one growth step and corresponding size distribution histogram are
reported in Figure 3.5. From the measurements of over 500 particles, an average size of 48 + 10 nm

was calculated for spherical silver NPs.

Similar to gold nanoparticles, AgNPs exhibit a strong plasmon resonance in the visible region, which
can be used to assess stability, degree of monodispersity and concentration of a batch of AgNPs. In
Figure 3.6, the relevant normalised UV-vis spectra for seeds and particles after one growth step are
reported. The LSPR peak maxima showed a red-shift as the size of the AgNPs increased, moving

from 405 nm (Ag seeds) to 413 nm (AgNPs growth 1), in agreement with previous reports.%’
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Figure 3.6 Normalised UV-vis spectra of 15 nm and 48 nm AgNPs, showing the maximum resonance

absorbance at 406 and 423 nm respectively.

3.1.3 Lanthanide doped NaYF, nanoparticles

Lanthanide-doped upconversion nanoparticles (UCNPs) are fluorescent materials made of a host
matrix (NaYF4 or NaY:GdF,) intercalated by doping ions (Yb3*and Er®*). A thorough explanation of
their composition and how this affects the optical properties and can be found in Section 1.1.1.4.
In the present work, UCNPs of different sizes were prepared following a reported coprecipitation
protocol®>® with slight modifications (details can be found in Sections 2.1.4 and 2.1.5). In the first
step of the synthesis, the chloride salts of yttrium, ytterbium, gadolinium and erbium are dissolved
in oleic acid and octadecene at 140 °C. During this step is critical to work under argon flow to
minimise the oxidation of the oleic acid due to air and allow the formation of the oleate forms of
the precursors. After solubilisation, the reaction was allowed to cool to room temperature.
Meanwhile, NaOH and NH4F were dissolved in dry methanol and added to form the host matrix
together with yttrium and gadolinium. This addition is done at RT for multiple reasons. First, it
reduced the risk of producing fluorinated compounds, and secondly, to obtain phase-pure B-UCNPs
(hexagonal phase).?’ As discussed in Section 1.1.1.4, pure B-UCNPs can be produced with high
degree of monodispersity and they show superior optical properties in comparison with the cubic
a-UCNPs. Methanol was evaporated at 80 °C and the mixture was degassed in vacuum at 100 °C for
30 minutes to ensure the evaporation of any humidity trace. This step is of utmost importance to
prevent the oxidation of the oleates, which would change the number of oleic ligands available to
bind the surface of the nanoparticles once formed. Oleic acid ligands influence the final morphology

of the nanoparticles. In our experiments, the concentration of oleic acid used was selected with the
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aim to promote the formation of hexagonal platelet shape nanoparticles. Regulation of the oleic
acid concentration can lead to the formation of rods and cubes.®* The oleic acid ligands are a key
factor in controlling the shape of the particles as they are able to direct the preferential growth of
specific facets. The shape control of nanocrystals (NCs) during growth is a kinetically controlled
process: at high growth rates, ligands that selectively bind a specific NP facet decrease their energy
and slow their growth.’® High-energy facets grow faster than low-energy facets in this kinetic
regime and vanish as the NC grows, leading to NCs that are terminated by slow-growing low-energy
facets.'® Different ligand coverages on different NC facets can lead to anisotropic interactions

between NCs by changing their effective shape.

After thorough degassing, the solution is quickly (10 °C/min) heated up to 310 °C, to allow the
homogeneous growth of the seeds and avoid the creation of secondary nuclei. In Figure 3.7 a
representative TEM image of NaYF4:Yb3*(20%), Er**(2%) shows the high uniformity in shape and size
of the produced hexagonal platelets. Size distribution was evaluated by measuring = 200 particles

over multiple TEM images.
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Figure 3.7 Representative TEM micrograph of NaYFs:Yb*® (20%), Er*® (2%), showing hexagonal

particles with average size of 45+ 2 nm (A), as depicted in the corresponding size distribution plot

(B).

In prevision of combining UCNPs with 15 nm gold nanoparticles in DNA-NPs assemblies, the average
size and morphology of UCNPs was tuned by introducing Gd ions in the crystalline matrix to replace
part of the yttrium. In Figure 3.8, TEM images and corresponding size distributions for NaY(80%)
Gd(20%)F4:Yb3*(20%), Er**(2%) are reported, as well as TEM micrograph and size histograms for
NaY(70%)Gd(30%)F4:Yb*(20%), Er**(2%). From these, it is clear that if all other factors are kept
constant, the introduction of Gd* in different percentages causes a reduction of the size of the
single NP. This finding is supported by the literature,*® where sub-10 nm NPs were synthesised with

a matrix of pure gadolinium ions. By replacing the 20% of Y** with Gd*® in the crystal lattice, the
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average size of NPs decreased from 44.9 + 3.3 nm to 27.9 + 1.8 nm (over 250 particles analysed).
The size distribution was shifted to even smaller values by replacing 30% of Y** with the same
amount of Gd*}, resulting in an average size of 12.5 + 1.5 nm, calculated by measuring = 300
particles over multiple TEM images. The size decrease of UCNPs in presence of gadolinium was
attributed to the strong effect of ion on crystal growth rate through surface charge modification.
Theoretical calculations® have shown that the electron charge density of the crystal surface
increases when a Gd** ion replaces a Y3* ion in the crystal lattice. This increased negative charge on
the surface of the small nucleation seeds slows down the diffusion of negatively charged F ions to
the surface. Consequently, the growth rate is reduced, and this results in a drop of the nanocrystal

size, which can be regulated by varying the amount of constituent matrix ions.®
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Figure 3.8 Representative TEM micrograph of NaYF4:Yb*® (20%), Er*® (2%), containing 20% and 30%
Gd* ions are shown respectively in A and B. Corresponding size distribution histograms are also
reported in C (for Gd** 20%) and D (for Gd** 30%), showing a size decrease from 27.9 + 1.8 nm to

12.5 + 1.5 nm. Scale bars 100 nm.

The presence of Gd** in the UCNPs was confirmed by Energy-Dispersive X-ray Spectroscopy (EDX or
EDS). This technique is coupled with an electron microscope and allows to reveal the elemental

composition of a sample. The spectra obtained from UCNPs Gd** 0%, Gd** 20% and Gd** 30% are

74



Chapter 3

shown in Figure 3.9, Figure 3.10 and Figure 3.11. The characteristic energy peaks can be easily
identified as following: the matrix elements Y appears with two peaks at 1.9 and 14.968 keV, while
Gd can be found at 6.056 keV. The lighter Na and F appear with a single peak (at 1.04 keV and 0.677
keV, respectively), the dopants Yb at 1.526 keV and 7.4 keV, and Er at 1.404 keV and 6.949 keV. In
addition to the NCs elements, other peaks attributed to O (0.525 keV), Cu (8.046 keV) and C (0.277
keV) were detected and were attributed to the grid. From the integration of the areas under the
corresponding peaks, the weight percentage for each element was calculated. The percentages of
the antenna and emitter ions (ytterbium and erbium) remained fairly constant in the three different
samples and close to the targeted percentages (20% for ytterbium and 2% for erbium). Conversely,
the percentage of the matrix ions varied significantly. The simultaneous addition of gadolinium and
subtraction of yttrium during the synthesis, is well represented by the measured percentages,

where the amount of Gd** increased from 0%, to 23.2% and 28%.

F Element Wei.ght % Weight %
% (experimental) (expected)
F 30.4 30
Na 4.7 8

-

Y
Er 31 2

Na
v Yb 20.5 20

T Cu Y
40.2 40
e Yb
Er Cu Y
, “m__ , Total 100 100
0 2 4 6 8

10 12 14 16 18
Energy (keV)

Figure 3.9 Energy dispersive x-ray elemental analysis for NaYF,:Yb*3, Er*3. In A, the full EDX
spectrum is reported. From the integration of the peaks relative to each element, the relative
weight percentages were calculated. The results are summarised in (B), showing a very good

agreement with the expected values (also reported in table B).
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A B
c Element Weight % Weight %
(experimental) (expected)
F 23.5 20
o Na 4.6 8
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Figure 3.10 Energy dispersive x-ray elemental analysis for NaY:Gd(20%)F4:Yb*3, Er*3. In A, the full
EDX spectrum is reported. From the integration of the peaks relative to each element, the relative
weight percentages were calculated. The results are summarised in (B), showing a very good

agreement with the expected values (also reported in table B).

cF Element Weight % Weight %
(experimental)  (expected)
F 34.1 30
D
Na 5.1 8
Er 2.4 2
Na Yb 16.6 20
Y 139 20
Gd 28 30
Y
£V cd Y Total 100 100

0 2 4 6 8 10 12 14 16 18
Energy (keV)
Figure 3.11 Energy dispersive x-ray elemental analysis for NaY:Gd(30%)F4:Yb*3, Er*3. In A, the full
EDX spectrum is reported. From the integration of the peaks relative to each element, the relative

weight percentages were calculated. The results are summarised in (B), showing a very good

agreement with the expected values (also reported in table B).
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X-ray diffraction (XRD) was carried out on the NPs with different percentages of Gd. Figure 3.12
shows the diffraction patterns for NPs containing 0%, 20% and 30% Gd**, featuring the crystalline
planes. In all experiments the crystal lattice was hexagonal, the Bragg spacing between crystal
planes was calculated from Equation 3.1 as an average from three different peaks (hk/ 200, 111 and
201). From these, the lattice parameters a and ¢ were calculated rearranging Equation 3.2. The
obtained lattice parameters are shown in Table 3.1. The obtained values are moderately constant,

demonstrating that the structure is not affected by the introduction of the gadolinium in the matrix.

Equation 3.1 Bragg equation for the calculation of the interplane distances. In the equation, A is
the x-rays wavelength (in this case 0.154 nm), 8 is the Bragg angle at which the peak is found and

hkl are the corresponding Miller indices.

dp = ———
hkl ™ 25ind

Equation 3.2 The lattice parameters a and c for an hexagonal lattice can be calculated from the
geometry of the unit cell by employing the dny value obtained from Bragg equation. For a plane
where the index / is equal to zero, the term 2/c? is zero and the parameter a can be extrapolated.

The obtained value can be then implemented in the equation to calculate c.

1 4(h2+hk+k2)+ 12
di., 3a c?

The size of the smallest crystal domain within the nanoparticle (crystallite) was also calculated from
the Debye-Scherrer formula (Equation 3.3). The full width half maximum was measured for each
well-defined peak in the diffractogram, and the average crystallite size was calculated by averaging
the D values obtained from different peaks. The size obtained decreased from 20.3 nm (UCNPs
0%Gd>*), to 16.3 nm (UCNPs 20%Gd>*) and 11.6 nm (UCNPs 30%Gd?*). This observation is consistent

with the overall nanoparticle shrinkage with increasing gadolinium fraction in the lattice.

Equation 3.3 Debye-Scherrer formula for the calculation of the crystallite size. Kis a
dimensionless shape factor with a value close to unity (typically 0.9); A is the x-ray wavelength; B

the full width half maximum of a peak and 6 is the Bragg angle.

L2
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Table 3.1 Lattice parameters and average crystallite size for hexagonal phase UCNPs.

Sample Lattice parameters (nm) Crystallite size (nm)
a c
NaYF4:Yb3+, B 0.68+0.07 0.24+0.02 20.3+4.3
NaY(80%) Gd(20%)F4:Yb3+, e 0.680.07 0.24+0.02 16.3+1.1
3 0.33+0.07 0.26%0.05 11.6+2.0
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Figure 3.12 X-rays diffractograms obtained from UCNPs containing 0% (red), 20% (blue) and 30%

(green) Gd**. The same hexagonal crystal lattice was obtained for the different gadolinium doping

percentages.

Alongside with playing a major role in the size tuning of the NPs, the replacement of yttrium with

gadolinium ions also affected the upconversion fluorescence of the NPs. In Figure 3.13 the spectra

for NPs Gd** 0%, 20% and 30% are shown.No peak shifting was observed, proving that the

introduction of a different ion did not affect substantially the energy level distribution for the
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NaYF4:Yb3*,Er3* NPs. As detailed in the theoretical background Section 1.1.1.5, fluorescence
phenomena rely mostly on the sensitizer/emitter combination. The antenna of choice, ytterbium
(Yb3*) is a highly efficient photo-sensitizer with high absorption at 976 nm (transition 2F2 = 2Fs),).
The absorbed energy is then transferred to Er®*, an activator within the matrix which emits the
energy in the visible spectrum, with emissions in the green at 522 nm and 541 nm, corresponding
to the transitions *Hi1/2 > %l1s;2 and %Ss/ > *lis2, and an emission peak in the red at 652 nm (*Foy2
%15, transition). In gadolinium-doped systems, the lowest excited level (°P;.,) of Gd** is situated
in the ultraviolet region, remarkably higher than most excited levels of ytterbium and erbium ions
involved in the upconversion processes. Hence, excitation energy loss through energy transfer from
Yb3* and Er®* to 4f levels of Gd** can be avoided.'” Besides, the intensity ratio of green and red
emission demonstrated a remarkable change as a result of the incorporation of Gd** ions into
NaYF4:Yb3*, Er¥* host lattice. With increasing percentage of Gd** doping, the UC luminescence
efficiency is decreased at 540 nm and 520 nm and enhanced at 656 nm, compared to those without
doping. A possible explanation can be provided considering the local distortion induced by the Gd**
doping in crystal lattice, thus reducing the site symmetry of the activators. Therefore, the
probabilities of different pathways in the ETU process could be changed due to the modified lattice

symmetry, unit cell parameters and intra-4f transition probability.

j\ Gd** 30%

Gd** 20%

A
A

Intensity (a.u.)

Gd** 0%
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Figure 3.13 Fluorescence emission spectra for UCNPs containing Gd 0% (black), 20% (red) and 30%
(blue). The peak positions and relative ratios are unchanged, since the percentage of erbium and

ytterbium is constant in the three samples. Nanoparticles concentration 5 mg/mL.
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3.14 Cubic iron oxide nanoparticles

Fe,0s; nanocubes were synthesised using a thermal decomposition strategy.’>®71% Following this
protocol, the iron-oleate precursor was synthesised in a water/hexane mixture, starting from the
solubilisation of FeCls in water and sequentially adding ethanol, hexane, oleic acid and NaOH. The
mixture was allowed to vigorously stir for 4 hours under controlled argon atmosphere. The iron-
oleate complex was formed and it was transferred to the non-polar organic phase (hexane). The
complex was purified by extracting the organic phase. The Fe-oleate complex was then
decomposed at 320 °C, yielding monodisperse nanocubes. Figure 3.14 TEM shows images of iron
oxide nanoparticles (IONPs) and the corresponding size distribution, calculated by measuring =200
particles over multiple TEM images. The average size of the particles was 11 + 2 nm (size variation
15%). A variety of crystal structures are available for iron oxide particles, and for this reason a

diffraction analysis was carried out.

6 7 8 9 10 11 12 13 14 15 16
Size (nm)

Figure 3.14 Representative TEM micrograph (A) and size distribution histogram (B) of 11 + 1 nm
IONPs. Scale bar 100 nm.

Figure 3.15 shows the electron diffraction profile for IONPs. The characteristic peaks for the cubic
spinel structure of magnetite were obtained. The average crystallite size was estimated to be 6+1
nm using the Debye-Scherrer formula (Equation 3.3). This value is reasonably close to the size
measured from TEM images, suggesting that each nanocube constitutes a single crystal domain.
This is of special interest as superparamagnetism phenomena are usually observed for single-

domain iron oxide nanocrystals.6%162

80



Chapter 3

—
| ]
=
| ]
(44
'
-
)
c
L
whed o~
c ] o 8
— o~ 3
o~ o
[T < - o~
- uw
E |n § | ﬁsﬁ
L Ly

20 30 40 50 60 70 80
26 (°)

Figure 3.15 XRD pattern for iron oxide nanoparticles and corresponding predicted peaks for the

magnetite structure.

EDX spectroscopy was also performed (Figure 3.16). An intense peak appeared at 6.4 keV,
confirming the presence of an elevated fraction of iron. The calculated percentage of oxygen is
unexpectedly low (4%); this finding was justified considering the close proximity with a secondary

peak of Fe, which may have rendered correct integration and evaluation techniques challenging.
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Figure 3.16 Energy dispersive x-rays elemental analysis for Fe;0s. In A, the full EDX spectrum is
reported. From the integration of the peaks relative to each element, the relative weight

percentages were calculated. The results are summarised in B.

3.2 Design and characterisation of synthetic oligonucleotides

For this work, two sets of complementary DNA strands were designed and used to assemble NPs of
different chemical compositions. Each oligonucleotide sequence was designed following previously
reported experiments to attach the oligos to the various types of nanoparticles and guide their self-
assembly in ordered superlattices. The sequences were designed to include an anchoring group in
order to bind to the nanoparticle surface. Here, thiol modified oligonucleotides (Table 2.1) were
employed to bind to the gold or silver nanoparticles’ surface and an amine modified oligos were
employed to bind to magnetic and upconversion nanoparticles utilizing EDC coupling chemistry

(Section 1.1.2.3).

The overall length of the strand was tuned according to the NPs size. For example, nanoparticles
larger in size required longer oligonucleotide strands to ensure the colloidal stability of the
nanoparticle. However very long sequences provided the nanoparticles with a high degree of
freedom prohibiting the effective formation of ordered superlattices. It has been experimentally
shown that the ideal sequence length for producing crystals has to be comparable with the

nanoparticles core diameter.®3
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The complementary region of two oligonucleotides was designed short enough to allow the DNA
to hybridise and de-hybridise multiple times in low temperatures. Reconfiguration of nanoparticles

allows a higher degree of organization during the formation of superlattices.

Prior attachment on the inorganic cores, the designed DNA strands were characterised by UV-Vis

Spectroscopy (Section 3.2.1) and polyacrylamide gel electrophoresis (Section 3.2.2).

3.2.1 DNA Melting curves

The characteristic absorption band of oligonucleotides in the UV region was used to check the
duplex formation of complementary single stranded DNA. Specifically, the absorption cross section
of DNA duplexes is lower than the corresponding single stranded DNA due to m-stacking of bases in
the double helix; this behaviour is known as hyperchromicity effect.®* A detailed discussion can be

found in Section 1.1.2.1.

