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UNIVERSITY OF SOUTHAMPTON

ABSTRACT
FACULTY OF PHYSCIAL SCIENCES AND ENGINEERING
Physics and Astronomy

Thesis for the degree of Doctor of Philosophy

NANOPARTICLE-DNA CONJUGATES FOR BIOMEDICAL APPLICATIONS

by
Amelie Heuer-Jungemann

In recent years biomolecules have been used to infer specific functionality to
nanomaterials. Advances in conjugation techniques have allowed for the development
of a vast range of hybrid bio-nano materials. Their applications range from biosensing
and targeted therapy to metamaterials. In particular the conjugation of nanomaterials to
functional oligonucleotides has been a thriving area of scientific research.

In this project the main aim was to explore the uses of gold nanoparticle-DNA
conjugates for biomedical applications. Probes for the real-time intracellular detection
of MRNA were synthesized. These probes showed great target specificity, excellent
biocompatibility and good cellular uptake. Importantly, unlike free nucleic acids, they
displayed no susceptibility to degradation by nuclease enzymes. The ability to detect
MRNAs in a live cell, in real time has tremendous diagnostic applications.

Furthermore, multifunctional probes were designed. In addition to live cell mRNA
detection, we developed probes with the ability to deliver a cytotoxic drug. Utilizing
their inherent high specificity for target mRNAs, we demonstrated that cell-type specific
targeted drug delivery was possible. In the absence of the target mRNA, the drug
remained tightly bound within the probe.

With a view of developing advanced materials, capable of performing multiple roles
simultaneously, we investigated the use of nanoparticle assemblies for biomedical
applications. In order to create highly stable nanoconstructs, a novel tool for the
programmed assembly of DNA-nanomaterials was demonstrated. The use of copper-
free click chemistry resulted in nano-assemblies connected by ssDNA. The employment
of this novel tool proved to produce assemblies with covalently linked particles.
Moreover, it was shown that gold nanoparticle dimers displayed excellent stability with
respect to a variety of conditions commonly met within a biological environment.

Additionally, the formation of heterogeneous nanoassemblies was demonstrated.
Dimers of optical and either semi-conductor or magnetic nanocrystals were assembled
representing examples of multi-role probes with exciting potential for applications in
biomedicine.
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CHAPTER 1 - Introduction

CHAPTER 1

-Introduction-

The scientific interplay between nanotechnology and biology has resulted in a
fast-moving research area of a highly interdisciplinary nature. Bionanotechnology
involves the use of advanced nanomaterials for applications in biology. In particular the
utilization of inorganic nanomaterials for implementations in biomedicine has been an
area of high impact research. The unique properties of inorganic nanoparticles have
resulted in many novel applications ranging from imaging and sensing to therapy. In
many cases a distinct superiority of these nanomaterials compared to conventional
imaging or therapeutic agents has been demonstrated.

In the past two decades, great efforts have been focussed on the conjugation of
biomolecules to inorganic nanomaterials. These biomolecules include proteins, peptides
and nucleic acids. Making use of the inherent specific properties of aforementioned
biomolecules, scientists have developed a great range of novel hybrid nanomaterials.
For example, proteins, peptides as well as nucleic acids have been used to guide
nanoparticle assembly into pre-defined structures [1-7]. It has been shown that resulting
assemblies show potential for implementations in materials science [8, 9] and
biomedicine [10-12]. Moreover, the conjugation of peptides or nucleic acids to
nanomaterials has been utilized to target their delivery to biologically relevant sites (e.g.
tumours or intracellular compartments) [13, 14].

These two examples demonstrate the range of potential applications for
bionanotechnological materials developed so far within this young and thriving
scientific field. The work presented hereafter aims to display further developments in

this area.
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The main theme of this thesis was focussed on the use of synthetic nucleic acids
(oligonucleotides) for nanoparticle assembly and biosensing applications.

In Chapter 4, the surface functionalization of different nanomaterials with
oligonucleotides is discussed. The additional functionality inferred to the nanomaterials
by the DNA ligand gives rise to a variety of applications. On the one hand, DNA-
nanomaterial conjugates can have important implementations in biomedicine. On the
other hand they can form building blocks for the programmed organization of 2D
assemblies.

Chapter 5 presents results on DNA-gold nanoparticle conjugates for
intracellular applications. Probes for the intracellular detection of mRNA in live cells
are introduced. These probes consist of gold nanoparticles conjugated to fluorophore-
tagged oligonucleotides. The sequence of these oligonucleotides can be designed to
detect any chosen mRNA. We furthermore incorporated a chemotherapeutic drug into
the probe design. Cell-type specific targeted drug delivery will be demonstrated.

Chapter 6 discusses the use of click chemistry for the programmed ligation of
DNA-coated nanomaterials with a view of creating advanced biomedical probes. This
method enables the facile fabrication of nano-sized assemblies, connected by single-
stranded DNA. The broad applicability of the proposed method is demonstrated by the
formation of heterogeneous systems. These can include either two nanoparticles or the
2D nanomaterial graphene oxide. Resulting assemblies will be of interest for
applications in biomedicine and -sensing as well as materials science. Additionally, the
interactions of gold nanoparticle dimers with cells will be discussed. We expect that
gold nanoparticle dimers have the potential of being developed into multi-role

theranostic nano-probes.
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CHAPTER 2

-Background-

In this thesis, nanoparticle-DNA conjugates were employed for biomedical
applications such as live cell mMRNA detection [1-6] and targeted drug delivery (see
chapter 5). They were furthermore employed as building blocks for programmed
assembly of advanced nanomaterials for potential biomedical applications (see chapter
6).

This chapter will introduce relevant background information on the individual
building blocks used in this project. Section 2.1 will discuss different syntheses of gold
nanoparticles. The optical properties of gold nanospheres will be elucidated in section
2.2. Oligonucleotide synthesis and modification of nanomaterials with oligonucleotides
will be discussed in sections 2.3 and 2.4. The concept of using DNA-AuUNP conjugates
as probes for live cell mMRNA detection and targeted drug delivery will be introduced in
section 2.5. Finally, with a view of creating advanced nanostructures for multiplexed
biomedical applications, the programmed assembly of nanomaterial-DNA conjugates

will be discussed (section 2.6).

Parts of this chapter were published in: Heuer-Jungemann, A.; Harimech, P. K.; Brown,

T.; Kanaras, A. G. “Gold nanoparticles and fluorescently-labelled DNA as a platform

for biological sensing”, Nanoscale, 2013, 5 (20), 9503-9510.

2.1 Synthesis and surface stabilisation of spherical gold nanoparticles.
The use of colloidal gold dates back to ancient times, where they found use in

the staining of glass [7, 8]. An example for this is the famous ‘Lycurgus Cup’ [9] dating
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back to the 4™ century AD. However, it was not until the 19™ century, when the first
reported study on the synthesis and properties of gold nanoparticles was published by
Faraday [10]. Initial refinements of the synthesis were reported by Turkevich [11, 12]
and later by Frens [13]. The synthesis of colloidal gold is based on the reduction of gold
salts in the presence of a capping agent. In the following paragraphs, different methods
for the synthesis of gold nanospheres with an average size of 13 nm (see section 2.1.1)

or 5 nm (see section 2.1.2) will be discussed.

2.1.1 Synthesis of gold nanospheres using the citrate reduction method.

The most commonly applied method for the synthesis of monodisperse gold
nanospheres with an average diameter of 13 nm, is the citrate reduction method. First
reported by Turkevich [11, 12] and Frens [13], it has been the subject of many scientific
publications [14-21].

In this method, an aqueous solution of tetrachloroauric acid (or sodium
tetrachloroaurate) is reduced by an aqueous solution of trisodium citrate at boiling (see
section 3.1 for synthetic protocol). The size of the resulting colloids can be tuned by
adjusting the molar ratio of gold precursor to citrate [13]. Although seemingly simple,
the reaction mechanisms behind the formation of colloidal gold are rather complex (see

scheme 2.1).

A) RedOx reaction between citrate and gold precursor

(@] OH O O O (0]
—>—)I\/”\/”\ + COp+ H +2¢
0 o} o) o}
5 _

AuCly + 26 ———> AuCl + 2CI
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B) Complexation of gold chloride and acetone dicarboxylate anion

C) Decomposition of acetone dicarboxylate

o)
W " )I\ "200
Ke) o

D) RedOx reaction between acetone and AuCls

o

)J\+ AuCl,

E) Disproportionation of AuCl into Au®

AuCl + 2CI" + CH;COOH + HCOOH

3AuCI 2Au® + AuCl,

F) Nanoparticle formation

nucleation AuNPs

0
n Au growth

Scheme 2.1 Reaction mechanisms of the reduction of gold precursors by citrate. Adapted from ref. [22].

The first steps in reaction A involve the oxidation of citrate into acetone
dicarboxylate and the simultaneous reduction of gold (Ill) precursor to form gold (I)
chloride. In the second reaction B, dicarboxylate anions form larger complexes with
gold (1) chloride. These complexes then coagulate into precursors and form gold nuclei
(Au®) by the disproportionation of gold chloride (reaction E). This is followed by

nanoparticle growth F.
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It has been shown by Privman et al. that monodispersity in the colloidal gold
sample is crucially dependent on a rapid coagulation [23]. Thus Xia and co-workers
concluded that a rapid formation of acetone dicarboxylate promoted rapid coagulation
and hence a more uniform particle size [17, 22]. However, as outlined in reaction C,
acetone dicarboxylate can be subject to decomposition into acetone. As discussed by
Privman and co-workers, decomposition is favoured at elevated temperature and high
pH [24]. Reaction D shows that acetone can reduce gold (l1l) precursors [25]. This
results in further nucleation processes. The occurrence of nucleation events at different
time points causes an increasingly broad size distribution of the resulting nanoparticles.

Although not immediately obvious, the role of citrate in this reaction is three-
fold, as reported by Peng et al. [19]. It firstly acts as a reducing agent inducing the
formation Au® from Au®*. Secondly it acts as a capping agent (see scheme 2.2), and
thirdly it serves as a pH buffer during the reaction, influencing the reaction kinetics [19,

21].

Scheme 2.2 Schematic illustration of a gold nanoparticle core stabilized by citrate anions.
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A reduction in pH may lead to the protonation of citrate, which in turn

influences the electrostatic stabilisation of AuNPs (scheme 2.3 A). It furthermore

influences the active gold precursor species (see scheme 2.3 B) and thus the reactivity

and rate of nucleation [21].

A) Protonation of citrate

CeHs07% + H,0 CeHgO;>+OH  pKa=6.4
CeHsO7% + H,0 CeH;O7;” +OH  pKa=4.76
CeH;O0;” + H,O CeHgO; +OH  pKa=3.13
B) Gold precursor species
AuCl, +OH AUCI3(OHY

g AUCI3(OH) + OH" AUCI(OH), - oH

§ AUCI,(OH), + OH AUCIH(OH)3
AUCIH(OH)s+ OH" AU(OH)4 "

Scheme 2.3 Influence of the pH on the formation of gold nanoparticles with respect to citrate protonation
A) and gold precursor speciation B). Adapted from ref [21]. pKa values were obtained from ref. [26].

Many studies have tried to shed light onto the growth mechanism of gold

nanospheres [27-30], however due to conflicting results, no conclusive mechanistic

pathway has been agreed on to date.

2.1.2 Synthesis of small gold nanospheres using sodium borohydride as

reducing agent.
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The synthesis of small gold nanoparticles with good size distributions has been
achieved using various methods. The most popular is the Brust-Schiffrin method [31].
In the synthetic procedure, small gold nanospheres are produced in organic solvents.
Reduction of gold precursor is achieved with the strong reducing agent sodium
borohydride (NaBH,). In this method alkanethiols are used as capping agents.

The sizes of produced particles can be controlled in a range of 1-3 nm and 2-5
nm by varying the concentration of thiol [31, 32]. A potential disadvantage of this
method is the use of thiols, such as dodecanethiol, as capping agents. Due to the
strength of the thiol-gold bond, ligand exchange reactions do not always result in stable
particles [33, 34] . Alternative synthetic protocols for the synthesis of small gold
nanoparticles without covalent ligand stabilisation have been reported [34-36]. For
example, in water, sodium borohydride can also be used as a reducing agent (see

scheme 2.4). The gold precursor is quickly reduced into Au®, initiating nucleation.

2NaAuCl, + 18H,0 + 6NaBH, ——> 2Au’+ 8NaCl + 21H, + 6B(OH);

Scheme 2.4 Reduction mechanism of gold salt by sodium borohydride. Adapted from ref.[37].

Deraedt et al. recently showed that in this reaction, sodium borohydride can act
as both reducing and capping agent (see scheme 2.5), analogous to the role of citrate in

the Turkevich method [38] (cf. section 2.1.1).

10
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Scheme 2.5 lllustration of the surface stabilisation of AuNPs synthesised by sodium borohydride
reduction. Adapted from ref.[38], where R = H or OH. N.B.: Deraedt et al. further suggested

potential surface stabilisation by hydride ions not shown here.

2.1.3 Comparison between citrate and sodium borohydride reduction
methods

Recently Polte et al. studied the growth mechanisms of AuNPs synthesised by
citrate or NaBHj, reduction using in situ SAXS and XANES [39]. They reported that
nanoparticle growth by citrate reduction occurred in three separate phases (see scheme

2.6 A). On the other hand, growth by NaBH, reduction occurred in only two steps.

Z

Citrate reduction

Nucleation

@
l
®
%
l
| &
| &

Scheme 2.6 Schematic illustration of the growth of gold nanospheres. Adapted from ref [39].

11
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In this case nuclei were formed within 100 ms. Subsequently, particles were
grown via coalescence (see scheme 2.6 B). The fast nucleation resulted in a slightly
smaller particle size compared to particles formed utilizing the citrate reduction method.
Furthermore, Polte and co-workers observed polydispersity in particles grown by
sodium borohydride reduction. To some degree this can be counteracted by slowing
down the reaction kinetics (e.g. by a slight increase in pH [19] through addition of a

weak base such as K,CO3 and/or low temperature [40]).

2.1.4 Surface stabilisation of gold nanoparticles.

Following the synthetic methods discussed earlier, the surface of gold
nanoparticles is stabilized by either citrate or borohydride anions (see schemes 2.2 and
2.5). Stabilization is generally achieved through electrostatic effects or weak van der
Waal’s forces [41, 42]. These electrostatically stabilized colloids are stable in water.
However, a disadvantage is their inherent susceptibility to irreversible aggregation
induced by high salt concentrations and pH changes [41-44]. On the other hand, the
weak electrostatic stabilisation facilitates ligand exchange reactions with covalently
bound molecules. Proposed agents include amines, phosphines or thiols [45]. For
example, the bulky phosphine ligand bis(p-sulfonatophenyl)phenyl) phosphine
dehydrate (BSPP), introduced by Schmidt et al. [46], has been used extensively for the
stabilisation of gold nanospheres [47] (see scheme 2.7). An advantage of using BSPP as
a capping agent is the ability to reversibly aggregate particles using salt. This allows for
concentration of a nanoparticle solution by centrifugation. Obtaining a highly
concentrated solution of nanoparticles is important for many applications, especially for
those in biomedicine. However, for biomedical applications stronger stabilizing agents

often are required. For this reason, thiol-gold chemistry is routinely employed. The high

12
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Scheme 2.7 Illustration of the surface stabilisation of gold nanoparticles by BSPP.

affinity of gold surfaces for thiols facilitates ligand exchange reactions with more labile
ligands (e.g. citrate or BSPP) [45, 48]. The strength of the resulting gold-thiol covalent
bond is similar to that of a gold-gold bond [48, 49]. Stabilisation of colloidal gold by
thiols is therefore an advantageous approach to prepare highly stable nanoparticles [42,
46, 50-55]. Additionally, in many cases thiolated capping agents also infer additional
functionality. For example, thiolated polyethylene glycols [56-59] are commonly used
as ‘stealth” ligands for biomedical applications [60-62]. Gold nanoparticles
functionalised with thiolated peptides have found applications in cellular targeting and
sensing [63-70]. The use of thiolated oligonucleotides [71-76] for the functionalization
of gold nanoparticles has resulted in wide-spread applications ranging from biomedicine
[77] to programmable self-assembly [78].

The use of functional oligonucleotides for the surface capping of a variety of
different nanomaterials forms the main theme of this work and will be further discussed

in section 2.4.
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2.2. Optical properties of gold nanoparticles.

The striking colours of noble metal nanoparticles have attracted the attention of
mankind for centuries [8]. Their distinct optical properties, which are significantly
different from those found in the bulk material, arise from their unique interactions with
light [79]. As such, metal nanoparticles can show optical responses ranging from the
visible to the near infrared range. These optical properties derive from the coherent
oscillation of free conduction band electrons caused by interactions with an
electromagnetic field [8, 79]. They are mostly observed in gold, silver and copper as
these possess free conduction band electrons [9]. These electrons form an electron cloud
around the particle core, according to the Drude-Sommerfeld model [79]. Upon
interactions with electromagnetic radiation, the electron cloud is displaced relative to
the nanoparticle core, creating a dipole [9]. The electron cloud displacement induces a
restoring force based on attractive Coulomb interactions between electrons and the
particle core [8]. This results in the coherent oscillation of the electron cloud [9]. The

collective oscillation of conduction band electrons (see scheme 2.8) is referred to as the

Electric field

Electron cloud

\ 2

Metal sphere

Scheme 2.8 Schematic illustration of the surface plasmon resonance on metal nanoparticles depicting
the displacement of the conduction band electron cloud relative to the nanoparticle core. Adapted
from ref. [8].
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surface plasmon resonance (SPR)

The first quantitative description of the SPR was reported by Mie in 1908 [80].
Mie solved Maxwell’s equations using boundary conditions appropriate for spherical
particles. In his theorem, the electric field around a particle that is smaller than the
wavelength of light can be assumed to be constant [8]. If the free conduction band
electrons are excited to oscillate by an externally applied electric field, their return to
the ground state can be either radiative or non-radiative (absorption or scattering). The
extinction cross-section can be expressed as the sum of the absorption and the scattering
cross-section [79].

For particles smaller than 25 nm, the scattering cross-section becomes negligible.
Thus the Mie theory for the extinction cross-section can be written as the following

relationship (quasistatic or dipole approximation) [79].

Ve, wex (W)
c [e1(w)+2€m]*+ €2(w)?

Equation 2.1 Calculation of the total extinction cross-section for metal nanoparticles. V = particle volume,
¢ = speed of light, ® = angular frequency of exciting radiation, €= dielectric constant of the surrounding
medium, €;(®) and €,(o) are the real and imaginary parts of the dielectric constant of the particle material
(e(@) = €(®) + iex(w)). Adapted from ref. [79].

From Eq. 2.1, one can see that a resonance (i.e. the SPR) only occurs if €;(o) = -
2€m, supposing that € is small or only weakly dependent on ® [79]. Furthermore, as
reported by Kreibig et al., the width and height of the surface plasmon resonance peak

is approximately determined by e;(®) [81].
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Although V is dependent on the particle size (V = 4/3 R®) [82], and therefore
influences the peak intensity, the dipole approximation does not predict the position of
the SPR as a function of particle size [79]. However, experimental results have shown
that the SPR blue- or red-shifts for smaller or larger particles respectively [18].
Therefore a modification to the dipole approximation was adapted, so that the dielectric
constant € became size-dependent (e = (w, R)) - (intrinsic size effect) [79].

Furthermore one can see from Eqg. 2.1 that the SPR is dependent on 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 [82, 83] and is the basis of the use of metal nanoparticles in sensing

applications [84-88].

2.3. Synthesis and properties of oligonucleotides.

Deoxyribonucleic acid (DNA) is a biological polymeric macromolecule,
essential for life. It is made up of nucleotide monomers [89]. These nucleotides consist
of a pentose sugar, a phosphate group and a base [89]. The nature of the base determines
the nucleotide, as the other two building blocks remain constant. In DNA there are four
naturally occurring bases: The purines Guanine (G) and Adenine (A), and the
pyrimidines Cytosine (C) and Thymine (T) [89] (see Figure 2.1). Nucleotides linked by
phosphodiester linkages (phosphate backbone), make up a DNA strand (see Figure 2.1).
At physiological pH phosphate groups are negatively charged, resulting in DNA being a

highly charged anionic polymer.
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Figure 2.1 Chemical structures of the four naturally occurring DNA bases and the structure of a DNA

strand with the sequence TCGA.

In 1953, Watson and Crick showed that in solution, DNA strands form a duplex.
It was found that base pairing was highly specific as A would only pair with T and G
would only pair with C [90] (see Figure 2.2). The duplex is stabilised by hydrogen
bonding and hydrophobic base stacking. The latter is based on z-stacking interactions —
attractive van der Waals forces [89]. The strength of these interactions is dependent on

the aromaticity and the dipole moments of the individual bases [91].

Adenine Thymine Guanine Cytosine

Figure 2.2 llustration of the formation of DNA base-pairing showing hydrogen bonding (dashed lines).
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Oligonucleotides are synthetic DNA strands produced by automated solid phase
phosphoramidite synthesis [92-94]. The sequence of individual oligonucleotide strands
can be designed and pre-programmed. Furthermore it is possible to functionalize
designer oligonucleotides with a wide range of functional groups such as for example
fluorescent dyes [95] or moieties enabling further chemical reactions [96]. These 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 [97]. Additionally oligonucleotides can be synthesised with amino alkyl
linkers for post-synthetic modifications.

Due to their ease of synthesis and functionalization as well as their inherent
accurate addressability, oligonucleotides have found wide-spread applications in
biomedicine and materials nanotechnology [1-3, 97-103]. Especially their use as a
scaffold for the programmed self-assembly (see section 2.6) of nanomaterials has

become a hot topic [47, 64, 104-111].

2.4 Modification of nanomaterials with oligonucleotides.

2.4.1 Oligonucleotide modification of gold nanoparticles.

Pioneering work by research groups lead by Alivisatos [72] and Mirkin [71] in
1996 showed that it was feasible to attach DNA to gold nanoparticles. While Mirkin and
co-workers demonstrated that gold nanoparticles can be modified with a dense DNA
corona [71], Alivisatos and co-workers showed that it was equally possible to produce
AUNPs conjugated to a discrete number of oligonucleotides [72].

DNA modification endows the nanoparticle with functional properties inherent
to the DNA ligand. These include accurate addressability and high target specificity,

which can be encoded in the oligonucleotide sequence [104, 108, 112, 113]. Thus,
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DNA-gold nanostructures have become increasingly important units for applications in
sensing and nanomedicine [1, 2, 4, 5, 114-116], metamaterials [117, 118], nano-optics
and nanoelectronics [119, 120].

Due to well established gold-thiol chemistry, the conjugation of thiolated

oligonucleotides to AuNPs is straightforward. Scheme 2.9 shows two commonly used

approaches.
A) e i
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Scheme 2.9 A) Method of conjugating multiple oligonucleotides to citrate-capped gold nanoparticles,
creating a DNA corona. Adapted from ref. [105] B) Method of conjugating a discrete number of

oligonucleotides to BSPP-coated gold nanoparticles.

The first one shows the conjugation of a large number of oligonucleotides onto a
citrate-coated gold nanosphere (Scheme 2.9 A). In this ‘salt ageing’ procedure, the
concentration of sodium chloride is gradually increased over time. In order to achieve a
high surface loading, it is imperative 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 [121]. This, eventually, results in a

dense layer of oligonucleotides on the gold nanoparticle surface [77].
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As shown by Kanaras et al. a similar result can be obtained 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 [122]. Further studies showed that the final oligonucleotide surface-
loading is dependent on the surface curvature of particles and can be finely tuned by
means of adjusting the final sodium ion concentration [99, 121, 123]. Additionally,
Hurst et al. reported that sonication during DNA conjugation resulted in a substantial
increase in surface loading [124]. Recently Zhang and co-workers reported on a novel
instantaneous and quantitative DNA conjugation method using a pH-assisted route
[125]. They reported that quantitative DNA adsorption was achieved within 3 min using
a citrate buffer at pH 3.

Densely-functionalized DNA-nanoparticle conjugates have been widely employed
for biomedical studies [1, 3-6, 99, 101, 126-128]. In this thesis densely-functionalized
DNA-AuUNP conjugates were employed for live cell mRNA detection and targeted drug
delivery (see section 2.5 and chapter 5). They were further used as building blocks for
the programmed assembly of AuNP dimers and trimers with views of creating advanced
nanoconstructs for biomedical applications (see section 2.6 and chapter 6).

In order to program the organization of nanoparticles into well-defined
assemblies, it is often advantageous to only conjugate one or few DNA strands to the
nanoparticle surface [129-131]. To control the number of DNA strands per nanoparticle,
it is important to regulate the stoichiometry of DNA to AuNPs in the experimental
protocol [130]. However, as illustrated in Scheme 2.9 B, when a stoichiometry of 1:1 is
used, a population of mono- and diconjugates (AuNPs conjugated to one or two DNA
strands) as well as ‘bare’ AuNPs are produced, despite stoichiometric mixing [75, 132].

Purification is the key to obtaining discrete DNA-AUNP conjugates [74, 108, 129, 133].
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Strategies for purification of mono- and diconjugates include anion-exchange high
performance liquid chromatography [129], density gradient centrifugation [133] and
agarose gel electrophoresis. Of these, purification by agarose gel electrophoresis is most
commonly used [73, 74, 130]. The agarose gel consists of a porous matrix. The average
pore size can be controlled by the weight/volume percentage [75]. During
electrophoresis, molecules are separated according to their size and charge. However,
Pellegrino et al. reported that for DNA-AUNP conjugates the effective increase in size,
inferred by DNA conjugation, was the determining factor for separation of mono- and
diconjugates [76]. Furthermore, Zanchet et al. reported that a ratio of AuNP size to
DNA length of at least 1:10 must be achieved for efficient separation in the agarose gel
matrix [73]. Recently Busson and co-workers suggested that ‘lengthening strands’ may
be used for more efficient separation [134]. In this method, oligonucleotides conjugated
to the AuNP surface are hybridised with a longer complementary DNA strand, which in
turn could be hybridised to yet another strand. They reported that using this technique,
even large AuNPs (30 nm) conjugated to one short oligonucleotide strand could be
efficiently separated from ‘bare’ AuNPs and diconjugates using agarose gel

electrophoresis [134].

2.4.2 Oligonucleotide modification of nanomaterials of different chemical
composition.

In order to create a library of different functional nanomaterials for the
programmed DNA-mediated assembly of advanced nanostructures, a variety of building
blocks are required. As discussed in section 2.4.1 the conjugation of oligonucleotides to

AuUNPs is straightforward owing to well-established thiol-gold chemistry. For
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nanomaterials of different chemical compositions, protocols for DNA conjugation have
been adapted [135-143].