UV melting experiments were performed on DNA strands Resl and Res2 (30 base pair).
Experimentally, T, was determined during three heating/cooling cycles in phosphate buffer 0.1 M
and NaCl 0.3 M (see Section 2.5.1.2 for experimental protocol). Figure 3.17 presents the melting
profile for Res1+2, resulting in 56.6 °C, a value in good agreement with the predicted 54.5 °C,
calculated by wusing the nearest neighbour approximation of the OligoCalc tool

(http://biotools.nubic.northwestern.edu/OligoCalc.html).

Absorbance

20 30 40 50 60 70 80 90 100
Temperature (°C)

Figure 3.17 Average melting curves of thiol-terminated Resl+Res2, determined over three

heating/cooling cycles in the range 25-90 °C. The melting curve resulted in 56.6 °C.
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3.2.2 Polyacrylamide gel electrophoresis

After determining the oligonucleotide stability and hybridisation properties using UV Visible
spectroscopy, the hybridisation of oligonucleotides was characterized using polyacrylamide (PA) gel
electrophoresis (GE). PAGE gels are widely employed to characterise DNA, RNA and proteins. In this
technique, a polymer matrix with a specific pore size is prepared. The DNA samples are loaded into
the matrix by placing them into pre-casted wells. The application of an electric field induces the
migration of the molecules inside the matrix which are then separated accordingly to their size and

net charge.'®

PAGE analysis in DNA native conditions was conducted. For each gel shown in Figure 3.18, three
samples were prepared and loaded, one containing a mixture of previously hybridised
complementary ssDNA (lane 1), and the other two the corresponding single stranded

oligonucleotides (lane 2 and lane3).

In Figure 3.18 PA gel in phosphate buffer 0.1 M and NaCl 0.3 M (native conditions) for Res1 and
Res2 is reported. In A, lane 1 contains pre-hybridised sample of thiol Res1+Res2, while lanes 2 and
3 correspond to Resl and Res2 respectively. In case of successful hybridisation between the
complementary strands, the band containing the pre-hybridised sample should run slower through
the gel matrix, compared to the corresponding ssDNAs, whose bands should run further. Indeed,
as expected, band in lane 1 run slower than Resl and Res2 alone, confirming the efficient
hybridisation between these two strands. Figure 3.18B shows PA gel in native conditions for pre-
hybridised amino-terminated Res1+Res2 (lane 1), Res1 (lane 2) and Res2 (lane 3). Also in this case,
the band in lane 1 run slower, thus endorsing the efficiency of the hybridisation between Res3 and

Res4.

Figure 3.18 Polyacrylamide gel electrophoresis in native conditions to test the hybridisation
efficiency of the employed oligonucleotides. Thiol-terminated Res1 and Res2 in A, while the amino-

functionalised Res1 and Res2 are in B.
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3.3 Oligonucleotide functionalisation of colloidal nanoparticles

A dense layer of oligonucleotides was covalently attached on the surface of gold, silver, lanthanide-
doped NaYF, and iron oxide nanoparticles. In the case of AuNPs and AgNPs, direct attachment of
single stranded DNA (ssDNA) was achieved by covalent binding between thiol-terminated ssDNA
and the gold or silver surface (experimental details in Sections 2.2, discussion of results in Sections

3.3.1 and 3.3.2, respectively).

For functionalization of the iron oxide nanoparticles and the upconversion nanoparticles with DNA,
the particles must first be transferred in water. Two different approaches were employed to bring
nanoparticles in water. The first approach involves the ligand exchange with polyacrylic acid and
the second approach is the coating of nanoparticles with a silica shell and the surface modification
with carboxylic groups (experimental details in Section 2.2.3). The results from these strategies are

detailed in Section 3.3.4.1 for UCNPs and Sections 3.3.4.2 for IONPs.

3.3.1 Loading of a dense shell of oligonucleotides on gold nanoparticles

Oligonucleotides can be conjugated to AuNPs by using a thiol modification to either the 5’ or 3’ end.
Thiols have a very strong affinity for gold where a S-Au bond is thought to be chemically and
energetically equivalent to an Au-Au bond.*® The thiol modification at the 3’ end of a DNA sequence
is highly reactive towards the formation of S-S bridges, for this reason they are usually synthesised
with a disulfide at the termination to avoid unwanted side reactions. The first step of
oligonucleotide attachment on NPs was the cleavage of this S-S bond to yield a SH termination Thus,
the chosen oligonucleotide in an excess ratio of ssDNA/AuNPs=800/1 was incubated with the

reducing agent TCEP for two hours in ice (reaction mechanism detailed in Scheme 3.1).16¢

Scheme 3.1 Reaction mechanism for the TCEP cleavage of a disulphide bond.
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A low temperature was necessary to decrease the reactivity of the thiol end once deprotected.
After activation, the sequence was rapidly purified via spin column chromatography and incubated

with citrate-coated AuNPs, to allow non-specific binding of the DNA on the surface of NPs. This step

85



Programmed Assembly of Nanoparticles

is necessary to stabilise the NPs as in the following stages phosphate buffer and sodium chloride
will be added, which otherwise would cause irreversible aggregation of citrate NPs. After overnight
equilibration of the NPs with DNA in phosphate buffer, small aliquots of NaCl were added over the
course of 8 hours to a final concentration of 0.3 M. This slow addition has a dual role: firstly, adding
small amounts of salt does not cause particles’ aggregation but instead helps the DNA strands to
attach the NPs surface; secondly, when higher concentrations of salt are added, the packing of DNA
on the NPs is also optimised as the increase of ions effectively screens the repulsive force between
negatively charged DNA. 2° UV-vis spectroscopy and zeta potential measurements were used to
gualitatively assess the DNA conjugation on 14 nm AuNPs (Figure 3.19). A slight red-shift of about

4 nm was observed at the nanoparticles spectrum, which was attributed to the change in the

refractive index in the immediate surroundings of the NPs.491¢7
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Figure 3.19 (A) UV-visible spectra of gold nanoparticles covered with citrate ions (in black) or
oligonucleotide ligands (in red), showing a slight red shift in the latter case. In B, zeta potentials for
gold nanoparticles covered with citrate ions (in black) or oligonucleotide ligands (in red), showing a

slightly less negative charge in the latter case.

The number of loaded strands per particles can be evaluated by dissolving the metal core of DNA-
functionalised AuNPs, which results into the release in solution of the attached oligonucleotides
(see Sections 1.1.2.1 and 2.2.1 for theoretical background and experimental procedure). Au(0) is
oxidised to Au(l) in a redox reaction with Kl/I, highlighted in Equation 3.4. 1®317° The Au ions were
removed from the solution via column chromatography using a Nap10 column. The eluted solution
is collected, and a UV-vis measurement is performed. From the absorbance at 260 nm the DNA
concentration could be calculated using the Beer law, resulting in an average of 11214 strands per

14 nm gold particle (0.19 strand/nm?) calculated over three independent measurements.
Equation 3.4 Redox reaction leading to the dissolution of AuNPs.
L+1"Ss I3
2u+ I + I3 S 2(Auly)”
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3.3.2 Loading of a dense shell of oligonucleotides on silver nanoparticles

Similarly to the AuNPs, the oligonucleotides are conjugated to AgNPs via a thiol group. Even if not
as strong as in the case of gold, thiols have an affinity for silver. Theoretical calculations have shown
that the affinity between a thiol and a gold cluster is in the range of -22 to -34 kcal/mol, while for
SH and Ag clusters the binding energy spans between -11 and -16.1% As discussed previously
(Section 3.3.1), the first step of oligonucleotide attachment on NPs is the cleavage of this S-S bond
toyield SH terminations via TCEP reduction. After overnight incubation with the deprotected oligos,
small aliquots of NaCl were added over the course of 8 hours to a final concentration of 0.3 M to
allow the progressive loading of the strands on the NPs without causing irreversible aggregation of
the particles. UV-vis spectroscopy and zeta potential measurements were complementarily used to
qualitatively assess the DNA-NPs conjugation (Figure 3.20). The spectra of citrate and DNA coated
AgNPs are nearly superimposable, confirming the absence of aggregation. A minor red-shift of
about 4 nm was observed, attributed to a change in the refractive index in the immediate
surroundings of the NPs.'®” As in the case of AuNPs, the zeta potential shifted to more negative
values for AgNPs@DNA, compatible with the replacement of the citrate ions with the more

negatively charged DNA.
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Figure 3.20 In A, UV-visible spectra of silver nanoparticles covered with tannic acid and citrate ions
(in black) or oligonucleotide ligands (in red), showing a slight red shift in the latter case. In B, zeta
potentials for silver nanoparticles covered with citrate ions (in black) or oligonucleotide ligands (in

red), showing an increased negative charge in the latter case.

Quantification of the number of DNA strands was assessed via etching of the silver core followed
by UV-Vis spectroscopy. Ag(0) from the NPs is oxidised to Ag(l) in a redox reaction with KCN
(Equation 3.5). 12>171 The solution was purified from Ag salt via column chromatography on NAP10
column and the concentration of DNA was calculated from the absorbance at 260 nm, resulting in

an average of 132+7 strands per 15 nm AgNPs (0.15 strand/nm?).
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Equation 3.5 Chemical reaction for the dissolution of the AgNPs core with KCN.

4Ag + 8KCN + 0, + H,0 - 4KAg(CN), + 4KOH

3.3.3 Loading of a shell of oligonucleotides on large gold and silver nanoparticles

A salt-aging strategy was also employed for the surface functionalisation of larger AuNPs and
AgNPs, (experimental in Section 2.2.2). Compared to 15 nm NPs, a larger excess of oligonucleotides
was added to the suspension of NPs (NPs to ssDNA ratio 1/3200 rather than 1/800). Secondly, the
first addition of NaCl 2 M was followed by two hours of shaking before carrying on with the
following additions, to allow more time for weak DNA binding on the NPs’ surface. In Figure 3.21
the UV-Vis spectra for 45 nm AuNPs with citrate (black curve) and with DNA (grey profile) are
reported, showing a similar absorption band in terms of width, but with a slight red shift (~ 3nm)
for the AUNPs@DNA, ascribable to the slight difference in the refractive index surrounding the NPs

coated with oligonucleotides.

The salt aging protocol resulted in the loading of 658 + 10 ssDNA per 45 nm AuNPs, corresponding
to a surface density of 0.10 strand/nm?, calculated from three independent measurements. The
number of loaded strands per particles was determined by releasing the ssDNA from the NPs’
surface and monitoring the DNA absorbance at 260 nm to calculate DNA concentration. The
attached oligonucleotides were released in solution by etching the gold core in a redox reaction
with KI/I, (see Equation 3.4). The density of oligonucleotides loaded on larger AuNPs is lower
compared to the loading density on smaller AuNPs (0.10 versus 0.19 strand/nm?). A possible
explanation for this observation is that the amount of ssDNA initially added during the salt aging
procedure was not enough to maximise the loading. Alternatively, one could consider that the
maximum packing on the surface of large NPs required a greater amount of salt ions to screen the
increased negative charge, due both to the larger surface area of big NPs and to the higher number

of ssDNA in solution.
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Figure 3.21 UV-Visible spectra of AuNPs 45 nm (black) and AuNPs@DNA (red), showing a slight red

shifting for the oligonucleotide-coated AuNPs. In B, zeta potentials for 45 nm Au nanoparticles
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covered with citrate ions (in black) or oligonucleotide ligands (in red), showing an increased

negative charge in the latter case.

Similarly to the large AuNPs, the functionalisation of 48 nm AgNPs with ssDNA was carried out by
following the same salt-aging protocol. It resulted in the attachment of 732 + 21 strand (0.09
strand/nm?), calculated over three independent experiments. Each experiment consisted in the
dissolution the metal core to release the oligonucleotides attached on the silver surface (Equation
3.5), followed by UV-Vis spectroscopy to measure the DNA absorbance at 260 nm. As in the case of
large AuNPs, the density of oligonucleotides loaded on bigger AgNPs is lower compared to the
loading density on smaller AgNPs (0.09 versus 0.15 strand/nm?), reinforcing the explanations given
for AuNPs 45 nm. In particular, the loading density on large Au and AgNPs is essentially the same,
suggesting that a higher surface coverage could be achieved by tuning either the number of added

oligonucleotides or the final NaCl concentration.

3.34 Surface modification and oligonucleotide attachment on upconversion and magnetic

nanoparticles

In contrast with silver and gold, NaYF,; and FesOs do not show any affinity for typical DNA-
terminations like thiol groups. Furthermore, they are not readily dispersible in water due to the
presence of organic hydrophobic ligands such as oleic acid. For these reasons they require
additional steps before being attached to ssDNA. For this aim, two well-known approaches were

adapted and used in this work: the silanisation'’? and the ligand-exchange.®®

The silanisation of nanoparticles consists in coating the nanoparticles’ surface using an alkoxysilane
compound (such as TEOS). The alkoxysilane molecules are anchored to the surface of the
nanoparticles using a reverse microemulsion method and the respective silicate groups are
hydrolysed to create a silica shell. Scheme 3.2 shows the silanisation mechanism via water-in-oil

microemulsion.”?
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Scheme 3.2 Schematic drawing of the silica encapsulation via reverse microemulsion, adapted from
ref.’2 The silanisation includes a first step in which the Igepal surfactant forms the micelles. After
addition of aqueous ammonia and TEOS, the UCNPs diffuse in the micelles and a silica coating

around individual NPs is formed.
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On the other hand, a ligand-exchange method consists in the replacement of the capping molecules
on the nanoparticles’ surface with another set of ligands which have higher affinity for the
nanoparticles’ surface (Scheme 3.3). In this work, the oleic acid ligands on the UCNPs surface were

exchanged with the multi-dentate polymer polyacrylic acid (PAA).

Following either silanisation or ligand exchange, the nanoparticles were suspended in water and
the carboxy groups were used to attach amine-terminated oligonucleotides via EDC coupling

chemistry.
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Scheme 3.3 Ligand exchange mechanism, adapted from ref.” In this mechanism, the ligands on
the surface of the NPs are replaced with another set of molecules with a higher affinity for the

nanoparticles’ surface.

3.34.1 Phase transfer of NaYF, nanoparticles

Either a ligand exchange or a silanisation approach was used to modify the surface of UCNPs. The
ligand-exchange is a facile, one-step approach to bring nanoparticles in water and render them

ready for EDC/NHS coupling with amine-modified ssDNA.

On the other side, silanisation is rather lengthy as to make the NPs available for the coupling with
the DNA, two additional steps are required after the silanisation: the amination and the
carboxylation of the silica surface. Furthermore, the formation of a silica shell around a single
particle is challenging as it demands accurate calibration of the amount of precursors used.
However, the encapsulation in a silica shell guarantees stability overtime and at elevated

temperatures.

3.34.1.1 Poliacryalammide functionalisation of upconversion nanoparticles

PAA and oleate-UCNPs were mixed together in tetrahydrofurane (THF) and left to stir for four days.
Afterwards, three rounds of centrifugation and washing in ethanol were carried out to remove the
unbound PAA. The accomplishment of the ligand exchange was verified by zeta potential
measurements and FTIR spectroscopy. Figure 3.22 shows the zeta potential after ligand exchange,

revealing a strong negative charge due to the presence of PAAs.
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Figure 3.22 A graph of the zeta potential for PAA-coated UCNPs in ethanol (0.5 mg/mL). A strong

negative value of -44 mV was recorded.

The infrared spectra for oleate- and PAA-capped UCNPs are reported in Figure 3.23. It clearly shows
the appearance of a strong peak at ~1700 cm™ typically attributed to carboxylic groups, hence

compatible with the presence of PAA on the NPs.
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Figure 3.23 Infrared spectra of oleate-capped (black) and PAA-covered (red) upconversion
nanoparticles. The spectra were offset for better visualisation. The appearance of a strong COOH

peak at 1700 cm™ is a strong confirmation of the presence of PAA molecules.
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3.3.4.1.2 Silanisation of upconversion nanoparticles

Following the synthesis, UCNPs in hexane were mixed with Igepal and ammonia during sonication
to allow the formation of a microemulsion. The silanisation agent (TEOS) was later added and they
were left to age overnight under magnetic stirring. To optimize the silanisation of individual NPs,
the ratios of NPs/ammonia/TEOS were varied. Figure 3.24 displays different TEM micrographs

showing various cases of unsuccessful coatings.

Figure 3.24 Representative TEM micrographs of different attempts of silanisation. In (A) different
UCNPs clustered in the same silica shell, while in (B) the excess of silanisation reagents resulted into

empty silica spheres. In (C) both clustered UCNPs and silica NPs are visible. Scale bars 50 nm.

The lack of colloidal stability lead to the clustering of more than on NP in each silica shell. To tackle
this issue, a wet annealing protocol was used to load more oleic acid ligands on the NPs’ surface
and increase their dispersibility (experimental in Section 2.1.5.1). A visual proof of this is given in
Figure 3.25B, where the same batch of UCNPs is shown before and after the wet annealing
procedure. A transparent suspension was obtained for annealed NPs (i and iii), proving that a more
efficient dispersion was achieved, in comparison with the highly scattering suspension of NPs
before annealing (ii and iv) which looked fairly turbid. Figure 3.25A shows the thermogravimetric
analysis of the nanoparticles. The residual inorganic mass of the as-synthesised UCNPs (solid line)
corresponds to the 94% of the initial total mass, while for the annealed sample the residual mass
was 89%. This difference was attributed to the different number of organic ligands bound on the
NPs’ surface, corresponding to 6% and 11% respectively for pre- and post-annealed samples,
confirming that the difference in the quality of the dispersion was due to a different loading of oleic

acid molecules.
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Figure 3.25 In A, the thermogravimetric analysis for as-synthesised UCNPs (solid line) and for the
wet-annealed UCNPs (dotted line), showing a higher weight loss percentage for the latter case. In
B, optical images of a 10 mg/mL suspension of UCNPs after annealing under white light (i) and
illuminated by 980 nm laser (iii). Corresponding images of the same sample before annealing step

are shown inii and iv.

Following efficient dispersion of UCNPs in hexane, the effective encapsulation of individual NPs in
silica shell was also accomplished for different sized UCNPs. Figure 3.26 shows representative TEM
images of UCNPs:Gd** 0%, UCNPs:Gd** 20% and UCNPS:Gd** 30%, and corresponding size
histograms of the encapsulated NPs. As a result of the silica shell, the size of the nanoparticles
increased from 44.9 + 3.3 nm to 53.0 £ 3.8 nm for NPs with Gd 0%, and from 27.9 + 1.8 nm to 48.3
+ 2.8 nm for Gd 20% and from 12.5 + 1.5 nm to 22.2 + 2.0 nm for Gd 30%.

94



Chapter 3

o 0
T seem T sheem T Cseeom
Figure 3.26 TEM micrographs and corresponding size distribution histograms for the successful
silanisation of UCNPs. In A and D, UCNPs containing 0% Gd** are shown, with an average diameter
of 53.0+3.8. In B and E, UCNPs containing 20% Gd*" are reported, with an average diameter of 48.3
+2.8.In C and F, UCNPs containing 30% Gd** are shown, with an average diameter of 22.2 + 2.0.

Scale bars 100 nm.

Analysis of X-ray diffraction patterns for UCNPs prior and after silanisation was also carried out. In
Figure 3.12 the diffraction patterns are observed, and the peaks were assigned to the predicted

reflections for the hexagonal phase.
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Figure 3.27 X-ray diffraction patterns for as-synthesised UCNPs (blue) and silica-coated UCNPs

(red), with corresponding planes indices, compatible with the hexagonal phase.
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3.34.13 Amination and carboxylation of UCNPs

Following successful silanisation, the UCNPs@SiO, were chemically modified for ssDNA attachment
via EDC/NHS coupling. For this goal, carboxylic groups were added to their surface with a two-step
process. In the first step, an amino enriched silano compound (3-(aminopropyl)trimethoxysilane,

APTMS, Scheme 3.4) was attached on the silica-coated UCNPs through silica dioxide bonds.

Scheme 3.4 Reaction mechanism for the carboxylation of the UCNPs’ surface. In the first step, the
3-(aminopropyl)trimethoxysilane is added to the silica-coated UCNPs. In the second step, following
the hydrolysis and consequent ring opening, the succinic anhydride attacks the amino termination

on NPs forming an amide bond. Reaction mechanisms adapted from ref.1%
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APTMES contains a secondary amine termination, susceptible to attack by a carboxylic group to
form an amide. Therefore, in the second step, the amine-modified UCNPs@SiO, reacted with
succinic anhydride (Scheme 3.4, step 2). The ring opening of the anhydride yields a linear chain with
two —COO" terminations, available to react with the amine modified UCNPs. The reaction between
the COOH and the amino groups on the UCNPs surface led to the formation of an amide bonding.
The whole process was monitored using zeta-potential measurements (Figure 3.28). Upconversion
nanoparticles encapsulated in a silica shell showed a negative potential of -32 + 3 mV, attributed to
the presence of SiO” and Si-OH. The potential shifted to positive values (+23 + 5 mV) after reaction
with APTMES, due to the presence of amines. Finally, as expected, the potential returned to

negative values (-35 + 6 mV) after the carboxylation step.
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Figure 3.28 Zeta potential values for silica encapsulated (red), amino-terminated (blue) and

carboxy-terminated (black) UCNPs, recorded in water at a concentration of 0.5 mg/mL.

3.3.4.14 Oligonucleotide attachment on NaYF, nanoparticles via NHS/EDC coupling

After the carboxylation of their surface, the UCNPs were finally ready to be functionalized with
amino-modified ssDNA using EDC/sulfo-NHS chemistry. This method has already been successfully
applied® and has been proved to be highly effective. The details of the reaction mechanisms

involved in the NHS/EDC coupling are reported in Section 1.1.2.3.

Using this strategy, amino-modified Resl and Res2 (sequences in Table 2.1) were loaded onto
UCNPs’ surface. Initially, the UCNPs were incubated with EDC and NHS to allow the formation of
the reactive intermediate in Scheme 3.2b. After ~ 30 minutes, the oligonucleotide of choice was
added. Purification by centrifugation in Milli-Q water was carried out after overnight shaking,

yielding a white pellet, which showed prolonged stability when dispersed in water.

As expected, the zeta potential measurements (Figure 3.29) of UCNPs@DNA showed that the

particles were negatively charged (-25 mV, 0.5 mg/mL in water).
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Figure 3.29 Zeta potential measurement for DNA-coated UCNPs@SiO, (0.5 mg/mL in ultrapure

water).

3.3.4.2 Phase transfer of iron oxide nanoparticles

Analogously to the UCNPs, the as-synthesised IONPs are stabilised by a shell of hydrophobic ligands.
To facilitate the phase-transfer to aqueous solution, the silanisation and the ligand exchange

strategies were tested.

3.3.4.2.1 Poliacryalammide functionalisation of iron oxide nanoparticles

The replacement of the oleic ligands with PAA molecules was easily performed by dispersing the
IONPs in THF and adding an excess of PAA, also dissolved in THF. The mixture was left to stir at RT
over 4 days to ensure full replacement of the oleic acid and it was then purified by repeated
centrifugations and washing steps. The particles were characterized by FT-IR spectroscopy. In
Figure 3.30, the infrared spectra of IONPs before (red) and after (black) incubation with PAA shows
no differences in the location and intensity of the peaks, suggesting in fact that the ligand exchange
did not occur. The reasons for the unsuccessful ligand exchange are not clear at this stage. However,
based upon the results obtained from UCNPs, more effort was devoted to the silanisation of IONPs,

which appeared more promising towards the application in superlattices assembly.
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Figure 3.30 Infrared spectra of oleate-capped (red) and PAA-covered (grey) iron oxide
nanoparticles. The spectra were offset for better visualisation. A small shoulder at about 1660 cm’

! appeared, however, no strong peak at 1700 cm™ could be observed, suggesting that in fact the

ligand exchange did not take place.

3.3.4.2.2 Silanisation of IONPs

The coating of IONPs with silica was achieved similar to the case of UCNPs, following a recently
published protocol, 1*%. Figure 3.31 shows the transmission electron micrographs of the silanised
IONPs, which demonstrate the efficacy of the protocol in yielding individually silica-coated NPs. The
average diameter of silica-coated IONPs was determined by measuring over 200 NPs and it resulted

into40 £ 4 nm.
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Figure 3.31 TEM micrographs of silica coated iron oxide nanoparticles (A) and corresponding size

distribution histogram (B). Scale bar 100 nm.

3.3.4.2.3 Amination and carboxylation of IONPs

Similarly to the UCNPs, the IONPs@SiO; required further manipulation via EDC/NHS coupling to
obtain carboxylic termination on the surface of the NPs susceptible of attachment with amino-

ssDNA.

The whole process was monitored using -potential (Figure 3.32). Silica-coated IONPs had a
negative potential of -23 + 5 mV, attributed to the presence of SiO” and Si-OH. The amination of the
surface led to a potential shifted to positive values (+18 + 5 mV). The reaction with succinic
anhydride brought the potential back to negative values (-35 + 6 mV) as a result of the introduction

of —COOH terminations.

\
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Total Counts (a.u.)

Figure 3.32 Zeta potential values for silica encapsulated (red), amino-terminated (blue) and

carboxy-terminated (black) IONPs, recorded in water at a concentration of 0.5 mg/mL.

3.3.4.24 Oligonucleotide attachment on iron oxide nanoparticles via NHS/EDC coupling

Following the carboxylation of the surface, the IONPs could be functionalized with amino-
terminated ssDNA via EDC/sulfo-NHS chemistry. As for the UCNPs (Section 3.3.4.1.4), the reaction
involves the coupling of a primary amine with a carboxylic acid in presence of EDC and sulfo-NHS
mediators (detailed description can be found in Section 3.3.4.1.4 accompanied by the reaction
Scheme 1.7). This strategy allowed to attach amino-terminated Res3 and Res4 (sequences in Table

2.1) onto IONPs’ surface. The zeta potential measurement of IONPs@DNA resulted into -41+2 mV.
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Figure 3.33 Zeta potential value for IONPs covered with oligonucleotides (0.5 mg/mL in water).

3.4 Assembly of DNA-coated nanoparticles

In the previous sections, the synthesis, functionalisation and characterisation of different
nanoparticles were discussed. The efficient hybridisation of the designed DNA strands was proved
via melting analysis and gel electrophoresis. In this section, the assembly of DNA-coated NPs is

presented

34.1 Gold nanoparticles assembly

Assembly of gold dimers, trimers and various oligomers using DNA have been widely explored
within our group and others.193173-177 Because of the well-known surface chemistry and reactivity,
AuNPs are the optimal candidates for an initial study on the crystallisation process with prescribed
oligonucleotides. To avoid the formation of amorphous aggregates, the ideal conditions to favour

the accurate positioning of the particles within a network must be explored.

Following literature reports,’3%132 3 constant temperature annealing approach was firstly used. In
this protocol two batches of particles functionalised with the complementary ssDNA Res1 and Res2
were mixed in equimolar amounts in a buffered solution and placed in a thermal mixer (without
shaking) and kept at a temperature near to the melting temperature of the DNA strands employed,
(see Section 3.2.1). The annealing temperature was chosen in consideration of the melting
temperature of the DNA duplex. If the temperature was kept above the T, the DNA would not
hybridise. However, if the temperature was kept too low, the energy provided would not be

sufficient for the NPs to arrange in a crystalline fashion, which is the thermodynamically most
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favourable configuration.’®® When the assembly process is kinetically driven, it leads to the
formation of amorphous aggregates. To avoid this, enough energy in the form of heat must be
provided. Another parameter to consider is the salt concentration, as the presence of cations is
essential to allow the DNA hybridisation. An oligonucleotide is a strongly negatively charged
molecule, due to the abundance of phosphate groups in the polymer backbone. For this reason, in
order to be able to hybridise in a duplex efficiently, some form of charge screening between two

strands is needed; this is usually achieved by adding inorganic salts (e.g. NaCl, MgCl,).

Various combinations of the two key parameters have been tested and the results are summarised
in Appendix A.3. After two hours of annealing at constant temperature, followed by rapid cooling
at RT, no aggregates were observed at low salt concentration. This confirmed that the salt
concentration required for the assembly of a large number of particles needs to be higher than
what usually employed for nanoparticles oligomers. Annealing at a fixed temperature above the
dsDNA T, followed by immediate cooling at room temperature also resulted in absence of
precipitates. Concentrations between 0.1 and 0.3 M of salt and annealing temperatures between
50 and 54 °C yielded black aggregates that precipitated out of the solution. To distinguish between
amorphous and crystalline aggregates, structural analysis was carried out. Small-Angle X-ray
Scattering (SAXS) is a synchrotron technique that allows the structural characterisation of materials
in the nano-scale (more information about SAXS can be found in the Appendix A.2.7). Figure 3.34
shows the scattering intensity patterns for a crystalline sample (A) of gold nanoparticles, compared
to the profile of an amorphous aggregate (B). The presence of an ordered lattice is shown by a
series of peaks with various intensity ratios and relative positions g (g is a quantity proportional to

the scattering angle, defined in Section A.2.7).
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Figure 3.34 (A) SAXS profile of a AuNPs-DNA SL annealed at 54 °C in NaCl 0.3 M. (B) SAXS profile of

an amorphous aggregate of gold nanoparticles annealed at 54 °C in NaCl 0.04 M.
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Along with the constant temperature annealing, a slow cooling strategy was also investigated. The
first approach is the most common and it has been extensively used for the fabrication of different
SLs (see Section 1.1.3), but the second one has been proved as the most efficient way to obtain

single crystal lattices arranged in polyhedra of few microns with well-defined facets.!’®

In a typical experiment, two batches of AuNPs functionalised with the complementary strands Res1
and Res2 were incubated together in a ratio 1:1. Sodium chloride was added to screen the negative
charge of the DNA backbones and facilitate the DNA hybridisation. The samples were transferred
in a thermal cycler, an apparatus which permits the accurate control over applied temperature
gradients. Then, the samples were brought to a temperature above the Tr.. Figure 3.35 shows the
SAXS patterns for 14 nm AuNPs functionalized with Res1 and Res2 and incubated at 56 °C. During
the experiment, the capillary containing the superlattices (SLs) was placed in a thermal cell and the
temperature was externally controlled. The sample was heated to the specified temperature value,
kept for 10 minutes and then the scattering pattern was collected. A series of 10 scattering patterns
were recorded at temperatures varying from 25 °C to 80 °C. When kept at RT (25 °C), the sample
showed sharp peaks compatible with a crystalline structure. However, as expected, while the
temperature was increased, a progressive broadening of the peaks was observed, leading to a
complete melting at 80 °C. To evaluate if this caused the DNA detachment from the nanoparticles,
the sample was cooled down to 25 °C in situ. Upon cooling, the pattern returned to the initial BCC
shape, showing the ability of the DNA-coated NPs to hybridise. This thus confirmed that the
NPs@DNA system was not degraded by heating up to 80 °C.
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Figure 3.35 Structure factor profiles at different temperatures for crystals made by 14 nm AuNPs
functionalised with Resl and Res2. Temperature range from 25 to 80 °C. As the temperature is
raised, the scattering peaks became broader and less intense, proving the loss of the aggregate

state.

In addition to the structural monitoring of the lattice, the crystal disassembly was also followed by
UV-Vis. The lattice disassembly due to DNA dehybridisation under heating was followed by
monitoring the variation in absorbance at 260 nm, analogously to the melting curves registered for
the dsDNA alone (Section 3.2.1). Figure 3.36 shows that in the presence of NPs, the melting
temperature is shifted to higher values (60-65 °C) compared to the DNA alone (56 °C), as observed
previously by SAXS (Figure 3.34). This finding can be justified considering that the presence of
AuNPs at the ssDNA ends increases the steric hindrance and thus more energy is required to
hybridise the DNA (higher energy barrier). However, after the hybridisation step, the overall

stability of the system is enhanced, and the energy of the final state is remarkably lower.

As for free oligonucleotides, the characteristic sigmoidal shape was observed also for DNA-NPs.
However, unlike the case of the DNA by itself, the temperature-up cycle curve follows a sharper

path than the temperature down cycle. This is due to the rate of mass transport processes. When
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the temperature is raised, the melting (i.e. DNA dehybridisation) and the diffusion of non-
aggregated DNA-AuUNPs in solution is a rapid process. This results in a sharp transition, and the
hyperchromic effect is observed within 2-3 °C span. Conversely, the reassembling and the
sedimentation of the aggregate are much slower processes, which originates a smoother
absorbance decrease. For this reason, the data collection was carried out by slowing down the scan
rate; this allowed enough time to the system to aggregate during the cooling down cycle and diffuse
in solution during the heating up cycle. This asymmetric behaviour was reproduced in every

melting/cooling cycle performed.
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Figure 3.36 (A) Melting curves for AuNPs 15 nm functionalised with Resl and Res2. (B) Melting
curve for AuNPs 30 nm functionalised with Res1 and Res2, recorded by monitoring the variation of

absorbance at 260 nm.

Another factor to be considered is how fast the samples are brought back to room temperature.
For the constant temperature annealing the samples were simply removed from the thermal mixer
and allowed to cool naturally, in the case of the slow cooling procedure a different approach was
preferred. To favour the most thermodynamically stable form, the crystallisation process needs to
be thermodynamically-driven, rather than kinetically; for this reason, enough time needs to be
given to the particles to reconfigure within the crystal. Consequently, different cooling rates profiles
were tested, resulting in 5 to 7 days long crystallisation processes. Figure 3.37 shows the scattering
patterns as logarithm of the intensity vs g. All the samples were prepared starting from AuNPs 14
nm functionalised either with Res1 or Res2, mixed together in buffered solution with NaCl 0.3 M.
They were then transferred to a thermal cycler and then two different cooling profiles were applied:
for sample (a) represented by the black profile, the temperature was raised to 70 °C and cooled
down to 25 °C at a steady rate of 0.1 °C/10 min. Instead, the rate applied to the sample (b)
represented by the red profile was slower: the temperature was raised to 70 °C, firstly cooled down

to 60 °C at a rate of 0.1 °C/10 min, then cooled down to 40 °C with a slower rate of 0.1 °C/20 min
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and finally brought to RT at a rate of 0.1 °C/10 min. In the temperature profile applied to (b), a
particularly slow rate was chosen around the melting temperature of the system (40-60 °C); this
was done considering this stage as the most critical for an optimal arrangement of the particles.
The data show that for (b) the peaks are slightly sharper than for (a). This suggested that increasing

the time the sample was kept at its melting point had a little effect on the overall crystallinity.
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Figure 3.37 Logarithmic scattering intensities for AuUNPs 14 nm samples obtained by varying the

cooling rate profile. The diamond symbol indicates peaks ascribable to a crystalline lattice.

Well-defined crystals of AuUNPs were obtained using 0.3 M NaCl and by cooling down from 70 °C
with a constant rate of 0.1 °C/10 min. These peaks were assigned to a body-centred cubic geometry
(BCC) by calculating the theoretical SAXS patterns using the PowderCell software (available free of
charge from the Federal Institute for Materials Research and Testing at
http://www.ccpl4.ac.uk/ccp/web- mirrors/powdcell/_v/v_1/ powder/e_cell.html). This software
is normally employed for the simulation of atomic scattering patterns, but it provides a good
approximation of SAXS patterns from nanoparticle lattices as well. For NPs SLs, the attribution to a
specific lattice and corresponding planes is performed considering the intensities ratios and relative
positions gnw of the peaks. The position of the peaks on the g axis is dictated by the interparticle
distance, which is dependent on the NPs’ size. The relative distances between peaks is dictated by

the geometry of the structure. Therefore, the interplane distance dxi can be calculated rearranging
the Bragg Law as dni=211/gru, and obtaining the lattice parameter g as a= dnVh?% + k% + 12, Finally,

the nearest neighbour distance d,, for a BCC spatial arrangement is equal to v/3/2, resulting in 27

nm for the samples in Figure 3.38. For a lattice formed by AuNPs functionalised with Res1 and Res2,
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the theoretical core-to-core nearest neighbour distance was calculated considering two 14 nm
AuNPs linked by two DNA strands of overall length =15 nm. It resulted in 29 nm and the

experimental value of 27 nm is in excellent agreement.

Scheme 3.5 Schematic illustration of the theoretical core-to-core distance between two 14 nm NPs

linked by 45 base pairs DNA strands.
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Figure 3.38 Indexed body-centred cubic superlattice obtained from the assembly of 14 nm AuNPs.

The crystallisation protocol involved a slow-cooling from 70 °C at a rate of 0.1 °C/10 min.