In many cases, inorganic nanoparticles are stabilized by polymers [144, 145]
containing variable functional end-groups such as hydroxyl, carboxyl, amine, alkyne,
azide or aldehydes for further modifications [136, 146]. Cutler and co-workers showed
that azide-functionalized superparamagnetic iron oxide nanoparticles (SPIONs) could
be modified with a dense layer of alkyne functionalized oligonucleotides using Cu (I)-
catalysed click chemistry [137]. Whilst Wang et al. suggested using azide-
functionalized graphene oxide (GO) sheets for the covalent conjugation of alkene-
modified DNA [147]. Zhang et al. recently showed that by using an azide-bearing
amphiphilic polymer to cap nanoparticles, DNA could be coupled to nanomaterials of
different compositions via azide-alkyne cycloaddition chemistry [136]. For the
conjugation of amine-modified DNA to CdSe-ZnS core-shell quantum dots, coated with
a carboxyl-terminated polymer shell, Sun et al. suggested the use of well-established 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/sulfo-NHS coupling [138]. EDC
is a commonly used cross-linking reagent employed for the coupling of a primary amine
with a carboxylic group [148]. The general reaction mechanism is outlined in scheme
2.10. In the first step, EDC reacts with a carboxylic group on the nanomaterial to form
an unstable intermediate. In order to avoid hydrolysis and subsequent re-formation of
the carboxylic group, the o-acylisourea ester intermediate is reacted with sulfo-NHS to
give a semi-stable amine-reactive NHS-ester. The reaction with amine-terminated DNA
results in the formation of a stable amide bond between nanomaterial and DNA.

Using this method, Liu and co-workers showed that amine-terminated DNA could also

be conjugated to the surface of graphene oxide [149] by making use of the
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Scheme 2.10 Schematic illustration of the EDC/ sulfo-NHS coupling reaction. Adapted from ref. [148].

abundance of carboxylic groups on the GO surface [147]. Following these reports,
carboxyl-functionalized nanomaterials employed in studies within this project (FesOg,
Cu,Se and graphene oxide) were conjugated to amine-terminated DNA using EDC

coupling [63, 148] (see chapter 4 for results).

2.5 Interactions of gold nanoparticle-DNA conjugates with cells.

It has been shown that DNA-AUNP conjugates are taken up by cells in large
numbers [150] without the aid of a co-carrier [77, 150]. It was furthermore shown that
the oligonucleotide loading played an important role in DNA-AuUNP uptake. For surface
loadings of more than 18 pmol/cm?, cellular internalisation of a very high number of
DNA-AUNPs per cell was possible [77, 150].

Since this discovery, studies on the uptake mechanism of DNA-AuNP
conjugates have received significant attention. However, to date fully conclusive results

have not been reported. It was shown that within the cellular environment, the
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hydrodynamic radius of DNA-AuUNPs was greatly increased and a change in charge
could be observed [150]. One hypothesis is that these changes were caused by the
adsorption of cellular proteins, which assisted internalization [150]. However, further
investigations demonstrated that adsorption of common cellular proteins such as bovine
serum albumin (BSA) and transferrin resulted in reduced cellular uptake, which
contradicted previous observations [151]. Latest studies suggested that scavenger
receptors - receptors involved in the recognition and uptake of anionic macromolecules
[152] - mediated the uptake of oligonucleotide-functionalized gold nanoparticles. It was
further discussed that oligonucleotides mimic the complex structure of Poly I, a well-
known binding ligand for scavenger receptors, resulting in internalization. Recently
Mirkin and co-workers showed that class A scavenger receptors as well as lipid-rafts
were involved in the endocytosis mechanism of gold nanoparticle-DNA conjugates
[153]. An additional question remaining to be answered is the mechanism of endosomal
escape. In order for DNA-AUNP conjugates to deliver their cargo (e.g. antisense DNA)
or interact with specific intracellular molecules (e.g. mMRNA), they must escape
endosomal compartmentalization. Mirkin and co-workers reported that the majority of
DNA-AuUNP conjugates were located in late endosomes. However, few particles could
be found outside endosomes, in the cells’ cytoplasm [154]. This was shown by
transmission electron microscopy thin sectioning. Different pathways leading to
endosomal escape have been reported. These include pore formation in the endosomal
membrane, pH-buffering or fusion into the endosomal membrane [155]. Brust and co-
workers discussed that peptide-coated AuUNPs were capable of disrupting the endosomal
membrane, resulting in endosomal escape [156]. However, for the case of AUNP-DNA
conjugates no conclusive explanation for the endosomal escape mechanism has been

reported to date.
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2.5.1 DNA-AUNP conjugates for live cell MRNA detection.

The cell is one of the most complex biological environments containing a vast
number of different biomolecules with multiple biological roles. Being able to detect
these biomolecules with great selectivity is of high importance in order to understand
biological processes, disease progression and to formulate and monitor specific
treatments. Common sensing methods for the detection of biologically important
molecules [157-161] are frequently based on platforms of nucleic acids due to their
inherent property to selectively bind a complementary target [162-171]. However,
downfalls of these methods are their inability of detecting targets within the cellular
environment in real time or susceptibility to nuclease digestion [77]. Furthermore, in
order to assist nucleic acid-based probes to enter cells, the use of co-carriers is required
[172, 173]. These can exhibit significant cytotoxicity [174-176]. On account of the
aforementioned problems with conventional detection systems, the urgent need for new
types of stable and highly sensitive endocellular sensors has become apparent. In
response to this requirement, scientists have developed a novel detection system based
on fluorescent DNA attached to gold nanoparticles [1-5, 102, 177-179].

The general concept of fluorophore-tagged nucleic acid-gold
nanoparticle conjugates as biological sensors relies on the quenching ability of gold
nanoparticles. A fluorophore placed within a few nanometres of a metal nanoparticle
exhibiting a strong plasmon field, experiences enhancement or quenching effects due to
its interactions with the plasmonic field [180]. The degree of enhancing or quenching
depends on many factors such as a) the emission wavelength of the fluorophore, b) the
orientation of the fluorophore relative to the surface of the particle, c) the distance from
the nanoparticle surface as well as d) the morphological characteristics of the particle

(which define its plasmonic properties) [179-182]. Libchaber and co-workers were
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among the first groups to extensively study the quenching efficiency of 1.4 nm gold
nanoparticles with respect to different dyes (Rhodamine 6G, Fluorescein, Texas Red,
Cyb) [178]. A stem-loop oligonucleotide anchored to the gold nanoparticle was
functionalized with a fluorophore, which, due to the close proximity to the gold
nanoparticle was completely quenched [180, 181]. Upon target binding, the loop would
open and fluorescence would be restored due to the increase in the distance of the
fluorophore from the gold nanoparticle. In their studies it was found that all dyes were
quenched more efficiently than when DABCYL, a quencher often used in conventional
molecular beacons, was used [178]. Maxwell et al. employed a similar strategy using
2.5 nm AuNPs [179]. Due to their excellent quenching abilities, small particles are often
used for these purposes [179]. However, if a detection system, based on a similar model
was to be adopted for in vitro applications, small gold nanoparticles may not be suitable
because they have shown to exhibit significant cytotoxicity [183]. On the contrary,
larger particles (up to 50 nm) have shown good cellular uptake and negligible
cytotoxicity [184, 185]. Due to the ease of synthesis and low cytotoxicity, 13-15 nm
AUNPs are most widely employed in cellular applications, but in some cases larger (up
to 20 nm) AuNPs are used due to a higher oligonucleotide loading capability [150, 186,
187]. Based on this hypothesis, Mirkin and co-workers developed a sensor for mMRNA
detection in living cells [1], which was also used as a model system in studies carried
out within this project (see chapter 5). Their so-called ‘nano-flare’ sensor consists of
oligonucleotide-functionalized gold nanoparticles hybridised to a flare/reporter strand-a
short oligonucleotide strand functionalised with a fluorophore.

Due to the quenching ability of the gold nanoparticle, detectable fluorescence

from the reporter strand is negligible. Upon target binding, the reporter strand is
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released through competitive hybridisation and a fluorescence signal correlating directly
with the relative amounts of target can be observed [1].

Following these initial results, the sensor was advanced further for simultaneous
MRNA detection and regulation of protein expression [3, 4]. Li et al. adapted this
approach and developed a multiplexed probe capable of detecting up to three different
MRNA targets simultaneously [5]. These multiplexed probes were shown to be
especially useful in the field of cancer diagnosis [4, 5].

Cancer related oligonucleotide sequences have been investigated especially in
the context of nano-flare type probes as this technology is a promising candidate for
cancer diagnosis and treatment [5, 101, 188, 189]. For example, Gu and co-workers
developed a sensor for the detection of the STAT5B transcript, an important protein
involved in tumour proliferation and metastasis [102]. Their approach, as opposed to the
one proposed by Mirkin and co-workers, did not involve a separate reporter strand, but
rather a ‘two in one’ system in which the fluorophore was attached to a hairpin
oligonucleotide. Upon target binding the hairpin would open and a fluorescence signal
could be observed.

Likewise, Tu et al. created a system for the detection of microRNA [190]. The
potential advantage of this strategy is the localised signal, as the fluorophore is still
anchored to the gold nanoparticle instead of being released into the cell’s cytoplasm. In
this way Gu et al. showed that when their sensors were incubated with MCF-7 human
breast cancer and C6 mouse glioma cell lines, only the human STATB5 expressing
MCF-7 cells showed a high fluorescent signal. The authors showed that their probe
made it possible to visualize STAT5B gene expression in real time, which allowed rapid

identification of tumour progression stages as well as evaluation of anti-cancer
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treatment outcomes [102]. Similarly, Tang and co-workers developed probes to monitor
different mMRNA targets associated with tumour progression [5, 101].

In this project the initial concept developed by Mirkin and co-workers was
adapted for the detection of total mMRNA as well as cell-type specific mMRNAs Vimentin,
Desmocollin or Cytokeratin 8 (see section 3.3.1 for design of oligonucleotides. Also see
chapter 5 for the relevant results). Especially Vimentin and Desmocollin have shown to
be markers of invasive epithelial cell-based lung cancer in conjunction with epithelial to

mesenchymal transition (see section 2.5.1.1).

2.5.1.1 Epithelial to mesenchymal transition.

Epithelial cells are uniformly-shaped, non-motile, stationary cells, often forming
sheets (epithelia) [191]. Mesenchymal cells, on the other hand, display no uniform
shape, nor tight adhesion with other cells. They are highly motile and move individually
[191].

The biological process of epithelial to mesenchymal transition (EMT) occurs
naturally during embryonic development, wound healing and tissue regeneration [192].
However, it has also been found to play a major role in fibrosis and cancer progression
[193]. To account for differences in EMT, it has been classed into three separate types
[194]. Types 1 and 2 are involved in natural processes such as wound healing and
generally results in cells either undergoing mesenchymal to epithelial transition (MET)
upon completion of their task, or apoptosis [192]. However, type 3 EMT describes
invasive cells involved in cancer metastasis. In this process cancerous epithelial cells
migrate away from the primary tumour site to form a secondary tumour in a different
location. During EMT, epithelial cells undergo several biochemical changes, which

allow them to adopt mesenchymal characteristics [194]. These include increased
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motility, enhanced elasticity, invasive behaviour, enhanced production of extracellular

matrix components and increased resistance towards apoptosis [195] see scheme 2.11.

Epithelial Cell Mesenchymal Cell
non-invasive invasive
non-motile motile
Krt8/Desmocollin Vimentin

Scheme 2.11 Illustration of the process of epithelial to mesenchymal transition.

Once EMT is completed, formerly stationary epithelial cells are capable of migrating
away from the original epithelial layer. The biochemical changes have been found to be
dependent on the up- or downregulation of certain proteins. A protein strongly up-
regulated is the intermediate filament protein and mesenchymal cell marker Vimentin
[196-199].

On the other hand epithelial cell markers such as desmocollin and cytokeratin 8
are strongly down-regulated [191]. Therefore these three biomarkers were chosen as
targets. Human bronchial epithelial cells (16HBE) and fetal lung fibroblasts (MRC-5)
were used as model epithelial and mesenchymal cells (see chapter 5).

As demonstrated in section 5.2, cell specific mRNA detection with high

fluorescence signal in both cell types tested was made possible using the nano-probes.

2.5.2 DNA-AUNP conjugates for targeted drug delivery.
Due to their excellent biostability, biocompatibility and cellular uptake, gold
nanoparticle-DNA conjugates have resulted in applications for targeted drug delivery

[200-208]. Dhar et al. showed that platinum (IV)-based drugs could be delivered
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efficiently to cancer cells by using DNA-AUNPs as carriers [200]. They reported that in
several cases the activity and cytotoxicity of the delivered drugs exceeded those of
cisplatin, suggesting a more efficient drug delivery. In another study, Zhang and co-
workers constructed Paclitaxel-DNA-AUNPs as a strategy to deliver hydrophobic drugs
and overcoming drug efflux [201]. On the other hand, Xiao and co-workers showed
that the FDA-approved chemotherapeutic drug doxoroubicin (see Figure 2.3) can be
loaded into double-stranded DNA-gold nanorod (AuNR) conjugates [202]. Drug-release
could be tightly controlled via DNA melting by irradiation with near-infrared (NIR)

light, making use of the photon to thermal response of AuNRs [209-211].
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Figure 2.3 Chemical structure of doxorubicin.

In 2010 Kim et al. proposed a multi-functional DNA-AUNP conjugate for
combined computed tomography imaging and therapy of prostate cancer [206]. Here a
prostate-specific membrane antigen (PSMA) RNA aptamer conjugated to a gold
nanoparticle was used to target prostate cancer cells. Additional incorporation of
doxorubicin resulted in a multi-functional probe. The use of PSMA aptamers for the

targeted delivery of doxorubicin had previously been demonstrated by Bagalkot and co-
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workers [212, 213]. Using the AS1411 aptamer immobilized on a gold nanoparticle,
Latorre and co-workers were able to deliver doxorubicin or AZD8055 to breast cancer
and uveal melanoma cells [207].

Recently Tang et al. demonstrated the capability of molecular beacon-AuNP
conjugates as multiplexed live cell mMRNA detection and combined targeted drug
delivery probes [189]. Their system was based on the use of hairpin oligonucleotide-
AUNP conjugates, as previously discussed in section 2.5.1.

Several studies by Alexander and co-workers reported on the use of DNA-AUNP
conjugates for the delivery of the anti-cancer drugs doxorubicin and actinomycin [203-
205]. They recently showed that by combining conjugation of folic acid and a
thermoresponsive polymer, targeted and controlled drug delivery to neuroblastoma cells
was possible [205].

In this project nano-probes for the detection of Vimentin mRNA (see section
2.5.1) were designed to selectively deliver doxorubicin to Vimentin-expressing cells.

The relevant results are discussed in chapter 5.

2.5.3 Gold nanoparticle assemblies for intracellular applications

Nanoparticle assemblies present potent candidates for applications in biomedicine.
However, detailed studies investigating the interactions of such assemblies with cells
are limited. For example Xu et al. demonstrated the DNA-mediated assembly of gold
nanoparticle — gold nanorod satellite structures [214]. They showed that by combining
properties of AuNRs and AuNPs in one probe, effective in situ Raman spectroscopy in
live cells was possible. Moreover, Chan and co-workers recently demonstrated that
complex AuNP satellite structures, assembled by DNA hybridisation, were taken up by

cells [78]. Chou et al. further found that after being uptaken by macrophages,
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assemblies were slowly degraded. However, in order to use nanoparticle assemblies for
biomedical applications such as biosensing, it is important that assemblies do not
dissociate when exposed to conditions met within a biological environment.

The formation of robust assemblies for potential biomedical applications is
discussed in chapter 6. Concepts for assembly formation are discussed in the following

section (section 2.6).

2.6 Programmed assembly of DNA-nanomaterial conjugates.

The ability to assemble nanomaterials into pre-defined 2 and 3D structures has
enabled the fabrication of novel nanomaterials with distinct properties. These unique
properties result from the precise organization of individual nanomaterial building
blocks within the assembled structure [215]. Such assembled nanostructures have found
potential applications in fields ranging from biotechnology [78] and biomedicine [78,
214] to catalysis [216] and materials science [217]. As a result, great efforts have been
made to design novel strategies to control and program the organization of
nanomaterials. Resulting procedures are either based on top-down or the bottom-up
approaches. Top-down methods involve the fabrication of micro-or nano-sized materials
from a bulk material. This process often utilizes lithographic techniques. Using this
method allows the formation of assemblies with high degrees of precision. However, at
present, top-down methods have not yet reached a level that allows the fabrications of
materials with molecular or atomic precision [218].

Contrastingly, bottom-up methods start from the nano-sized building blocks and
employ molecular chemistry/biology techniques to create hierarchically ordered
nanostructures [219]. Nature has many examples of such perfectly ordered, naturally

occurring (nano-) structures. For example the complex 3D structure of proteins,
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assembled from various subunits or the helical arrangement of DNA into duplexes and
triplexes. Therefore it was not surprising when first reports emerged (in the late 20™
century) utilizing biomolecules for the programmed organization of nanoparticles [71].
In particular, the use of DNA as a scaffold for the evolution of inorganic nanoparticles
into complex functional materials has been explored extensively [128, 220-222]. Thus
Mirkin and co-workers recently introduced the term ‘programmable atom equivalents’
(PAE) [215]. These PAEs are building blocks made up of DNA-nanoparticle conjugates.
It has been demonstrated that PAES can be built into highly order structures by means of
DNA hybridisation. Types of inorganic nanoparticles that have evolved as PAEs
include Gold, Silver and Palladium as well as oxides like FexOy, SiO; or TiO; and
semi-conductor nanoparticles such as CdSe, CdS and PbS [215]. Macfarlane et al.
suggested that these PAEs could be used to create a ‘new periodic table’. Assemblies
would hence be equivalents of molecules, held together by oligonucleotides that act as
the ‘molecular glue’ [215]. Accordingly many research groups have demonstrated that
nanoparticle dimers, trimers or even pyramids can be assembled by DNA hybridisation
[47, 64, 78, 112, 117, 223-228]. Due to their distinct optical properties, many studies
have focussed on the assembly of plasmonic nanoparticles — in particular gold
nanoparticles. Resulting structures have shown interesting properties such as the
creation of ‘hot spots’ in a dimer of plasmonic nanoparticles. For example, these can be
employed as enhancers for surface enhanced Raman scattering (SERS). Other
applications of plasmonic nanoparticle dimers or trimers include their employments as
molecular rulers, biosensors or optical metamaterials [134, 229]. Most of these studies
were centred on homogeneous systems utilizing only one type of nanomaterial.
Recently more diverse studies on the fabrication of heterogeneous nanoassemblies have

emerged. These assemblies display interesting novel properties arising from the
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combined properties of the different nanomaterials employed. For example, Maye et al.
fabricated CdSe/ZnS quantum dot-AuNP heterodimers using DNA hybridisation [230].
These dimers resulted in a significant enhancement of the QD fluorescence arising from
interactions with the gold nanoparticle. Similarly Alivisatos and co-workers
demonstrated the assembly of Au-Ag heterodimers in order to study arising bonding
and antibonding plasmon modes. These occurred due to a break in symmetry in the
heterodimeric structure [231]. Recently research groups of Mirkin and Gang advanced
the field even further. Using different PAEs, both groups demonstrated that DNA can be
used to create nanoparticle superlattices [109, 138, 232]. Depending on the types of
PAEs and DNA linker length used, more than 100 different crystal lattices were
produced [109].

In this project both homo- and heterogeneous assemblies (Au-Au, Fe3O4- Fe30y,
Au-Cu,.xSe, Au-FesO, and GO-Au) were formed so as to create advanced
nanostructures for potential biomedical applications. The combined properties of two or
more different nanomaterials within one probe could result in highly advanced, multi-
role biomedical probes. For example, Liu et al. showed that heterodimers of Cu,.Se
and gold, formed by direct growth, could pose potent contrast agents for deep tissue
imaging [233]. Zhu et al. demonstrated the synthesis by direct growth of heterodimers
composed of an optical (Au) and a magnetic (FesO,) nanomaterial [234]. They
furthermore elucidated their great potential for in vivo computed tomography and
magnetic resonance dual model imaging.

In this project a novel, universally applicable approach was employed to create
highly stable assemblies. The method used was based on DNA-click chemistry (see

section 2.6.1).
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2.6.1 Click chemistry.

In recent years, copper(l)-catalyzed click chemistry (CUAAC) has become an
established method for the facile, fast and versatile linking of molecules, without the
need for specific reaction conditions [235] Given its simplicity, CUAAC has been
employed in many research areas such as DNA (nano-) technology [236-238] and
nanoparticle ligand modifications [239, 240]. Unfortunately, one of the downfalls of
this method is the requirement of a copper (I) complex to catalyse the click reaction by
bringing together the reactants at an intermediate structure [235, 241]. This process is
often not straightforward; especially in aqueous solutions where copper (I) can be
converted into an inactive copper (I1) complex. Additionally, the cytotoxicity of copper
becomes an issue when developing biocompatible protocols [242]. Copper-free click
chemistry is a tool employed very widely nowadays in many areas of chemistry, but
especially in DNA chemistry [96, 243]. Similar to the CUAAC, this reaction relies on an
azide-alkyne Huisgen cycloaddition which results in a highly stable triazole moiety.
Whilst the Cu-catalysed variant can be carried out with a wide variety of alkenes, the
Cu-free version requires alkynes set in a highly strained environment. Due to the lack of
a catalyst in the Cu-free version, a different driving force is required; in this case it is
strain. Introducing the alkyne as a highly strained and hence a highly reactive
cyclooctyne enables the alkyne-azide [3+2] cycloaddition reaction [96, 244] to proceed
without a metal catalyst (see scheme 2.12).

The results presented in chapter 6 show that copper-free click chemistry is an

excellent new tool for the programmed ligation of DNA-nanomaterials.
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2.12 Mechanism of the ring-strain promoted, copper-free azide-alkyne cycloaddition. Adapted

[244].
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CHAPTER 3

-Experimental Procedures-

Procedures for the synthesis, surface modifications and further applications are
presented in sections 3.1-4, whilst characterisation techniques for nanomaterials and

cell culture studies will be shown in sections 3.5-7.

3.1 Synthesis of spherical gold nanoparticles.

Spherical gold nanoparticles of two different sizes (13 nm and 5 nm) were
synthesised in aqueous solutions using well-established bottom-up approaches.

Protocols can be found in section 3.1 and characterisation methods in section 3.5.

3.1.1 Gold nanoparticles (13 = 1 nm).

Gold nanospheres were synthesised by the citrate reduction method, first
established by Turkevich [1, 2] and subsequently optimised by Frens [3] (see section
2.1 for background information and detailed reaction mechanism). In detail, an aqueous
solution of sodium tetrachloroaurate (100 mL, 1 mM) was brought to the boil under
stirring. Once boiling, a hot aqueous solution of trisodium citrate 1 (see Figure 3.1) (5
mL, 2% wt/V) was added to the gold solution. A colour change from yellow to
colourless to finally deep red could be observed, indicating the formation of
nanoparticles [1-3]. The solution was then stirred under boiling for an additional 15 min
and subsequently allowed to cool to room temperature under stirring. To exchange the
citrate ligand with bis(p-sulfonatophenyl)phenyl phosphine dihydrate dipotassium salt
(BSPP) 2 (see Figure 3.1) 20 mg of BSPP were added to the solution [4-7]. After 4 h

of stirring, brine was used to induce particle aggregation via charge screening. Particle
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aggregation was indicated by a colour change from red to blue [6, 8-10]. Following two
rounds of centrifugation (5000 rpm, 10 min), decantation/re-dispersion and sonication,
particles were finally re-dispersed in Milli-Q water and purified by filtration (0.2 pum
syringe filter, VWR). Particles were stored at 4 °C prior to further functionalization (see

section 3.2.2).

0 OH  Q K" K
Na*_ _ Na i SO,

Figure 3.1 Chemical structures of trisodium citrate (1) and BSPP (2).

3.1.2 Gold nanoparticles (5 £ 2 nm).

5 = 2 nm AuNPs were synthesised in an aqueous solution according to a
published literature procedure [11] (for background information see section 2.1). In
detail, solutions of sodium tetrachloroaurate (375 pL, 4% wt/V) and potassium
carbonate (500 pL, 0.2 M) in ice-cold water (100 mL) were stirred in an ice bath. To
this solution, a freshly prepared solution of sodium borohydride in water (0.5 mg/mL)
was added in 5 x 1 mL aliquots with rapid stirring. A colour change from dark purple to
reddish orange was observed indicating the formation of AuNPs. After stirring for a
further 5 min, the solution was centrifuged (12000 rpm, 10 min) to remove larger
particles [12]. The supernatant was collected and BSPP 2 (see Fig. 3.1) (20 mg) was
added whilst stirring. After 15 h, NaCl was added to the solution until a colour change
from wine red to light purple was observed indicating particle aggregation [6, 8-10].
Particles were then centrifuged (5000 rpm, 30 min) and re-suspended in Milli-Q water.
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After filtration (0.2 pm syringe filter, VWR), the purified particles with final
concentrations of about 600nM were stored at 4 °C prior to physicochemical

characterisation (see section 3.5) and further surface modifications (see section 3.2).

3.2 Surface modification of nanomaterials with oligonucleotides.

Nanomaterials of different compositions and morphologies (AuNPs, Cu,..Se
NPs, Fes04 NCs and graphene oxide) were modified with oligonucleotides for either
self-assembly (see section 3.4) or biomedical purposes (see section 3.3). For
conjugation, thiol or amine-terminated oligonucleotides were utilized. All
oligonucleotides were synthesised by Dr Afaf El-Sagheer from the group of Prof. Tom
Brown at the University of Oxford (formerly University of Southampton) (see

Appendix Il for synthetic protocol).

3.2.1 DNA attachment to 5 nm AuNPs.

AUNP-DNA monoconjugates (i.e. particles modified with one DNA strand)
were prepared according to modified literature procedures [13] In detail, equimolar
amounts (15 pmol) of 5 £ 2 nm BSPP-coated AuNPs (see section 3.1.2) and thiolated
oligonucleotides bearing azide (S1) or alkyne (S2) moieties (see table 3.2 for
sequences) were incubated in PBS (20 mM phosphate, 6 mM NaCl). To this, an
aqueous solution of BSPP 2 (1 mg/20 pL, 1/10 of total reaction volume) was added to
reduce the disulfide on the oligonculeotide to the reactive thiol form [13] (see scheme
3.1). After 1 h incubation, functionalised AuNPs were purified by agarose gel
electrophoresis (3% agarose gel, 9 V/cm, 90 min) (see section 3.5.1.1). Respective

bands in the gel were extracted, cut into small pieces and stored in 0.5 x TBE buffer at
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Scheme 3.1 Reaction mechanism for the disulfide bond reduction by BSPP.