To allow imaging under vacuum and avoiding the collapse of the crystal in those conditions, the
superlattices were silanised (see experimental in Section 2.3.3). In the first step of this procedure
TMSPA is added to a shaking suspension of the as-synthesised SLs, where TMSPA was present in

large excess relative to the number of phosphate groups on the DNA. This reagent is formed by a
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positively charged moiety, a trimethtyl ammonium quaternary salt, linked with a propyl to a
trimethoxy silyl group (structure and working mechanism in Figure 3.39). The ammonium’s role is
to electrostatically bind the DNA phosphate backbone while the silyl group serves as co-
condensation site for a silica growing agent subsequently added to promote the silica condensation.
As a growing reagent, two different molecules were tested (Tetraethylethoxysilane, TEOS, and
Triethoxysilane, TES). These precursors have different reactivity, typically a thicker layer of silica is
grown with tetraethylethoxysilane. This molecule has four ethoxy groups that can act as nucleation

point for the growth of SiO,, while the triethoxysilane only has three: this forms a thinner silica shell

that allows a better visualisation of the nanoparticle features in the crystals.

Figure 3.39 Chemical structures of TMSPA and TES and reaction mechanism for the growth of a
silica layer around the DNA duplex. Initially, the TMSPA electrostatically binds the negatively
charged phosphate backbones of the dsDNA. This constitutes a nucleation point for the growth of

a thicker layer of silica, following addition of TES.

This procedure presented several experimental challenges: first of all, it is challenging to know the
number of crystals formed during the crystallisation. Thus, it is difficult to choose the amount of
silica reagents to be used. An estimation of the needed silanisation reagents was made by assuming
the same number of ssDNA on each AuNPs and considering that all the AuNPs participate in the SLs
assembly. Another issue is the overall poor control over silica growth, which leads to the formation

of amorphous silica structures as by-products. An attempt to mitigate this problem consisted in
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carrying out the reaction at a neutral pH to slow down the condensation step.l’? Despite these

difficulties, the silica encapsulation is currently the best option to obtain images of the samples.

In Figure 3.40 scanning electron micrographs of different magnifications are shown. In particular,

in Figure 3.40C shows the ordered arrangement of the individual nanoparticles can be appreciated.

Figure 3.40 SEM micrographs of a 15 nm gold nanoparticles superlattice taken with increased

magnification from A to C. Scale bars 100 nm.

In order to confirm the presence of gold, elemental analysis coupled with SEM imaging was
performed. Figure 3.41 shows the EDX spectra of a chosen area of the sample. Table 3.2
summarises the quantification of the atomic percentages extracted from the EDX spectra. A large
amount of silicon and oxygen was found, due both to the silica encapsulation and to the sample
support. The silicon to oxygen ratio was 1:2, in agreement with their presence in the form of SiO..
Along with silica, also Na* and CI" ions were present, as NaCl was used during the assembly step to
control the ionic strength of the suspension. Gold was also detected (circa 10%), even if in a lower
amount than SiO,. This finding was justified considering the abundance of silica due both to the

sample holder and the excess of silica produced during the crystals silanisation protocol.
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Figure 3.41 SEM-EDX analysis on the sample AuNPs@Res1 + AuNPs@Res2 slow cooled (0.1 °C/10

min) from 70 °C.

Table 3.2 Atomic percentages extracted from SEM-EDX spectral analysis.

Spectrum Si (%) O (%) Cl (%) Na(%) Au (%) Total
Spectrum 3 17.00 30.35 5.24 3.36 8.72 100.00
Spectrum 4 23.15 38.47 15.42 11.82 11.14 100.00

Mean 20.08 34.41 10.33  7.59 9.93 -
Std. deviation 3.08 4.06 5.09 4.23 1.21 -
3.4.2 Silver nanoparticles assembly

The assembly of silver nanoparticles via DNA interactions was also investigated. Building upon the

previous studies performed on AuNPs 3D assembly (Section 3.4.1), the annealing at constant
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temperature was not employed in this case. Instead, the slow cooling protocol was preferred as a
result of the better crystal quality obtained for AuNPs. Different temperature profiles and inorganic
salt concentrations were tested. Typically, two batches of AgNPs functionalised with the
complementary strands Res1 and Res2 were incubated together in a ratio 1:1, to form a BCC lattice.
Next, sodium chloride was added to screen the negative charge of the DNA backbones and allow
the hybridisation. The samples were placed in a thermal cycler machine, to allow the accurate
control over applied temperature gradients. The samples were then brought to a temperature
above the DNA T, and allowed to cool with a controlled rate. A UV melting analysis was carried out
to investigate the temperature-resolved assembly/disassembly process (Figure 3.42). The T, was
determined at the inflection point of the curve obtained during the ramp up cycle, and it resulted

into 63.3 °C.

Absorbance

20 30 40 50 60 70
T (°C)
Figure 3.42 Melting curves for AgNPs 15 nm functionalised with Resl and Res2. The T, was

determined at the inflection point of the ramp up cycle, and it resulted into 63.3 °C.

Well-defined crystals of AgNPs were obtained working in phosphate buffer 80 mM and NaCl 0.3 M,
at a cooling rate of 0.1 °C/10 min from a starting temperature of 70 °C. Corresponding SAXS with

coherent indexing is reported in Figure 3.43, where the expected peaks for a BCC lattice emerged.
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Figure 3.43 Indexed structure factor of an AgNPs-DNA SL slow-cooled at 0.1 °C/10 min from 70 °C
in phosphate buffer 80 mM and NaCl 0.3 M.

From the SAXS profile in Figure 3.43, the interplane distance dnu was calculated by rearranging the
Bragg Law (see Section 3.4.1). For a lattice formed by 15 nm AgNPs functionalised with Res1 and
Res2, the theoretical nearest neighbour distance was predicted to be 26 nm and the experimental

value was 28 nm (calculated from g110).

To be able to image the structures under vacuum, a silica layer was grown on the crystalline
structures (see experimental in Section 2.3.3 and detailed discussion in previous Section 3.4.1).
SEM images of silica-coated SLs are shown in Figure 3.44. Typically, a thicker layer of silica is grown
with tetraethylethoxysilane (Figure 3.44A-B). When triethoxysilane is employed (Figure 3.44C-F)

the layer is thinner and less homogeneous, allowing the visualisation of finer details.
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Figure 3.44 SEM images of AgNPs superlattices obtained by slow (0.1 °C/10 min) cooling from 55 °C.

A)-B) Tetraethylethoxysilane-coated; C)-F) Triethoxysilane-coated structures. All scale bars 1 um.

SAXS measurements were also recorded for the silanised AgSLs (Figure 3.45). Due to a large amount
of amorphous silica in the sample, the diffraction peaks are less accentuated but still visible and

compatible with a BCC lattice, confirming that after silanisation the BCC structure was retained
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Figure 3.45 SAXS pattern for a silanised AgSLs. The peaks relative to the BCC pattern are still visible,

even though less clearly compared to the non-silanised AgSLs.

Elemental analysis in conjunction to SEM and TEM imaging was also carried out, and it showed an
abundance of silver (over 70%) in the structures. Silicon due to both the encapsulation and to the
substrate was also detected, in addition to Cl, due to the presence of sodium chloride. Interestingly,
no Na or O was sensed, while they were detected in the case of AuSLs (Table 3.2). This dissimilarity
lead also to different percentages of the metal content. This apparent incongruence was attributed

to a different sensitivity of the instrument used to analysed AgSLs compared to the one used for

the AuSLs.
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Table 3.3 SEM-EDX analysis on the sample AgNPs@Res1 + AgNPs@Res2 treated at 55 °Cin 40 mM
PBS buffer. Scale bar 1 um.

Image 1

Spectrum Si cl Ag Total

Spectrum 1 6.25 20.45 73.30 100.00

Spectrum 2 9.42 17.99 72.59 100.00

Mean 7.84 19.22 72.94 100.00
Std. deviation  2.24 1.74 0.50
Image 2 )
Spectrum Si cl Ag Total
Rpeciun : Spectrum1  100.00 100.00
Spectrum2  27.39 72.61 100.00
-~ Spectrum 3 3.62 19.18 77.20 100.00
Spectrum 2
Max. 100.00 19.18 77.20
Min. 3.62 19.18 72.61

EDX spectroscopy was employed in combination with TEM imaging, to further confirm the presence
of silver in the cubic structure visible at low magnification. In addition to the Ag contained in the
crystal structure, also Si and Cl were detected, as already highlighted by SEM-EDX. The presence of

copper was attributed to the substrate used for TEM imaging.
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Figure 3.46 TEM image (A) and corresponding elemental analysis spectrum, showing the presence

of silver. Scale bar 2 um.

343 Upconversion nanoparticles assembly

The three-dimensional assembly of UCNPs of different sizes and compositions, functionalised with
either the PAA method or the silanisation approach was carried out. In a typical experiment, two
batches of UCNPs functionalised with the amino-terminated complementary strands Res1 and Res2
were mixed in equimolar amounts. Unlike gold and silver, UCNPs do not have a UV-Vis band that
can be used to precisely calculate the molar concentration; to overcome this issue a mathematical
model based on the geometry and size of the system was employed.'”® According to this model, 1
mg of UCNPs@DNA corresponds to circa 10 pmol, hence 1 mg of each UCNPs@Resl and
UCNPs@Res2 were employed for the assembly. The mixture was transferred in a thermal cycler
and allowed to cool down from a temperature above the T, at a constant rate of 0.1 °C/10 min
(duration 5 days). The crystallisation procedure was performed both on 45 nm PAA-coated UCNPs

and on 45 nm and 12 nm silica coated UCNPs NPs.

The so-obtained samples were characterised by SAXS and SEM imaging. Figure 3.47 shows, the
SAXS patterns obtained from DNA-directed aggregates of 40 nm UCNPs@PAA. Multiple peaks of
decreasing intensity as g increases emerged. It was not possible to assign this pattern to any crystal
configuration, which suggests that the particles were not organized in a crystalline structure. A
hypothesis is that the prolonged time at relatively high temperature may cause the release of the
physisorbed PAA ligands from the UCNPs’ surface and the consequent loss of the ssDNA coupled to
the PAA. The absence of oligonucleotides on the NPs prevents the self-assembly and causes the
destabilisation of the UCNPs in aqueous solution, which irreversibly aggregate. Moreover, the

anisotropy of the particles may have played a role as well. The anisotropy of the system may give

116



Chapter 3

rise to a different forms of assembly due to the directionality of the bond.'*! In particular, due to
high aspect ratio, one can expect that the majority of the DNA interactions between two UCNPs will
be face to face. This is due to the significantly reduced surface area along the edges of the prisms.
Compared to the large hexagonal faces, the edges accommodate fewer DNA strands able to
participate in hybridization events, thus the face-to-face binding is more likely. A previous work!*!
reported the presence of lines of gold triangular nanoprisms, showing a scattering pattern akin to

the one reported in Figure 3.47.
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Figure 3.47 Logarithmic scattering intensity profiles obtained from aggregates of DNA-coated 40nm

UCNPs@PAA.

Silica coated upconversion nanoparticles were also employed to make crystals instead of PAA-
coated UCNPs. Thanks to the presence of a rigid coating on the NPs’ surface available for
oligonucleotide attachment, we predicted that the overall stability of the UCNPs@ssDNA system
would improve by preventing the release of the oligonucleotide from NPs’ surface during the

crystallisation.

On the other side, to address the anisotropy matter, smaller UCNPs were prepared. In fact, the
reduction of the size of the NPs translated in an increased aspect ratio, hence the number of ssDNA
that could be accommodated on the prisms’ edges was closer to the number of strands ligated to

the surface, thus minimising the preferentiality for the face-to-face interaction.

117



Programmed Assembly of Nanoparticles

SAXS analyses are currently being undertaken at the NSLS-Il synchrotron facility at Brookhaven

National Lab (Upton, USA).

344 Iron oxide nanoparticles assembly

Silica-coated IONPs functionalised with complementary DNA strands NH>-Res1 and NH,-Res2 were
used to attempt the fabrication of a three-dimensional magnetic assembly. In a typical experiment,
two batches of IONPs functionalised with the complementary strands were mixed in equimolar
amounts. Similarly to UCNPs, IONPs do not have a UV-Vis band that can be used to precisely
calculate the molar concentration; to overcome this issue a mathematical model previously used
for the UCNPs based on the geometry and size of the system was adapted to the IONPs.*”® According
to this model, 3 mg of IONPs@DNA corresponds to circa 10 pmol, hence 3 mg of each IODNPs@Res3
and IONPs@Res4 were employed for the assembly. The mixture was transferred in a thermal cycler
and allowed to cool down from a temperature above the T, at a constant rate of 0.1 °C/10 min.
The resulting samples resulted into a brownish aggregate at the bottom of colourless solution. To
check if the sample had retained any magnetic property, a neodymium magnet was used to gather
the assembly, resulting in an aggregated collected in proximity of the magnet. Interestingly, after
the removal of the magnet, the free IONPs rapidly returned to their initial state, while the

aggregates retained the memory of the magnetic field.

Structural analyses via SAXS are currently being undertaken at the NSLS-II synchrotron facility at

Brookhaven National Lab (Upton, USA).

A B
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Figure 3.48 Optical photographs of free IONPs (A.1) and DNA-assembled IONPs (A.2). In this latter
case, brown aggregates can be noticed at the bottom of the vial. Following application of a magnetic

field (B), both free IONP (B.1) and the aggregates (B.2) are rapidly attracted to the magnet.
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Chapter4 Carbazole modification of  synthetic

oligonucleotides

In Chapter 4, the synthesis, functionalization and assembly of different types of nanoparticles are
discussed. A new method to ligate DNA gold or silver nanoparticles using light is also presented

here.

DNA is an exceptional platform for the directed assembly of NPs; however, it is intrinsically sensitive
to DNA-denaturing conditions, which leads to the dehybridisation of dsDNA into its component
strands. This instability represents a challenge for a thorough characterisation of three-dimensional
assemblies of DNA and NPs, as it can prompt the dissolution of the superlattices (SLs). DNA-
nanoparticle SLs are disassembled in conditions that induce DNA dehybridisation, such as elevated

temperatures, low ionic strengths and other harsh environments such as low or high pH.’

To tackle this issue, fortified three-dimensional SLs have been fabricated by employing a chemically-
modified DNA sequence to assemble nanoparticles. The chemical modification is a cyanovinyl
carbazole molecule (shown in Figure 4.1), which photo-reacts with an adjacent base and creates a
covalent chemical bond. The photochemical ligation of DNA provides enhanced stability of the DNA-

nanoparticle assemblies under DNA denaturing conditions.

The chapter is organised as follows: in Section 4.1 the oligonucleotides sequences are described
and characterised. The assembly of AuNPs and AgNPs with the carbazole modified DNA strands is
presented in Sections 4.2 and 4.3 respectively. Finally, crosslinked SLs are employed to attempt the

growth of microscale crystal structures (Section 4.4).

Parts of this Chapter have been published in “Light-Induced Reversible DNA Ligation of Gold
Nanoparticle Superlattices”, Angela F. De Fazio, Afaf H. EI-Sagheer, Jason S. Kahn, Iris Nandhakumar,
Matthew Richard Burton, Tom Brown, Otto L. Muskens, Oleg Gang, and Antonios G. Kanaras,

ACS Nano 2019 13 (5), 5771-5777, DOI: 10.1021/acsnano0.9b01294.

4.1 Carbazole modified oligonucleotide sequences

In this work, the fabrication of fortified crystals of DNA-coated NPs was achieved by introducing a
cyanovinyl carbazole nucleobase in the DNA strands design. The carbazole-modified nucleobase
reacts with an adjacent thymine located in the complementary DNA strand to form an interstrand
covalent bond. Molecular structure of the carbazole modification is illustrated in Figure 4.1 and

detailed sequences are reported in Table 4.1. Each strand had a total length of 31 bases, containing
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a polyT spacer and a 15-base recognition region. The direction of the complementary section was
designed such that 5’ and 3’ were reversed to allow the hybridisation. Every oligonucleotide was
modified at the 3’ end with a disulphide linker to facilitate the attachment onto gold and silver
surfaces. One of the strands (Reslc) contained a nucleobase modified with a 3-cyanovinyl carbazole

moiety, whereas the complementary strand (Res2c) did not contain any engineered nucleobase.

Table 4.1 DNA sequences for crosslinking. In colour, the recognition region. The ‘X’ denotes the

position of the cyanovinyl carbazole nucleobase.

Abbreviation Sequence and Modification
Reslc 3’-SH-C3He-TTT TTT TTT TTT TTT-TAA CCT AXAC CTT CAT-5’
Res2c 3’-SH-C3He-TTT TTT TTT TTT TTT-ATG AAG GTGT AGG TTA-5’
N
HO
@)
OH

Figure 4.1 Molecular structure of the 3-cyanovinyl carbazole nucleobase.

The position of the carbazole nucleobase within Reslc was carefully designed so that it would lay
in the middle of the recognition region and it would diagonally face a thymine base. These two
conditions are put into place to maximise the vyield of the crosslinking reaction with the
complementary DNA strand. In Scheme 4.1, a simplified reaction scheme for the photo-induced
crosslinking reaction mechanisms between the 3-cyanovinyl carbazole and a thymine is illustrated
(a detailed mechanisms and explanation can be found in Scheme 1.6 and Section 1.1.2.2). When
irradiated with 365 nm UV light, a thymine base is brought to an excited state. The C5-C6 double

bond can now react with the electron withdrawing double bond of the cyanovinyl carbazole in the
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opposite strand which eventually leads to the formation of a cyclo-butane.'®% |n order for this
reaction to happen, specific positioning of the cyanovinyl moiety with respect to the double bond
is required; in particular, the reaction has a higher yield when the carbazole base faces diagonally
the thymine base.®2 This occurs because the diagonal arrangement optimises the p orbitals overlap
and reduces the cyclo-butane strain.’®® To allow the correct positioning of the thymine with respect

to the carbazole, the strands need to be hybridised before the photocrosslinking is executed.

Scheme 4.1 Reaction for the reversible [2+2] photocycloaddition. The double bond of a thymine
base is brought to an excited state by irradiation at 365 nm. A concerted rearrangement of the

electrons leads to the cyclobutane formation.