37 °C with gentle shaking overnight to allow conjugates to diffuse out of the gel. The
resulting solution was collected, purified by triple high speed centrifugation (16400rpm,
6 °C, 45 min), decantation/re-dispersion and sonication. Conjugates were finally re-
dispersed in hybridisation buffer (5 mM phosphate, 80 mM NaCl). Fully characterised
monoconjugates were stored at 4 °C prior to applications in self-assembly processes

(see section 3.4).

Table 3.1 Oligonucleotide sequences and modifications used in chapter 6.

Abbreviation DNA sequences and modifications
S1 5’ — (CeH1,S)AAAAAAAACGAGTGCTAAGGATCCGAAX,
AmS1 5’ — (NH,)AAAAAAAACGAGTGCTAAGGATCCGAAX,
C1 5’ — (CeH1,S)AAAAAAAACGAGTGCTAAGGATCCGAA

S2 3" — (CgH12S) AAAAAAAAGCTTACCTATAGACGTCACTTX,

AmS?2 3’ — (NH,) AAAAAAAAGCTTACCTATAGACGTCACTTX,
S3 5’ — ACACACCGAATGGATATCTGCAGTGAATTCGGATCCTTAGCACTCG
S4 5 —
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(e}
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Figure 3.2 Details of chemical modifications on oligonucleotides used.

3.2.2 DNA attachment to 13 nm AuNPs.

13 = 1 nm AuNPs were modified with a shell of oligonucleotides according to
two different literature procedures [14, 15]. Each procedure involved a slow ‘salt ageing’
process, required to screen repulsive negative charges between DNA phosphate
backbones and the particle surface , thus ensuring a high oligonucleotide surface
loading [16, 17]. For the first procedure, citrate-coated AuNPs (500 uL, 6 nM) in Milli-
Q water were incubated with thiol-modified DNAs S1 or S2 (25 pL, 40 uM) overnight
(see table 3.1 for oligonucleotide sequences). The reaction volume was then increased
to 1 mL with final concentrations of NaCl and PBS of 0.05 M and 2 mM respectively.
After 2 h the volume was then slowly reduced to 250 pL by vacuum centrifugation
(Eppendorf Concentrator) at 35 °C, ensuring a slow gradual increase in ionic strength
([NaCl]¢inai: 0.2 M) and DNA/particle concentration. The resulting DNA-coated AuNPs
were then purified by three subsequent centrifugation (16400 rpm, 10 min) and
decantation/re-dispersion steps. Finally, full characterized conjugates (see section 3.5)
were stored in hybridisation buffer (5 mM phosphate, 80 mM NacCl) at 4 °C prior to

self-assembly experiments (see section 3.4 and chapter 6). DNA-AUNP conjugates
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prepared by this method were found to have an oligonucleotide loading of 160 + 4 DNA
strands per particle (see Appendix I1).

For the second procedure, BSPP-coated AuNPs (1 mL, 10 nM) were incubated
with thiol modified DNA (3 nmol) overnight (see table 3.2 for oligonucleotide
sequences). BSPP (1 mg/20 pL, 10 pL), phosphate buffer (0.1 M, pH 7.4) and sodium
dodecyl sulfate (SDS) (10 %) were then added to achieve final concentrations of 0.01 M
phosphate and 1 % SDS respectively. The addition of BSPP resulted in the conversion

of the disulfide terminus on the oligonucleotide strands into thiols (cf. scheme 3.1).

Table 3.2 Oligonucleotide sequences used for biomedical applications in chapter 5.

Name DNA sequences and modifications
Vimentin Sense 5'-Cy3-CTT TGC TCG AAT GTG CGG ACT T (A)g -(CgH1,S) -3'
Vimentin Flare 5'-Cy5-AAG TCC GCA CA-3'
Vimentin perfect target 5'-AAG TCC GCA CAT TCG AGC AAA G-3'
Vimentin 1 mismatch target 5-AAG TTC GCA CAT TCG AGC AAA G-3'
Vimentin 2 mismatch target 5-AAG TTC GAC CAT TCG AGC AAA G-3'
Desmocollin Sense 5'-Cy5-TGA GTA AAA CTG TGC CAC TCC G (A)s -(CsH1,S) -3'
Desmocollin Flare 5-Cy3- C GGA GTG GCA CA -3
Desmocollin perfect target 5'-CGG AGT GGC ACA GTT TTACTC A-3’

Desmocollin 1 mismatch target 5’-CGG AGT GTC ACAGTT TTACTC A-3’
Desmaocollin 2 mismatch target 5°-CGA AGT GTC ACA GTT TTACTC A-3’

Krt8 Sense 5'-Cy5-GGT GGT CTT CGT ATG AAT AC(A)s-(CeH1,S) - 3'
Krt8 Flare 5'-Cy3-GTA TTC ATA CGA AG-3'

Krt8 perfect target 5°-GTA TTC ATA CGA AGA CCA CC-3’

Krt8 1 mismatch target 5-GTA TTC ATA TGA AGA CCA CC-3’

Krt8 2 mismatch target 5’-GTA CTC ATA TGA AGA CCA CC-3’

total MRNA Sense 5'-(CeH1.S)AAACGGGC(T),9-Cy3-3'

total MRNA Flare 5'-(A);,GCCC-Cy5-3'

total MRNA perfect target 5-AAAAAAAAA-3
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Six additions of a NaCl solution (2 M) over a period of 8 h were required to
achieve a final salt concentration of 0.15 M. The resulting DNA-coated AuNPs were
then purified by three subsequent centrifugation (16400 rpm, 10 min) and
decantation/re-dispersion steps. Finally, full characterized conjugates were stored in
PBS buffer at 4 °C prior to further functionalization for biomedical applications (see
section 3.3 and chapter 5). DNA-AuUNP conjugates prepared by this method were
found to have an oligonucleotide loading of 120 + 2 DNA strands per particle (see

section 3.5.2.1.2).

3.2.3 DNA attachment to Cuy.xSe NPs and Fe3O4 NCs.

PEG-COOH coated Cu,xSe NPs and Fe;O, nanocubes (NCs) were obtained
from Prof. Liberato Manna and Dr Teresa Pellegrino at the Italian Institute of
Technology, Genova (Cu,xSe NPs were synthesised by Mr. Francesco De Donato,
Fe304 NC synthesis was carried out by Mr. Giammarino Pugliese and water transfer for
both particle types were carried out by Mr. Andreas Riedinger. For synthetic protocols
see Appendix I1).

Amine terminated DNA Amsl or AmS2 (see table 3.1 for oligonucleotide
sequences) was conjugated to carboxyl-terminated Cu,xSe NPs or Fe;04NCs via well-
established EDC/sulfo-NHS coupling following an adapted literature protocol [18] (see
section 2.10 for reaction mechanisms). Reactions were carried out using silanized vials
(hydrophobic) in order to prevent adsorption of particles on the vial [19]. Briefly, Cu,-
xSe NPs or Fe304 NCs were dissolved in sodium borate buffer (1 mL, 0.01 M, pH 8.5))
to final concentrations of 8.8 nM or 1.5 nM respectively. To this, solutions of 1-(3-
(dimethylamino)propyl)-3-ethyl-carbodiimidemethiodide (EDC, 10 ul, 0.3 M) and N-

hydroxysulfosuccinimide (sulfo-NHS 20 ul, 0.3 M) were added. Quickly after, amino-
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terminated DNA AmS1 or AmS2 was added (0.9 nmol). The reaction mixture was then
shaken overnight. Conjugates were purified by triple centrifugation (16400 rpm, 30
min), decantation/re-dispersion and sonication. Fully characterised conjugates (see
section 3.5) and were finally re-dispersed in PBS buffer and stored at 4 °C prior to self-

assembly applications (see section 3.4 and chapter 6).

3.2.4 DNA attachment to graphene oxide.

Graphene oxide was prepared by a modified Hummers method [20] by Dr
Emmanuel Kymakis and Dr Emmanuel Stratakis groups at the Institute of Electronic
Structure and Laser, Greece (see Appendix Il for synthesis details).

For oligonucleotide conjugation, EDC/sulfo-NHS coupling was utilized [18],
making use of the abundant carboxylic groups on the surface of GO sheets [21]. To an
aqueous solution of graphene oxide (600 uL, 0.2 mg/mL) was added EDC (0.8 mg in
phosphate buffer, pH 7.2) and sulfo-NHS (1.8 mg in phosphate buffer, pH 7.2). Quickly
after, amine-terminated DNA AmS2 (3 nmol) was added (see table 3.1 for
oligonucleotide sequences). The mixture was left to incubate overnight with gentle
shaking. Excess DNA was then removed by triple centrifugation/decantation (16400
rpm, 30 mins). Finally the resulting precipitate was re-dispersed in hybridisation buffer
(600 pL, 5 mM phosphate, 80 mM NaCl)for physiochemical characterisation (see
section 3.5) and further utilization in self-assembly processes (see section 3.4 and

chapter 6).

3.3 AuNP-DNA conjugates for biomedical applications.
During the course of this project, various DNA-AuUNP conjugates were utilized

for the live cell detection of mMRNA [22-25], as well as for targeted drug release (see
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chapter 5). The oligonucleotide probe design will be outlined in section 3.3.1, whilst
the probe synthesis and drug incorporation are introduced in section 3.3.2. Sequences
were designed to target the mRNAs of Vimentin, Desmocollin (pan) and Cytokeratin 8
(see section 2.5 for background information). Furthermore the physicochemical
characterisations of each probe as well as their applications in cell culture will be

outlined in sections 3.5 and 3.7 respectively.

3.3.1 Design of oligonucleotides for nano-probes.

MRNA sequences for Vimentin, Desmocollin (pan) and Cytokeratin 8 were
obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/nucleotide/). Sequences
were then analysed for alignments with other sequences (i.e. similarities) using the
NCBI’s Basic Local Alignment Search Tool (BLAST)

(www.ncbi.nlm.nih.gov/BLAST.cqi). This tool is an algorithm constructed to compare

sequence information such as amino acids, proteins or nucleotides using published
databases [26]. Here the nucleotide-specific blastn was utilized. The following settings
were applied: Database: RefSeq RNA; Entrez Query: all[filter] NOT predicted[title];
Species: Homo sapiens; Expect threshold: 10; Match/Mismatch scores: 2/-3.
Appropriate sequence targets were then chosen with the following criteria: Length of
sense strand: 20-23 bases, melting temperature ~60 °C, GC content < 50 % (in
accordance with previous literature reports) [22, 24, 25, 27-29], E value < 0.05, E
value of nearest match > 1. Accordingly the flare strand was designed complementary
to the sense strand with the following criteria: Length of flare strand: 10-12 bases,

melting temperature ~40 °C (see table 3.2 for all relevant sequences).
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3.3.2 Nano-probe synthesis.

BSPP-coated AuNPs (13 £ 1 nm) were functionalised with numerous strands of
sense DNA following published procedures described in section 3.2.2 [22]. As
prepared conjugates in PBS were then mixed with the flare strand (60 equivalents) and
heated to 70 °C for 5 min, followed by slow, gradual cooling to room temperature to
allow for hybridisation to occur. Fully assembled nano-probes were then purified by
triple centrifugation (16400 rpm, 15 min), decantation/re-dispersion and sonication.
Characterised nano-probes (see section 3.5) were finally re-suspended in sterile PBS
buffer and immediately used for cell culture experiments (see section 3.7).

For implementation of doxorubicin, Vimentin probes were incubated with an
excess of doxorubicin (1 mg/4 mL, Sigma Aldrich) and varying amounts of flare strands
(60, 80, 100, 120 equivalents, see Appendix Il for calculations of duplexes formed).
The mixture was then heated briefly to 70 °C and subsequently left to slowly and
gradually cool to room temperature. Doxorubicin-loaded nano-probes were then
purified at least three times (or until no Doxorubicin fluorescence (excitation at: 480 nm,
emission scan: 500-800 nm) [30] could be observed in the supernatant) by
centrifugation (16400 rpm, 20 min) and re-dispersion in sterile PBS. Assembled probes

were then immediately used in further cell culture experiments (see section 3.7).

3.4 Programmed ligation of DNA-NPs.

3.4.1 Formation of 5 nm AuNP dimers.

Equimolar amounts of 5 nm AuNP-DNA monoconjugates (S1/C1 or S2) (15
pmol) (see section 3.2.1) respectively were incubated in hybridisation buffer (5 mM
phosphate, 80 mM NaCl) [31]. Typical reaction volume (Viota): 200 puL. A gradual

increase in salt concentration with simultaneous reduction of Vi Was achieved by
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vacuum centrifugation (Eppendorf Concentrator). After ~2 h, Vi Was reduced to 10
puL. S3 (15 pmol) was then added and the reaction incubated at 65 °C for 5 min
followed by slow, gradual cooling over several hours to allow hybridisation to
commence. Prepared assemblies were then purified by agarose gel electrophoresis (3 %,
10 V/cm, 50 min) (see section 3.5.1.1). The dimer band was extracted from the gel and
pelleted through high-speed centrifugation (16400 rpm, 50 min, 6 °C). Purified dimers
were subsequently incubated with a large excess of S4 at 70 °C for 5 min, followed by a
further heating and gradual cooling cycle. This resulted in the removal of splint strand
S3 via competitive hybridisation [13, 31], leaving behind two particles connected by a
single strand of ssDNA (or two monoconjugates in the case of C1/S2 dimers, see
section 6.2). Resulting assemblies were then fully characterized (see section 3.5) and

stored in hybridisation buffer at 4 °C.

3.4.2 Formation of 13 nm AuNP dimers and trimers.

For these experiments, 13 + 1 nm AuNPs were synthesized and functionalized
with strands of S1 or S2 following previously established protocols (see sections 3.1.2
and 3.2.2) [32-36]. For dimer formation, equimolar amounts of splint strand S3, S1-
and S2-modified AuNPs in hybridisation buffer (5 mM phosphate, 80 mM NaCl) were
mixed. For trimer formation, one equivalent of S1-AuNPs was mixed with two
equivalents of S3 and S2-AuNPs (see section 6.2 for schematic illustrations) [31]. After
briefly heating to 70 °C, assemblies were left to slowly and gradually cool down to
room temperature over several hours. An excess of splint complement S4 was then
added to the assemblies in order to remove S3 via competitive hybridization [13]. After
a further heating and gradual cooling cycle, assemblies were purified via agarose gel

electrophoresis (1.75 %, 9 V/cm, 50 min) (see section 3.5.1.1). Respective dimer or

73



CHAPTER 3 - Experimental Procedures

trimer bands were then recovered from the gel, fully characterized (see section 3.5) and
stored in PBS buffer at 4°C prior to further utilization in biomedical applications (see

section 3.6 and chapter 6).

3.4.3 Formation of Fe30,NC dimers.

AmS1- and AmS2-modified FesO; NCs (see section 3.2.3) were mixed
equimolarly (1.5 pmol) with S3 in PBS buffer. After briefly heating to 70 °C, assemblies
were left to slowly and gradually cool down to room temperature over several hours to
allow for hybridization to occur. An excess of splint complement S4 was then added to
the assemblies in order to remove S3 via competitive hybridization [13]. Assemblies
were then purified from excess DNA via centrifugation (16400 rpm, 20 min) and re-
dispersion in PBS buffer. Following physiochemical characterization (see section 3.5),
assemblies were stored at 4 °C before being shipped to the Istituto Italiano di

Tecnologia, for further studies.

3.4.4 Formation of heterodimers.

Oligonucleotides (amine-terminated AmS1/AmS2 for all NPs, except gold,
where the terminus was thiol (S1/S2)) were conjugated to NPs as described in sections
3.2.1 and 3.2.3. For heterodimer formation, equimolar amounts (1.5 pmol) of S3 and
AmS1-DNA modified NPs (Cu,Se or Fe3O4) and S2-AuNP monoconjugates (5 nm
AuUNPs) in PBS buffer were mixed and briefly heated to 70 °C before being left to
slowly and gradually cool down to room temperature over several hours. Assemblies
were purified by triple centrifugation (16400 rpm, 20 min) and re-dispersion in PBS
buffer. S4 was then added to the assemblies in order to remove S3 via competitive
hybridization [13]. After a further heating and gradual cooling cycle, assemblies were
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purified by centrifugation (16400 rpm, 20min) and re-dispersion in PBS buffer.
Following physicochemical characterization (see section 3.5), assemblies were stored at

4 °C.

3.4.5 Formation of GO/AuUNP hybrid nanostructures.

Amine-terminated DNA AmS1 was conjugated to GO via EDC coupling as
described previously (see section 3.2.4 and scheme 2.10). For assembly formation, an
as prepared sample of AmS1-functionalised GO (600 uL, 0.2 mg/mL) was added to a
solution of 13nm S2-AuNPs (3 pmol) (see section 3.2.2) in PBS. Then splint strand S3
(3 pmol) was added and the reaction mixture was briefly heated to 70 °C followed by
slow, gradual cooling to room temperature over several hours. Assemblies were purified
from unreacted nanoparticles via agarose gel electrophoresis (2 %, 9 V/cm, 10 min) (see
section 3.5.1.1). Only the nanoparticles entered the gel, whilst GO assemblies, due to
their large size remained in the wells as reported in the literature [37]. The gel was
stopped for 10min and re-run again for a further 20 min in order to ensure that any
nanoparticles trapped between assemblies were allowed to travel into the gel. This
procedure was repeated until no more nanoparticles were observed entering the gel
matrix. Assemblies were then carefully removed from the wells of the gel and purified
by centrifugation (16400 rpm, 15 min) and re-dispersion in hybridization buffer (5 mM
phosphate, 80 mM NaCl).

In order to prove that assemblies were ligated, S4 was added, followed by a
heating and gradual cooling cycle in order to remove S3 as discussed previously
(sections 3.4.1-4). Agarose gel electrophoresis was then again employed to remove any

potentially non-conjugated AuNPs (see section 6.2 for schematic illustration).
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Following physiochemical characterization (see section 3.5), assemblies were
stored at 4 °C before being shipped to the Institute for Electronic Structure and Laser,

Greece for further experiments involving the incorporation into photovoltaic devices.

3.5 Oligonucleotide and nanomaterials characterisation techniques.

For the characterisation of oligonucleotides, nanomaterials and nanomaterial-
DNA conjugates various complimentary techniques were employed. These included:
Gel electrophoresis (section 3.5.1), UV-vis and fluorescence spectroscopy (section
3.5.2), transmission electron microscopy (section 3.5.3) and ( -potential measurements

(section 3.5.4).

3.5.1 Gel electrophoresis.

3.5.1.1 Agarose gel electrophoresis.

Agarose gels were prepared by dissolving agarose (1.75 or 3 % wt/V) in 0.5%
TBE buffer, followed by microwave heating [38]. Once all agarose had dissolved and
melted, the resulting gel was then cast into the gel construct and a comb was inserted to
form wells. After setting for 1 h the gel was placed in the electrophoresis buffer
chamber containing 0.5x TBE buffer. Samples were mixed with Ficoll solution (15 % in
3 x TBE) to increase the sample density and hence prevent floating [39] and were
subsequently loaded into the wells of the gel. The loaded gel was then electrophoresed
at 9 V/cm. If required, respective bands were extracted from the gel, cut into small
pieces and stored in 0.5 x TBE buffer overnight to allow particles to diffuse out of the
gel. Recovered products were then purified by triple centrifugation (16000 rpm, 15 min)

and re-dispersion in water or PBS buffer.
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3.5.1.2 Polyacrylamide gel electrophoresis.

Samples were prepared at 100 ul. Volumes exceeding this amount were freeze
dried and re-diluted to 100 pl. A 10 % polyacrylamide gel was prepared in 70 mL
volume. A solution containing Urea (7 M), 10 % acrylamide monomer solution, and 1 x
TBE buffer, was made up to 70 mL with distilled water (22. 5mL). The polyacrylamide
gel was formed by the additions of an initiator (560 ul amine persulfate) and a cross-
linker (56 pl N,N,N',N'-tetramethylethylenediamine) [39]. Polyacrylamide was
immediately syringed into the glass construct and a comb inserted to create wells. After
leaving to set for at least 1h, the gel was placed in a bath of 1 x TBE running buffer, the
comb was removed and the wells were flushed with the same running buffer. Electrodes
were connected and the gel was run at 10 W for 1 h to fill the gel matrix with TBE
buffer. DNA samples (each 100 pl) were denatured with formamide (75 pL) [40] and
placed in a heating block at 90 °C for 5 min to denature. After heating, DNA samples
were immediately placed on ice, preventing duplex formation to occur. Samples were
mixed with Ficoll solution (15 % in 3 x TBE) to increase the sample density and hence
prevent floating [39] and were subsequently loaded into the wells of the gel. A control
lane was loaded with 10ul PAGE dye, providing visible blue reference points (12 mer
and 55 mer) for the progress of DNA (only visible in UV). The loaded gel was run at 10
W for 1.5 h. Afterwards, the glass gel cast was removed from the bath and the
polyacrylamide gel wrapped in an acetate sheet and imaged on a white background in a

Syngene G:BOX under UV illumination.
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3.5.2 Spectroscopy.

3.5.2.1 UV-visible spectroscopy.

Samples were analysed using a black low volume quartz cuvette (1 cm path
length, Hellma Analytics) on Cary 300 Bio UV-vis Spectrophotometer.

The concentrations of colloidal AuNP or oligonucleotide solutions were
determined form the corresponding absorption spectra at the peak maxima (~520 nm for

AuNPs and 260 nm for oligonucleotides) using the Beer-Lambert law (equation 3.1):

AD
el

Equation 3.1 Beer-Lambert law rearranged for the determination of concentrations of colloidal gold and
oligonucleotides in solution, where ¢ = concentration (mol/L), A = absorbance at the peak maximum

a.u.), | = path length of light (cm) and & = extinction coefficient (L mol™cm™).
(auw),I=p g g

Extinction co-efficients for AuNPs are: 13 nm AuNPs: 2.27 x 10° L mol™* cm™, 5 nm
AuNPs: 9.696 x 10° L mol™ cm™ [41]. Extinction co-efficients for oligonucleotides are
sequence specific and were determined by Dr Afaf EI-Sagheer using either the nearest
neighbour or the base composition model [42-44] . See Appendix Il for sample

calculations.

3.5.2.1.1 Oligonucleotide UV melting.

For UV melting, equimolar amounts of S1, S2 and S3 (see table 3.2 for
oligonucleotide sequences) as well as other possible combinations (S2+S1, S1+S3,
S2+S3) were incubated in PBS (1 mL). Samples were then gradually heated and cooled
over three rapid and three slow cycles. UV-vis absorption at 260 nm was monitored on

a Cary 300 Bio UV-vis Spectrophotometer.
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3.5.2.1.2 Determination of oligonucleotide loading on AuNPs.

The number of oligonucleotides per AuNP were determined as follows: to a
solution of DNA-coated AuNPs of a known concentration (200 puL) was added a
solution of KI/1, (ratio of I, to KI = 1:6, 300 pL, 34 mM) (see scheme 4.1 for reaction
mechanism) [45]. A colour change from red to yellow indicated the dissolution of
colloidal gold [1, 2, 46].

The solution was made up to 1 mL with water and subsequently loaded onto a
NAP,, desalting column. After the solution had entered the column, it was eluted with
water (1.5 mL) and the product was collected. The oligonucleotide O.D. was determined
(at 260 nm) on a Cary 300 Bio UV-vis Spectrophotometer. This data, together with the
initial O.D. given on the accompanying oligonucleotide data sheet (prepared by Dr.
Afaf El-Sagheer) allowed for the determination of the concentration and hence the
number of moles of oligonucleotides in solution, form which the degree of

oligonucleotide-loading was confirmed (see Appendix I1).

3.5.2.2 Fluorescence spectroscopy.
Samples were analysed using a black low volume fluorescence quartz cuvette

(Hellma Analytics) on a Cary Eclipse Fluorescence Spectrophotometer.

3.5.2.2.1 Oligonucleotide fluorescence melting.

Assembled nano-probes in PBS (150 pL, 2.5 nM) (see section 3.3) were slowly
heated at a rate of 0.1 °C/min and a temperature range from 20 °C — 80 °C. Readings
were taken at a rate of 0.1 °C/min (excitation wavelengths: 543 nm (Cy3) or 635 nm

(Cy5) and emissions wavelengths: 563 nm (Cy3) or 662 nm (Cy5)).
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3.5.2.2.2 Determination of target specificity.

Assembled nano-probes in PBS (150 pL, 2.5 nM) (see section 3.2) were
incubated at 37 °C. Target sequences (prefect target, 1 mismatch target or 2 mismatch
target) were then added and fluorescence readings were taken immediately until a
plateau was reached (see table 3.5 for oligonucleotide sequences). Fluorescence spectra
were recorded, exciting at 543 nm (Cy3) or 635 nm (Cy5) and scanning the emission

over a range of 550-800 nm (Cy3) or 650-800 nm (Cy5).

3.5.2.2.3 Glutathione assay.

Assembled total mRNA nano-probes in PBS (150 pL, 2.5 nM) (see
section 3.3) were incubated at 37 °C with glutathione 3 (5 mM) (see Figure 3.3, also
see section 2.1 for background information on ligand exchange). Four samples were set
up to be incubated for 1 h, 3 h, 6 h and 24 h respectively. Each sample was then purified
after the appropriate time by centrifugation/decantation (16400 rpm, 15 min). The
resulting supernatant was collected and analysed for fluorescence (excitation: 543 nm,

emission: 563 nm (Cy3)).

Figure 3.3 Chemical structure of glutathione.
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3.5.2.2.4 Nuclease assays.

For DNAse | nuclease assays, assembled nano-probes (150 pL, 2.5 nM) (see
section 3.3) in phosphate buffer or PBS at pH 7.4 were incubated at 37 °C with Bovine
Serum Albumin (BSA) (5 mg/L) and MgCl; (0.25 mM) (see section 5.1 for discussion
on nucleases). DNAse | (from bovine pancreas, Sigma Aldrich) was then added (0.38
mg/L or 0.38 mg/mL) and fluorescence (Cy3 or Cy5 respectively) was monitored
immediately for up to 48 h (excitations: 543 or 635 nm, emissions: 563 or 662 nm
respectively) [47].

For DNAse Il nuclease assays, assembled nano-probes (150 pL, 2.5 nM)
(see section 3.3) in PBS at pH 4.5 were incubated at 37 °C. DNAse Il (from porcine
spleen, Sigma Aldrich) was then added (5 U/rxn) and fluorescence (Cy3 or Cy5
respectively) was monitored immediately for up to 48 h [48].

In the case of 13 nm AuNP dimers (see section 3.4) (150 pL, 2.5 nM), these
were incubated with DNAse | or DNAse Il in phosphate buffer at appropriate pH (see
above) for 24 h. Dimers were then pelleted by centrifugation (16400 rpm, 10 min) and

subsequently analysed in an agarose gel (1.75 %, 9 VV/cm, 30 min).

3.5.2.2.5 Cell culture media stability assays.

Assembled total mMRNA nano-probes in PBS (see section 3.3) were diluted to
final concentrations of 1.5 nM in different cell culture media (MEM, DMEM and RPMI,
see Appendix I for formulations). Fluorescence of the nano-probes (Cy3 and Cy5) was
measured over 18 h (excitations: 543 or 635 nm, emissions: 563 or 662 nm respectively).

In the case of 13 nm AuNP dimers (see section 3.4) (150 pL, 2.5 nM), these
were incubated in MEM buffer for 24 h. Dimers were then pelleted by centrifugation
(16400 rpm, 10 min) and subsequently analysed in an agarose gel (1.75 %, 9 V/cm, 30

min).
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3.5.2.2.6 Determination of doxorubicin loading.

Vimentin nano-probes (150 pL, 2.5 nM), loaded with varying amounts of
doxorubicin (see section 3.3) were heated to 75 °C for 5 min. Probes were subsequently
centrifuged at 16400 rpm for 10 min. Doxorubicin fluorescence in the supernatant was
then recorded (excitation: 480 nm, emission scan: 500-800 nm). The drug-loading of
each probe was determined from an appropriate calibration curve of doxorubicin
fluorescence at 590 nm. From this it was determined that the average DOX loading was:
39 + 3 for 40 x duplex ; 57 £ 4 for 60 x duplex and 73 + 2 for 80 x duplex (see

Appendix Il for calculations).

3.5.3 Transmission electron microscopy.

Nanomaterials were visualized by transmission electron microscopy (Hitachi
H7000 TEM, bias voltage: 75kV). Sample droplets (in water) were air dried on a 400
mesh formvar-coated copper grid (SPI). Size distribution histograms were generated

from statistical analyses of relevant representative images using the Image J software.

3.5.4 {-potential measurements.

Net charges of nanomaterials were measured on a Malvern Zetasizer Nano ZS.
For consistency all materials were dispersed in Milli-Q water for (-potential
measurements. Disposable capillary cells were used for all measurements. Average net

charges were determined from at least three independent measurements.

3.6 Cell culturing.
Human bronchial epithelial cells (L6HBE) and human fetal lung fibroblasts

(MRC-5) were cultured in Corning cell culture flasks using Modified Eagle’s Medium
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(MEM, Gibco) (see Appendix |  for formulation) supplemented with 1%
penicillin/streptomycin (Gibco), 1 % L-glutamine (Gibco), 1 mL nystatin (Gibco) and
10% foetal bovine serum (FBS, Sigma Aldrich). Cells were kept at 37 °C, 5 % CO,
atmosphere in a Sanyo CO, incubator (model MCO-17Al). Cells were grown to 90%
confluency and then passaged once a week. In all experiments cells from passages < 30
were used. All cell culture stocks were received from Dr Peter Lackie, Southampton
General Hospital.

For passaging, cells were incubated with Hank’s Balanced Salt Solution (HBSS)
(10 mL) for 5 min and subsequently detached using trypsin (5 mL, 0.25 % trypsin, 0.01 %
EDTA solution). Trypsin was then inhibited by the addition of full serum growth
medium (13 mL). The resulting cell suspension was pelleted by centrifugation (1000
rpm, 5 min). The supernatant was decanted off and the resulting cell pellet was re-
suspended in a small amount of media (400 — 600 pL). A small portion of this (100 L)
was then seeded into a new cell culture flask containing full serum MEM growth
medium (13 mL). This formed the cell stock. The remainder of the cells was used in

further experiments (see section 3.7 and chapter 5).

3.7 Cell culture studies characterization techniques.

3.7.1 Viability assay.

Cells were seeded in 24-well plates and cultured at 37 °C, 5 % CO, atmosphere
in MEM medium to ~90 % confluency. Cells were then incubated with respective nano-
probes (as well as drug-loaded nano-probes or dimers, 1.38 pmol per 100.000 cells) (see
section 3.4 and 3.5) for 18 h. Cells were then washed with HBSS buffer (500 pL)
followed by incubation with trypsin (350 pL) to detach cells (5 min, 37 °C). Trypsin

was then inhibited with cell culture media containing 10 % fetal bovine serum. The cell
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viability was assessed using a dye exclusion assay [49]. Staining in a 1:1 ratio with
trypan blue resulted in apoptotic cells displaying a blue coloured cytoplasm, whilst
healthy cells retained a clear cytoplasm. Cells were then counted using a Neubauer
haemocytometer and cell viability was evaluated. All viability assays were obtained

from triplicates (see Appendix I1).

3.7.2 Microscopy.

3.7.2.1 Transmission electron microscopy.

To investigate the intracellular fate of nanoparticles, cells were embedded in
resin, cut into ultrathin sections and visualised by transmission electron microscopy.
Resin embedding ensures the preservation of cell structure and intracellular
compartments and allows specimens to be viewed in small sections with highly detailed
resolution [50] . For this purpose, cells were seeded on cellulose transwell inserts in 12-
well plates at cell concentrations of 1x10° cells/mL for 16HBE or 0.5x10° cells/mL for
MRC-5 cells. Once cells had grown to ~90% confluency they were incubated with
respective nano-probes (see sections 3.3 and 3.4.) for set amounts of time (1, 2, 4, 6 and
18h) after which they were fixed for 1 h in 3% glutaraldehyde / 4% formaldehyde in
0.1 M piperazine-1,4-bis(2-
ethanesulfonic acid (PIPES buffer 0.1 M, pH 7.2). Then three washing steps (10min
each) with PIPES buffer followed. Cells were subsequently treated with osmium
tetroxide (1% in PIPES buffer 0.1M, pH 7.2) for 1 h. After a further three washing steps
with PIPES buffer and one brief 30 s wash with deionised water, cells were stained with
a 2 % aqueous solution of uranyl acetate for 20 min. The sample was then dehydrated
by treatment with increasing % ages of ethanol solutions (30, 50, 70, 90 %) for 10 min

each. N.B.: After treatment with 50 % ethanol, transwell inserts were cut from the

84



CHAPTER 3 — Experimental Procedures

plastic in order to avoid plastic dissolution in high % ethanol. From this point onwards
transwell membranes were placed in a small glass vial. After treatment with 90 %
ethanol, the sample was finally fully dehydrated by two consecutive washes in absolute
ethanol (20 min each). In order to prepare for resin embedding, samples were then
treated with acetonitrile for 10 min followed by 1:1 acetonitrile : SPURR resin
overnight. The sample was subsequently fully emerged in pure SPURR resin for 6 h for
complete infiltration in order to ensure the removal of acetonitrile. After 6 h the
transwells were cut in half and each embedded in fresh SPURR resin in small
embedding capsules and polymerised at 60 °C for 24 h. Resin blocks were then cut
using a Leica RM 2255 ultramicrotome. Ultrathin (~100 nm ) sections were collected on
TEM grids (200 mesh) and stained with Reynold’s lead stain [51] prior to imaging on a

Hitachi H7000 transmission electron microscope (operating bias voltage of 75 kV).

3.7.2.2 Confocal microscopy.

3.7.2.2.1 Immunofluorescent labelling.

Cells (see section 3.6) were grown on square glass coverslips in 6-well plates.
Once cells were ~90 % confluent, they were washed 3 x with PBS followed by fixation
in ice cold methanol. Subsequently, cells were washed 3 x with phosphate buffer (0.1 M)
followed by a 30 min blocking in phosphate buffer containing 1 % BSA. Afterwards
cells were incubated with primary antibody (anti-Vimentin (mouse), anti-Desmocollin
(mouse), anti-Cytokeratin 18 (mouse), all Invitrogen) for 45 min, followed by three
washing steps with phosphate buffer containing 1 % BSA (5 min each). Cells were then
incubated with secondary antibody (goat, anti-mouse, labelled with Alexa Fluor 568,
Invitrogen) for 45 min, followed by an additional three washing steps with phosphate

buffer (0.1 M). Cells were then incubated with DAPI for 15 min followed by three
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washing steps with phosphate buffer (0.1 M). Coverslips were then mounted in Mowiol
containing Citifluor on glass slides and stored at 4 °C. Imaging was carried out on a

Leica SP8 confocal microscope at x 63 magnification using an oil immersion lens.

3.7.2.2.2 Cells incubation with AuNPs.

Cells (see section 3.6) were grown on square glass coverslips in 6-well plates.
Once cells were ~90 % confluent, media was exchanged with fresh media containing
different types of nano-probes (see section 3.3) for 18 h. Afterwards cells were
incubated with Hoechst 33342 ( 5 pL) for 1 h to stain DNA and nuclei. For imaging the
glass coverslip was removed and washed with PBS. It was then mounted on a glass
slide with a drop of PBS in order to keep cells alive. The edges around the coverslip
were sealed using double-sided tape in order to create a small “incubation chamber’. All

imaging was carried out on a Leica SP8 confocal microscope at 37 °C.

3.8 References.

1. Turkevich, J., P.C. Stevenson, and J. Hillier, The Formation of Colloidal Gold.
The Journal of Physical Chemistry, 1953. 57(7): p. 670-673.

2. Turkevich, J., P.C. Stevenson, and J. Hillier, A study of the nucleation and
growth processes in the synthesis of colloidal gold. Discussions of the Faraday
Society, 1951. 11(0): p. 55-75.

3. Frens, G., Controlled Nucleation for Regulation of Particle-Size in
Monodisperse Gold Suspensions. Nature-Physical Science, 1973. 241(105): p.

20-22.

86



©w

10.

11.

12.

13.

CHAPTER 3 — Experimental Procedures

Schmid, G. and A. Lehnert, The Complexation of Gold Colloids. Angewandte
Chemie-International Edition in English, 1989. 28(6): p. 780-781.

Yang, J., J.Y. Lee, and H.-P. Too, Size sorting of Au and Pt nanoparticles from
arbitrary particle size distributions. Analytica Chimica Acta, 2005. 546(2): p.
133-138.

Loweth, C.J., et al., DNA-based assembly of gold nanocrystals. Angewandte
Chemie-International Edition, 1999. 38(12): p. 1808-1812.

Mohr, F. and H. Schmidbaur, Gold Chemistry: Applications and Future
Directions in the Life Sciences. 2009: John Wiley & Sons.

Jain, P.K., et al., Calculated absorption and scattering properties of gold
nanoparticles of different size, shape, and composition: Applications in
biological imaging and biomedicine. Journal of Physical Chemistry B, 2006.
110(14): p. 7238-7248.

Kreibig, U.V., M., Optical Properties of Metal Clusters. Vol. 25. 1995: Springer:
Berlin.

Mie, G., Beitrage zur Optik triber Medien, speziell kolloidaler MetallGsungen.
Annalen der Physik, 1908. 330(3): p. 377-445.

Zhang, T., et al., A new strategy improves assembly efficiency of DNA mono-
modified gold nanoparticles. Chemical Communications, 2011. 47(20): p. 5774-
5776.

Zhang, T., et al., A new strategy improves assembly efficiency of DNA mono-
modified gold nanoparticles. Chem Commun (Camb), 2011. 47(20): p. 5774-6.
Claridge, S.A., et al., Enzymatic ligation creates discrete multinanoparticle

building blocks for self-assembly. J Am Chem Soc, 2008. 130(29): p. 9598-9605.

87



14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

CHAPTER 3 - Experimental Procedures

Kanaras, A.G., et al., Towards multistep nanostructure synthesis: Programmed
enzymatic self-assembly of DNA/gold systems. Angewandte Chemie-
International Edition, 2003. 42(2): p. 191-194.

Rosi, N.L., et al., Oligonucleotide-modified gold nanoparticles for intracellular
gene regulation. Science, 2006. 312(5776): p. 1027-1030.

Hill, H.D., et al., The role radius of curvature plays in thiolated oligonucleotide
loading on gold nanoparticles. ACS Nano, 2009. 3(2): p. 418-24.

Demers, L.M., et al., A fluorescence-based method for determining the surface
coverage and hybridization efficiency of thiol-capped oligonucleotides bound to
gold thin films and nanoparticles. Analytical Chemistry, 2000. 72(22): p. 5535-
5541.

Bartczak, D. and A.G. Kanaras, Preparation of Peptide-Functionalized Gold
Nanoparticles Using One Pot EDC/Sulfo-NHS Coupling. Langmuir, 2011.
27(16): p. 10119-10123.

Pirrung, M.C., The Synthetic Organic Chemist's Companion. 2007: Wiley.
Hummers, W.S. and R.E. Offeman, Preparation of Graphitic Oxide. Journal of
the American Chemical Society, 1958. 80(6): p. 1339-13309.

Dreyer, D.R., et al., The chemistry of graphene oxide. Chemical Society
Reviews, 2010. 39(1): p. 228-240.

Seferos, D.S., et al., Nano-flares: Probes for transfection and mRNA detection in
living cells. J Am Chem Soc, 2007. 129(50): p. 15477-15479.

Zheng, D., et al., Aptamer Nano-flares for Molecular Detection in Living Cells.
Nano Letters, 2009. 9(9): p. 3258-3261.

Prigodich, A.E., et al., Nano-flares for mRNA Regulation and Detection. ACS

Nano, 2009. 3(8): p. 2147-2152.

88



25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

CHAPTER 3 — Experimental Procedures

Prigodich, A.E., et al., Multiplexed nanoflares: mRNA detection in live cells.
Anal Chem, 2012. 84(4): p. 2062-6.

Altschul, S.F., et al., Basic local alignment search tool. Journal of Molecular
Biology, 1990. 215(3): p. 403-410.

Li, N., et al., A Multicolor Nanoprobe for Detection and Imaging of Tumor-
Related mRNAs in Living Cells. Angewandte Chemie-International Edition,
2012. 51(30): p. 7426-7430.

Pan, W., et al., Multiplexed Detection and Imaging of Intracellular mRNAs
Using a Four-Color Nanoprobe. Analytical Chemistry, 2013. 85(21): p. 10581-
10588.

Li, N., et al., A tumour mRNA-triggered nanocarrier for multimodal cancer cell
imaging and therapy. Chemical Communications, 2014. 50(56): p. 7473-7476.
Mohan, P. and N. Rapoport, Doxorubicin as a molecular nanotheranostic agent:
effect of doxorubicin encapsulation in micelles or nanoemulsions on the
ultrasound-mediated intracellular delivery and nuclear trafficking. Mol Pharm,
2010. 7(6): p. 1959-73.

Heuer-Jungemann, A., et al., Copper-free click chemistry as an emerging tool
for the programmed ligation of DNA-functionalised gold nanoparticles.
Nanoscale, 2013. 5(16): p. 7209-7212.

Mirkin, C.A., et al., A DNA-based method for rationally assembling
nanoparticles into macroscopic materials. Nature, 1996. 382(6592): p. 607-6009.
Taton, T.A., Scanometric DNA Array Detection with Nanoparticle Probes.
Science, 2000. 289(5485): p. 1757-1760.

Cao, Y.C,, R. Jin, and C.A. Mirkin, Nanoparticles with Raman spectroscopic

fingerprints for DNA and RNA detection. Science, 2002. 297(5586): p. 1536-40.

89



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

CHAPTER 3 - Experimental Procedures

Kanaras, A.G., et al., Enzymatic disassembly of DNA-gold nanostructures. Small,
2007. 3(4): p. 590-4.

Kanaras, A.G., et al., Site-specific ligation of DNA-modified gold nanoparticles
activated by the restriction enzyme Styl. Small, 2007. 3(1): p. 67-70.

Wang, Z.H., et al., Polyvalent DNA-graphene nanosheets “click” conjugates.
Nanoscale, 2012. 4(2): p. 394-399.

Lee, P.Y., et al.,, Agarose gel electrophoresis for the separation of DNA
fragments. J Vis Exp, 2012(62).

Warr, G.W., J.D. Karam, and L. Chao, Methods in Nucleic Acids Research.
1990: Taylor & Francis.

Blake, R.D. and S.G. Delcourt, Thermodynamic Effects of Formamide on DNA
Stability. Nucleic Acids Research, 1996. 24(11): p. 2095-2103.

Haiss, W., et al., Determination of size and concentration of gold nanoparticles
from UV-Vis spectra. Analytical Chemistry, 2007. 79(11): p. 4215-4221.
Crothers, D.M. and B.H. Zimm, Theory of the melting transition of synthetic
polynucleotides: Evaluation of the stacking free energy. Journal of Molecular
Biology, 1964. 9(1): p. 1-9.

DeVoe, H. and 1. Tinoco Jr, The stability of helical polynucleotides: Base
contributions. Journal of Molecular Biology, 1962. 4(6): p. 500-517.

Bonilla, J.V. and G.S. Srivatsa, Handbook of Analysis of Oligonucleotides and
Related Products. 2011: Taylor & Francis.

Cho, E.C., et al., Understanding the Role of Surface Charges in Cellular
Adsorption versus Internalization by Selectively Removing Gold Nanoparticles
on the Cell Surface with a I-2/KI Etchant. Nano Letters, 2009. 9(3): p. 1080-

1084.

90



46.

47.

48.

49.

50.

51.

CHAPTER 3 — Experimental Procedures

Mie, G., Beitrage zur Optik triber Medien, speziell Kolloidaler Metallésungen.
Annalen der Physik, 1908. 25(4): p. 377-445.

Prigodich, A.E., A.H. Alhasan, and C.A. Mirkin, Selective Enhancement of
Nucleases by Polyvalent DNA-Functionalized Gold Nanoparticles. Journal of
the American Chemical Society, 2011. 133(7): p. 2120-2123.

Wu, X.C.A,, et al., Intracellular Fate of Spherical Nucleic Acid Nanoparticle
Conjugates. Journal of the American Chemical Society, 2014. 136(21): p. 7726-
7733.

Strober, W., Trypan Blue Exclusion Test of Cell Viability, in Current Protocols
in Immunology. 2001, John Wiley & Sons, Inc.

Bozzola, J.J. and L.D. Russell, Electron Microscopy: Principles and Techniques
for Biologists. 1999: Jones and Bartlett.

Reynolds, E.S., The use of lead citrate at high pH as an electron-opaque stain in

electron microscopy. J Cell Biol, 1963. 17: p. 208-12.

91



CHAPTER 4 — Results and discussion on synthesis and surface functionalization of nanomaterials

CHAPTER 4

-Results and discussion on synthesis and surface functionalization of
nanomaterials-

The ability to synthesise a variety of different nanoparticles with high control
over shape and size, good stability and ease of surface modifications is highly important
for designing functional nanomaterials.

In the following chapters different nanomaterials were utilized with a view of
ultimately being applied in biomedical applications (chapters 5 and 6). For this it is
crucial that nanomaterials display excellent solubility in aqueous media, as well as great
stability, function and biocompatibility. These characteristics can be achieved by means
of surface modifications with steric or highly charged molecules, such as
oligonucleotides (see chapter 2 for background information).

This chapter discusses the synthesis of two different sizes of gold nanoparticles
(13 nm in section 4.1.1 and 5 nm in section 4.1.2) following well-established literature
procedures (see chapter 2 for background information and chapter 3 for experimental
procedures). Furthermore, the conjugation of oligonucleotides to different types of
nanomaterials (gold nanoparticles of different sizes (section 4.2.1 and 4.2.2), CuySe
NPs (section 4.2.3), Fe3O4 nanocubes (NCs) (section 4.2.3)) and graphene oxide (GO)

(section 4.2.4) is discussed.
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4.1 Spherical gold nanoparticles.

4.1.1 Gold nanospheres (13 £ 1 nm).

Gold nanospheres of 13 nm size were synthesised by the Turkevich method
(optimised by Frens) based on the citrate reduction of Au (I1l) salts [1-5] (background
information on the reaction mechanisms and experimental procedures can be found in
sections 2.1 and 3.1). Citrate-coated particles are generally susceptible to irreversible
aggregation, due to insufficiently strong electrostatic stabilisation of the nanoparticle
core by citrate [6, 7]. The colloidal stability was improved by a ligand exchange

reaction with the charged, bulky phosphine ligand BSPP [8] (see chapter 2 for
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Figure 4.1 Transmission electron micrograph A), corresponding size distribution histogram B) and

normalized UV-vis spectrum C) of 13 nm AuNPs.
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background information) as previously reported by Alivisatos et al.[9]. Figure 4.1A
shows a representative TEM image of the obtained particles. A corresponding size
distribution histogram was obtained by analysis of at least 500 particles from at least
three independent syntheses (Figure 4.1B). The estimated average particle size was 13
+1nm.

Due to the optical properties of gold nanoparticles UV-vis spectroscopy poses an
excellent tool to monitor their stability and monodispersity. The corresponding UV-vis
spectrum displayed a narrow LSPR peak at 523 nm, characteristic for monodisperse 13

nm AuNPs (Figure 4.1C) [3, 10] .

4.1.2 Gold nanospheres (5 £ 2 nm).

Spherical AuNPs of 5 nm were synthesised according to a recently reported
literature protocol [11] (see section 3.1 for experimental procedure). For the synthesis
of AuNPs with a diameter of less than 10 nm, the citrate reduction method is no longer
suitable as the size distribution of the synthesised particles broadens significantly [12].
Commonly stronger reduction agents active at lower temperatures are required in order
to slow down reaction kinetics and hence nucleation and growth processes (see section
2.1 for background information). Here the strong reducing agent NaBH,4 was employed
at low temperature to achieve the synthesis of small AuNPs [11]. BSPP was utilized to
coat the nanoparticles for increased colloidal stability [8, 9]. A representative TEM
image is depicted in Figure 4.2A. By analysing more than 500 particles from at least
three different syntheses, a corresponding size distribution histogram was generated
(Fig. 4.2B). The average size of the nanoparticles was estimated to be 5 £ 2 nm.

Furthermore Figure 4.2 C shows a sharp, narrow peak in the UV-vis spectrum with a
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maximum extinction at 520 nm — characteristic of small and robust spherical AuUNPs [3,

11, 13].
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Figure 4.2 Transmission electron micrograph A) and corresponding size distribution histogram B) as

well as a normalized UV-vis spectrum C) of 5 nm AuNPs.

4.2 Surface modification of nanomaterials with oligonucleotides.

Different nanomaterials namely AuNPs of 5 and 13 nm, Cu,.xSe NPs and Fe304
NCs (Cu,xSe NPs and Fe3O4 NCs were obtained from Prof. Liberato Manna and Dr
Teresa Pellegrino at the Istituto Italiano di Tecnologia, see Appendix Il for synthetic
protocols) and graphene oxide (obtained from Dr Emmanuel Stratakis and Dr

Emmanuel Kymakis, ITE-FORTH, Greece, see Appendix I1) were functionalized with
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different oligonucleotides. Gold nanoparticles utilized for biomedical applications such
as live cell mRNA detection and targeted drug delivery were coated with different
target-specific oligonucleotides (see chapter 5). Nanomaterials used for self-assembly
applications were modified with oligonucleotide strands S1 and S2 for click ligation [14]

(see chapter 6).

4.2.1 Mono-functionalization of 5 nm AuNPs.

AuNPs (5 = 2 nm) conjugated to one, two or three DNA strands were prepared
according to modified literature procedures [15] (see section 3.2.1 for experimental
details). The DNA modification endows the nanoparticle with functional properties,
such as accurate addressability and high target specificity [14-17] (e.g. for highly
specific biosensing or for the controlled formation of assemblies cf. chapters 5 and 6).
In order to obtain greater control in a self-assembly process, it is desirable to obtain
nanoparticles with a discrete number of oligonucleotides attached. Thiolated
oligonucleotides were attached to the gold surface by means of well-established sulfur-
gold chemistry [18-20]. The strength of the covalent bonding between sulfur and gold is
similar to that of a gold-gold bond [21, 22] and thus the use of thiolated molecules to
stabilize and functionalize gold nanostructures is one of the most common and widely
used to date [7, 8, 23-26].

One of the key challenges of obtaining nanoparticles conjugated to a defined
number of DNA strands is the separation of mono-, di- or triconjugates (one, two or
three DNA strands per particle) [16, 27-29]. Currently, two efficient methods exist. The
first strategy involves the employment of chromatography, such as AE-HPLC to
separate nanoparticles conjugated to one, two or three DNA strands [27]. In this case it

is imperative for the particles to have a minimum charge to facilitate the pathway
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through the column. This is typically achieved by the passivation of the nanoparticle
surface with methoxy-PEG [27]. Due to the increase in negative charge from mono-, to
di- to triconjugates, different retention times can be achieved, resulting in efficient
separation. However, a disadvantage of this method is the need for costly reagents and
equipment (MPEG and HPLC). Another more cost efficient and more widely used
method for the separation of nanoparticles bearing a small number of oligonucleotides
is agarose gel electrophoresis, where molecules are separated according to their size and
charge [28, 30, 31]. However, this method equally has a significant disadvantage: for
efficient separation of particles without DNA strands on their surface from mono-, di-
or triconjugates, the size distribution of colloidal particles must be narrow and the DNA
length to particle size ratio must be around 1:10 [30]. It was found that lower ratios
resulted in less efficient separation, with no separation at all being seen for ratios below
1:4. In this case the addition of one DNA strand does not cause a change in size and
charge significant enough to affect the electrophoretic mobility of conjugates [30].

In this study 5 nm AuNPs were chosen and functionalised with 27 or 29 mer
thiolated oligonucleotides bearing either azide (S2) or alkyne (S1) functional groups
(for synthetic protocols see section 3.2.1, for applications see chapter 6). Figure 4.3
shows a typical gel of AuNPs post DNA conjugation. Due to the ratio of AuNP size to
DNA length being less than 1:10, the separation of non-functionalised AuNPs, mono-
and diconjugates was not ideal, yet individual bands were distinguishable.

Monoconjugates were employed in programmed assembly studies (see chapter 6).
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Figure 4.3 Agarose gel for the separation of 5nm AuNP mono- and diconjugates.

4.2.2 AuUNPs coated with a dense shell of oligonucleotides.

13 £ 1 nm AuNPs (see section 4.1.2) were modified with a dense shell of
oligonucleotides following two different literature procedures [32, 33]. In order to
achieve a high surface loading, it is imperative 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 [34]. Therefore both
methods employed in this study involved a ‘salt ageing’ process in which the
concentration of sodium ion was gradually raised over time. The final oligonucleotide
surface-loading can be finely tuned by means of adjusting the final sodium ion
concentration [33, 35] (see sections 2.4 and 3.2 for background information and
experimental procedures).