~_ _CN
N
V'U'U"H)NAJU'U"
0 DNA—
365nm 'zd,
+ | NH
No
| 312nm
v DNA AN
DNA
Cyanovinyl Carbazole  Thymine base Cross-linked product

To test the effective hybridisation between Reslc and Res2c, a melting analysis was carried out by
monitoring the characteristic DNA absorbance at 260 °C over three heating/cooling cycles. In this
experiment, 200 pmol of each nucleotide were mixed together in phosphate buffer containing NaCl
0.3 M and the melting behaviour was monitored by UV spectroscopy (experimental procedure can
be found in Section 2.5.1.2). Figure 4.2 shows the variation in the absorbance at 260 nm over a
temperature range spanning from 25 to 80 °C. In the graph the typical sigmoidal curve predicted
for effective DNA dehybridisation can be observed, proving the hybridisation efficacy of the
designed sequences. The melting temperature was determined at the inflection point of the
sigmoid, resulting in 56 °C. This experimentally found value is in good agreement with the value
calculated according to theory (54 °C) using the nearest neighbour approximation (see Section

1.1.2.1).
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Figure 4.2 Melting analysis for a duplex formed by Reslc and Res2c. The curve is the average result
from three heating/cooling cycles. Melting temperature was determined from the inflection point

and it was equal to 56 °C.

The difference of circa 2 °C is small considering the presence of the carbazole nucleotide in the
middle of the complementary region of the sequence. The chemically modified adenine does not
hybridise with the thymine adjacent nucleobase, thus resulting into an interruption of the
complementarity, which could potentially cause a disruption during nanoparticle assembly. The
melting analysis suggested that the designated positioning of the carbazole had little effect on the

hybridisation efficiency of the dsDNA, thus validating the chosen sequence design.

41.1 Polyacrylamide gel electrophoresis

In order to confirm the photoligation of two DNA strands after irradiation with 365 nm light a
denaturing polyacrylamide (PA) gel was prepared by addition of urea in the polymer matrix (method
in Section 2.5.2). Urea lowers the melting point of the dsDNA by breaking the interactions between
the nucleobases. Thus, the incorporation of urea in the gel matrix causes the dsDNA to dehybridise
into the corresponding ssDNAs while running through the gel. When denaturation occurs
efficiently, the band corresponding to the dehybridised dsDNA will migrate at the same level of the

corresponding single strands.

DNA duplexes of conventional oligonucleotides (Resl and Res2) and photoligated carbazole-

modified sequences (Reslc and Res2c) were monitored using DNA denaturing polyacrylamide gel
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electrophoresis. Each sample was prepared in phosphate buffer 0.1 M and NaCl 0.3 M. Photo-
ligated DNA was not be affected by the denaturing conditions (lane 7). Conversely, non-
photocrosslinked carbazole dsDNA was dehybridised (lane 6). Figure 4.3 shows that, as expected,
the conventional dsDNA (lane 3) migrated at the same height with the corresponding ssDNAs (lanes
1 and 2, respectively). On the other hand, the photoligated DNA (lane 7) was delayed compared to
the corresponding ssDNAs (lanes 4 and 5 respectively), suggesting that the duplex form was
retained. This proved that the photocrosslinked dsDNA was unaffected by the denaturing condition.
For comparison, carbazole-modifieddsDNA not exposed to UV light was also run (lane 6). When the
photolilgation step was not performed, the dsDNA containing the carbazole was denatured (lane

7).

1 ssDNA Resl1

2 ssDNA Res2

3 dsDNA Res1+2
4 SsDNA Reslc

5 sSDNA Res2C

6 dsDNA Reslc+2c

7 UV dsDNA Reslc+2c

Figure 4.3 DNA denaturing polyacrylamide gel of conventional and carbazole modified DNAs. The
description of the samples loaded in each well is also included. The structures of the strands are

depicted in Table 2.1 (Res1 and Res2) and Table 4.1 (Res1c and Res2c).

4.2 Reversible photo-ligation of gold nanoparticles superlattices

After testing the efficacy of photoligation, the carbazole-modified DNA strands Reslc and Res2c
were used to assemble three-dimensional superlattices of gold nanoparticles. Two batches of
AuNPs functionalised with Reslc and Res2c were mixed in equimolar amounts (for experimental
details, see Section 2.2 and 2.3). Next, the DNA hybridisation was facilitated by addition of NaCl

0.3 M and the samples were placed in a thermal cycler. The crystallisation was promoted by heating

125



Carbazole modification of synthetic oligonucleotides

up the samples above the T, followed by the slow cooling at room temperature (cooling rate 0.1

°C/10 min). Detailed discussion about the crystallisation procedure can be found in Section 3.4.1.
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Figure 4.4 Structure factor profile and corresponding peak indexing for a BCC SLs made from AuNPs

functionalised with Reslc and Res2c.

Figure 4.4 shows SAXS pattern for AuSLs obtained from the cyanovinyl carbazole-modified
oligonucleotides prior to any light exposure. From the relative intensity and the position of the
peaks it is possible to assign the pattern to a body-centred cubic configuration. The lattice
parameter a was calculated from the relation with the interplane distance dw asa =
dpiVh? + k? 4+ 12, In turn, dug was calculated from Bragg’s Law as dyy; = 2/ qpy;- The nearest
neighbour distance d,,, core-to-core, was obtained from the cubic geometry of the unit cell and it
was found to be 27 nm, in agreement with the predicted value (28 nm) based on the NP diameters
and the DNA length. An average crystallite size of ~0.4 um was estimated from the scattering

correlation length & = 2 /Aq.

Following successful crystallisation of SLs with the carbazole-modified sequences, the effectiveness
of the photoligation was investigated. Figure 4.5 shows a visual comparison between NPs
assembled using conventional (Res1 and Res2) and carbazole-modified oligonucleotides (Reslc and
Res2c). After the slow-cooling procedure, both set of strands yielded a black sediment at the
bottom of the capillary (Figure 4.5A and B). The SLs were then placed approximately 5 cm under
the UV lamps and irradiated with A = 365 nm for 30 minutes at a power of 50 mW/cm?2. A 7 M urea
solution was added, and the samples were heated to 70 °C to induce DNA dehybridisation. In this

condition, the aggregated state was retained exclusively for the assemblies composed by the

126



Chapter 4

cyanovinyl carbazole-modified DNA strands, as proved by the black pellet observed at the bottom
of the capillary tube (Figure 5.5C). This was further confirmed by the absence of black aggregates
in the capillary containing the particles previously assembled with the set of conventional strands
and also by a colour change of the solution from colourless to red that suggests the release of gold
nanoparticles. This solution was analysed via UV-vis spectroscopy (Figure 4.5E). A sharp peak

appeared at 523 nm, confirming the presence of well-dispersed 15 nm AuNPs.

Absorbance

400 500 600 700 800
Wavelength (nm)
Figure 4.5 Optical images and schematic illustrations of AuSLs assembled with conventional (A and
C) or carbazole modified (B and D) oligonucleotides. In E, the UV-Vis spectrum of sample presented

in C, showing a sharp plasmon peak centred at 523 nm, demonstrating the release in suspension of

pristine AuNPs. Different colours code for different oligonucleotides sequences.
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This hypothesis was further confirmed by scattering analysis. The SAXS profiles of crystals formed
by conventional and modified DNA strands are reported in Figure 4.6. In Figure 4.6A the SAXS
profile for SLs obtained from Res1 and Res2 in native condition (phosphate buffer 0.1 M and NaCl
0.3 M) shows the characteristic peaks for a BCC lattice, as previously discussed (Figure 3.34). To
verify whether the assembly state was preserved under DNA denaturation conditions, urea (7 M)
was added to the sample and the tube was heated to 70 °C for 5 minutes to prompt dehybridisation.
In Figure 4.6B, the SAXS of the sample made from conventional strands displays no signs of ordered
structures after light irradiation at 365 nm and the application of DNA denaturation conditions
(urea 7 M, followed by heating at 60 °C). This confirmed that in the absence of the carbazole
modification, irradiating with UV light did not induce DNA crosslinking or breaking and thus all
crystalline ordering was lost upon DNA dehybridisation. In contrast, the SAXS for SLs made with the
carbazole-modified photoligated sequences showed the same number and intensity ratio of the
peaks before (Figure 4.6C) and after (Figure 4.6D) DNA denaturating, demonstrating the integrity

of the crystal structure for a BCC lattice.
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Figure 4.6 Indexed SAXS profiles for AuSLs assembled with conventional (A and B) or engineered (C
and D) oligonucleotides. In A and C the SLs were in native condition (phosphate buffer 0.1 M and
NaCl 0.3 M), prior to irradiation, showing the characteristic peaks for a body-centred cubic lattice.
Following irradiation and transfer to DNA-denaturing condition (urea 7M), the ordered structure is
completely lost in the case of SLs assembled with conventional DNA strands (C). Conversely, peaks

attributable to the cubic lattice could still be observed of the carbazole-modified SLs (D).

Interestingly, a noticeable shift of the peaks towards lower g values was observed for the carbazole-
modified SLs after DNA denaturation. This finding implied a wider distance between NPs in the
lattice; in fact, the nearest neighbour distance was shifted from 27 nm in native conditions to 31
nm for SLs in DNA denaturing conditions (“breathing” effect). Due to the denaturing environment,
the oligonucleotide strands relaxed while the NPs were still held together by the crosslinking
between the oligonucleotide strands. Consequently, the ordered structure was still maintained (as

proved by the scattering signals) but the interparticle distance increased due to strand relaxation.

Often, DNA intercalators are used to increase the duplex stability by raising the T and thus
preventing the dehybridisation at the working conditions. Instead, the carbazole create a covalent
bond which does not prevent the dehybridisation but ligates the duplex, which is now found in a

locked conformation.

4.2.1 Photo-induced decrosslinking of gold nanoparticles superlattices

An interesting feature of the photoaddition of a cyanovinyl carbazole to a double bond is the
reversibility of the reaction.?%! |rradiation at 312 nm induces the opening of the cyclobutane ring

to yield the pristine reagents.

The carbazole-containing samples were illuminated with A=312 nm for 30 minutes at 50 mW/cm?
to induce the cyclobutane ring opening. Structure factors of the decrosslinked aggregates in both
native and DNA denaturing environment are depicted in Figure 4.7. In both cases, no interstrand
covalent bond was present, but while in pattern labelled A the sample was in an environment
favourable to DNA hybridisation, in B the conditions were switched to DNA denaturing ones. The
BCC features are still visible in the pattern A because the UV irradiation only caused the ring
opening, without prompting any dsDNA dehybridisation. Conversely, after transfer to DNA

denaturing conditions, all the BCC features were lost, due to DNA dehybridization.
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Figure 4.7 Structure factor profiles for carbazole modified DNA AuSLs after decrosslinking with 312
nm radiation and corresponding schematic illustrations. (A) Decrosslinked AuSLs in native

condition, (B) decrosslinked AuSLs after transfer in denaturing environment.

Furthermore, the disassembled particles were optically characterised, and their spectrum was
compared to that of the AuNPs coated with oligonucleotides, recorded prior to the initial step of
crystallization. As shown in Figure 4.8, the two spectra are superimposable, with no peak shift or

broadening observed for the DNA-coated nanoparticles after UV light exposure.

— AUNPs@DNA as synthesized
«+«++« AUNPs@DNA after denaturation

Absorbance
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Figure 4.8 Normalised UV-Visible spectrum of cyanovinyl carbazole-modified DNA-AuNPs prior to

nanoparticle assembly (solid curve) and after DNA-denaturing of SLs, irradiated at 312 nm (red

dotted curve).
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This finding indicated that (i) the employed UV irradiation did not affect the integrity of the DNA-
coated nanoparticles and (ii) the DNA-coated NPs were still intact after a full cycle of crystallisation,
UV exposure and DNA denaturation. To confirm this last hypothesis and verify the full functionality
of the oligonucleotides on the NPs’ surface, a second crystallisation procedure was carried out. The
NPs were transferred in phosphate buffer 0.1 M containing NaCl 0.3 M and placed in a thermal
cycler. The sample was heated up to 70 °C and cooled down at a rate of 0.1 °C/10 min. After
reaching room temperature, a black precipitate was observed. Scattering analysis confirmed that it
was a BCC crystal with a lattice parameter and crystallinity comparable to the crystal fabricated in
the previous steps. In Figure 4.9, SAXS profiles for the crystals obtained initially (A) is compared
with the pattern obtained from the second crystallisation stage (B). No detectable differences in
peaks number, intensity ratio or position were observed, confirming the full functionality of the

oligonucleotide-coated NPs. This proved the complete reversibility of the cyanovinyl carbazole.
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Figure 4.9 Structure factor profiles for carbazole-modified AuSLs. In (A), the initially synthesised
AuSLs are represented; whereas in (B) the SAXS curve for the secondary AuSLs, after

recrystallization from decrosslinked AuNPs.

4.3 Reversible photo-ligation of silver nanoparticles

The functionality of the carbazole-modified DNA strands was further verified by using them to

assemble silver nanoparticles.
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First, crystals made with carbazole-modified (Reslc and Res2c) strands were synthesised using a
controlled slow-cooling method (Section 2.3.2 for experimental protocol and Section 3.4.1 for
discussion). Briefly, silver nanoparticles were functionalised with a dense shell of Reslc or Res2c
and mixed in equimolar amounts in phosphate buffer 0.1 M and NaCl 0.3 M. The crystallisation was
performed by placing the samples in a thermal cycler and slowly cooling down at a controlled rate

(0.1 °C/10 min).

Figure 4.10 shows the SAXS pattern for the AgSLs obtained from engineered DNA strands with
corresponding peak attribution. As for the crystals assembled with Res1 and Res2 (Section 3.4.2),
the AgNPs were arranged in a BCC lattice with a nearest neighbour distance of 26 nm (for
calculations, see Section 4.2). The d,, was in good agreement with the predicted value of 30 nm,
estimated considering AgNPs of 15 nm in diameter and a DNA duplex of circa 15 nm in length when

hybridised.
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Figure 4.10 Structure factor profile and corresponding peak indexing for a BCC SLs made from

AgNPs functionalised with Reslc and Res2c.

After successful crystallisation, the photoligation was performed. Figure 4.11 displays digital images
of capillaries containing assemblies made from conventional (B and D) and modified (A and C)
strands, before (A and B) and after (C and D) denaturation. As previously discussed (Section 4.2),
the slow cooling procedure yielded a black sediment at the bottom of the capillary for both

engineered and conventional strands (Figure 4.11A and B, respectively). The SLs were then exposed
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to A =365 nm for 30 minutes at a power of 50 mW/cm? and transferred to denaturing environment.
Upon denaturation, the aggregated state was preserved solely for the assemblies containing the
cyanovinyl carbazole, as attested by the presence of the dark precipitate (Figure 4.11C). On the
contrary, particles previously assembled with the set of conventional strands were readily dispersed
in solution upon denaturation. The resuspension of the AgNPs was demonstrated by (i) the absence
of the black aggregate and (ii) by a colour change of the solution from colourless to yellow (Figure
4.11D). A UV-Vis absorbance measurement was carried out on sample represented in D and it is

shown in Figure 4.11E. The presence of a sharp and well-defined peak at 407 nm confirmed the

presence of well-suspended. AgNPs.
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Figure 4.11 Optical images and schematic illustrations of AgSLs assembled with conventional (A and
C) or engineered (B and D) oligonucleotides. In E, the UV-Vis spectrum of sample presented in C,

showing a sharp plasmon peak centred at 407 nm, demonstrating the release in suspension of

pristine AgNPs.
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Furthermore, AgSLs were characterized by SAXS measurements that are reported in Figure 4.12 for
both native and DNA denaturing environment, labelled respectively as (B) and (C). As previously
observed (Section 4.2), although the BCC lattice structure was preserved, the application of DNA
denaturing conditions caused the dehybridisation of the DNA strands as previously observed in
Section 4.2. This resulted in an enlargement of the unit cell size, and the lattice parameter varied

from 29 nm to 33 nm.
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Figure 4.12 Structure factor profiles for fortified AgSLs. (A) crystallised AgSLs, photocrosslinked

AgSLs in native (B) and denaturing (C) conditions are, (D) denatured decrosslinked superlattices and

(E) recrystallized AgSLs.

Following the photoligation, the reverse reaction was tested. The carbazole-containing AgSLs were
exposed to A=312 nm for 30 minutes at 50 mW/cm? to induce the cyclobutane ring opening.

Structure factor of the decrosslinked aggregates in denaturing environment is reported in Figure
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4.12D. As predicted, after decrosslinking and transfer to denaturing conditions, all the BCC features

were lost, due to the absence of any form of ligation between the oligonucleotides.

To verify whether the employed UV irradiation had caused any damage on the DNA-coated NPs,
UV-visible spectroscopy was used to monitor the LSPR of AgNPs. In Figure 4.13, the spectrum of
freshly synthesised DNA-functionalised AgNPs (solid line) is compared to the one recorded after
denaturing cycle steps (dashed line). The maximum absorbance in both cases was found at 412 nm
and no peak broadening was detected for the AgNPs after the photoligation procedure. To check
the integrity of Reslc and Res2c, the recrystallization of the NPs was attempted. After this second
slow-cooling step, peaks ascribable to a BCC lattice reappeared in the SAXS pattern (Figure 4.12E).
This series of experiments confirmed what was previously found for AuNPs, that the carbazole
technology is highly effective in providing robustness to NPs SLs without altering the DNA-NPs

functionality.

= AgNPs@DNA as synthesized
«+0s+ AgNPs@DNA after denaturation
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Figure 4.13 Normalized UV-Visible spectrum of AgNPs before assembling (solid curve) and after

assembling, crosslinking, decrosslinking and de-assembling procedure (red dotted curve).
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4.4 Seeded growth of large superlattices

Part of the work presented in this section has been done in collaboration with Mr Joseph Cook and

Miss Doxi Misatziou.

The presence of a robust interstrand ligation within the crystal structure could enable the
fabrication of previously unachievable structures, such as core-shell or crystals of tens of

micrometres.

In this project, preliminary work towards the fabrication of extended crystals has been carried out.
Photocrosslinked gold superlattices were used as seeds to mediate the growth of larger structures
by progressive addition of DNA-AuNPs. To help the preferential growth of existing crystals rather
than the formation of new ones, some precautions in designing the experiment were taken. First,
a gentle shaking was applied to disperse the existing crystals in the AuNPs suspension and make
them available for uniform NPs attachment via DNA hybridisation. Secondly, to favour the growth
of existing seeds, the operating conditions must be such that the energy provided to the system
does not overcome the energy barrier for the formation of new nuclei. For this reason, the
experiment was carried out at a temperature below 70 °C, i.e. the temperature used for the initial

crystallisation process. Specifically, the growth was attempted at room temperature and at 50 °C.