Although on the one hand the coating of nanoparticles with many DNA strands is time-
consuming, on the other hand it does not require further purification steps such as gel
electrophoresis as for the case of separating mono- and diconjugates.

(- potential measurements, UV visible spectroscopy and gel electrophoresis

were employed to qualitatively realise the conjugation of oligonucleotides to
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nanoparticles in the form of a thick shell. Figure 4.4 shows complementary results

derived from the different techniques. UV-visible spectroscopy reveals a sharp plasmon

peak with a maximum extinction at around 525 nm for DNA-coated AuNPs, suggesting

a stable colloidal solution (Figure 4.4 A). The small red-shift in the plasmon peak (523

nm for BSPP-AuNPs to 525 nm for DNA-AUNPS) can be attributed to an increased

refractive index of the immediate environment surrounding the nanoparticle core,

caused by the thick DNA corona [23, 36]. Furthermore, no visible peak broadening

accompanying the red-shift of the LSPR that would suggest particle aggregation was

observed [23, 36, 37].
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Figure 4.4 A) Normalized UV-vis spectra of BSPP- (black) and DNA-coated (red) AuNPs. B)
Corresponding (-potential measurements of BSPP-coated AuNPs (green) and DNA-AuUNPs (red). C)
Agarose gel of BSPP-coated AuNPs (lane 2) and DNA-AUNPs (lane 1). D) TEM micrograph of DNA-

AUNPs.
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The depicted agarose gel (Figure 4.4 C), where particles and molecules are
separated according to their volume and charge [30], shows DNA-coated particles
exhibiting a lower electrophoretic mobility with respect to unmodified AuNPs. This can
be rationalized due to the increased size arising from the thick DNA shell.

Although a decrease in charge from -7.25 + 0.17 mV for BSPP-AuNPs to -22.87
+ 1.63 mV for DNA-AuNPs was determined by (-potential measurements (Fig. 4.4 B),
the increased size of the conjugates is the most influential factor affecting
electrophoretic mobility in this case [38]. Nevertheless, Gracheva et al. reported in their
studies a maximum voltage recorded for free single-stranded DNA of -30 mV [39]. As
the charge of the conjugate is mostly determined by the DNA corona, this result is in
good agreement with the obtained results and thus further suggested successful DNA
conjugation [40].

For many applications, especially in bio-sensing, it is imperative to determine
the exact oligonucleotide loading on a nanoparticle [41-44]. This can be achieved by
different methods. Attached DNA can be released from the gold surface by the small
thiolated molecule dithiothreitol (DTT) [45-48]. If the recovered oligonucleotides are
functionalized with a fluorescent dye, they can then be quantified via fluorescence
spectroscopy [41]. A second method involves the etching of the gold core using a Kl/I,
solution [49]. The RedOx reaction resulting in the dissolution of the core is outlined

below:

L+1 215
Is+2e 2 3I

21 + Au > Aul, + 2¢

Scheme 4.1 RedOx reactions leading to the dissolution of gold.
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Removal of remaining gold salts by ion exchange chromatography (e.g. using a NAP10
column) then allows for analysis of the liberated oligonucleotides by UV-vis
spectroscopy. Following the described procedure, oligonucleotide loadings were
determined to be 160 + 4 DNA or 120 £ 2 DNA strands per particle, depending on the
conjugation method and final salt concentration (see Appendix Il for results from 4
independent measurements per method and corresponding calculations).

Conjugates were employed for biomedical sensing (see chapter 5) or as
building blocks for the programmed assembly of advanced nanostructures (see chapter

6).

4.2.3 DNA attachment to Cu,.,Se NPs and Fe;O4 nanocubes via EDC
coupling.

In the case of oligonucleotide conjugation to Cu,xSe NPs and Fe3O4 nanocubes a
different approach was employed. Both nanoparticle types were functionalized with
dense PEG-COOH shells for particle stabilisation (see Appendix Il for synthetic
protocols and functionalization procedures). The conjugation protocol was therefore
altered accordingly, utilizing EDC/sulfo-NHS coupling [50] with amine-terminated
oligonucleotides AmS1 and AmS2 (oligonucleotide sequences can be found in table
3.1. Also see section 3.2.3 for experimental procedures). These oligonucleotides were
similar to S1 and S2 in sequence design and were equally intended for self-assembly
purposes (see chapter 6).

TEM micrographs of Cu,«Se NPs (Fig. 4.5 D and E) and Fe3O4 nanocubes (Fig.
4.5 A and B) show that both particle types were stable and the inorganic core was not

affected by the DNA conjugation procedure.
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Figure 4.5 TEM micrographs of Fe,Os; nanocubes A) and Cu2-xSe NPs D) before and after DNA
conjugation B) and E). Corresoponding {-potential measurements of Fe;O4 nanocubes C) and Cu2-xSe

NPs F). before (red) and after DNA conjugation (green).

{-potential measurements were used to give insight into whether DNA conjugation
was successful. Figures 4.5 C and F show the results for both particle types. Both Cu,.
«Se NPs and Fe3O4 NCs showed negative (-potentials of -35.1 + 1.1 mV and -33.3 £ 0.5
mV respectively before DNA conjugation (Figure 4.5 C and F red curves). Afterwards
the apparent (-potentials were decreased for both particle types to -51.1 £ 1.8 mV (Cu,.
«Se@DNA) and -41.4 + 1.6 mV (Fe;0,@DNA) respectively. This observation was
attributed to the added charge inferred by the DNA phosphate backbone as discussed

previously (section 4.2.2). It is worth noting here that other techniques such as agarose
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gel electrophoresis failed to give conclusive results in the characterization of these
conjugates to date, but are the subject of future work.

Cu,xSe@DNA and Fe;0,@DNA were further utilized as building blocks for the
programmed assembly of advanced nanostructures for potential biomedical applications

(see chapter 6).

4.2.4 DNA Attachment to graphene oxide via EDC coupling.

Graphene oxide sheets were functionalized with oligonucleotides in a similar
fashion to Cu,xSe NPs and Fe3O, NCs (see section 4.2.3). A variety of oxygen
containing surface functional groups endow graphene oxide not only with excellent
water dispersity but also the possibility of further surface functionalization [51]. Making
use of the abundance of free carboxylic groups, EDC/sulfo-NHS coupling was
employed to attach amine-terminated DNA AmS2 covalently to GO [50] (see table 3.1
for oligonucleotide sequence).

Recent studies have shown the non-covalent interactions of DNA and GO [52, 53].
These studies found that ssDNA readily physibsorbs onto GO by means of n-stacking
interactions, whilst dsSDNA does not - a finding that allowed for the fabrication of a
plethora of DNA sensors [54-57]. It was further found, that the purine bases Adenine
(A) and Guanine (G), show stronger interactions with GO’s large delocalized n-electron
system compared to the pyrimidine bases, resulting in strong non-covalent interactions
[58, 59]. The increased interactions of purines with GO arise most likely from their
extended delocalised m-electron system. To rule out non-specific interactions of
oligonucleotide with GO sheets, great care in the oligonucleotide design was taken to

minimize the A/G content.
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The conjugation of DNA to GO sheets was realized by UV-vis spectroscopy making
use of the distinct absorption characteristics of GO [55]. Figure 4.6 depicts the relevant
spectra. The spectrum of GO exhibits a maximum peak at 230nm, owing to m—n*
transitions (C=C bonds) as well as a shoulder from 290-350nm attributed to n—m*
transitions (C=0 bonds) [60]. A slight red-shift as well as a slight broadening of the
shoulder could be observed when GO was reacted with EDC and sulfo-NHS only (red

graph Fig. 4.6 A.
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Figure 4.6 A) Normalized UV-visible spectra of graphene oxide (black), graphene oxide and
EDC/sulfo-NHS (red), graphene oxide mixed with DNA (non-covalent) (blue) and graphene oxide
with covalently attached DNA after EDC coupling (pink). B) UV-vis spectra of GO (black) and
GO@DNA (red). C) ¢-potential graphs of GO (red) and GO@DNA (green).
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This can be attributed to a slight decrease in n—n* transitions [60, 61] due to the
activation of carboxylic groups with EDC and sulfo-NHS. When GO was simply mixed
with DNA, a slight decrease of the shoulder was observed (blue graph, Fig. 4.6 A). A
potential cause for this could be that few DNA molecules adsorbed onto the GO surface
and were not completely removed by purification through centrifugation. However,
non-covalent adsorption of DNA onto GO surface is purely based on m-stacking
interactions [62-64] and is hence not sufficiently strong to withstand purification
procedures without significant DNA desorption. Following EDC/sulfo-NHS coupling
and subsequent purification steps, a red-shift of from 230 nm to 235 nm was observed
as well as the disappearance of the shoulder at 280-350 nm (pink graph Fig. 4.6 A and
red graph Fig. 4.6 B).

DNA conjugation alters the electronic ground state of GO resulting in the spectral
changes observed. In accordance with previous literature reports, this suggested that
DNA was conjugated to the GO surface [55]. Furthermore (-potential measurements
showed a decrease in charge from -25.2 £ 0.4 mV to -40.1+ 1.4 mV after DNA
conjugation (Figure 4.6 B). As previously discussed (see sections 4.2.2 and 4.2.3) this
can be attributed to the increased charge inferred by the DNA phosphate backbone.
Nevertheless, these obtained results do not confirm for certain that covalent attachment
was successful. Further evidence for this will be shown in chapter 6, Figures 6.11 and
6.14.

GO@DNA conjugates were further employed for the controlled assembly of

hybrid GO/AuUNP nanostructures (see chapter 6).
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CHAPTER 5

-Results and discussion for biomedical applications of DNA-gold

nanoparticle conjugates-

Gold nanoparticle (13 nm)-DNA conjugates were employed for both live cell
MRNA detection and targeted drug delivery. The urgent requirements for faster disease
diagnosis and targeted treatment were discussed in chapter 2. In order to meet these
requirements, nano-probes to address both challenges were designed.

In the following chapter the synthesis, physicochemical characterisation,
stability and specificity assays of nano-probes for live cell mMRNA detection [1-5] and
targeted drug delivery will be described (sections 5.1 and 5.3), followed by their

interactions with cell culture (section 5.2 and 5.4).

5.1 Formation, physicochemical characterisation, stability and specificity

tests of nano-probes.

In the following sections, the formation and physicochemical characterisations
of nano-probes will be discussed (section 5.1.1). In order for nano-probes to find
applications as live cell mRNA sensors, they are required to display excellent stability
towards conditions met within a biological environment. Various factors affecting
stability were thus investigated. These include DNA displacement by glutathione
(section 5.1.2.1), probe degradation by nuclease enzymes (section 5.1.2.2) and stability
in various cell culture media (section 5.1.2.3). Finally their specificity towards designed

MRNA targets will be discussed (section 5.1.3).
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5.1.1 Formation and physicochemical characterisation of nano-probes.

AuNPs were modified with a dense shell of thiolated sense oligonucleotide
strands for the detection of total mMRNA, Desmocollin, Vimentin and Cytokeratin 8
following established literature protocols [6] (see sections 3.2 and 3.3 for experimental
procedure and table 3.2 for oligonucleotide sequences. Also see chapter 4 for results
on the attachment of DNA strands on nanoparticles). Subsequently, corresponding dye-
modified named here “flare” strands (Cy5 for total mMRNA and Cy3 for Desmocollin
and Cyotkeratin 8) were hybridised to the sense strand to yield the final probes (see
scheme 5.1, also see sections 2.5 and 3.3 for background information and experimental

procedures).

A) B)

VWV Sense Strand @ Cy3 (off)
/'V Flare Strand @ Cy5 (off)

Scheme 5.1 Schematic illustration of the nano-probes. A) Desmocollin and Cytokeratin 8 nano-probes
display Cy3-modified flare strands and Cy5-modified sense strands. B) Vimentin and total mRNA

nano-probes display Cy5-modified flare strands and Cy3-modified sense strands.

The successful hybridisation of the flare strand was monitored by DNA
fluorescence melting. When the flare is hybridised on the sense strand fluorescence of
the flare strand is quenched due to the close proximity to the gold nanoparticle core [2,

3, 7, 8]. Upon melting of the DNA duplex, the flare strand diffuses away from the
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particle core and its fluorescence is restored [3]. Figure 5.1 shows fluorescence melting

curves for all nano-probes used in this study.
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Figure 5.1 Fluorescence melting curves of A) Vimentin nano-probes and B) total mRNA nano-probes
(both modified with Cy5) and C) Desmocollin nano-probes and D) Krt8 nano-probes (both modified
with Cy3).

The fluorescence melting curves for all probes showed a characteristic sigmoidal
melting curve shape (see section 6.1 for extended discussion on melting curves),
suggesting successful flare hybridisation and release [9]. Furthermore melting curves
allowed for the determination of the DNA melting temperature (Tm), defined as the

temperature at which half of the duplex is denatured [10, 11]. As typical human cell
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culture conditions require a constant temperature of 37 °C, it was imperative for nano-
probes to display melting temperatures > 37 °C in order to avoid flare strand release
through duplex melting. As can be seen from Figure 5.1, all probes displayed a melting
temperature of > 37 °C. A decrease in fluorescence intensity at higher temperatures was
observed for Cy5-modified flare strands (total mMRNA and Vimentin probes). This was
attributed to the temperature dependent fluorescence of Cy5, which decreases with

increasing temperatures [12].

5.1.2 Stability of nano-probes.

5.1.2.1 Glutathione assay.

Glutathione (GSH), a biomolecule present in all human cells, serves as a
sulfhydryl buffer as well as an antioxidant [13]. Due to its free thiol group in the form
of a cysteine residue (see Figure 3.3 for chemical structure), it is possible for GSH to
cause DNA release via ligand replacement. To test the resistance of nano-probes to
DNA strand displacement, probes were treated with high concentrations of GSH (5
mM, typical intracellular concentrations vary from 0.5 to 5 mM [14]). The fluorescence

of Cy3 on the sense strand was closely monitored for 24 h (see Figure 5.2).
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Figure 5.2 Fluorescence spectra of total mMRNA detecting nano-probes incubated with GSH and free
Cy3-DNA after particle dissolution.
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The spectra demonstrate that even at high levels of GSH, more than 50 % of the
oligonucleotides remained conjugated to the gold nanoparticle surface after 24 h (Fig.
5.2 pink graph) compared to oligonucleotide fluorescence after AuNP dissolution ( Fig.
5.2 green graph). This suggested good stability towards DNA displacement by GSH.

[15].

5.1.2.2 Nuclease assays.

An inherent complication with oligonucleotide-based intracellular probes is their
susceptibility to degradation by nuclease enzymes. However, studies have suggested
that probes based on DNA-AUNP conjugates show an increased stability towards
nuclease digestion, especially by DNAse I [16, 17]. DNAse | is an endonuclease present
within the cytoplasm of all cells and thus presents a great challenge to be overcome.

In order to determine the stability of our nano-probes with respect to enzymatic
degradation, probes were incubated with DNAse | enzyme at 37 °C and the
fluorescence of both the sense and the flare strand was monitored for 40 h (see section

3.5 for experimental procedures). The corresponding data is depicted in Figure 5.3.
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Figure 5.3 Graphs showing the fluorescence of the sense and flare strands for A) Vimentin and total
MRNA NFs (Sense: Cy3, Flare: Cy5) and B) Desmocollin and Cytokeratin 8 NFs (Sense: Cy5, Flare:
Cy3). For comparison the fluorescence of free sense DNA after particle dissolution (at constant probe

concentrations) is shown in green.
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In comparison to ‘free’ sense or flare strands (obtained by particle dissolution),
no significant increase of fluorescence in either the flare or the sense strands could be
observed for the DNAs attached to the particles. This suggested that, nano-probes
displayed no significant susceptibility to degradation by DNAse | [4]. The reason for
this increased stability is still under intense investigation to date and several factors
have to be considered, which will be discussed hereafter.

Studies have shown that the enzyme shows high preference for dsDNA
compared to ssDNA [18]. Examining the structure of the nano-probes, one can see that
the accessible outermost parts of the conjugated oligonucleotides are single-stranded

(see Scheme 5.2). This could result in an increased stability towards DNAse I.

Scheme 5.2 Schematic illustration of the nano-probe. Arrows indicate outermost parts of

oligonucleotides, accessible by DNAse I.

In order to investigate if dSDNA-AUNP conjugates were more susceptible to
DNAse | degradation, Vimentin nano-probes were hybridised with their perfect target
sequence (see table 3.1 for oligonucleotide sequences) in order to achieve full length
duplexes. The probes were subsequently incubated with DNAse | as before and
fluorescence of the sense strand was monitored for 24 h. The result of this assay is

depicted in Figure 5.4 A.
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Figure 5.4 A) Spectrum showing the fluorescence of the Vimentin sense strand (black) and for
comparison the fluorescence of free sense DNA after particle dissolution (red). B) Native polyacrylamide
gel displaying a reference dye in lane 1, the degradation of a ‘free’ DNA duplex (Vimentin dsSDNA) in

lane 2, and the still intact duplex in lane 3.

As before, no significant increase in Cy3 fluorescence could be observed,
suggesting that preference of DNAse | for dSDNA may not be the cause for the
increased resistance of the nano-probes towards nuclease degradation. For comparison,
a free duplex of DNA was incubated with DNAse | under the same conditions.
Polyacrylamide gel electrophoresis was then utilized to visualise the result (Figure 5.4
B). Lane 1 shows a reference dye, whilst lanes 2 and 3 show the DNA duplex with (lane
2) and without DNAse | treatment (lane 3). Only very faint bands were observed in lane
2, suggesting that most of the duplex had been degraded by the enzyme, as expected.

Mirkin and co-workers hypothesised that the increased stability of DNA-AuUNP
conjugates to DNAse | was due to a high concentration of sodium ions being trapped
between DNA strands on the nanoparticle surface [19, 20]. The activity of DNAse | has
been found to be highly reduced in the presence of high concentrations ( > 0.1 M) of
monovalent cations [21]. In order to investigate this further, fully assembled Vimentin
nano-probes were washed three times with a CaCl, solution (0.075 M) before

incubation with DNAse | in order to displace monovalent sodium ions by divalent
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calcium ions, which enhance the enzymes’ activity. The relevant results of this study are

shown in Figure 5.5.
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Figure 5.5 Fluorescence monitoring of Vimentin probe sense strand fluorescence (Cy3) after washing
with CaCl, and treatment with DNAse I.

The results show that as before, no significant fluorescence increase could be
observed. Therefore, the high sodium ion concentration around the nano-probe is not
likely the major cause of the increased nuclease resistance of these probes towards
DNAse I. A possible explanation could be that oligonucleotides assembled on the
nanoparticle surface adopt a slightly altered conformation compared to their natural
form as suggested by Pellegrino et al. [22]. As DNAse | is a minor groove binder and
very sensitive to the conformation of the minor groove [23], a small change in
conformation due to dense packing of the DNA on the particle surface could therefore
result in inefficient binding [20]. However, this hypothesis requires evidence, which
could be possibly achieved using extensive computer modelling.

Recently Mirkin and co-workers suggested that DNA-AuUNP conjugates,

although displaying increased resistance towards digestion by DNAse I, could be
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degraded by DNAse Il [17]. This endonuclease exhibits optimal activity at acidic pH, as
it is mostly located in lysosomes [24]. Unlike DNAse |, whose function is dependent on
the presence of divalent cations, DNAse Il requires the absence of these for optimal
activity [24]. The mechanism of action of DNAse Il is based on hydrolysis of the DNA
phosphodiester backbone [25, 26]. Due to its lysosomal location, studies suggest that its
main function is the degradation of exogenous DNA [24, 27].

In order to test the stability of the nano-probes used in this study with respect to
degradation by DNAse II, fully assembled probes were incubated with the enzyme at
pH 4.5. The fluorescence of both the sense and the flare strand were monitored for 24 h.

The results of this assay are outlined in Figure 5.6.
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Figure 5.6 Fluorescence monitoring of A) Vimentin and total mMRNA nano-probes (Sense strand: Cy3,
Flare strand: Cy5) incubated with DNAse Il and B) Desmocollin and Krt8 nano-probes (Sense strand:
Cy5, Flare strand: Cy3) incubated with DNAse I1.

One can observe that neither the fluorescence of the flare nor the sense strand increased
significantly (see data in green for ‘free’ oligonucleotides at similar concentrations).
Thus it appeared that nano-probes were stable with respect to degradation by DNAse 1.
This result was found to be contradictory to the findings reported by Mirkin et al. They

showed that after 4 h, ~60 % of the initial oligonucleotides loaded onto the AuNP
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surface had been degraded by DNAse Il [17]. However, in their studies the reported
oligonucleotide-loading was 80 * 5 strands/particle, while for the nano-probes tested
here, the loading was found to be 120 + 2 strands/particle (see Appendix I1). This
increased density of DNA strands on the nanoparticle surface could result in reduced
accessibility of the enzyme leading to the increased resistance towards degradation by
DNAse Il. Further studies utilizing varying oligonucleotide loadings are required for
confirmation and will be the subject of future work.

Similar to DNAse I, DNAse Il shows a preference for dsDNA [24]. Thus a
dsDNA-AuUNP conjugate utilizing the Vimentin nano-probe as before was incubated
with the enzyme. The fluorescence of the sense strand was monitored for 24 h. The

relevant data is shown in Figure 5.7.
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Figure 5.7 Data showing the fluorescence of the Vimentin sense strand (black) upon incubation with
DNAse Il and for comparison the fluorescence of free sense DNA after particle dissolution (red).

The data suggest that degradation of dSDNA-AUNP conjugates by DNAse Il is
negligible. As previously discussed the reason for this increased resistance towards
degradation by nuclease enzymes is unknown at this time, but will be the subject of

future work.
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5.1.2.3 Cell culture media stability assays

Many reports have investigated the interactions of nanoparticles with full serum

cell culture media. Different components such as salts and proteins found within these

media can interact with the nanoparticles and alter their biological identity [28-30]. In

order to test the functionality of the nano-probes upon incubation in cell culture media,

probes were incubated with three commonly used culture media (MEM, DMEM and

RPMI, see Appendix I for chemical composition). The fluorescence of sense and flare

strand was monitored for up to 18 h (see section 3.5 for experimental procedures). UV-

vis spectroscopy was further

employed to investigate

Corresponding results are depicted in Figure 5.8.

nanoparticle stability.
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Figure 5.8 Fluorescence spectra of total mMRNA nano-probes (A) flare strand Cy5 and B) sense strand

Cy3 fluorescence) incubated in different cell culture media. C) UV-vis spectrum of nano-probes before

(black) and after (red) incubation with cell culture media.
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The data shown, suggested that the probe stability was not affected by
incubation with cell culture media. Oligonucleotides remained attached to the
nanoparticle surface evident from a constant fluorescence emission of both the flare and
the sense strands. Furthermore no signs of nanoparticle aggregation could be observed,
determined by the sharp, unchanged plasmon peak [31] shown by a representative UV-

vis spectrum in Figure 5.8 C.

5.1.3 Specificity assay.

In order to test for response rates, fully assembled nano-probes were incubated
with artificial mMRNA targets (see table 3.2 for oligonucleotide sequences).

Flare strand fluorescence was measured over a period of 160 min. Relevant

representative fluorescence spectra are shown in Figure 5.9.
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Figure 5.9 Fluorescence spectra of nano-probes incubated with their respective mRNA targets.
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From the data shown in Figure 5.9 one can see that all probes displayed a very
fast response rate. Already after a few minutes the fluorescence intensity of the flares
strand was increased around twofold. For all probes a plateau was reached after around
60 min, suggesting that all flare strands had been released at this time.

Further studies were then conducted to test for probe specificity. Fully
assembled nano-probes were incubated with artificial mMRNA targets containing one or
two mismatches (see chapter 3 for oligonucleotide sequences). The flare strand
fluorescence was then measured after incubation for 1 h. Resulting spectra are depicted
in Figure 5.10.

The spectra show that incubation with mismatched targets (blue and pink
graphs) induced only minimal fluorescence increase compared to the perfect target and

thus suggested high target specificity.

45 4
35 - ——Krt8 NF before —— Des NF before

_ —_— Perf_ect target -5- 40 J —— Perfect target

E 20 4 —1 m!smatch = —— 1 mismatch

£ —— 2 mismatches ‘; 35 ——— 2 mismatches
£

= 25 ]

B 2 304

c [

s 2

£ 20 £ 254

© @
Q i

g ] c 20

g e 154

? ]

o 10 =

E El 10

T s ]

0 T T : T T ] 0 T T T T T T 1
550 600 850 700 750 800 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

55 4

—— Vim NF before
Perfect target
—— 1 mismatch

— 2 mismatches

50 4

Fluorescence Intensity (a.u.)

T T T T T T T T T T 1
850 675 700 725 750 775 800
Wavelength (nm)

Figure 5.10 Fluorescence spectra of nano-probes incubated with matched and mismatched targets.
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The detection limit of each nano-probe was determined by incubation with
increasing amounts of perfect target. Fluorescence of the corresponding flare strand was

measured after incubation for 1h. Resulting data is shown in Figure 5.11.
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Figure 5.11 Fluorescence emissions of flare strands in response to increasing target concentrations.

The data depicted in Figure 5.11 shows that all nano-probes show an increase in flare
strand fluorescence in response to target concentrations in the nanomolar range in

accordance with previous literature reports [4].

5.2 Interactions of nano-probes with cell culture.
Following physicochemical characterisation, stability assays and target

specificity determination (see section 5.1), nano-probes were incubated in vitro with
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human lung epithelial cells (16HBE) and fetal lung fibroblasts (MRC-5). These two cell
types play very different roles within the human body and thus also display very
different characteristics. Whilst epithelial cells form a stationary layer, fibroblasts are
highly motile and individual. However, during tumour progression, epithelial cells
begin to display fibroblast-specific cell characteristics such as expression of Vimentin
and down-regulation of Desmocollin and Cytokeratin 8 [32] (see section 2.6 for
theoretical background). These three different epithelial or fibroblast-specific mMRNAs
were chosen as targets (see section 2.6).

Initially, the expression of Vimentin, Desmocollin and Cytokeratin 8 proteins

were visualised using immunofluorescent labelling (section 5.2.1).

5.2.1 Immunofluroescent labelling of cells.

In order to test for expression of Vimentin, Desmocollin and Cytokeratin 8
proteins, cells were fixed and labelled with the corresponding primary antibody and
subsequently the fluorophore-labelled (AlexaFluor 546, Invitrogen) secondary antibody
for visualisation by confocal microscopy (see section 3.7 for experimental procedure).
Corresponding images are depicted in Figure 5.12.

Confocal images show that only fibroblasts display Vimentin expression (Fig. 5.12 A).
Being an intermediate filament protein, Vimentin can be found all throughout the
cytoplasm of mesenchymal cells (e.g. fibroblasts) [33]. Contrastingly, Desmocollin
expression was only observed in epithelial cells (Fig. 5.12 B). Desmocollin is a protein
of the cadherin cell adhesion molecule family, involved in formation of desmosomes for
cell-cell interactions [34]. Therefore it can be found only in the cell membrane, as can
be seen in Figure 5.12 B,. Cytokeratin 8, another member of the intermediate protein

family equally shows expression in epithelial cells only (Fig. 5.12 C).
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Figure 5.12 Immunofluorescent labelling of 16HBE (1) and fibroblasts (2) with Vimentin A),
Desmocollin B) and Cytokeratin 8 C).Nuclei are stained with DAPI. Scale bars are 30 pum.
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Similar to Vimentin, expression can be seen in the intracytoplasmic cytoskeleton [35,

36).

5.2.2 Live cell mRNA detection.

Various groups have explored the uptake mechanism of functionalised gold
nanoparticles. Many studies have investigated the effects of size, shape and charge of
nanoparticles on cellular uptake [8, 37-51]. As such, it is widely known that positively
charged species enter cells much more readily than negatively charged ones, due to their
electrostatic interactions with the negatively charged lipid membranes [52]. Thus, in
many studies, in order to introduce nucleic acid-based systems into cells, complexation
with positively charged co-carriers was carried out [53-55]. However, it has been shown
that DNA-AUNP conjugates, although highly negatively charged, are taken up by cells
in large numbers [40] without the aid of a co-carrier [40, 52].

In order to determine the uptake of nano-probes as well as their target detection
capabilities, cells were incubated with different nano-probes. The basic concept of these

probes is outlined in scheme 5.3

mRNA target

VWV Sense Strand @/@® Dye 1 offfon
/\/ Flare Strand O/ & Dye 1 off/on

Scheme 5.3 Schematic illustration of the nano-probe for live cell mMRNA detection based on DNA-

AUNP conjugates.
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In the first instance, as a proof of concept, nano-probes for the detection of total
MRNA were tested (see chapters 2 and 3 for theoretical background and experimental
procedure). By displaying a sense sequence consisting of polyT, these probes were

designed to detect all mature mRNAs via their characteristic polyA tail [56]. Confocal

microscopy was used to visualise cells (Figure 5.13).

Figure 5.13 Confocal microscopy images showing the successful detection of total mRNA in A)
epithelial cells (16HBE) and B) fibroblasts (MRC-5). Nuclei are stained with Hoechst 33342

(Invitrogen). Scale bars are 30 pm.

Confocal images revealed no Cy3 fluorescence (pink) from the sense strands in
either sample, indicating that the DNA on the nanoprobes was not subject to
degradation. Furthermore a bright fluorescence signal of the flare strand (Cy5, blue)
could be observed throughout the cytoplasm of epithelial cells A) as well as fibroblasts
B). This suggested that mMRNA detection was possible.

Following successful initial live cell experiments, probes were tested for
specificity. Accordingly, Vimentin, Desmocollin and Cytokeratin 8 nano-probes were
incubated with both 16HBE and MRCS5 cell lines as before. Confocal microscopy was

used to visualise cells (Figure 5.14).
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As before no fluorescence from the respective sense strands could be observed,
indicating that sense DNA on the nanoparticle remained attached and was not subject to
degradation. As can be seen from Figure 5.14 A,, probes for the detection of Vimentin
mRNA displayed fluorescence in the fibroblasts only. Our observations were in
agreement with the previously conducted immunofluorescent studies (see section
5.2.1), as epithelial cells do not express Vimentin [57]. On the other hand, the probes
that detect Desmocollin and Cytokeratin 8 mMRNAs displayed activity in epithelial cells

only (Fig. 5.14 B,and C,).
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Figure 5.14 Confocal microscopy images of live cells (1) 16HBE epithelial cells, 2) MRC-5
fibroblasts) incubated with mRNA detection probes. A) Vimentin detection Cy5, blue, B) Desmocollin
detection, Cy3, pink and C) Cytokeratin 8 detection, Cy3, pink. Nuclei are stained with Hoechst 33342
(Invitrogen). Scale bars are 30 um.
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A confocal cross-sectional image displayed in Figure 5.15 confirmed that
fluorescence was indeed localized within the cytoplasm of the cells, rather than the cell

membrane.

Figure 5.15 Confocal cross-section image of VVimentin nano-probes in MRC-5. The cross-hairs mark
the point of interest; X and Y sections are shown on the right hand side and the bottom of the image.

Nuclei are stained with Hoechst 33342 (Invitrogen).

An unexpected observation was the appearance of distinct localization of
the fluorescence signal in epithelial cells. Both Fig.5.13 A and 5.14 B,/C; showed
fluorescence with distinct localization, potentially corresponding to association with
mitochondria [58] or the endoplasmatic reticulum [59] (see Appendix Il for additional
images at higher magnification). A study by Bao et al. showed that 2’-deoxy and 2’-O-
methyl oligonucleotides labelled with Cy dyes displayed fluorescence signal co-
localization with mitochondria [60]. They suggested that mitochondrial membrane
potential mediates this accumulation which is furthermore dependent on the dye. While

both Cy3 and Cy5-labelled oligonucleotides displayed mitochondrial co-localization,
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oligonucleotides functionalized with anionic dyes such as the Alexa Flour dyes
displayed perinuclear localization [60]. It is therefore likely that Cy dye-labelled flare
strands, after release from the particle are trapped in the inner mitochondrial membrane,
resulting in the observed fluorescence signal localization.

In order to investigate the optimum incubation time for maximum fluorescence,
epithelial cells were incubated with Desmocollin nano-probes and subsequently imaged
for 18 h by fluorescence microscopy (see chapter 3 for experimental protocol).

Representative images are depicted in Figure 5.16.

Figure 5.16 Fluorescence time-lapse study on epithelial cells incubated with Desmocollin nano-probes
(Cy3 fluorescence). Scale bar is 100 pum.

From the time-lapse images one can see that the maximum fluorescence signal
was achieved after 14 to 18 h of incubation. Therefore an incubation time of 18 h was

chosen for all cell culture-nano-probe studies.

5.2.3 Transmission electron microscopy of cells incubated with nano-
probes.
To visualise the intracellular location of nano-probes, cells were incubated with

total MRNA detection probes for 2, 4, 6 and 18 h and subsequently processed for TEM
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thin sectioning (see section 3.7 for experimental procedure). Representative TEM
micrographs are depicted in Figure 5.17.

The depicted images show that 2 h after incubation, particles were mostly
localized on the cell periphery or being endocytosed (Fig. 5.17 A;). However, few
particles were found in the cytosol (indicated by a red arrow, Fig. 5.17 A;). The
mechanism by which particles are able to escape endosomal compartmentalisation is
still under intensive investigation by various research groups to date [17] and will also
with respect to this project be the subject of future work. After 4 h most particles were
found to be encapsulated within endosomes and late endosomes/ multivesicular bodies
(MVB) [61] (Fig. 5.17 B,). However, as before some particles were found in the
cytosol, not encapsulated in a cellular vesicle (Figure 5.17 B;). After 6 h and 18 h
particles were found almost exclusively in cellular vesicles such as endosomes or
MVBs. Interestingly, particles were never found inside lysosomes, in accordance with
previous literature findings [17]. The reason for this remains so far unknown. As can be
seen from the TEM images, the maximum number of particles appeared to be located
intracellularly after 18 h (Fig.5.17 D) [62]. However, as only very thin sections of cells
were visualised here, it was not possible to quantify uptake with a high degree of
accuracy. For this, inductively-coupled plasma mass spectrometry or atom emission

spectrometry will be utilized in future work.
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Figure 5.17 Transmission electron micrographs of cells incubation with nano-probes. Scale bars are
100 nm. Red arrows indicate NPs in the cytosol. Green arrows indicate endosomal barriers. RER =
rough endoplasmatic reticulum; MVB = multivesicular body; E = endosome, M = mitochondrion.
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5.2.4 Viability assays for cells incubated with nano-probes.

The excellent biocompatibility of DNA-gold nanospheres presents one of the
reasons for their extensive use in biomedical studies [1-3, 6, 40, 44, 49, 63-68]. Several
studies showed that gold nanoparticles functionalized with oligonucleotides are not
cytotoxic [2-4, 6, 16, 65]. Accordingly, Mirkin et al. did not observe any toxicity of
their nano-flares in cell antisense experiments [6]. In another study, Tang et al.
conducted MTT assays [69] to assess the cell viability with their multiplexed nano-
flares [4]. The authors reported that within concentrations of around 5 nM and an
incubation time of up to 48 h, the cell viability was always greater than 85 %. Likewise,
an MTT assay carried out by Gu and co-workers revealed that the viability of MCF-5
and C6 mouse glioma cell lines was not affected by the treatment with their nano-sensor
[70]. The cytotoxicity of the nano-probes utilized in this study with respect to the two
different cell types used was hence investigated utilizing a trypan blue dye-exclusion
assay [71] (see section 3.7 for experimental procedure). Cells were incubated with
different nano-probes for 18 h and the cell viability was subsequently determined. The
results for the dye-exclusion assays are shown in Figure 5.18.

It can be observed that within the employed conditions (concentration of
nano-probes: 1.5 nM, incubation time 18 h, (~1.4 pmol of probes per 100.000 cells, see
section 3.5) the cell viability was not affected in accordance with previous findings [1-
4, 16, 65, 70]. Further studies involving higher concentrations and varying incubation

times in order to develop a cytotoxicity profile will be the subject of future work.
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Figure 5.18 Viability assay for cells incubated with different nano-probes. ( n=3, ***p < 0.01 for a

one-tailed t test).

The high target specificity, good biocompatibility and bio-stability of nano-
probes discussed in section 5.1 and 5.2 display their excellent capabilities of live cell
MRNA detection agents. The potential to further develop these probes into multiplexed

theranostic agents will thus be discussed in the following sections.

5.3 Nano-probes for targeted drug delivery.

Various studies have recently shown that gold nanoparticles with varying
surface capping can act as efficient drug delivery vehicles [72-75]. For example, AUNPs
conjugated to cytotoxic platinum anti-cancer compounds showed promising properties
as chemotherapeutic agents [76-78]. Furthermore gold nanospheres and rods have been
shown to effectively deliver anthracycline drugs for chemotherapeutic applications [79-
82]. Taking advantage of the high target specificity of the nano-probes described in

section 5.1 and 5.2, an extension of their applicability towards a ‘theranostic’ probe was
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investigated. The DNA intercalating, fluorescent anti-cancer drug Doxorubicin (DOX)

was utilized (see scheme 5.4. Also see Figure 2.3 for chemical structure of DOX).

mRNA target

> NP

VVWV\.. Sense Strand Anti-cancer Drug
/\/ Flare Strand O/ & Dye 1 off/on
0/ & Dye 2 off/on

Scheme 5.4 Illlustration of the multi-functional nano-probe capable of mRNA detection and

simultaneous targeted drug delivery.

In the following sections, the formation and physicochemical characterisations
of DOX-loaded Vimentin nano-probes will be discussed (section 5.3.1). Furthermore
their interactions with cell cultures as well as targeted drug release capabilities will be

shown (section 5.3.2).

5.3.1 Physicochemical characterisation and stability assays of drug-loaded

Vimentin nano-probes.
Vimentin nano-probes were loaded with doxorubicin according to the
experimental procedure described in section 3.3. In order to visualize the success of

doxorubicin intercalation, fluorescence melting curves were obtained (Fig. 5.19).
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Figure 5.19 Fluorescence melting curves of Vimentin nano-flares and Doxorubicin-loaded
Vimentin nano-flares.

Drug intercalation results in a stabilization of the DNA duplex. Crystal
structures revealed that the cationic daunosamine sugar unit of DOX locates in the
minor groove of a DNA duplex. This results in decreased electrostatic repulsion
between DNA strands in the duplex. The aromatic chromophore aglycone unit of the
drug interacts with the aromatic DNA bases via increased van der Waals interactions
[79, 83]. These stabilization interactions can be assessed via the DNAs melting profile.
Figure 5.19 shows a clear shift of ~ +10 °C in the melting profile of Vimentin nano-
probes after drug incorporation (red graph). As previously shown by Drabowiak and co-
workers, the increased melting temperature gave a good indication of successful
incorporation of doxorubicin [79].

Having established that DOX can be successfully intercalated into Vimentin
nano-probes, a subsequent step was to study their stability with respect to drug

retention.
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Studies have shown that the fluorescence of DOX can be quenched by
intercalation into a DNA duplex [84] as well as by being located in close proximity to a
gold nanoparticle [85]. This property was utilized to investigate the stability of DOX-
loaded probes. Doxorubicin fluorescence in the supernatant of drug-loaded Vimentin

nano-probes was monitored for 24 h at 37 °C. Figure 5.20 shows the results of this

study.
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Figure 5.20 Fluorescence time-course measuring the potential leaking of doxorubicin from the
Vimentin nano-flares (black graph). For comparison, fully released doxorubicin at the same
concentration was measured also (red graph).

The obtained fluorescent data (black line) was compared to the fluorescence of
doxorubicin after liberation from the nano-probe (achieved via DNA melting.
Concentrations of nano-probes and DOX loading was ensured to be constant). As can
be seen from the data, no significant increase in fluorescence occurred after 24 h,
suggesting that there was no leaking of DOX from the nano-probes.

In order to be considered as therapeutic drug delivery agents, the loading

capacity of the probes must be tunable, depending on individual requirements. As DOX
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intercalates into dsDNA, varying the number of duplexes formed on the nanoparticle
surface should enable controlled drug-loading (see Appendix I1).

Making once again use of the inherent fluorescent properties of DOX, drug-
loading as a function of varying duplex numbers was investigated by fluorescence
spectroscopy (see section 3.5 for experimental details). Figure 5.21 A shows a
calibration curve for concentration-dependent DOX fluorescence. Fluorescence spectra
of DOX after liberation from nano-probes are shown in Figure 5.21 B.

From these data it was possible to determine that the number of DOX molecules
per nano-probe could be finely tuned by varying the number of duplexes on the nano-
probe (39 £ 3 for 40x duplex, 57 = 4 for 60x duplex and 73 = 2 for 80x duplex. See

Appendix I1 for calculations).
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Figure 5.21 A) Fluorescence calibration curve for concentration-dependent doxorubicin fluorescence. B)

Varying DOX fluorescence (concentration) with varying flare strand amounts.

5.3.2 Interactions of drug-loaded Vimentin nano-probes with cell culture.
Following physicochemical characterization (see section 5.3.1), the interactions of
drug-loaded Vimentin nano-probes with 16HBE and MRC-5 cells were explored. In

section 5.2 it was shown that Vimentin nano-probes exhibit activity exclusively in the
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Vimentin-expressing fibroblast cell line. In order to investigate if drug-loaded probes
retained target binding capabilities and target specificity in vitro, they were incubated
with both 16HBE and MRC-5 cells (see section 3.7 for experimental details). Confocal
microscopy was utilized to visualise nano-probe cell interactions (see Figure 5.22).

The confocal images revealed no obvious fluorescence corresponding to DOX
or the flare strand in the epithelial cell line (Fig. 5.22 A). This suggested that nano-

probes remained ‘silent” with doxorubicin being held within the probes. As epithelial

16HBE MRC-5

Figure 5.22 Confocal microscopy images of A) 16HBE epithelial cells and B) fetal lung fibroblasts
(MRC-5) after 18h incubation with doxorubicin-loaded Vimentin nano-flares. The large images show
doxorubicin fluorescence only (green) while the small inset images show the full image with stained
nuclei (yellow) and flare fluorescence (cyan), see Appendix Il for larger images. Nuclei were stained
with Hoechst 33342 (Invitrogen). Scale bars are 30 pm.
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cells do not express the target mMRNA (Vimentin), this result implies that nano-probes
had retained their target specificity. Contrastingly, a distinct DOX fluorescence signal
as well as flare strand fluorescence was observed in MRC-5 fibroblasts (Fig. 5.22 B).
This implies that despite their increased stability, drug-loaded Vimentin nano-probes
not only retained their target binding capability and specificity, but also delivered the
drug in a target-specific manner. This finding was in accordance with recently published
results by Tang et al. utilizing drug-loaded molecular beacon-AuNP probes for tumour
targeting [82].

As can be seen from Figure 5.22, DOX fluorescence is visible throughout the
cells’ cytoplasm, but not the nucleus. Within a cell, DNA is mainly arranged into
chromosomes and localized almost exclusively to the nucleus (with exceptions of
mitochondrial DNA) [86]. As discussed previously, upon DNA intercalation, DOX
fluorescence is quenched [83, 84, 87]. Thus, any DOX localized in the nucleus or the

mitochondria would be invisible by confocal microscopy.

5.3.2.1 Viability assay of cells incubated with drug-loaded Vimentin nano-
probes.

A trypan blue dye-exclusion assay was utilized to give insight into whether
DOX delivered via the Vimentin nano-probes induced cytotoxicity in the tested cell
lines. Both 16HBE epithelial cells and MRC-5 fibroblasts were incubated with drug-
loaded Vimentin nano-probes containing varying amounts of DOX (at a steady NP
concentration, see section 3.7 for experimental procedures). After 18 h, cells were
harvested and visualised using the trypan blue live/dead assay [71]. Representative

results for both cell types are shown in Figure 5.23.
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Figure 5.23 Viability assay of 16HBE and MRC-5 cells incubated with Doxorubicin only (400 pmol) as
well as Vimentin nano-probes (1 pmol) with varying amounts of drug-loading. Mean SEM, n=3, ***p
<0.001, ** p<0.01, *p < 0.1 for a one-tailed t test.

The assay results imply that while Vimentin nano-probes on their own displayed
no significant cytotoxicity in either cell line, drug-loaded probes exhibited increasing
cytotoxicity with increasing drug-loading for MRC-5 fibroblasts only.

Furthermore, doxorubicin delivered on its own at a dose 3.3 x higher than that
found in the highest nano-probe loading (400 pmol vs. 120 pmol), exhibited a two-fold
lower cytotoxicity. Dabrowiak and co-workers suggested in their study that DOX
concentrations of more than 5 uM were required to achieve a cytotoxicity greater than
50% [88]. Here the 50% cytotoxicity is achieved with 120 pmol of DOX (assuming that
all DOX was released from the probes), suggesting a vast increase in delivery
efficiency. This thus suggested that the nano-probes employed here possess a great
potential for future applications in targeted drug delivery to minimize toxic side-effects.

In order to meet the demands in biomedicine, even more advanced multi-role
nano-probes will have to be developed. To answer these requirements, potential novel

probes based on nanoparticle assemblies will be introduced in chapter 6.
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CHAPTER 6

-Results and discussion on programmed ligation of

DNA-functionalized nanomaterials-

Chapter 5 discussed the great potential of DNA-AuUNP conjugates as
biomedical probes. However, the requirements for novel, more advanced probes are
ever growing. Recently assemblies of nanoparticles have emerged as potential
candidates [1, 2]. For example, the flexibility in bringing together two independent
nanoparticles to create a stable nanoparticle dimer allows one to envisage the formation
of a dimer between two single nanoparticle mRNA probes. This dimeric probe is
inherently superior to a single nanoparticle probe because the nanoparticle dimers will
act synergistically in the local microenvironment, a function that will be drastically less
efficient when single nanoparticle probes are employed.

In order to create a library of assemblies for potential applications as advanced
biomedical probes, different types of nanomaterials (AuNPs (13 nm and 5 nm), Cu,.xSe
NPs, FesO4 NCs and graphene oxide) were conjugated to azide (S1) or alkyne (S2)
modified oligonucleotides (see chapter 4). These were subsequently assembled into
homo- and heterostructures using DNA ‘click’ ligation [3] (see section 2.6 for
background information on heterostructures and their applications in biomedicine). As
initial proof of concepts, only simple assemblies (dimers and trimers) were formed.

The analysis of the employed oligonucleotide strands will be outlined in section
6.1, whilst assembly formation of homo- and hetero-nanostructures is elucidated in
section 6.2). The main aim of this study is the development of novel and robust

advanced nano-probes. Therefore preliminary results on the stability of gold
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nanoparticle dimers with respect to various conditions met within a biological

environment are shown in section 6.3.

Parts of this chapter were published in: Heuer-Jungemann, A.; Kirkwood, R.;EI-

Sagheer, A.; Brown, T.; Kanaras, A. G. “Copper-free Click Chemistry as an Emerging
Tool for the Programmed Ligation of DNA-functionalised Gold Nanoparticles”,

Nanoscale, 2013, 5 (16), 7209-7212.

6.1 Analysis of oligonucleotides.

Prior to conjugation to different nanomaterials, oligonucleotides employed in
this study (see table 3.1 for oligonucleotide sequences) were analyzed for duplex
formation and click ligation [4-6] by UV melting (see section 6.1.1) and denaturing
polyacrylamide gel electrophoresis (see section 6.1.2). To program nanoparticle
assembly it is imperative that only the desired oligonucleotide sequences hybridize and

subsequently ligate to form a continuous DNA strand (see scheme 6.1).

W w1

[s3] ‘Click’ Reaction i

)
ST

N —

Scheme 6.1 Illustration of the DNA click ligation process. Azide (S1) and alkyne (S2)
oligonucleotides are brought together via a complementary splint strand (S3). The click reaction then

takes place resulting in a ligated strand.
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6.1.1 Oligonucleotide UV melting.

The distinct absorption characteristics of single-stranded (ss) and double-
stranded (ds) oligonucleotides allow for duplex formation to be monitored by UV-
visible spectroscopy [7]. dsDNA characteristically displays a lower absorption than
sSDNA. Hydrogen bonding in the duplex results in decreased resonance in the DNA
bases, which in turn causes reduced absorbance of UV light (hypochromic effect) [8].
As the duplex is denatured (chemically or thermally) into two single strands, n-n
stacking interactions are broken. Due to this, n-electrons in the purine and pyrimidine
bases display and increased interaction with light, giving rise to a stronger absorption.
These characteristics give rise to the distinct sigmoidal shape (hyperchromic shift),
characteristic of a DNA melting curve [9]. Figure 6.1 depicts the corresponding spectra
for melting curves of the relevant oligonucleotides (S1, S2 and S3, see table 3.1 for
sequences), recorded at the characteristic absorption maximum for DNA (260 nm) [7] at
temperature ranging from 15-85 °C (see section 3.5 for experimental procedure).

Only combinations of oligonucleotides involving S3 (Fig. 6.2 B-D) displayed
the characteristic DNA melting curves, arising from the different interaction of ssDNA
and dsDNA with light, as previously discussed. Figure 6.1 A displayed no sigmoidal

curve, suggesting that no duplexes were formed between S1 and S2 (see scheme 6.1).
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Figure 6.1 A) UV melting curve of S1 + S2. No duplex is formed due to a lack of complementarity. B)
Melting curve for S1+S3 showing duplex melting. C) Melting curve for S1 + S2 +S3 showing duplex
melting between all three strands. D) Melting curve for S2+S3 showing duplex melting.

6.1.2 Denaturing polyacrylamide gel electrophoresis.

Ligation of the click reaction was confirmed by denaturing polyacrylamide gel
electrophoresis. In this method DNA is denatured chemically by formamide and strands
are subsequently separated according to their size, conformation and charge in a
polymer gel matrix (see section 3.5 for experimental procedures). Figure 6.2 shows a

representative gel.
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Figure 6.2 Denaturing polyacrylamide gel of free DNA. Lane 1: Reference dye, Lane 2: S1 (27mer),
Lane 3: S2 (31mer), Lane 4: S3 (52mer), Lane 5: S1+S2; Lane 6: Clicked DNA (58mer).

Lane 1 contains a reference dye. Lanes 2-4 resemble each individual strand S1,
S2 and S3, respectively. Lane 5 displays a mixture of S1 and S2, while lane 6 shows the
result from the click ligation post hybridisation (see scheme 6.1 for schematic
illustration). Two distinct bands were visible in lane 5, corresponding to S1 and S2. This
suggested that duplex formation and subsequent clicking were not possible in the
absence of the templating splint strand S3 under current conditions. This was also
observed from the melting studies (section 6.1.1). On the other hand, lane 6 displayed a
strong band with low electrophoretic mobility as well as a band corresponding to S3.
This suggested that a new product was formed from S1, S2 and S3. Thus successful
clicking of the two desired strands S1 and S2 (brought together via S3) was confirmed

in accordance with previous literature reports [6].
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6.2 Programmed ligation of DNA-nanomaterials

DNA-coated nanomaterials were assembled into homostructures (5 nm AuNP
dimers see section 6.2.1, 13 nm AuNP dimers and trimers see section 6.2.2, FesO4 NC
dimers see section 6.2.3) and heterostructures (Cu,4Se-Au and Fe;O4-Au heterodimers
see section 6.2.4 and GO-AuNP hybrid structures see section 6.2.5). The general

concept behind the assembly process is outlined in scheme 6.2.
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Scheme 6.2 Illustration of dimer formation using the method of DNA- click chemistry. 3’-azide (S1)
and 5’-alkyne (S2) DNA-AUNP conjugates are brought into close proximity through a templating splint
strand (S3) with non-complementary overhangs (orange). ‘Clicking’ occurs immediately after
hybridisation. Addition of a single DNA strand (S4), fully complementary to S3, results in the removal
of S3 through competitive hybridisation, leaving a nanoparticle dimer system connected via a single

continuous DNA strand.

The resulting assemblies are covalently linked. This should result in increased

stability towards conditions met within a biological environment and reduce the

possibility of intracellular disassembly.
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6.2.1 Formation of 5 nm AuNP dimers

5 nm AuNP-DNA monoconjugates of S1 and S2 were incubated in equimolar
quantities with S3 to form dimers (see section 3.4 for experimental procedures. Also see
scheme 6.2). Dimerization was visualized by agarose gel electrophoresis (Figure 6.3).
Two strong bands with different electrophoretic mobilities were observed. One band
with comparably higher mobility corresponded to non-hybridised monoconjugates,

whilst the second, more retarded band represented hybridised dimers.

Figure 6.3 Agarose gel electrophoresis showing distinct bands for unreacted monoconjugates and
dimers dimer systems. A faint band in the middle corresponds to monoconjugates hybridized to S3

without having formed dimers.

A third faint band with medium electrophoretic mobility was also observed. This
was accounted for by monoconjugates hybridized to S3 only, not forming dimers [10].
After recovery of dimers from the gel (see section 3.5), purification by agarose gel
electrophoresis as well as analysis by transmission electron microscopy were employed
to confirm that the click reaction had taken place. The corresponding agarose gel is

displayed in Figure 6.4.
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Figure 6.4 Agarose gel electrophoresis demonstrates the success of the ‘click’ reaction. Lane 1:
Monoconjugate as reference; Lane 2: ‘nicked’ dimers, connected via splint strand S3; Lane 3: ‘clicked’
dimers, hybridized to S3; Lane 4: ‘nicked’ dimers treated with splint complement S4; Lane 5: ‘clicked’

dimers treated with S4.