In a typical experiment, the as-synthesised crystals were photocrosslinked by exposure to 365 nm
light (30 minutes, 50 mW/cm?). Equimolar amounts of freshly synthesised AuNPs functionalised
with Reslc or Res2c were added to the crystals. The ionic strength of the suspension was adjusted
by adding NaCl 2 M to a final concentration of 0.3 M or 0.5 M. The sample was transferred to a tube
and left to shake in a thermal shaker (250 rpm). The crystals were left to grow for 24 to 48 hours,
until no free AuNPs were present in suspension, testified from a colour change from red to
colourless. This step was repeated multiple times to attempt visible growth in larger crystals.
Optical microscopy was used to image the crystals to verify whether a significant growth of the

superlattices had been achieved.

Figure 4.14 shows optical images of amorphous (A) and crystalline (B) samples prior to any growth
step. In (A) big clusters of aggregated gold are clearly visible everywhere on the specimen.

Conversely, the AuNPs in (B) were more homogeneously dispersed in smaller aggregates.
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Figure 4.14 Optical micrographs at 40X magnification of (A) an amorphous aggregate of AuNPs and
(B) AuNPs crystals. Scale bars 50 um.

A comparison between two samples at different growing stages is shown in Figure 4.15. In (A),
AuSLs were imaged after a single addition of DNA-coated AuNPs, whereas in (B) 3 additions were
executed. The mean area of the aggregates was measured, and the results are summarised in the
size distribution graph in Figure 4.16. The measured mean area steadily increased from the seeds
(GO) to the following growing steps (G1, G2 and G3), varying from 5 + 6 um to 45 + 32 um after 3
growing steps. The dispersion around the mean area also increased, suggesting that secondary
nucleation of amorphous aggregates may occur, along with the agglomeration of different
aggregates. However, from the images it was not possible to determine if single crystals or
aggregates of polycrystalline material was being observed. SAXS analysis are currently in progress

to investigate the crystallinity of the grown samples.

Figure 4.15 Optical micrographs at 40X magnification of AuSLs at different growing stages. In (A)

the as-synthesised AuSLs seeds and in (B) after 3 growth steps. Scale bars 50 um.
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Figure 4.16 Size distribution graph of the mean area variation after different growing steps. Seeds
(GO) 5+ 6 um, growing step 1 (G1) 12 + 4 um, growing step 2 (G2) 17 £ 8 um and growing step 3
(G3)43 +32 um
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Chapter5 Optical Characterisation of Programmed

Assemblies

In the literature, the plasmon enhancement of fluorescence signal is a well-known process.
Typically, there are two strategies that can be put in place to increase the fluorescence emission:
either by intensifying the incident illumination flux or by increasing the radiative decay rate. Both
can be done using plasmonic NPs. When light couples to LSPR, it can become highly confined near
the interface, leading to enhanced electromagnetic fields that result in increased absorption cross
sections. Fundamentally, the plasmonic structures behave as optical nanoantennas.'® The antenna
acts in three different ways, first it locally concentrates the incident field and enhances absorption.
Secondly, the antenna can also enhance emission by increasing the emitter’s radiative decay rate.
However, the antenna can also quench the emission by increasing the nonradiative decay rate. The
balance of these three processes relies on various parameters, such as spectral overlap between
the resonances and absorption/emission frequencies, field overlap, polarization, antenna material,

and pump power.&

In this work, preliminary studies on the interplay between gold and upconversion nanoparticles
within the same aggregate structure were studied. First, the fabrication of mixed aggregates of
AuNPs and UCNPs is described (Section 5.1). The effect of increasing amount of UCNPs in an AuNPs
aggregate on the gold plasmon resonance was investigated (Section 5.2). Next, the effect of the
synergy between gold and upconversion on the non-linear optical properties was explored in
Section 5.3. Part of the work presented in this Chapter was carried out in collaboration of Mr Ahmad

Azizan, Mr Alexander Courtier and Mr Jack Hynes.

5.1 Fabrication of heterogeneous assemblies

Assemblies with heterogeneous composition were prepared using DNA-functionalised gold and
upconversion nanoparticles. Particles with narrow size distribution were synthesised as previously
discussed (experimental in Sections 2.1.1 and 2.1.4, detailed discussion in Sections 3.1.1 and 3.1.3)
and functionalised with the appropriate oligonucleotides (Experimental in Section 2.2 and
discussion in 3.3). Specifically, AuNPs were functionalised with Resl or Res2 modified with a thiol
group, while UCNPs were functionalised with Res1 or Res2 modified with an amino termination

(sequences in Table 2.1).

Prior to carrying out the crystallisation, a thermal analysis of the hybridisation behaviour of Au and

UC NPs functionalised with complementary DNA strands was performed. Equimolar amounts of
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AuNPs@Res2 and UCNPs@Res1 were mixed together and incubated at 60 °C in NaCl 0.5 M for 12
hours. The resulting pellet was transferred in a quartz cuvette and allowed to settle down. The
absorption at 260 nm of this sample was recorded while the temperature was slowly increased.
Figure 5.1 shows that in the presence of NPs, the melting temperature is shifted to higher values

(85 °C) compared to the DNA alone (56 °C).

The observed sigmoidal shape confirmed the successful cooperative hybridisation between

heterogeneous particles, therefore the crystallisation by slow cooling was attempted.

O\/\f‘

Absorbance

© @

20 40 60 80 100
T(°C)

Figure 5.1 Variation of the absorbance with increasing temperature. The melting temperature is

defined at the inflection point of the curve and it resulted equal to 85 °C.

AuNPs and UCNPs functionalised with complementary oligonucleotides were mixed together in
different proportion. The samples presented in Table 5.1 were prepared as follows. In all the
samples, the amount of UCNPs@Res2 was kept constant, while AuUNPs@Res1 and UCNPs@Res1
were added in different relative ratios. The first sample (AO) was an aggregate of pure UCNPs,
synthesised by mixing UCNPs@Res1 and UCNPs@Res2, hence the gold content corresponded to
0%. In the following samples, the amount of UCNPs@Res1 was gradually decreased while increasing
AuNPs@Res1. This created a competition between the two different kinds of nanoparticles bearing
the same ssDNA Resl to bind the complementary Res2. This progressive variation allowed to
achieve different gold content percentages in each sample, which were named after it as A12.5,
A25, A37.5 and lastly A50. In A50 no UCNPs@Res1 was added, and the aggregate was an equal

combination of UCNPs@Res2 and AuNPs@Resl. A similar rationale was used to prepare the
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samples described in Table 5.2. Here, the content of AUNPs@Res2 was fixed, whereas AUNPs@Res1
and UCNPs@Res1 were added in different relative proportion. An aggregate of pure gold was
fabricated by combining AUNPs@Res1 and AuNPs@Res2 (sample name UO0). Then, the amount of
AuNPs@Res1 was progressively reduced and UCNPs@Res1 was incremented. The samples were
labelled after the UC percentage content as U12.5, U25, U37.5 and U50. Three different set of
samples A and U were prepared using different sizes UCNPs (45 nm, 30 nm, 15 nm). Initially,
standard NaYF4:Yb(20%),Er(2%) UCNPs 45 nm were used because of their very high fluorescent
signal. Nevertheless, their large size, compared to the AuNPs, could complicate the formation of an
ordered particles’ arrangement. To tackle this issue, smaller UCNPs were produced by introducing
gadolinium in the NaYF4; matrix to decrease the NPs’ size, thus obtaining 30 nm and 15 nm UCNPs.

An extended discussion about this topic can be found in Section 3.1.3.

Prescribed amount of Au and UCNPs were mixed in phosphate buffer 0.01 M and NaCl 0.3 M. The
samples were transferred to a thermal cycler machine, heated up and kept at the melting
temperature of 80 °C for 1 hour and slowly cooled down at a rate of 0.1 °C/10 min. In this case, the
crystallisation protocol was slightly modified to take into account the very high Tr, experimentally
determined (80 °C). In the previous Chapters, the usual protocol involved heating up above the Tn,
and an immediate slow cooling after the target temperature had been reached. In this case, heating
up above the Ty, could have incurred into the detachment of the ssDNA from the NPs’ surface, which
is normally observed around 90 °C. To overcome this issue, the samples were brought at the T,, and
then kept for an hour to allow the quick dehybridisation-hybridisation of the oligonucleotides and

favour the formation of an ordered lattice.

Table 5.1 Summary of the A-series samples. The number after the ‘A’ represents the percentage of

AuNPs doping added to the UCNPs aggregate.

Sample name UCNPs@Res2 UCNPs@Res1 AuNPs@Res1 Gold %
A0 1 1 0 0
A12.5 1 0.75 0.25 12.5
A25 1 0.5 0.5 25
A37.5 1 0.25 0.75 37.5
A50 1 0 1 50
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Table 5.2 Summary of the U-series samples. The number after the ‘U’ represents the percentage

of UCNPs doping added to the AuNPs aggregate.

Sample name AuNPs@Res2 AuNP@Resl UCNPs@Res1 UC %
uo 1 1 0 0

ui2.5 1 0.75 0.25 125
u25 1 0.5 0.5 25

U37.5 1 0.25 0.75 37.5
uso 1 0 1 50

After the slow cooling from Ty, aggregates were observed at the bottom of the tubes and the
supernatant solution was removed and replaced with fresh phosphate buffer 0.01 M and NaCl
0.3 M. Figure 5.2 shows optical photographs of some homogeneous and mixed composition
superlattices: in A, pure gold superlattices (sample U0), in B pure upconversion superlattices
(sample AQ), while in C a mixed composition superlattice (sample U50) formed by Au and UCNPs
in 1:1 ratio are shown. As previously observed, when AuNPs are assembled together, their colour
shifts from red to a dark violet hue, due to the effect of aggregation on the surface plasmon
resonance. Conversely, the UCNPs do not show any absorption in the visible range and hence they
remained white; aggregation did not affect their optical properties in the visible range, thus
resulting in a white aggregate. Interestingly, heterogeneous assemblies showed a light pink
colour, resulting from the combination of the Au and UC properties. In D, E and F the same
samples are shown under supercontinuum (full wavelength range 400-1200 nm) laser
illumination, showing different absorption and scattering. The pure gold sample U0 looked red
(Figure 5.2D), the UCNPs aggregate AO showed a yellow hue (Figure 5.2E), and the mixed
composition U50 (Figure 5.2F) presented an orange colour due to the combination of both
components’ absorption. A deeper investigation of this phenomenon is carried out in the

following Section 5.2.
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Figure 5.2 Optical photographs of white light scattered from gold and upconversion. On the top,
pure AuSLs (sample UQ), pure UCSLs (Sample AO) and a mixture of AuNPs and UCNPs (Sample
U50) under ambient light, showing different hues. On the bottom, U0 (D), AO (E) and U50 under

supercontinuum laser light, showing different absorption.

5.2 UV-vis spectroscopy of heterogeneous assemblies

When two or more metallic NPs are placed in close proximity, their optical response changes from
individual to collective.'® 184 The coupled structure displays different plasmon modes compared to
the individual modes, due to the coupling of the building blocks. A commonly observed behaviour
is the redshift of the plasmon peak .1> For particle size in the nanoscale range, the shift trend is
described by an exponential relationship, the plasmon ruler equation (Equation 5.1), which is valid
for different particle’s shapes and sizes .18 In this equation, the plasmon shift is expressed as a

function of particle size and interparticle distance.

Equation 5.1 Plasmon ruler equation. Ay is the resonance wavelength of the individual element, AA
is the wavelength shift, / and s are the particle size and interparticle distance respectively. c and T

are two fitting parameters, depending on the medium.

A4 _ eCsi
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Apart from the plasmonic contribution, the role of light scattering must also be taken into account
in case of a large number of particles (or increasingly larger particles). When radiation passes
through an absorbing and turbid medium, its extinction is the sum of both absorbance and
scattering.'®” Figure 5.3 displays the extinction spectrum for DNA-AuNPs SLs, compared to the
absorbance of a colloidal solution of DNA-coated AuNPs, showing remarkable red-shift and peak
broadening. Previous reports®® have highlighted that the red-shift and broadening observed in the
extinction spectra of DNA-nanoparticles aggregates are due to the development of a collective
response of the electrons of assembled nanoparticles. The optical properties of DNA-networked
NPs are sensitive to the aggregate size and to the metal fraction volume, but they are not

particularly affected by the specific lattice arrangement.

Extinction

400 500 600 700
Wavelength (nm)

Figure 5.3 Normalised extinction spectrum of a DNA-AuNPs superlattices sample (solid line)
compared to the absorbance of DNA-coated Au colloidal solution. The maximum absorbance

shifted from 523 nm to 601 nm.

The effect of the metal content on the extinction behaviour is particularly relevant in the context
of heterogeneous SLs. According to published literature,® being the size of the aggregates
approximately equal, the reduction of the metal content should translate into a blue-shifting and
sharpening of the maximum optical density peak. This behaviour is the result of a diminished
interaction among AuNPs due most likely to an increased distance between the NPs. This prediction
found confirmation in the extinction spectra of mixed crystals with different percentages of gold

(Figure 5.4). Analysed samples were prepared from 14 nm AuNPs and 15 nm UCNPs combined in

144



Chapter 5

different proportion, as described in Table 5.2. As the percentage amount of gold is decreased, the
extinction maximum is blue-shifted and the peaks appear sharper. This observation was attributed
to an increased distance among the AuNPs due to the presence of UCNPs. The wider distance
reduced the entity of both the collective plasmon interaction and the scattering contribution. The
plasmon ruler equation (Equation 5.1) was used to estimate the distance between AuNPs within
the lattices. The fitting parameters o and t were set respectively to 0.18 and 0.23, which were
previously optimised for DNA-coated AuNPs in aqueous medium.%!% Considering 14 nm AuNPs
spaced by 45 mer oligonucleotides, the predicted nearest neighbour spacing corresponds to 27+3
nm. The interparticle distance found in a SLs 100% gold (sample UQ) was 34 nm, in relatively good

agreement with the 27 nm obtained from SAXS data analysis (see Section 3.4.1).
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Figure 5.4 Normalised extinction spectra for superlattices containing different percentage of gold.
As the amount of gold increase from 12.5% in A12.5 to 100 in U0, the maximum peak broadens and

shift to longer wavelengths, as result of increased interaction between AuNPs.
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In Table 5.3, a summary of the calculated distance between AuNPs in lattices containing different
percentages of gold. For a sample formed by AuNPs@Res1 and UCNPs@Res2 in a ratio 1:1 (sample
A50), the interparticle spacing between two AuNPs was found equal to 53 nm. A predicted value of
5443 nm was calculated considering two 14+1 nm AuNPs at the centre of a body centred cubic
structure (see illustration in Scheme 5.1). This assumption was justified considering that each
AuNP@Res1 would be surrounded by UCNPs@Res2, due to the complementarity between the
ssDNA on the particles’ surface and to the absence of competing UCNPs@Resl. The nearest
neighbour distance (dnn) between an AuNP at the centre of the BCC and a UCNP at the corner of
the cube was estimated by summing the Au and UCNP (including the silica shell, Section 3.3.4.1.2)
radii plus the 45 base pair oligonucleotides between them. The lattice parameter a was then
calculated from a = 2d,,,,/v/3 and it resulted in 5443 nm. The cell parameter a for a BCC lattice
corresponds to the distance between two particles at the centre of two adjacent unit cells. This
value is in excellent agreement with 53 nm, experimentally determined from the plasmon ruler

equation.

Scheme 5.1 lllustration of two adjacent body centred cubic unit cell, formed by spherical AuNPs at
the centre of the cell and surrounded by hexagonal UCNPs. The core-to-core distance between two

AuNPs is highlighted for clarity.
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Table 5.3 Estimated spacing between two adjacent AuNPs for superlattices containing different
percentages of gold, as calculated from the plasmon ruler equation, showing good agreement

with the expected values.

Sample Peak Maximum (nm) AA (nm) Interparticle distance (nm)
A12.5 542 19 60
A37.5 546 23 56

A50 560 27 53

uo 601 78 34

On the other hand, a comparison between experimental and theoretical distances between AuNPs
within assemblies A37.5 and A12.5 was more challenging to conduct. Predicting the relative
positioning of AuNPs within the lattice was unfeasible due to the competition between
AuNPs@Res1 and UCNPs@Res1 to hybridise UCNPs@Res2. Despite this inherent difficulty, we can
predict that the interparticle distance should increase as the gold content decrease. Calculations
from the extinction data endorsed this hypothesis. Specifically, the distance varied from 53 nm in
A50 to 56 nm (in A37.5) and 60 nm (in A12.5). These determined distances are wider than the
theoretically calculated lattice parameter (53 nm) for a lattice containing equivalent amounts of
UCNPs and AuNPs. This did not provide hints on the specific positioning of the AuNPs, but suggested
that less than one AuNPs per unit cell is present, thus the gold can be regarded as an impurity in a

UCNPs lattice.

5.3 Non-linear optical properties of heterogeneous assemblies

In this section the non-linear optical properties of heterogeneous assemblies of 14 nm AuNPs with
either 45 nm or 30 nm UCNPs will be investigated. Both AuNPs and UCNPs show non-linear optical

characteristics, in processes involving two-photon transitions.

As outlined in more detail in 1.1.1.4, photon upconversion is a non-linear fluorescence process
consisting in the sequential absorption of two lower energy photons, which are subsequently
emitted at a higher energy wavelength, through a series of different transitions among different
energy levels. Upconversion nanoparticles are inorganic crystalline structures composed by a
matrix (typically NaYF4) hosting rare-earth elements, which act as sensitizers and activators for the

upconversion of infrared photons. Usually, sensitizers are chosen so that they possess relatively
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large photo-absorption cross-sections and appropriate energy levels to match the corresponding
activators. These characteristics are well-met by lanthanide ions, due to the high number of energy
levels in the 4f-5d energy levels, which provide multiple energy transfer pathways for upconversion
emission. Ytterbium Yb% is a highly efficient photo-sensitizer with high absorption at 976 nm
(transition 2F7/, >2Fs2). The absorbed energy is then transferred to an activator within the matrix

(such as Er®*), which can then emit the energy in the visible spectrum 191192

Two-photon photoluminescence (TPPL) is a third-order phenomenon involving the sequential
absorption of two photons carrying approximately the same energy. As described in Section 1.1.1.3,
this process involves the promotion of an electron from the ground state to an excited state located
at energy equal to twice the energy of the irradiating photons. The energy absorbed is then
radiatively emitted at half the wavelength of the exciting one. For AuNPs, the working wavelength
is around 1060 nm and the emission is observed at 530 nm. Being a third-order nonlinear
phenomenon, the signal is not exceedingly intense; however, it is sufficiently strong to be used in
several applications, such as microscopy.>!%

5.3.1 Optical characterisation of heterogeneous assemblies of 15 nm AuNPs and 45 nm

UCNPs

A home-built setup was used to investigate the optical properties of the assemblies, specifically the
TPPL arising from the AuNPs and the fluorescence from the UCNPs. The set-up was built with the
help of Professor Otto Muskens, with the specific aim to alternatively measure the TPPL of the gold
component and the fluorescence of the UCNPs on the same area of the aggregates, to evaluate if
the co-presence of the two components had affected the co-localisation of the signals. The TPPL
setup included a supercontinuum Yb-doped fibre laser (Fianium) with emission centred at 1060 nm,
pulse duration of 11 ps, 20 MHz repetition rate and a laser power of 30 mW. The emission
wavelength was selected by using a stage slit. The laser beam was directed through a series of
mirrors on the sample and focused onto it by using a 60x objective lens. The sample’s position was
controlled with a 3-axis piezo motor and the nanoparticle assemblies were located by bright field
imaging with a white light source. The measurement was then performed by scanning the laser
beam on the identified area using a galvo mirror, which was connected to a wave function
generator (scan rate 40 Hz). The emitted signal was finally collected on an avalanche photodetector
(Excelitas SPCM-AQRH). Photon counts were collected as a function of position using a laser-

scanning arrangement and a data-acquisition system (Becker&Hickl).