Lanes 1, 2 and 4 show control experiments, while lanes 3 and 5 show the
ligated products. As the most representative control experiment, S1 was synthesised
without the azide functional group (C1), so that particles modified with this particular
strand could click to alkyne modified particles (see scheme 6.3 for schematic

illustration).
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Scheme 6.3 Schematic representation of the gold nanoparticle assembly using ‘nicked” DNA. Due to
the lack of an azide group on C1, dimer formation is only possible in the presence of the splint strand
S3. Upon treatment with S4 the system breaks apart into mono-conjugates as the DNA strands were

unable to underqgo the click reaction
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These dimers displayed similar mobility in the gel compared to the ligated
dimers (lanes 2 and 3). However, after the removal of the splint strand S3 through
competitive hybridisation with S4 (see section 3.4 for experimental procedures), the
difference in mobility became very clear (lanes 4 and 5). The non-ligated particles de-
hybridised and ran as monomers while the ligated particles remained dimeric [3].
Dimers in lane 5, connected via a single strand of ssDNA presented minor changes in
mobility, possibly due to the extra flexibility allowed by the non-rigid single strand.
Using the software image J to compare optical densities for monoconjugates and
dimers, it was possible to estimate that the reaction was completed to 92 % (see
Appendix I1). This yield was significantly higher than the yields reported for the
ligation of particles when enzymes were used (ranging from 50 % - 72 %) [11-15].

Transmission electron microscopy was employed to visualize the assembled
structures. Figure 6.5 A depicts the representative images and according grouping chart,
created from statistical analysis of more than 500 NPs from at least three different
experiments. The TEM micrographs show that the majority of particles were assembled
into dimers. Variations of inter-particle distances could be observed, which possibly
derive from the flexibility of the ssDNA. However, as expected the maximum distance
between two particles never exceeded the maximum length of the ligated DNA strand
(19.7nm). Figure 6.5 B shows TEM images of the control reaction and a corresponding
grouping chart, created from statistical analysis of more than 500 NPs from at least
three different experiments. The images and representative grouping chart show that
after treatment with S4 only monoconjugates were visible (single particles), which is in
agreement with the gel electrophoresis results (see Fig. 6.4) and suggest that assemblies
only stay connected if covalently linked through the click ligation. (Further TEM

micrographs can be found in the corresponding publication [3] or Appendix II).
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Figure 6.5 TEM images of A) clicked 5 nm AuNP dimers connected via a continuous single strand of
ssDNA B) TEM images of the control experiment. As DNA cannot click, the dimer breaks apart and
mostly monoconjugates can be found. Scale bars are 50 nm.
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6.2.2 Formation of 13 nm AuNP dimers and trimers.

13 + 1 nm AuNPs, functionalized with a dense shell of oligonucleotides S1 or
S2 [15] (see table 3.1 for oligonucleotide sequences and sections 3.2 and 3.4 for

experimental procedures) were assembled to form dimers and trimers (see schemes 6.4

and 6.5).
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Scheme 6.4 Schematic illustration of the formation of 13 nm AuNP dimers using DNA click ligation.
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Scheme 6.5 Schematic illustration of the formation of 13 nm AuNP trimers usina DNA click lioation.
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The formation of 5 nm AuNP dimers could be controlled well, due to the
employment of monoconjugates (see section 6.2.1). However, the control of the
assembly process in the case of 13 nm AuNPs presented a greater challenge. Dimers or
trimers of particles were formed by carefully controlling the ratio of S1-AuNPs to S2-
AUNPs to S3 (1:1:1 ratio for dimers, 1:2:2 ratio for trimers) to avoid the formation of
larger assemblies [16]. Agarose gel electrophoresis was employed to separate dimers

from trimers and single DNA-AuUNPs (Figure 6.6).

Figure 6.6 Agarose gel showing the different mobilities of AuNPs, dimers and trimers.

DNA-AUNPs are represented as a control in lane 1, whilst dimers and trimers
are shown in lanes 3 and 2 respectively. The gel shows that dimers as well as trimers
were formed within the same reaction — due to the nature of this process this could not
be avoided. However, one can see that by varying the ratios of S1-AuNPs to S2-AuNPs
to S3, the formation of one over the other is favoured. Moreover the separation of these
two assemblies can easily be achieved via agarose gel electrophoresis. After recovery of
assemblies from the gel, S4 could then be employed to remove the splint strand S3 via

competitive hybridization [3, 12] (see section 3.4 for experimental procedures).
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Transmission electron microscopy images depict the assembled nanostructures

(see Figure 6.7).
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Figure 6.7 TEM micrographs and corresponding grouping charts of A) 13 nm AuNP dimers and B)
trimers. Scale bars are 50 nm. For statistical analyses more than 200 particles from at least three
different experiments were counted.

It is evident from the TEM images as well as the corresponding grouping charts
that the purity of each structure is high ( > 80 % for both types) and importantly,
assembled structures stayed connected even after the removal of the splint strand,
suggesting successful clicking as discussed previously (see section 6.2.1). For

additional TEM micrographs please see Appendix II.

To explore their potential as novel advanced nano-probes, 13 nm dimers were

further employed in cell culture studies (see section 6.3).
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6.2.3 Formation of FesO4 NC dimers

PEG-COOH coated Fe3O4 NCs were obtained from Prof. Liberato
Manna and Dr. Teresa Pellegrino at the Istituto Italiano di Tecnologia, see Appendix 1.
FesO4 NCs have been used extensively in biomedical applications such as magnetic
hyperthermia and magnetic resonance imaging [17, 18]. Therefore they present a
suitable building block for implementation into novel biomedical probes.
Particles were conjugated to oligonucleotides (AmS1 and AmS2) via EDC coupling
(see section 3.2 for synthetic protocols). The resulting conjugates were then assembled
into dimers (see section 3.4 for experimental procedure). Due to the nature of the EDC
coupling process [19], it was difficult to conjugate only one DNA strand to each
particle. It was therefore crucial to have equal ratios between AmS1-NPs to AmS2-NPs
in order to prevent the formation of larger aggregates. Transmission electron
microscopy was utilized to visualize assemblies (Figure 6.8). A representative grouping
chart was created by statistical analysis of at least 200 particles from two different
experiments.

The TEM image and corresponding grouping chart suggest that dimer formation
was successful, with more than 50 % of particles having formed dimers. Optimisation
procedures and investigations into possible purification methods are the subject of
future work.

Assemblies are currently being investigated for their use as MRI contrast agents

at the Istituto Italiano di Tecnologia.
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Figure 6.8 TEM micrograph and corresponding grouping chart of Fe;O, NC dimers. Scale bar is
100 nm.

6.2.4 Formation of heterodimers.

The combination of two or more different nanoparticles within one functional
nano-probe will result in highly interesting, multi-role agents (see section 2.6 for
background information). Nanoparticle heterostructures to date have been synthesised
by methods including non-covalent interactions [20-23], direct growth [24-26] or by
enclosure within a coating [27]. Only a few reports have discussed the formation of
covalently linked heterostructures [28-30]. However, downfalls of reported methods
include low stability towards conditions met within a biological environment or limited
applicability. The following section shows the results of the formation of covalently
ligated heterodimeric structures of Cu,xSe NP-AuNP and Fe3sO4NC-AuNP by applying

the protocol of programmed click ligation [3] as previously discussed for AuNP
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dimer/trimers (see section 6.1). Cuy.xSe nanoparticles display a plasmon band in the
NIR [31] and has shown potential for photothermal therapy applications [32]. Therefore
they show good potential as building blocks for biomedical probes based on
nanoparticle assemblies.

AmS2-Fe;0, NCs and AmS2-Cu,.,SeNP were mixed with 5nm S1-AuNP
monoconjugates and splint strand S3 and subsequently assembled into heterodimeric
structures (see section 2.6 for background information). Similarly to the cases of dimer
formation of 13nm AuNPs and Fe;04 NCs (see section 2 6.2.2 and 6.2.3), it was vital to
ensure a 1:1:1 ratio of AmS1-NPs to S2-AuNP to S3 in order to prevent the formation
of larger aggregates.

Transmission electron microscopy was utilized to visualize resulting assemblies.
Figure 6.9 displays micrographs of Fe;Os-Au heterodimers and a corresponding
grouping chart. Figure 6.10 shows micrographs of Cu,.xSe-Au heterodimers and a
corresponding grouping chart. Representative grouping charts were created by statistical

analysis of at least 200 particles from at least two different experiments.
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Figure 6.9 A) TEM micrographs of Fe;04-Au heterodimers and B) corresponding grouping chart. Scale

bar is 50 nm.
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Figure 6.10 A) TEM micrographs of Cu,,Se-Au heterodimers and B) corresponding grouping chart.
Scale bar is 50 nm.

Figures 6.9 and 6.10 showed that the formation of heterodimeric structures was
successful. In both cases more than 50 % of particles had formed heterodimers and few
had formed heterotrimers. However, similar to the case of Fe;O, homodimers (see
section 6.2.3) around 40 % of particles were found to have remained
individual/unreacted. At this stage no conclusive explanation for this observation can be
given. A variety of factors must be considered, such as potential low EDC coupling
yield resulting in incomplete DNA conjugation or low hybridisation yields caused by
increased repulsive forces between particles. Optimisation procedures and
investigations into possible purification methods are the subject of future work.

It is envisaged that heterostructures will be investigated for novel optical

properties and biomedical applications in the near future (see section 7.1).
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6.2.5 Formation of GO/AuUNP hybrid structures.

In order to build robust hybrid GO/nanoparticle structures, that are stable within
conditions met in biological environments or organic solvents, a strong covalent link
between GO and the nanoparticles is required [33]. The following section discusses the
results of the formation of hybrid GO/AuNP nanostructures by programmed ligation [3].

Graphene oxide sheets (obtained from the Institute for Electronic Structure and
Laser — FORTH, Crete see Appendix II) were conjugated to AmS2 oligonucleotides
(see section 3.2 and table 3.1 for experimental procedures and oligonucleotide
sequences). DNA-GO conjugates were subsequently hybridised and ligated with an
excess of S1-AuNP using S3 to template the reaction (see section 3.4 for experimental
procedure).

The purification of GO/AuNP hybrid assemblies from excess AuNPs was
achieved by agarose gel electrophoresis (several runs were performed in order to ensure
that all non-ligated AuNPs were removed). A representative gel is depicted in Figure

6.11.

Figure 6.11 Purification of unconjugated AuNPs from GO/AuNP hybrid structures via agarose gel

electrophoresis.
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Figure 6.11 shows a distinct red band, corresponding to DNA-AUNPSs. The
small pore size of the agarose gel matrix allowed only the comparatively small non-
conjugated DNA-AuNPs to enter the gel, whilst large GO/AuNP assemblies remained
in the wells (brown band) in accordance with previous literature reports [33].

The unique optical properties of GO [34] and AuNPs [35] allowed for the
characterisation of hybrid assemblies, after recovery from the gel, using UV-visible

spectroscopy. Corresponding spectra are depicted in Figure 6.12.
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Figure 6.12 Normalized UV-vis spectra of GO (red) and GO/AuUNP hybrid assemblies (black).

A red-shift in the peak maximum of GO from 230 nm to 235 nm, was attributed
to an alteration in the electronic ground state of GO induced by DNA conjugation [36]
as previously discussed in section 4.2. The distinct plasmon peak at 520 nm in the
spectrum of GO/AuNP assemblies suggested that AuNPs were successfully conjugated
to the GO surface (Fig. 6.12, red graph) as reported in previous work [36].

Visualisation of GO/AuNP hybrid assemblies was achieved by transmission

electron microscopy. Corresponding micrographs, shown in Figure 6.13 depict sheets
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of graphene oxide, decorated with gold nanoparticles and thus further suggested the

successful formation of GO/AuNP hybrid assemblies.

Figure 6.13 Representative TEM images for GO/AuNP hybrid assemblies. Scale bars are 500 nm.

In order to confirm that AuNPs and GO sheets were ligated, assemblies
were incubated with the splint complement S4. This resulted in the removal of S3 by
competitive hybridisation [3]. As a representative control experiment, assemblies were
formed as before, but with AuNP-DNA conjugates lacking the alkyne functional group

(see scheme 6.6 and table 3.1 for oligonucleotide sequence of C1). In this case

‘N" @Ml Spllnt Strand Splint .“' @M.

with overhangs Complement
C1 AmS2 @ C1 AmS2
DNA-nanomaterial conjugates DNA-nanomaterial conjugates
AV
JC0000X
53+ 54

Scheme 6.6 Schematic illustration of the control experiment. C1 modified AuNPs and AmS2-modified
GO are brought together via S3. Upon treatment with S4, assemblies dissociate as they were not able to
ligate. N.B.: Only one DNA strand is shown per material for ease of visualisation. However, in the
reality both materials are modified with a number of DNA strands.
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assemblies would still form in the presence of the splint strand S3, however after
removal of S3, the assemblies should disassemble. Both types of assemblies (ligated

and hybridised) were run in an agarose gel matrix. Figure 6.14 shows the relevant gel.
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Figure 6.14 A) Agarose gel purification of covalently linked GO-AuNP assemblies (lane 1) and
assemblies formed simply by DNA hybridisation (lane 2) after treatment with S4. B) The

corresponding, recovered products of lanes 1 and 2.

Lane 2 shows the control experiment. A red band, representing unbound DNA-
AuNPs, was visible in the gel. On the other hand, no red band could be seen for ligated
assemblies (lane 1). This suggested that the click ligation was successful and assemblies
remained intact after the removal of S3 unlike assemblies formed solely by DNA
hybridisation. This was further observed by the differences in colour of either product
after recovery from the gel. While ligated assemblies displayed a pale red colour, which
was attributed to conjugated AuNPs, ‘control’ assemblies displayed a pale brown colour,
characteristic of GO [33].

Products recovered from the agarose gel were further investigated by UV-vis
spectroscopy. Representative spectra are shown in Figure 6.15.

The red graph , resembling ligated assemblies, displayed the characteristic gold

nanoparticle plasmon peak at 520nm [35], whilst the UV-vis spectrum of ‘control’

176



CHAPTER 6 — Results and discussion on programmed ligation of DNA-functionalized nanomaterials

assemblies (black curve) displayed only the characteristic peak of GO conjugated to

DNA [36] (see chapter 4).
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Figure 6.15 Normalized UV-vis spectra of clicked GO/AUNP hybrid assemblies and ‘control’
assemblies after treatment with S4 and agarose gel purification.

Transmission electron microscopy further confirmed the obtained results (Figure 6.16).

B)

Figure 6.16 TEM micrographs of ligated (A) and control AuUNP/GO assemblies after treatment with S4.
Scale bars are 100 nm.
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Ligated assemblies showed GO sheets decorated with AuNPs (Fig. 6.16 A).
However, assemblies formed by hybridisation only, showed mostly bare GO sheets
(Fig. 6.16 B). This suggested that ‘control’ assemblies had dissociated, as discussed
before. The TEM images complementary to the agarose gel and UV-vis results,
suggested that ligated GO/AuNP hybrid assemblies were firmly connected and
displayed good stability.

GO/AuNP hybrid assemblies will be investigated for applications as biosensors
in the future. They are furthermore being investigated for implementation into solar

cells by Dr. Emmanuel Stratakis at the IESL-FORTH, Crete.

6.3 Gold nanoparticle dimers for intracellular applications.

The potential of using gold nanoparticle assemblies for biomedical applications
has recently been reported [1, 2]. For such applications it is highly important that
assemblies are stable within the intra- and extracellular environment. As discussed in
section 2.5, results by Chan and co-workers showed the intracellular disassembly of
nanostructures. The assemblies produced in this chapter are covalently linked. Thus
their stability towards conditions met with in a biological environment should be
increased. In order to investigate this, the simplest assemblies, dimers of AuNPs formed
by DNA click ligation were tested for stability in serum-containing cell culture medium.
Additionally their susceptibility towards degradation by nuclease enzymes was
elucidated (section 6.4.1). Finally the interactions of AuNP dimers with cells were

investigated (section 6.4.2).
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6.3.1 Stability assays of dimers.

6.3.1.1 Cell culture media stability assays of dimers.

Initially the stability of AuNP dimers in serum containing cell culture medium
(MEM + 10 % FBS, see Appendix I for formulation) was investigated. After incubation
at 37 °C for 24 h, dimer integrity was visualised using agarose gel electrophoresis. A

corresponding gel is depicted in Figure 6.17.

Figure 6.17 Agarose gel electrophoresis of AuNP dimers after incubation in cell culture medium (lane
2). Lane 1: dimers as reference.

The agarose gel depicted in Fig. 6.17 shows dimers as a reference in lane 1, whilst
lane 2 represents dimers after incubation in cell culture medium. One can see that
dimers in lane 2 display a broader band with slightly decreased electrophoretic mobility.
This can be attributed to interactions with serum proteins [37]. Importantly, no dimer

dissociation could be observed, implying that assemblies were stable in MEM cell

culture medium.
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6.3.1.2 Nuclease assay of dimers.

Another important factor, which must be considered, is stability of DNA-
nanoparticle dimers with respect to nuclease degradation. Although individual DNA-
AUNPs exhibit increased resistance towards digestion by nucleases [38] as previously
discussed (see section 5.1.2.2), assemblies might dissociate as a result of DNA
degradation.

In order to investigate the effect of nucleases on dimer stability, dimers were
incubated with DNAse | or DNAse Il in appropriately buffered solutions at 37 °C for 18
h (cf. section 5.1.2.2.). The results of this assay were visualised by agarose gel

electrophoresis (Figure 6.18).
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Figure 6.18 Agarose gel electrophoresis of AuNP dimers after incubation with A) DNAse | and B)
DNAse II.

Lane 1 represents untreated dimers as a reference, whilst lane 2 shows dimers after
incubation with either DNAse | (Fig. 6.18 A) or DNAse 11 (Fig. 6.18 B).

Both agarose gels showed no significant change in lane 2 compared to reference
in lane 1. Slight decreases in electrophoretic mobility could be observed in both cases.
This was attributed to interactions with the respective nuclease enzyme or BSA, present
in the solution. Furthermore, no additional bands suggesting dimer disassembly could
be observed after the nuclease assays. This implied that AuNP dimers, analogous to
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individual DNA-AUNP conjugates, displayed increased resistance towards degradation
by both DNAse | and DNAse Il nucleases.
Further confirmations of stability such as analysis by transmission electron

microscopy after stability assays will be carried out in the future.

6.3.2 Interactions of dimers with cell culture.

Dimers were investigated for their biocompatibility (section 6.3.2.1) and

intracellular stability (6.3.2.2).

6.4.2.1 Viability assays of cells incubated with dimers.

As shown in section 5.2.4, DNA-AUNP conjugates were found to exhibit no
significant cytotoxicity. However, various studies have shown that nanoparticles of
different shapes, sizes and surface modifications can display different toxicity profiles
[39, 40]. As interactions of dimeric gold nanoparticle assemblies with cell culture have
not been studied to date, it is imperative to determine their cytotoxicity. Dimers were
incubated with 16HBE and MRC-5 cells for 18 h (~1.4 pmol of AuNPs per 100.000
cells). Cell viability was subsequently assessed using a trypan bule dye-exclusion assay
[41] (see section 3.7 for experimental procedures). The corresponding results are
depicted in Figure 6.19. The viability assay shows that, analogous to individual AuNP-
DNA conjugates, dimers exhibited no significant cytotoxicity within the conditions
tested. A broader range of conditions will be investigated in order to create a detailed

cytotoxicity profile in the future.
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Figure 6.19 Viability assay of MRC-5 fibroblasts incubated with AUNP dimers. Mean SEM, n=3, ***

p < 0.01 for a one-tailed t-test.

6.3.2.2 Transmission electron microscopy of cells incubated with dimers.

In order to visualise the intracellular localization of dimers and to qualitatively
assess their stability within biological structures, dimers were incubated with fibroblasts
or epithelial cells for 18 h and subsequently processed for thin sectioning (see section
3.7 for experimental procedures). Transmission electron microscopy was employed to
visualise cell sections (Figure 6.20).

TEM micrographs reveal that assemblies appear to retain their dimeric structure
when internalized by cells. After 18 h assemblies were mostly located within cellular
vesicles as a result of being endocytosed. This is in accordance with earlier findings for
AUNP-DNA conjugates (see Figure 5.16). However, Fig. 6.20 B showed interestingly
the apparent formation of exosomes (indicated by the label EX). These small cellular
vesicles are formed by the inward budding of the endosomal membrane during the
evolution of endosomes into multivesicular bodies. Exosomes, carrying exogenous

miRNA or mRNA are then secreted and subsequently taken up by another cell [42].
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Figure 6.20 TEM micrographs of cells incubated with AuUNP dimers. Scale bars are 100 nm. V=

vesicle, EX = exosome, MVB = multivesicular body.

Their potential use as delivery vehicles for nanomaterials has recently been discussed by
Mirkin et al. [43]. They showed that a small percentage (< 1 %) of DNA-AuUNP
conjugates was sorted into exosomes, after incubation with different cell cultures.
Similarly, it is hypothesized that the dimer indicated by the white arrow in Figure 6.20
B could have been sorted into an exosome. This finding will be further investigated in
future work and potential advantages of exosome encapsulation will be explored.
Following these initial promising findings, it is envisaged that AUNP dimers will
be further developed into multiplexed theranostic nano-probes in the future (see scheme

6.6).
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Scheme 6.7 Schematic illustration of a multiplexed nano-probe based on a dimer of gold nanoparticles.
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CHAPTER 7

-Summary and Outlook-

The last decades have seen a rapid development in the field of
bionanotechnology. The library of functional nanomaterials available has expanded
tremendously with new discoveries constantly emerging. In particular the development
of DNA-modified nanomaterial systems has come to maturity with demands for
implementation in biosensing, metamaterials and far beyond.

In this project DNA-nanomaterial conjugates were investigated for their
potential applications in biomedicine. A summary of obtained results and an outlook to

future work are outlined below.

7.1 Summary of results.

Gold nanoparticles were conjugated to oligonucleotides (chapter 4). The
conjugation to oligonucleotides endows nanomaterials with additional functionality.
This functionality is inherent of the DNA ligand and infers stability, biocompatibility
and the ability to bind to a specific target. Consequently, DNA-gold nanoparticle
conjugates were explored for their use in biomedical applications (chapter 5). Scheme
7.1 shows a summarizing illustration. Probes capable of intracellular detection of
mMRNAs in live cells were demonstrated. These probes consist of gold nanoparticles
conjugated to fluorophore-tagged oligonucleotides. The sequence of these
oligonucleotides was designed to detect different pre-chosen mRNAs. By careful
BLAST searching, oligonucleotides for the sensing of Vimentin, Desmocollin,
Cytokeratin 8 and total mMRNA were designed. The former three targets were chosen due

to their significance in epithelial cell-based cancer [1-6]. Initial experiments indicated
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Scheme 7.1 Schematic illustration of the different applications of DNA-AUNP conjugates. Single
conjugates were developed into live cell mRNA detection probes and drug delivery vehicles.

Interactions of AUNP dimers with cells were investigated.

that both epithelial and fibroblast cell lines showed good uptake of total mRNA
detecting nano-probes without significant cytotoxicity. Furthermore confocal
microscopy revealed a high fluorescent signal, arising from the detection of total mMRNA.
The employment of Vimentin, Desmocollin and Cytokeration 8 detection nano-probes
showed that selective sensing of each mRNA was possible. The sensing of mRNA
targets involved in tumerogenesis could allow for early detection of cancer and aid in
the determination of tumour progression.

As a further development, the chemotherapeutic drug doxorubicin was
incorporated into the probe design. Confocal microscopy showed that highly selective
drug release in conjunction with mRNA detection was possible. The activity of the drug
delivered by the nano-probes was found to be significantly higher than that of the free
drug. It is envisaged that the obtained results will be useful for the universal design of
nanoplatforms that can act as a ‘Trojan horse’ - bringing important biomolecules and

drugs into cells, including DNA.
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As discussed above, the detection of mRNA targets involved in tumerogenesis is
highly important for the determination of tumour progression. However, researchers
have shown that often at least two different mMRNA targets should be monitored [7]. For
this, two different detection probes could be used. However, it would be difficult to
ensure their localization within the same local microenvironment. Therefore we
proposed the use of a probe consisting of two covalently linked gold nanoparticles. This
dimer consists of two different mMRNA detection probes. Due to the covalent connection
between each probe, detection within the same local microenvironment would be made
possible. Moreover, assemblies of nanoparticles have recently been reported as potent
agents for biomedical applications [8, 9]. Exploring this further, a new strategy to
prepare highly stable assemblies of nanomaterials was developed (chapter 6). In order
to create a library of functional building blocks, different nanomaterials (Cu,-xSe, Fe304,
GO) were conjugated to DNA. Especially for Cu,.xSe this had not been demonstrated

before. DNA-nanomaterial conjugates were organized into pre-defined structures by
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Scheme 7.2 Schematic illustration of the surface modifications of different nanomaterials with
oligonucleotides in order to create building blocks for self-assembly. Assembled structures shown are
AUNP dimers (13 nm and 5 nm) and trimers (13 nm), Cu,,Se-AuNP heterodimers, Fe;O4-AuNP
heterodimers, Fe30, dimers, GO-AUNP hybrid assemblies.
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programmed DNA hybridisation. Both homo- and heterogeneous assemblies were
formed (see scheme 7.2). Furthermore, copper-free click chemistry was introduced as a
novel tool to ligate assembled structures. This method enables the facile fabrication of
nano-sized assemblies, connected by single-stranded DNA. It presents an easy way for
multistep synthesis of highly advanced nanostructures. An advantage of this method is
the retained ability of the linking DNA to hybridise to complementary targets [10].
Another advantage is the increased stability of assemblies owing to the covalent bond
linking individual building blocks.

The universal applicability of the demonstrated approach was validated by the
formation of gold nanoparticle/graphene oxide hybrid materials. Commonly these types
of hybrids are formed via non-covalent interactions. These have proven to be unsuitable
for many biological applications [11]. Here it was shown that the employment of click
ligation resulted in highly stable, covalently linked AuNP/GO hybrid materials that
could find applications in many fields ranging from implementation into photovoltaics
to biomedicine.