The upconversion fluorescence measurements were performed with a continuous wave (CW) 980

nm diode laser (Thorlabs) as excitation source with power of 10 mW, and an avalanche
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photodetector (the same used for TTPL) as collector of the fluorescence signal. In Scheme 5.2 a

diagram of the TPPL/Fluorescence setup is reported.

jj N s

UC: 980 nm
Wave function generator
E i § Flipping mirror
TPPL: Fianium slit stage Dichroic mirror \

Galvo mirror

White light
Lens

@ Beam splitter

Detector

Objective 60x

Sample holder

Scheme 5.2 Schematic illustration of the custom-made, home-built setup for the alternate
detection of TPPL and fluorescence signals. The light coming from either the supercontinuum or
980 nm laser is directed through a number of mirrors into the objective where the sample is placed.
The scattered light is then directed either to a camera or to a CCD detector. The white light source

was used for the location of the aggregates by bright field imaging.

Preliminary experiments were conducted on a limited number of heterogeneous assemblies of
15 nm AuNPs and 45 nm UCNPs, prepared as described in Table 5.2. Briefly, samples U12.5, U25,
U37.5 and U50 were assembled by keeping constant the amount of AUNPs@Res2 and adding
different aliquots of AUNPs@Res1 and UCNPs@Res1, which competed to bind AuUNPs@Res2 (a
more detailed description can be found in Section 5.1). In a similar manner, a sample containing
62.5% UCNPs was prepared by keeping constant UCNPs@Res2 and replacing 12.5% of
UCNPs@Res1 with AuNPs@Resl (sample A12.5 described in Table 5.2).
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Figure 5.5 Representative bright field microscope images of aggregates of particles (sample UO).

Scale bars 200 um.

After self-assembly, the optical properties of the aggregates were assessed using the custom-made
setup described above. Specimen were prepared by dropcasting ca. 20 ul of each sample in an 18-
wells p-slide and placed on the staged sample holder. A suitable area to perform optical
measurements was roughly located using bright field microscopy (representative images of sample
U0 are shown in Figure 5.6). Subsequently, the chosen region was positioned in the beam path and
the laser (either the supercontinuum or the 980 nm) was focused onto it. The signals arising either
from TPPL or fluorescence were collected by illuminating the same sample area with either the

supercontinuum laser for TPPL or the 980 nm laser for fluorescence.

Figure 5.7 shows examples of the images used for the pixel analysis. Each pair of images (A and B,
C and D) corresponds to the same area, imaged with both lasers. In general, the fluorescence signal
(Figure 5.7B and D) had a considerably higher intensity than the corresponding TPPL (Figure 5.7A
and C), which can be explained considering that the TPPL is a low-intensity third-order physical
phenomenon. From Figure 5.7, it is evident that the regions displaying higher intensity response in
each pair of images were found at the same coordinates and presented the same features for both
TPPL and fluorescence. Since AuNPs and UCNPs were functionalised with complementary
oligonucleotides, the successful hybridisation between them would create a heterogeneous
assembly. It follows that, if a mixed composition assembly was created, the TPPL and the
fluorescence signals should originate from the same areas of the sample (co-localisation).
Conversely, if the AuNPs did not mix with the UCNPs, segregation of the TPPL and upconversion
fluorescence signals would be observed. The observation of similar features and positioning of TPPL
and fluorescence outcome attested the co-localisation of gold and upconversion nanoparticles,

confirming the fabrication of a mixed-composition aggregate.
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Figure 5.6 TPPL (A, C and F) and fluorescence log scale maps (B, D and F) obtained from a typical
heterogeneous sample. A and B correspond to the same area, imaged with 1060 nm and 980 nm
laser, similarly to C-D and E-F pairs. The bright regions in each image is thought to represent a
cluster of AUNPs and UCNPs aggregates. The co-localisation of AuNPs and UCNPs is highlighted by

the presence of higher intensity signals in the same regions for both lasers.
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The signal intensity ratio was obtained by summing the intensities of all the pixels in the TPPL
measurement and dividing by the sum of all the pixels in the upconversion measurements on the

same area, or in symbols: intensity ratio = 2(Pixel intensity UC)/2(Pixel intensity TPPL).

In Figure 5.8, a graph showing the relationship between the intensity ratio calculated as above and
the percentage of UCNPs is reported. More specifically, it shows the data for samples U12.5, U25,
U37.5, U50 and A37.5, in which the amount of UC is increased from 12.5% to 62.5%. These samples
were chosen as they contained both AuNPs@Resl and UCNPs@Resl competing to bind the
complementary strand on AUNPs@Res2. From the graph, it is clear that the fluorescence-to-TPPL
ratio is relatively constant for UCNPs content <37.5%. After the UCNPs fraction was risen at 50%

and above, the fluorescence predominated and a sharp increase in the signal ratio was observed.
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Figure 5.7 Fluorescence to TPPL ratio for different UCNPs percentage, varying from 12.5% (sample
U12.5) to 62.5% (sample A37.5). A sharp increase in the fluorescence signal takes place when the

UCNPs fraction of the aggregate raised above 50%.

This substantial steadiness of the fluorescence signal at low ratio followed by a sharp increase could
be attributed to the “hot-spot” effect in the TPPL response of plasmonic particles. A near-field
enhancement of the optical response occurs in clusters of gold nanoparticles,'*%° but when the
NPs are distant, such as in samples with gold fraction <50%, the photoluminescence is rapidly

reduced, causing a swift increase in the fluorescence-to-TPPL ratio.
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5.3.2 Optical characterisation of heterogeneous assemblies of AuUNPs and 30 nm UCNPs

An improved version of the previously presented setup was used to study the TPPL from gold
nanoparticles and the fluorescence signal generated by 30 nm lanthanide-doped NaY:GdF,
nanoparticles. To maximise the TPPL signal intensity and reducing the background signal from
upconversion, the supercontinuum laser was replaced with a femtosecond pulsed laser with
emission centred at 1064 nm + 5 nm. The laser operated at 100 mW at a repetition rate of 5 MHz,
and a pulsewidth of 200 fs, which allows to achieve higher pumping energies compared to the
picosecond laser previously employed. The upconversion signal was detected using a continuous
wave 980 nm diode laser (Thorlabs) as excitation source with power of 10 mW. The laser beam
(either the 1064 nm or the 980 nm) was directed using a galvo scanning mirrors and was focused
onto the sample using a 60x objective lens. After location of the nanoparticle assemblies by bright
field imaging, the measurement was performed by scanning the laser beam with a galvo mirror (40
Hz). The emitted signal is finally collected on an avalanche photodetector (Excelitas SPCM-AQRH).
The scheme of this setup is identical to the drawing reported in Scheme 5.2, except for the

supercontinuum laser, which was replaced by the femtosecond one.

In this experiment, ca. 20 ul of mixed composition aggregates prepared as in Table 5.1 and Table
5.2 were dropcasted on a p-slide and allowed to sediment at the bottom of the well. A white light
source and an optical microscope were used to roughly locate the aggregate on the slide. The
vertical position of the sample was then adjusted to optimise the focus on the sediment aggregate
through a series of z-axis scans. An example of a series of z-stack images is reported in Figure 5.9.
A series of ten images was collected on the same area of a heterogeneous aggregate of Au and
UCNPs. The stage height was varied between 20 V and 40 V using a piezo controller and an image
was collected for each 1V step. The height that yielded the highest intensity was selected and used

for data collection.
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Figure 5.8 Representative z-stack images series for a heterogeneous aggregate of AuNPs and UCNPs
and corresponding plot of the average pixel intensity for each image. The intensity increases and
the background noise is reduced as the stage height approaches the laser focus. The height that

maximised the pixel intensity was chosen for data collection.

After a suitable area of the sample had been located and placed in the laser focus, two images were
recorded, using alternatively the 980 nm and the 1064 nm laser. Images with both lasers were
collected on five different areas of for each sample to test the consistency of their optical response.

The intensity from each image was extracted and averaged on the number of pixels in each image.

In Figure 5.10, a graph of the mean intensity for every image of each sample versus the UCNPs
percentage fraction is reported. The TPPL signal is represented by filled circles, while the
fluorescence is symbolised by filled squares. The signal intensity variation across each image is
represented by coloured bars for each sample. Concerning the photoluminescence behaviour (filled
circles), the TPPL signal showed an overall decreasing trend with decreasing content of AuNPs. The
highest absolute intensity was registered for a pure gold sample (UO). Following introduction of
UCNPs within the gold clusters (U-series samples, orange circles), a dramatic drop of about an order
of magnitude took place (U12.5). Further increase of UC percentage in parallel with the decrease in

Au content, caused the TPPL intensity to progressively drop down to zero in a pure UCNPs sample.
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This trend was rationalised considering that the introduction of UCNPs progressively perturbed the
AuNPs coupling, and therefore it gradually reduced the TPPL intensity. When the concentration of
UCNPs reached the 50% and above, the AUNPs were essentially diluted in an UC aggregate and the
corresponding signal had low intensity in all the A-series samples. Coherently, the fluorescence
response (filled squared), showed an opposite trend, as it raised with increasing UCNPs content.
The fluorescence signal remained fairly constant in U-series samples (grey squares), as the UCNPs
constituted a small fraction of the overall aggregate. A more pronounced increase in fluorescence
was detected for A-series samples (black squares), consistent with the elevated percentage of

UCNPs in the samples.
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Figure 5.9 Averaged pixel intensity and corresponding dispersion of the signal for each image of A-
and U-series samples. TPPL measurements from the gold for U-series and A-series samples are
represented by orange and red circles respectively. Average fluorescence intensity of the UCNPs is
symbolised by grey (U samples) and black (A samples) squares. The variation of the signal across

each sample is represented by coloured bars.

In Figure 5.11, the entity of the TPPL and fluorescent upconversion response for each sample is
reported as an average of the pixel intensity over five images taken in different areas of the same

sample. The fluorescence to TPPL ratio against the UCNPs percentage is then plotted for A- and U-
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series samples. In the gold-doped UCNPs aggregates (A-series, light blue triangles), a linear increase
of the fluorescence response was detected. As the UCNPs content raised from 50% to 100%, the
fluorescence to TPPL ratio increased accordingly. This behaviour is in good agreement with the
measurements performed on the A-series samples containing UCNPs 45 nm (Section 5.3.1).
Remarkably, the two samples A50 and U50 showed very similar ratios, coherently with their

composition. In fact, these two samples were both prepared with the same ratio of Au and UCNPs.
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Figure 5.10 Fluorescence to TPPL ratio against the UCNPs percentage for U-series samples (magenta
diamonds) and for A-series samples (light blue triangles). A sharp increase in the fluorescence signal

takes place when the UCNPs fraction of the aggregate raised above 50%.

A third set of A and U samples with AuNPs 14 nm and UCNPs 15 nm was also fabricated and a
thorough non-linear optical characterisation will be undertaken. Despite the lower fluorescence
intensity observed for small UCNPs (see Section 3.1.3 and ref®), the use of particles with
approximately the same size, should facilitate the achievement of an ordered lattice. Furthermore,
small UCNPs presents a more spherical shape compared to the hexagonal platelets observed for 45
nm UCNPs. This shape matching could also contribute to a higher crystallinity sample. The

obtainment of a crystalline material may improve the consistency of the optical response, since the
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NPs would be found in predetermined positions. In case of extended single crystals (>10 um), the

optical response of a single crystal could be revealed.
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Chapter 6 Conclusion and Outlook

The long-term vision behind this project was to develop universal strategies for the accurate design
and fabrication of reconfigurable three-dimensional mesoscopic materials. These materials are
made of functional nanoparticles, assembled via DNA interactions. The nanoparticles endow the
material with their intrinsic properties, such as plasmonics, fluorescence or magnetism. On the
other hand, the specificity of the base-pair recognition makes synthetic oligonucleotides a unique
and unsurpassed tool for the precise assembling and positioning of nanoparticles. The synergy
between these two components was exploited in this work for the fabrication of stimuli responsive,
three-dimensional arrays of nanoparticles. These materials are envisioned to originate
unconventional properties, arising both from the composition of the material itself and from the

architectural arrangement in space.

In this final Chapter, a summary of all the results obtained is given (Section 6.1). An outlook of the

future perspective based on latest results, is outlined in Section 6.2.

6.1 Summary of results

In Chapter 4, different types of nanoparticles were synthesised and characterised with the final goal
of employing them as self-assembly building blocks. Gold and silver nanoparticles were synthesised
with classical citrate-reduction methods, and subsequently grown in different sizes using a seeded-
mediated strategy. Fluorescent NaYF4:Yb**,Er®* upconversion nanoparticles and magnetic iron oxide
nanoparticles were synthesised using a co-precipitation method. The synthesised nanoparticles
were characterised using a variety of techniques, including transmission electron microscopy, x-

rays diffraction, zeta potential measurements, UV-visible and fluorescence spectroscopies.

Different approaches were used to cover the surface of the NPs with a dense layer of synthetic
oligonucleotides. For gold and silver NPs, the direct surface attachment was performed by using
thiol-modified ssDNA. Amino-terminated oligonucleotides were used to functionalise silica-coated

upconversion and iron oxide nanoparticles via EDC/sulfo-NHS coupling.

Three-dimensional assemblies were fabricated using DNA-NPs units as building components.
Temperature-regulated strategies were used to favour the ordered arrangement of the
components in ordered superlattices. High-quality crystalline assemblies of gold and silver NPs
were synthesised, and the structure was assessed via scanning electron microscopy and x-rays
scattering. In Chapter 4, the expertise gained in the construction of such 3D architectures was

applied to the synthesis of light-responsive micron-sized crystals. For this aim, engineered nucleic
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acids were designed and characterised. A modified nucleobase containing a cyanovinyl carbazole
molecule was introduced in the ssDNA sequences used for the fabrication of superlattices. This
compound is a light-responsive molecule, which enables the formation of a covalent bond between
two complementary DNA strands upon illumination with 365 nm wavelength. This bond is
insensitive to environment changes, endowing the overall structure with extra-ordinary stability.
This method of ligation is exceptionally versatile for several reasons. First, it can be activated at will
following 365 nm irradiation, remaining silent otherwise. This is of utmost importance when
crystalline assemblies are desired because many hybridisation/dehybridisation events must occur
for the particles to arrange in the most thermodynamically stable form (the crystal structure). The
possibility to selectively induce the carbazole reaction allows to “lock” the structure with covalent

bonds only after the ordered lattice is formed.

Moreover, the carbazole crosslinking is a reversible reaction. By using a different wavelength (312
nm), the covalent bond can be opened, yielding the pristine, non-crosslinked oligonucleotides.
Other crosslinking methods are usually irreversible, leading to the loss of the dynamicity provided
by the hybridisation/dehybridisation of DNA. This is not the case for the carbazole ligation: the
reversibility of the covalent bond allows to take advantage of the flexible properties of DNA to

achieve completely reversible, dynamic structures.

In Chapter 5, heterogeneous aggregates of gold and upconversion nanoparticles were synthesised.
Preliminary measurements were carried out to investigate the linear and non-linear optical
properties of these assemblies, providing a novel insight on the interplay between plasmonic and

fluorescent nanomaterials.

6.2 Future work

The last ten years have witnessed intense research of DNA-driven nanoparticle assembly. Since
2008, achievable crystal structures have advanced from a BCC structure to a library consisting of
crystals with dozens of different symmetries. The rapid development of this field has benefit from
further research in other fields, but it has also stimulated it. New techniques were developed to
produce highly monodisperse inorganic nanoparticles with different sizes and shapes, novel
strategies were invented to functionalise the NPs’ surface with oligonucleotides and other bio-
molecules, and the DNA nanotechnology has far exceeded the original function of nucleic acids as

genetic materials.
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However, despite the extensive work done so far in the field of DNA-NPs assembly, there is more
to explore. In particular, the applicability of these systems in real-life devices still needs to be

demonstrated.

The lack of inherent stability has so far limited the actual applications of superlattices. The method
of DNA ligation demonstrated in this thesis has allowed for the first time to create a range of ultra-
stable, dynamic, mesoscale materials which will be investigated as photonic materials.’ '’ The
home-built setup described in Chapter 5 will be further optimised to allow the investigation of the
backscattering and reflection behaviour of the superlattices. The “breathing” effect observed for
crosslinked crystals (Section 4.2), which caused the variation of the distance between NPs in the

lattice, will be explored for dynamic plasmon coupling/de-coupling.