As an extension to the current developments, preliminary results on the
interactions of gold nanoparticle dimers with cells were presented (cf. scheme 7.1).
These dimers were prepared by the programmed ligation approach. Dimers showed
good stability with respect to conditions met within a biological environment. Moreover,
transmission electron micrographs of cell thin sections suggested that dimers appeared
to stay assembled after cellular uptake. It is expected that gold nanoparticle dimers have

the potential of being developed into multi-role probes (see section 7.2).
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7.2 Outlook to future work.

Using ligated gold nanoparticle dimers (see chapter 6), it is envisaged to create
a multiplexed probe, capable of detecting simultaneously more than one mRNA target
and furthermore releasing one or two chemotherapeutic drugs. In this dimeric probe, the
nanoparticles forming the dimer will act synergistically in a local microenvironment.
This function would be drastically less efficient if single nanoparticle probes were
employed.

Furthermore the results of this project show that DNA-AUNP conjugates show
great potential as theranostic agents. However, some fundamental issues still remain
unsolved. One of the most important ones is the question of ‘How do nano-probes
escape the endosomes’? Both confocal and TEM images suggest that some
nanoparticles are localized in the cytosol. Furthermore, as discussed in chapter 5,
fluorescence of the flare strands often displays co-localization with mitochondria. This
strongly suggests that mRNA detection occurs inside the cytosol. Therefore a study
should be conducted involving the simultaneous imaging and tracking of the
nanoparticle core as well as the flare strand fluorescence. In conjunction with organelle-
labelling, this should shed light on the potential endosomal escape mechanism. This
study should be conducted for both single particle nano-probes as well as for assemblies.

Moreover the applications of heterogeneous assembly systems will be tested in
vitro. For example, an Au-Cu,.xSe dimer could show great potential as a theranostic
probe. Cu,-xSe nanoparticles display a plasmon band in the NIR [12]. This property can
be used for laser hyperthermia applications in vivo, as the so-called ‘biological windows’
occur between 650-950 and 1000-1350 nm [13]. In these ranges, maximum tissue
penetration by laser light can be achieved. Thus Cu,-xSe nanoparticles have shown great

potential for photothermal therapy [14]. Making use of the properties of both particles,
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one could envisage a Au- Cu,.,Se heterodimer as a multi-functional biosensor for
combined target detection in conjunction with chemo- and photothermal therapy. The
combination of chemo- and photothermal therapy allows the use of lower laser powers
and hence results in lower tissue damage. On the other hand, a heterodimer made up of
an optical (e.g. Au) and a magnetic nanomaterial could find exciting applications for
combined target detection in conjunction with chemotherapy and magnetic
hyperthermia. Furthermore one could envisage applications for water treatment. Whilst
the optical nanoparticle could be used to detect and bind to specific pathogens in
drinking water (using DNA), the magnetic properties of the second nanoparticle could
allow for the removal of these pathogens by simply applying a magnetic field.

Thus by expanding the library of DNA-nanomaterials available for assembly
formation, the possibilities of creating different probes with varying properties on
demand are seemingly endless.

A further very important step will then be the applications in vivo. Many studies
have aimed to understand the distribution and clearance of metal nanoparticles from the
body [9, 15-19]. However, fully conclusive results have not yet been reached. Therefore
it would be highly interesting and of benefit to the scientific community to study the
potential delivery routes, biodistribution and activity of DNA-AUNP detection agents in
vivo. Recently it was shown that peptide-coated AuNPs are capable of penetrating
through skin [20]. The possibility of transdermal delivery of the nano-probes would be
highly attractive and should be investigated.

All in all, this field is still in its infancy and great discoveries should be expected.
After addressing some fundamental issues, the applications of nanomaterials for

biomedicine should take this field to the next level.
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The author of this thesis was awarded a one year fellowship (‘Doctoral Prize’)
by the EPSRC. The proposed project for this fellowship will be based on the use of

AUNP dimers for biomedical applications as discussed above.
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APPENDIX |

-List of reagents and suppliers-

Al.1 List of reagent suppliers.

Sigma Aldrich: Sodium tetrachloroaurate (I11) dihydrate, trisodium citrate,
sodium phosphate monobasic, sodium phosphate dibasic, Bis(p-sulfonatophenyl)phenyl
phosphine dihydrate dipotassium salt (BSPP), sodium borohydride, glutathione, DNASe
I, DNAse Il Tris base, EDTA, agarose, bovine serum albumin (BSA), sodium dodecyl
sulfate (SDS), fetal bovine serum (FBS), trypsin, trypan blue, 1-(3-
(dimethylamino)propyl)-3-ethyl-carbodiimidemethiodide (EDC), phosphate buffered
silane (PBS tablets), N,N,N’,N’-tetramethylethylenediamine, ammonium persulfate,
Ficoll, Urea, doxorubicin hydrochloride, Hank’s Balanced Salt Solution (HBSS),

Mowiol.

Fisher Scientific: Potassium carbonate, N-hydroxysulfosuccinimide (sulfo-
NHS), Calcium carbonate, Potassium iodide, lodine, boric acid, sodium hydroxide,

acrylamide:bis acrylamide 40%, ethanol, acetonitrile.
Agar Scientific: osmium tetroxide, uranyl acetate, lead nitrate, Spurr resin,
glutaraldehyde, formaldehyde, piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES buffer),

200 mesh copper/nickel grid.

SPI: Carbon film 400 mesh copper grid.
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Gibco: Minimum Essential Medium (MEM), Dulbecco’s Modified Essential
Medium (DMEM), RPMI medium, Pen/Strep, L-glutamine, nystatin.

lifetechnologies (Invitrogen): Antibodies for Vimentin, Desmocollin and
Cytokeratin 8 (mouse monoclonal AB), Alexa Flour 568 Goat Anti-mouse 1gG, 4',6-

diamidino-2-phenylindole (DAPI), Hoechst 33342.

Al.2 Formulations of cell culture media.

All formulations were taken from www.lifetechnologies.com.

Table Al.1 Formulation of Minimum Essential Medium.

Components Molecular | Concentration mM
Weight (mg/L)
Amino Acids
L-Arginine hydrochloride 211 126 0.597
L-Cystine 240 24 0.1
L-Glutamine 146 292 2
L-Histidine hydrochloride- 210 42 0.2
H20
L-Isoleucine 131 52 0.397
L-Leucine 131 52 0.397
L-Lysine hydrochloride 183 73 0.399
L-Methionine 149 15 0.101
L-Phenylalanine 165 32 0.194
L-Threonine 119 48 0.403
L-Tryptophan 204 10 0.049
L-Tyrosine 181 36 0.199
L-Valine 117 46 0.393
Vitamins
Choline chloride 140 1 0.00714
D-Calcium pantothenate 477 1 0.0021
Folic Acid 441 1 0.00227
Niacinamide 122 1 0.0082
Pyridoxal hydrochloride 204 1 0.0049
Riboflavin 376 0.1 0.000266
Thiamine hydrochloride 337 1 0.00297
i-Inositol 180 2 0.0111
Inorganic Salts

Calcium Chloride (CaCl2- 147 264 1.8
2H20)
Magnesium Sulfate (MgSO4- 246 200 0.813
7H20)
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Potassium Chloride (KCI) 75 400 5.33
Sodium Bicarbonate 84 2200 26.19
(NaHCO3)
Sodium Chloride (NaCl) 58 6800 117.24
Sodium Phosphate monobasic 156 158 1.01
(NaH2P0O4-2H20)

Other Components
D-Glucose (Dextrose) 180 1000 5.56
Phenol Red 376.4 10 0.0266

Table Al.2 Formulations of Dulbecco’s Modified Essential Medium (DMEM).

Components Molecular | Concentration mM
Weight (mg/L)
Amino Acids
Glycine 75 30 0.4
L-Arginine hydrochloride 211 84 0.398
L-Cystine 2HCI 313 63 0.201
L-Glutamine 146 580 3.97
L-Histidine hydrochloride-H20 210 42 0.2
L-lIsoleucine 131 105 0.802
L-Leucine 131 105 0.802
L-Lysine hydrochloride 183 146 0.798
L-Methionine 149 30 0.201
L-Phenylalanine 165 66 0.4
L-Serine 105 42 0.4
L-Threonine 119 95 0.798
L-Tryptophan 204 16 0.0784
L-Tyrosine 181 72 0.398
L-Valine 117 94 0.803
Vitamins
Choline chloride 140 4 0.0286
D-Calcium pantothenate 477 4 0.00839
Folic Acid 441 4 0.00907
Niacinamide 122 4 0.0328
Pyridoxine hydrochloride 204 4 0.0196
Riboflavin 376 0.4 0.00106
Thiamine hydrochloride 337 4 0.0119
i-Inositol 180 7.2 0.04
Inorganic Salts

Calcium Chloride (CaCI2-2H20) 147 264 1.8
Ferric Nitrate (Fe(NO3)3"9H20) 404 0.1 0.000248
Magnesium Sulfate (MgSO4-7H20) 246 200 0.813
Potassium Chloride (KCI) 75 400 5.33
Sodium Bicarbonate (NaHCO3) 84 3700 44.05
Sodium Chloride (NaCl) 58 6400 110.34
Sodium Phosphate monobasic 154 141 0.916
(NaH2P0O4-2H20)




APPENDIX | - List of reagents and suppliers

Other Components

D-Glucose (Dextrose) 180 4500 25
Phenol Red 376.4 15 0.0399
Table Al.3 Formulation of Roswell Park Memorial Medium (RPMI).
Components Molecular Concentration mM
Weight (mg/L)
Amino Acids
Glycine 75 10 0.133
L-Arginine hydrochloride 211 240 1.14
L-Asparagine 132 50 0.379
L-Aspartic acid 133 20 0.15
L-Cystine 240 50 0.208
L-Glutamic Acid 147 20 0.136
L-Glutamine 146 300 2.05
L-Histidine 155 15 0.0968
L-Hydroxyproline 131 20 0.153
L-Isoleucine 131 50 0.382
L-Leucine 131 50 0.382
L-Lysine hydrochloride 183 40 0.219
L-Methionine 149 15 0.101
L-Phenylalanine 165 15 0.0909
L-Proline 115 20 0.174
L-Serine 105 30 0.286
L-Threonine 119 20 0.168
L-Tryptophan 204 5 0.0245
L-Tyrosine 181 20 0.11
L-Valine 117 20 0.171
Vitamins
Biotin 244 0.2 0.00082
Choline chloride 140 3 0.0214
D-Calcium pantothenate 477 0.25 0.000524
Folic Acid 441 1 0.00227
Niacinamide 122 1 0.0082
Para-Aminobenzoic Acid 137 1 0.0073
Pyridoxine hydrochloride 206 1 0.00485
Riboflavin 376 0.2 0.000532
Thiamine hydrochloride 337 1 0.00297
Vitamin B12 1355 0.005 0.0000037
i-Inositol 180 35 0.194
Inorganic Salts

Calcium nitrate (Ca(NO3)2 4H20) 236 100 0.424
Magnesium Sulfate (MgSO4- 246 100 0.407
7H20)
Potassium Chloride (KCI) 75 400 5.33
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Sodium Bicarbonate (NaHCO3) 84 2000 23.81
Sodium Chloride (NaCl) 58 6000 103.45
Sodium Phosphate dibasic 142 800 5.63
(Na2HPO4) anhydrous
Other Components

D-Glucose (Dextrose) 180 2000 11.11
Glutathione (reduced) 307 1 0.00326
Phenol Red 376.4 5 0.0133
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APPENDIX 11

— Supplementary information-

All.1 Sample calculation for the determination of the concentration of a
colloidal gold solution.

Concentrations of colloidal gold solutions were determined from the
corresponding absorption spectrum at the peak maximum (~520 nm for 13 nm gold
nanospheres) using the Beer-Lambert Law (see chapter 3) and the appropriate molar
extinction co-efficient. € (13 nm AuNPs) = 2.27 x 10% L mol™*cm™, & (5 nm AuNPs) =
9.969 x 10° L mol™*cm™ [1]. For an optical density of 0.3 and a dilution factor of 10, the

concentration can be calculated as follows:

_AD

el

~ 0.3 x 10
€= 1em X 2.27 x 108 L mol lcm™1

c =13.2nM

Equation All.1 Sample calculation for the determination of the concentration of a gold nanoparticle

solution.

All.2 Synthesis of oligonucleotides.

All oligonucleotides were synthesised by Dr. Afaf El-Sagheer at the University
of Oxford (formerly at the University of Southampton). The general synthetic procedure
is outlined in the following section: Standard DNA phosphoramidites, solid supports,
and additional reagents were purchased from Link Technologies and Applied

Biosystems Ltd. All oligonucleotides were synthesized on an Applied Biosystems 394
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automated DNA/ RNA synthesizer using a standard 1.0 pmole phosphoramidite cycle of
acid-catalyzed detritylation, coupling, capping, and iodine oxidation. Stepwise coupling
efficiencies and overall yields were determined by the automated trityl cation
conductivity monitoring facility and in all cases were > 98.0%. All B-cyanoethyl
phosphoramidite monomers were dissolved in anhydrous acetonitrile to a concentration
of 0.1 M immediately prior to use. The coupling time for normal A, G, C, and T
monomers was 35 s, and the coupling time for the modified phosphoramidite monomers
(Cé-disulfide and aminolink C6, (Link Technologies)) was extended to 360 s.
Aminolink C7 columns (Link Technologies) were used for the introduction of the 3'-
aminohexyl moiety into oligonucleotides. Cleavage of the oligonucleotides from the
solid support and deprotection was achieved by exposure to concentrated aqueous
ammonia solution for 60 min at room temperature followed by heating in a sealed tube
for 5 h at 55 °C. The oligonucleotides were purified by reversed-phase HPLC on a
Gilson system using an XBridgeTM BEH300 Prep C18 10 uM 10 x 250 mm column
(Waters) with a gradient of acetonitrile in ammonium acetate (0 % to 50 % buffer B
over 30 min, flow rate 4 mL/min), buffer A: 0.1 M ammonium acetate, pH 7.0, buffer B:
0.1 M ammonium acetate, pH 7.0, with 50 % acetonitrile. Elution was monitored by UV
absorption at 300 nm. After HPLC purification, oligonucleotides were desalted using
NAP-10 Sephadex columns (GE Healthcare) and analysed by gel electrophoresis. All
oligonucleotides were characterised by electrospray mass spectrometry and capillary
electrophoresis (CE). Mass spectra of oligonucleotides were recorded in ES- mode, and

in all cases confirmed the integrity of the sequences.
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All.3 Synthesis and water transfer of Cu,.xSe NPs.
All.3.1 Synthesis of Cu,.xSe NPs.

Cu,.xSe NPs were synthesised and characterized at the Istituto Italiano di
Tecnologia by Mr Francesco de Donato according to the following protocol [2]:

Anhydrous CuCl (0.099 g, 1 mmol, Strem Chemicals) was added to a mixture of
5 mL of oleylamine (5 mL, Sigma Aldrich) and 1-octadecene (ODE) (5 mL, Sigma
Aldrich). After evacuation of the reaction flask for 1 h at 80 °C using standard Schlenk
line technique, the reaction mixture was exposed to a constant flow of nitrogen. The
temperature was then set to 300 °C. A solution of Se (0.039 g, 0.5 mmol) in oleylamine
(3 mL) was prepared and heated to 150 °C under vacuum for 1 h using standard Schlenk
line technique followed by switching to a nitrogen flow and heating to 230 °C for 1 h to
fully dissolve the selenium. This solution was then cooled to 100 °C. The solution was
kept at this temperature and transferred into a glass syringe equipped with a large needle
(12 gauge external diameter) and injected quickly into the flask. After injection, the
temperature of the reaction mixture dropped to 280 °C, and it was allowed to recover to
the pre-injection value. The overall reaction time after injection was 15 min, after which
the flask was rapidly cooled to room temperature. Once at room temperature, toluene (5
mL) was added to the reaction mixture. The resulting solution was then transferred into
a vial under a blanket of nitrogen, and stored inside a glovebox. This solution was then
washed by precipitation (via addition of ethanol) and redissolution in toluene. After the
washing step, the Cu,_,Se nanocrystals were dissolved in 3 mL of toluene.

Concentration by ICP: [Cu] = 1.284 g/L; [Se] = 1.0445 g/L
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All.3.2 Water transfer of Cu,.xSe NPs.

Cu,.xSe NPs were synthesised in organic solvents according to the protocol
outlined in sections All.3.1. Transfer to the aqueous phase was carried out by a ligand
exchange reaction performed by Dr. Andreas Riedinger.

In a typical procedure, 200 pL of Cu,xSe NCs (ca. 2g/L Cu) in toluene were
mixed with a solution of HS-PEG-COOH (HS-C,H;-CONH-PEG-C3HsCOOH, Rapp
Polymere, 3000 kDa, 20 mg in 1 mL toluene) and triethylamine (50 pl) in an 8 mL glass
vial. After vortexing for several seconds, milliQ water (2 mL) was added and the
mixture was emulsified by gentle shaking. The phases were allowed to separate by
letting the vial stand for some minutes and the aqueous phase (lower phase) containing
the NCs (green color) was collected with a syringe. This step (addition of water to the
org. phase, emulsification, phase separation, sample collection) was repeated until no
NCs are left in the org. phase (usually after 3 times, all NCs were in the aqueous phase,
indication by the green color of the NCs). The combined aqueous phases were given in
a round bottom flask at residual org. solvents and triethylamine were removed under
reduced pressure at 40 °C on a rotavapor system (step-wise reduction of pressure until
70 mbar was reached). The sample was cleaned from excess HS-PEG-COOH either by
dialysis (in 50 kDa MWCO acetyl acetate tubes against milliQ water) or repeated

centrifugal filtration in Amicon tubes (MQCO 100 kDa, 3000 rpm, 5 min).

All.4 Synthesis and water transfer of Fe3O4 NCs.
All.4.1 Synthesis of FesO4 NCs.

Fe3O, NCs were synthesised by Mr. Giammarino Pugliese according at the
Istituto Italiano di Tecnologia according to the following protocol [3]:
All experiments were carried out in 50 mL (14/23) three-neck round bottom

flasks equipped with a water cooled Allhin-condenser connected to a standard Schlenk
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line. Briefly, in a 50 mL three neck flask, of iron(111) acetylacetonate (0.353 g, 1 mmol),
decanoic acid (0.69 g, 4 mmol) and dibenzyl ether (DBE) (9 mL) were dissolved in
squalane (16 mL). After degassing for 120 minutes at 65 °C, the mixture was heated up
to 200 °C (3 °C min %) and kept at this value for 2.5 h (a shorter “ageing time” at 200 °C
led to lower reproducibility as well as to broadening of the size and shape distributions
of the final particles). The temperature was then increased at a heating rate of 7 °C
min* up to 310 °C or reflux temperature and maintained at this value for 1 h. After
cooling down to room temperature, acetone (60 mL) was added and the solution was
centrifuged at 8500 rpm. The supernatant was then discarded and the black precipitate
was dispersed in chloroform (2-3 mL): this washing procedure was repeated at least two
more times. Finally, the collected particles were dispersed in chloroform (15 mL).

Concentration by ICP: [Fe] = 1.659 g/L

All.4.2 Water transfer of Fes04 NCs.

FesO, NCs were synthesised in organic solvents according to the protocol
outlined in section All4.1. Transfer to the aqueous phase was carried out by a ligand
exchange reaction performed by Dr. Andreas Riedinger [3].

Briefly, after reducing the temperature of the reaction mixture from 310 to 70 °C,
GA-PEG solution (0.1 M, 15 mL in chloroform containing triethylamine (1 mL)) was
injected and the resulting mixture was stirred overnight at constant temperature. Then
the mixture was allowed to cool to room temperature and was transferred to a separating
funnel. De-ionized water (10 mL) was then added, which led to the formation of two
phases. After emulsification by means of shaking, the phases were allowed to separate
and the aqueous phase containing the IONP bearing GA-PEG was collected. This step

was repeated until all nanocubes were transferred into water. After the solution was
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concentrated under reduced pressure at 40 °C to a final volume of about 50 mL, the
excess of GA-PEG was removed by dialysis versus de-ionized water (5 L), using
cellulose membrane tubing with a pore size of 50 kDa. The sample was left in dialysis
overnight at room temperature. This step was repeated 5 times. Finally, the nanocube
solution was concentrated by centrifugation in a centrifuge filter (molecular cut-off

point 100 kDa).

AlL5 Synthesis of graphene oxide.

Graphene oxide was synthesised by Stratakis and Kymakis research groups at
IESL, Greece. GO was prepared from graphite powder (Alfa Aesar. ~200 mesh)
according to a modified Hummers’ method [4]. In more detail, graphite powder (0.5 g)
was placed into a mixture of H,SO,4 (40 mL, 98%) and NaNOj3 (0.375 g). The mixture
was then stirred and cooled in an ice bath. While maintaining vigorous stirring, KMnO,4
(3.0 g) was then added in portions over a period of 2 h. The reaction mixture was left
for 4 h in order to reach room temperature before being heated to 35 °C for 30 min. It
was then poured into a flask containing deionized water (50 mL) and further heated to
70 °C for 15 min. The mixture was then decanted into 250 mL of deionized water and
the unreacted KMnQO,4 was removed by adding 3% H,O,. The reaction mixture was then
allowed to settle and decanted. The graphite oxide obtained was then purified by
repeated centrifugation and redispersed in deionized water until neutralized pH was
achieved. Finally, the resulting GO was dried at 60 °C in a vacuum oven for 48 h before

use.
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All.6 Determination of DNA-loading on a gold nanoparticle.

The average number of DNA strands per AuNP (13nm), prepared by two
different methods, were quantified after dissolution of the gold core (see chapter 3 for

experimental procedures). The following table (table All.1) shows the summarized

results from four different measurements.

Table All.1 Determination of DNA-loading on AuNPs.

Estimated strands Estimated strands
Measurement per AuNP for per AuNP for
Method 1 [5] Method 2 [6]
1 154 118
2 153 125
3 165 121
4 160 116
Average 160 120
Std. Error 4 2

DNA-loading for method 1: 160 * 4 strands per particle.

DNA-loading for method 2: 120 * 2 strands per particle.
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All.7 Quantification of duplexes on nano-probes.
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Figure All.1 Calibration curves of the relative fluorescence of Desmocollin, Cytokeratin 8, Vimentin
and total mMRNA flare strands.

From these calibration curves the numbers of duplexes (sense-flare) per AUNP

were determined. Results are shown in table All.2.
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Table All.2 Quantification of sense-flare duplexes on AuNPs.

Estimated no. of duplexes per AuNP ( total MRNA)

Measurement| 40x 60x 80x 100x
1 37 53 74 90
2 35 58 72 95
3 46 65 85 108
Average 39 59 77 98 *ok ok
Std. Error 3 3 4 5
Estimated no. of duplexes per AUNP (Vimentin)
Measurement| 40x 60x 80x 100x
1 42 61 86 98
2 45 60 74 92
3 31 52 79 102
Average 39 58 80 97 *xk
Std. Error 4 3 3 3
Estimated no. of duplexes per AUNP (Cytokeratin 8)
Measurement| 40x 60x 80x 100x
1 34 51 74 92
2 42 59 72 98
3 45 67 85 105
Average 40 59 77 98 * ko
Std. Error 3 5 4 4
Estimated no. of duplexes per AUNP (Desmocollin)
Measurement| 40x 60x 80x 100x
1 40 58 81 107
2 35 62 83 94
3 44 65 77 97
Average 40 62 80 99 ok k
Std. Error 3 2 2 4

(Mean SEM, n= 3, *** p <0.001, **p<0.01,*p<0.1)
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All.8 Additional confocal microscopy images for chapter 5.

The following confocal microscopy images at higher magnification give a better

view of the co-localization of the fluorescence signal of the flare strand and

mitochondria.

Figure All.2 Additional magnified confocal microscopy images of epithelial cells incubated with total
mRNA detection nano-probes. Mitochondrial association of flare strands can be clearly observed. Scale
bars are 15 um.

Al1.9 Determination of Doxorubicin loading.

Vimentin nano-probes were loaded with varying amounts of Doxorubicin by
means of creating varying amounts of duplexes (see chapter 3 for experimental details).
The fluorescence of Doxorubicin upon duplex melting was measured and related to the
calibration curve displayed in Figure 5.20. Results from three independent

measurements are summarized in table All.3.
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Table All.3 Determination of Doxorubicin loading.
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40x 60x 80x

No. of No. of No. of

Abs. Conc. moles Abs. | Conc. moles Abs. | Conc. moles
Measurement (a.u.) (nM) (pmol) | Equiv. | (a.u.) | (nM) (pmol) [ Equiv. | (a.u.) | (nM) (pmol) Equiv.
1 4.21 92.73 13.91 37.09 | 5.89 | 129.74 | 19.46 51.89 8.15 | 179.52 26.93 71.81
2 5.17 113.88 17.08 45.55 7.48 | 164.76 24.71 65.90 8.83 | 194.49 29.17 77.80
3 413 90.97 13.65 36.39 | 6.22 | 137.00 | 20.55 54.80 7.92 | 174.45 26.17 69.78

Std. Error 0.33 7.36 1.10 2.94 048 | 10.67 1.60 4.27 0.27 6.02 0.90 2.41

Average 4.50 99.19 14.88 39.68 | 6.53 | 14383 | 2157 57.53 8.30 | 182.82 27.42 73.13

Doxorubicin-loading for 40 x (40 duplexes) = 39 + 3 per AUNP ***

Doxorubicin-loading for 60 x (60 duplexes) = 57 + 4 per AUNP ***

Doxorubicin-loading for 80 x (80 duplexes) = 73 + 2 per AUNP ***

(Mean SEM, n= 3, *** p < 0.001, ** p <0.01, * p <0.1)

All.10 Additional TEM images for chapter 6.

AIll1.10.1 5 nm AuNP dimers.
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Figure AllL.3 Additional TEM images for 5 nm AuNP dimers connected via single strand of clicked
ssSDNA. (Scale bars are 40 nm).
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Al1.10.2 13 nm AuNP dimers and trimers.
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Figure All.4 Additional TEM images of 13 nm AuNP dimers. Scale bars are 100 nm.
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Figure AlL5 Additional TEM images of 13 nm AuNP trimers. Scale bars are 40 nm.
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Al1.11.3 GO/AuUNP hybrid assemblies.

Figure All.6 TEM images of AUNP/GO hybrid assemblies. Scale bars are 500 nm.

All.12 Gel analysis using ImageJ.

The agarose gel depicted in Figure All.7 was analysed using image J. The
resulting graphs are shown next to the gel. The gel analysis tool was utilized to

determine relative electrophoretic positions and intensities.

|

Complement

Electrophoretic Position (a.u.) dimers monoconjugates

Optical Density (a.u.)

Figure AIlL7 ImageJ analysis of the agarose gel depicting the success of the ‘click’ reaction (cf. Figure
6.4).
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