Additionally, the scalability of the fabrication technique needs to be addressed. Improved
understanding of thermodynamic and kinetic processes at the nanoscale is expected to aid the
development of more complex structures at a larger scale. In future, a potential processing
technique involving the use of an external force or field (for example high pressure) will be explored
to accelerate the DNA-mediated self-assembly process. Building on the preliminary work done on
the seed-mediated superlattices growth (Section 4.4) we plan to perform pressure-guided
crystallisation of DNA-coated gold nanoparticles in combination with real-time X-rays scattering
measurements. We predict that the possibility to track the crystals formation and growth in situ via
SAXS measurements while applying different pressures is of utmost importance to enable the
optimisation of the experimental conditions and maximise the crystal yield. Indeed, part of the
challenge of scaling-up the production of functional nanomaterials consists in obtaining high yields
of production. To tackle this issue, new design of DNA strands has also been considered. All the
work presented in this thesis relied on the employment of a 2-strands system, each of them loaded
on the surface of a batch of nanoparticles. However, multiple strands systems can be also
engineered to yield single crystal domains. In Figure 6.1 an example of the working principle of a
four strands system is presented. Two batches of AuNPs are functionalised with thiolated DNA
strands, which are not complementary to each other. The assembly is triggered by the addition of
two linker strands which are complementary to each other and each of them is also complementary
to the oligonucleotides conjugated to the NPs’ surface. This strategy was employed for some
preliminary crystallisation experiments. Two four-strands system were designed, one containing
conventional oligonucleotides (system A), while the other was a rather complex, engineered
system, consisting of 4 sequences modified with three carbazole nucleobases (details on the
chemistry of the carbazole can be found in Chapter 4). All the employed sequences are reported in

Table 6.1 (System A, conventional strands) and Table 6.2 (System B, engineered strands).
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Recognition site, 6 base pairs
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Figure 6.1 Schematic illustration of the working principle of a four-strands system within a dimer of

particles.

Table 6.1 Oligonucleotides sequences for System A. The Res3thiol and Res4thiol have a thiol

modification at the 3’ end to conjugate the surface of the AuNPs. Res3linker is

designed to bind Res3thiol with 18 bases complementarity. In the same way,

Resdlinker is designed to bind Res4thiol. When mixed together, Res3linker hybridises

with Resdlinker with a complementarity of 6 bases. Sp18 indicates a polyethylene

glycol spacer adding 18 atoms.

Abbreviation Sequence and Modification
Res3thiol 5’-Thiol-(Sp18),-CATCCATCCTTATCAACT-3’
Res4thiol 5’-Thiol-(Sp18),-AACGACTCATACTCACCT-3’
Res3linker 5’-TTCCTT-A-AGTTGATAAGGATGGATG-3’
Res4linker 5-AAGGAA-A-AGGTGAGTATGAGTCGTT-3’

Table 6.2 Details of the sequences designed for System B, an engineered system containing three

cyanovinyl carbazole nucleobases (position indicated by an ‘X’). The Res5thiol and

Res6thiol have a thiol modification at the 3’ end to conjugate the surface of the AuNPs.

Res5linker is designed to bind Res5thiol with 18 bases complementarity. In the same

way, Resblinker is designed to bind Res6thiol. When mixed together, Res3linker

hybridises with Res4linker with a complementarity of 6 bases. Under UV-B irradiation,
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the three carbazole are activated and will form a covalent bond with a facing thymine

base in the opposite strand.

Abbreviation Sequence and Modification
Res5thiol 5'Thiol (Sp18), AAC GAC TCATGT CTC ACCT 3’
Resé6thiol 5'Thiol (Sp18), CAT CCATCC TGT ATCAACT 3’
Res5linker 5" AA GGA XAA GGT GAG AXA TGA GTC GTT 3’
Resé6linker 5 TGT CCTT AGT TGA TAXA GGA TGG ATG 3’

The recognition site between the linker strands (Res3linker with Res4linker, and Res5linker with
Resé6linker) consists of 6 complementary base pairs, against to the 15 bases in the case of Res1 and
Res2. We postulated that the decreased level of complementarity would help the re-arrangement
in an ordered manner, as less energy would be required to de-hybridised and re-hybridised. For this
reason, the annealing temperature was lowered to 55 °C (compared to the 70 °C used in Chapter 3
and 4), while the cooling rate profile was kept to 0.1 °C/10 min. The obtained samples were
morphologically characterised by SEM imaging. The images reported in Figure 6.2A and B clearly
show the abundance of single crystals, while in C and D the sharp crystal faces and the ordered

arrangement of the NPs can be appreciated.
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Figure 6.2 Different magnification SEM micrographs of AuNPs superlattices obtained by NPs
functionalised with Res3thiol and Res4thiol, assembled together by the addition of
Res3linker and Res4linker via the slow (0.1 °C/10 min) cooling from 55 °C. Scale bars in

Aand B 1 um, scale bars in Cand D 100 nm.

In addition to conventional DNA strands, also engineered oligonucleotides were employed. Due to
the presence of three carbazole modifications, System B (Table 6.2) can crosslink the four
oligonucleotides, thus resulting in a system stable to denaturing conditions. The assembly was
carried out under the same conditions as System A, and micron-sized crystals were obtained (SEM
shown in Figure 6.3A). Following successful crystallisation, the efficiency of the carbazole
crosslinking was tested. An aliquot of as-synthesised crystals in phosphate buffer 0.01 M. SDS 0.01%
and NaCl 0.3 M was placed in an ice bath under a UV lamp and irradiated for 30 minutes. The
crosslinked crystals were purified by a gentle centrifugation (1 min, 700 rpm, 3x) and resuspended
in water. SEM images of irradiated crystals in buffered conditions are shown in Figure 6.3B, showing
no significant changes compared to the superlattices prior irradiation. Following transfer to pure
water, the crystal structure was also preserved (Figure 6.3C), proving the ability of this new DNA

design in retaining the crystal structure in destabilising conditions.
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Figure 6.3 SEM micrographs of AuNPs superlattices obtained by NPs functionalised with Res5thiol
and Res6thiol, assembled together by the addition of Res5linker and Res6linker. In A,
the as-synthesised crystals in phosphate buffer and NaCl 0.3 M. After the assembly,
the same crystals were irradiated with 365 nm light for 30 minutes to activate the
carbazole and induce the crosslinking between the complementary sequences. In B the
crosslinked crystals are shown in the assembly buffer. In C, the superlattices were
purified from the salt and transferred to pure water, showing that the crystal structure

was retained even in low ionic strength medium.

In the long-term, the feasibility of application in nano-electronics will be considered. Although the
intrinsic conductance properties of DNA might not be suitable for this task, metallisation strategies
have been proved successful in fabricating conducting nanowires and metal cluster nanostructures
onto DNA.1131%6-198 Eor this aim, DNA can be modified either by incorporating single metal atoms
into its duplex or by continuously metallizing the whole duplex in between NPs. Development along
this direction may unveil new potential to research areas such as micro- and nanofabrication and

information storage.

To conclude, the field of DNA-nanoparticles technology is breaking the boundaries of chemistry,
biology, physics, and material science and it is branching out to reach the industry implementation

stage, with the promise to create novel solutions to this century’s grand challenges.
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A.1 List of reagents and suppliers
All reagents were used without further purification.

Sigma-Adrich: sodium tetrachloroaurate (lll) (99% purity), sodium citrate (299% purity), sodium
chloride (99% purity), silver nitrate (98% purity), iron(lll) chloride hexahydrate (97% purity), tannic
acid (299% purity), tris(2-carboxyethyl)phosphine hydrochloride (TCEP, powder), potassium
cyanide (296% purity), urea (299% purity), yttrium (lll) chloride hexahydrate, ytterbium(lll) chloride
hexahydrate, erbium(lll) chloride hexahydrate, thullium(lll) chloride hexahydrate, oleic acid (90%),
1-octadecene (90%), sodium hydroxide (298% purity), absolute alcohol, phosphate buffered saline
(PBS), sodium dodecyl sulfate (298% purity), monobasic phosphate (99%), dibasic phosphate (99%),
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl)piperazine-N'-(2-
ethanesulfonic acid) (HEPES, 299.5% purity), tetraethyl orthosilicate (TEOQS, 299% purity),
Polyoxyethylene (5) nonylphenylether (IGEPAL CO-520), polyacrylic acid (PAA, 1.8 kDa),
tetrahydrofuran  (THF, 299%  purity),  N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC, 299% purity), N-Hydroxysulfosuccinimide sodium salt (sulfo-NHS, >98% purity),
(3-Aminopropyl)trimethoxysilane (APTMS, 97% purity), 2-(N-Morpholino)ethanesulfonic acid (MES,
>99% purity).

VWR: syringe (20G), syringe filter (0.2 um), methanol (99% purity), hexane (90% purity), N,N-
Dimethylformamide (DMF, 99% purity), acrylamide: bis-acrylamide 1:29 (40% solution).

Agar scientific: 200 mesh copper/nickel grid, silicon wafer chips (2 mm).

Alfa Aesar: Succinic anhydride (99% purity), 1-octadecene (96%), oleic acid (90%).
A.2 Description of the characterisation techniques

A.2.1 UV-Visible spectroscopy

The concentration of gold and silver NPs as well as oligonucleotides were determined by monitoring
the absorption maximum over a wavelength range of 200 to 800 nm. In case of dilute samples
(optical density < 1) and negligible scattering, the concentration can be determined by using the
Beer-Lambert law (Equation A.1). This equation correlates the maximum optical density, defined

as the negative logarithm of the transmitted intensity divided by the incident intensity, with the
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concentration of the analyte. Molar concentrations can be obtained using the molar extinction
coefficient, a measure of the absorption efficiency of a species for a specific wavelength. Extinction
coefficients for different sizes of gold and silver colloids are tabulated,**?% while the coefficients
for the DNA strands were determined by Dr. Afaf EI-Sagheer. Spectra were collected using a black
Low Volume Quartz Cuvette (optical path length 1 cm) using a UV — 2600 Shimadzu UV-vis

spectrophotometer.

ODmax

¢= g1l

Equation A.1 Rearranged Beer-Lambert equation for the determination of sample concentration.
C: Concentration (mol/L), ODms: Maximal Optical Density, /: path length of light (cm) and &:

extinction coefficient (L-mol-1-cm™) obtained from reference.?®®

A.2.2 Microscopy techniques

The morphology of materials can be visualised using microscopy techniques. Different microscopies
have different resolutions, depending on the imaging wavelength as A/NA, where NA is the
numerical aperture of the microscope, a dimensionless number that characterises the range of
angles over which the system can accept or emit light, and it depends on the refractive index of the
medium. In order to image objects at the nanoscale, wavelengths shorter than visible light must be
used; in this case electron microscopes are employed. In this technique, specimens are visualised
using an electron beam as imaging source rather than visible light, as in the case of optical
microscopy. The use of electrons as incident beam also presents as additional advantage the
generation of characteristic X-rays from the inner shells of the analyte, thus allowing for elemental
analysis of the specimen by measuring the energies of the emitted X-ray, which can be
unambiguously assigned to specific chemical elements. This technique is called Energy Dispersive
X-ray Spectrometry (EDX or EDS), and can be coupled with both transmission and scanning electron

microscopies.

A.2.3 Transmission electron microscopy

In Transmission Electron Microscopy (TEM), the visualisation is possible by collecting the electrons
transmitted through the specimen and collected on a fluorescent screen. This technique relies on
the appropriate specimen preparation, as a thick layer of the sample will impede the transmittance
of any electrons. Therefore, a diluted specimen droplet was deposited and evaporated on a 400

Mesh Copper grid coated with a Formvar and a carbon film to make the surface hydrophobic.
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Visualisation of gold nanoparticles and their assemblies was performed using a Hitachi H7000 TEM,
operating voltage: 75kV or Hitachi H7700, operating voltage 100kV. Images of the particles were
analysed using the ImagelJ software and the data were plotted using Origin software to obtain size

distribution histograms.

A.2.4 Scanning electron microscopy

In Scanning Electron Microscopy (SEM) the image is formed by rastering the surface of the specimen
with an electron beam and collecting the electron coming from the sample. According to which kind
of electrons are collected, different types of detector are available. In the case of SEl, Secondary
Electron Image, SEI, or Low secondary Electron Image, LEI, electrons emitted from the valence levels
of the analyte are collected. Whereas these electrons possess low energy, only the ones emitted at
the top surface of the specimen can escape and be collected; therefore, SEl is mostly used to
observe the topography of the specimen surface. Backscattered Electron Images (BEI) are obtained
by collection of incident electrons from the raster beam which are scattered backward elastically
from the sample. These electrons have higher energy, thus information about the deeper structure

of the sample can be gathered.

A.2.5 Dynamic light scattering and zeta potential

Dynamic light scattering measurements was used to estimate the hydrodynamic radii of
nanomaterial in suspension. This technique relies on the Brownian motion of the particles and the
Rayleigh scattering provoked by the particles being intercepted by a light beam. A measurement is
performed using a coherent and monochromatic light source, such as a laser, on a sample of
particles in a liquid medium and recording the interference pattern created by the when light is
scattered in all directions by multiple objects. This measurement is performed in a liquid medium,
implying that the scatters are in a constant Brownian motion, which causes fluctuations in the
interference pattern. The time scale of these fluctuations can be correlated to the diffusion
coefficient, which, in turn, can be used to calculate the hydrodynamic radius with the Stokes-

Einstein Equation A.2.

kT
3nnD

dH=

Equation A.2 Stokes-Einstein equation, where dH is the hydrodynamic radius, k is the Boltzmann’s
constant, T the absolute temperature, D is the diffusion coefficient and n the viscosity of the

medium.
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The zeta potential is the nett charge of a particle at the Stern layer, the internal region of the
electrical double layer which is created between a particle and the counterions strongly bounded
to its surface. The magnitude of the zeta potential is associated with the colloidal stability of the
system, as particles with a high zeta potential value (either strongly negative or positive) are highly
charged and will repel each other and thus reducing the tendency to aggregate. Determination of
zeta potential is performed by measuring the velocity of the particles exposed to an electric field
(electrophoretic mobility); these two quantities are related by the Henry equation (Equation A.3).
Electrophoretic mobility is measured by a laser light source which is split to provide an incident and
reference beam. The incident laser beam passes through the centre of the sample cell, and the
scattered light at an angle of about 13° is detected. When an electric field is applied to the cell, any
particles moving through the measurement volume will cause fluctuations proportional to the
particle speed. Finally, the application of the Smoluchowky approximation of the Henry equation,

allows the calculation of the zeta potential, which is hence defined as “apparent zeta potential”.

_ 2e{f(xa)

U
E 37

Equation A.3 Henry equation showing the relationship between zeta potential ({) and
electrophoretic mobility (Ug). The other terms in the equation are ¢, the dielectric constant, n, the
viscosity of the medium, and f(ka), the Henry’s function which takes into account the radius a of

the particles, and the Debye length k of the electrolytes.

Electrophoretic mobility and zeta potential calculations were performed using the same instrument
as for the DLS, a Malvern Zetasizer Nano ZS with a He-Ne light source at 633 nm wavelength. Each
measurement was performed loading 1 mL of the colloidal sample in a disposable folded capillary

cell and recording 10 sub-runs for three times.

A.2.6 Powder X-rays scattering

X-ray diffraction is a technique employed for the determination of crystal structures by recording
the elastic scattering of X-rays in a by atoms in a periodic lattice in the angular range 10-80°. The
scattered monochromatic x-rays that are in phase give constructive interference. Figure A. 1A
shows the diffraction of x-rays by crystal planes formed by an array of scatterers. allows Using the
Bragg's law 2dy;; = nAsinf, where d is the plane spacing and n is an integer number, the crystal

spacings can be determined.
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Figure A. 1 Schematic representation of a series of xy crystalline planes formed by scattering

elements, in the real (A) and reciprocal (B) space.

In the reciprocal space (Figure A. 1B), an array of xy atomic planes spaced along z becomes a row
of reciprocal-lattice points spaced along z with a periodicity of 1/d.?°* The Ewald sphere is a
geometrical construction with radius equal to 1/A; the Bragg’s condition is satisfied and wherever
the scattering points are found on the surface of this this sphere. In XRD measurements the
wavelength of the incident beam is usually fixed meaning that the radius of the Ewald sphere is
constant. A polycrystalline specimen contains many crystallites in all possible orientations and so
the probability that many reciprocal lattice points coincide with the surface of the Ewald sphere is
high. Therefore, diffraction from the crystalline plane can be collected by moving the detector to

the right positions. This collection method is called Bragg-Brentano geometry.

A.2.7 Small-angle X-rays scattering

Small-Angle X-ray Scattering (SAXS) is a scattering technique which detects the differences in
electron densities within a specimen, by recording the elastic scattering of X-rays in a small angular
range (typically from0.1° to 10°). While XRD investigates the atomic structure of the material, SAXS
is helpful in determining structures at the nanoscale. This is due to the angular range of X-rays
collection. Being in the reciprocal space, the collection of photons elastically scattered at small

angle provides information at a lower resolution and viceversa.
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Figure A 2 Schematic illustration of the SAXS data collection and processing. A monochromatic X-
rays source hits the sample. The diffracted X-rays are collected, and an image is formed. The data

are extracted and digitally processed.

Figure A 2shows a schematic illustration of the SAXS data collection. An X-rays beam impinges on
the sample and the photons scattered at low angles are collected on a CCD detector. An image is
obtained and converted to 1D scattering intensity vs. wave vector transfer, g, defined as in Equation
A.4.

_4m (9)
q= Asmz

Equation A.4 Definition of the wave vector g in function of the incident wavelength A= 0.8551 A

and scattering angle 6.

In order to be able to refer the SAXS pattern to a crystalline lattice, the intensity of the signal I(q) is
converted in the corresponding structure factor S(q) and plotted against the scattering vector g.
For identical NPs with spherical symmetry, the I(q) can be assumed equal to the product between
the structure factor S(q) and the form factor P(q).2°* For DNA-NPs assembly at high q values the
contribution of S(q) to I(q) is negligible so it can be assumed as P(q) is the only contribute. However,
in some cases diffuse scattering, resulting from lattice defects, will smear the fine features at high
g, preventing this type of analysis. Consequently, it may be necessary to melt the superlattice into
its distinct components to obtain this ratio, so the P(q) is actually measured as the I(q) of free NP(s).

At this point, it is possible to assign the obtained pattern to a specific crystalline system.
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A.3 Conditions investigated for nanoparticles assemblies

Temperature, ionic strength and cooling rate were the parameters varied to optimise the

superlattices yield and crystal quality. In tables the different investigated conditions are tabulated.

Table A. 1 Condition investigated for the crystallisation of AuNPs with a thermal annealing
strategy. Different salts (NaCl, MgCl,) at different concentration and different annealing

temperature were tested.
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Table A. 2 Condition investigated for the crystallisation of AuNPs with a slow cooling strategy.

NaCl at different concentration and different cooling rates were tested.

No aggregate
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o
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Table A. 3 Condition investigated for the crystallisation of AgNPs with a slow cooling strategy.

NaCl at different concentration and different cooling rates were tested.
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Table A. 4 Condition investigated for the crystallisation of UCNPs with a slow cooling strategy.

NaCl at different concentration (with or without a surfactant) and different cooling rates were

tested.

'
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