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Abstract

Gold nanoparticles are rapidly emerging as an alternative to traditional biosen-
sors and have the potential of being tailored to specific targets such as antigens,
proteins and viral RNA. They can also be synthesized in numerous shapes and
sizes, all with their own optical properties. The shape and size of the particles
gives them different sensitivity and performance for specific uses, and they have
to be functionalized often in multi-step processes to be usable as biosensors. The
aim of this thesis was to synthesize, functionalize and compare the biosensing
performance of three common gold nanoparticles, while optimizing each step to
create a repeatable pathway for the preparation of each of the particle. The
three shapes were spherical, rod-shaped and sea-urchin like, and they were all
functionalized with a single stranded DNA sequence which was complementary
to a specific sequence of the initial SARS-CoV-2 virus RNA.

Firstly, three different synthesis methods were tested to get the three particle
shapes, all building on first synthesizing a seed solution before using those to
create larger sized particles or specific shapes. These resulting particles were
characterized to find their size, shape, aspect ratios and zeta potentials. The
synthesis of nanospheres had to be optimized to get the same sized particles
each time and the nanourchins were studied both in terms of repeatability of
the synthesis and stability. It was found that the synthesis was less repeatable
and the particles were less stable compared to the other two shapes. There were
observed morphological changes over longer periods of time and the particles
were only stable in solution for just over ten minutes after sonication and vortex.

The functionalization was done differently for each type of particle. The simplest
to functionalize were the nanospheres, which could be functionalized directly with
thiol-modified oligonucleotides. The nanorods were first functionalized with thi-
olated PEG, before performing a ligand exchange to achieve a MUA-capping.
This ligand exchange required changes to be made to an existing protocol, which
were implemented with great success. The nanourchins were functionalized di-
rectly with MUA, and both the nanourchins and nanorods were functionalized
with amine-modified oligonucleotides through EDC/NHS coupling. The PEG-
and MUA-functionalizations were verified through FTIR analyses, changes in
zeta potential and looking at dispersbility changes in water and ethanol before
and after the functionalization. Due to lack of available methods and time, the
success of the oligonucleotide functionalization could not be confirmed, but the
particles were still tested as biosensors.

These tests found that the nanorods had the highest potential for use as oligonu-
cleotide based biosensors as they portrayed both changes in absorbance intensity
and peak wavelength shifts. The nanourchins also showed some potential, but
there were also many limitations and drawbacks with their use, making them
the least viable option. The nanospheres showed perhaps the least clear changes
when incubated with the target RNA, but did in some experiments show some
potential which makes them interesting to look further into.
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Sammendrag

Gullnanopartikler vokser raskt frem som et alternativ til tradisjonelle biosensorer
og kan bli skreddersydd til spesifikke mal som antigen, proteiner og viralt RNA.
De kan ogsa syntetiseres i en rekke former og stgrrelser, som alle har sine egne
optiske egenskaper. Formen og stgrrelsen pa disse partiklene gir dem ulik sensi-
tiviet og prestasjon til spesifikke formal, og for & kunne brukes som biosensorer
ma de funksjonaliseres gjennom prosesser ofte bestaende av flere steg. Malet med
denne oppgaven var a syntetisere, funksjonalisere og sammenligne prestasjonen
av tre vanlige gullnanopartikler nar brukt som biosensorer, og samtidig opti-
malisere hvert steg for a ende opp med en repeterbar prosess for hver av disse
partiklene. De tre partikkelformene som ble syntetisert var runde, stavformede
og krakebolle-lignende, og de ble alle funksjonalisert med en enkelttradet DNA-
sekvens som var komplementaer med en spesifikk sekvens i den fgrste utgaven av

SARS-CoV-2 virusets RNA.

Innledningsvis ble tre ulike syntetiseringsmetoder testet ut for a oppna de tre
ulike partikkelformene, og alle disse metodene var synteser der et "nanopartikkel-
frg" ble laget forst for a sa bygges pa for a fa stgrre partikler eller ulike former.
De ferdige nanopartiklene ble karakterisert med hensyn pa storrelse, form, stgr-
relsesforhold og zetapotensial. Syntesen av nanosfeerer matte optimaliseres for
a produsere nanopartikler med lik stgrrelse hver gang, og de krakebolleformede
nanopartklene ble undersgkt for a finne ut hvor stabile de var og om syntesen
kunne reproduseres. Gjennom disse undersgkelsene ble det funnet ut at disse
nanopartiklene var mindre stabile enn de to andre og at syntesen var mindre
repeterbar. Det ble observert morfologiske endringer over tid og partiklene var
bare stabil i Igsning i litt over ti minutter.

Funksjonaliseringen ble gjort ulikt for hver type nanopartikkel. De enkleste a
funksjonalisere var nanosfeerene, som kunne bli funksjonalisert direkte med tiol-
modifiserte oligonukleotider. Nanostavene ble fgrst funksjonalisert med PEG-
tiol, for det ble gjort et ligand-bytte for & oppna MUA-funksjonaliserte nanos-
taver. Dette ligand-byttet krevde at det ble gjort endringer i prosessen, og
bade nanokrakebollene og nanostavene ble funksjonalisert med amin-modifiserte
oligonukleotider gjennom en EDC/NHS kobling. PEG- og MUA-funksjonaliseringen
ble verifisert basert pa FTIR-analyser, endringer i zetapotensialer og endringer
i dispergerbarhet i vann og etanol. Pa grunn av mangel pa tid og tilgjengelige
metoder kunne ikke funksjonaliseringen med oligonukleotider bli verifisert, men
nanopartiklene ble fremdles testet ut som biosensorer.

Disse testene viste at nanostavene hadde hgyest potensial for brukt som oligonukleotid-
baserte biosensorer ettersom det ble observert endringer i bade absorbansinten-
sitet og skift i topppunkt-bglgelengde. Nanokrakebollene viste noe potensial som
biosensorer, men pa grunn av mange begrensninger og ulemper, var disse ikke et
godt alternativ som biosensor. Nanosferene viste de minste endringene etter at

de ble inkubert med viralt RNA, men viste antydninger til & kunne ha en god
effekt i noen resultater. De er derfor ogsa verdt & se nsermere pa.

1l



Acronyms

Au NPs gold nanoparticles

CTAB Hexadecyltrimethylammonium bromide
EDC N-(3-Dimethylaminopropyl)-N- ethylcarbodiimide hydrochloride
ELS Electrophoretic Light Scattering

FAM carboxyfluorscein

FTIR Fourier Transform Infrared

LSPR localized surface plasmon resonance
MUA 11-mercaptoundecanoic acid

NHS N-Hydroxysuccinimide

NRs nanorods

NSs nanospheres

NUs nanourchins

PEG-SH o—[2—(3—mercaptopropionylamino)ethyl]-o’—methylpolyethylene gly-
col

PTA Particle Tracking Analysis

PVP polyvinylpyrrolidone

RT-PCR reverse transcriptase polymerase chain reation
SN silver nitrate

ssDINA single stranded DNA

TEM Transmission Electron Microscopy

UV-Vis Ultraviolet visible

v



Contents

[Abstract]

[Sammendrag]|

ACIronyms

2 Theoretical background|

P.1

Gold nanoparticle synthesis| . . . .. .. ... ... ... ..

[2.1.1 Mechanisms of nanoparticle nucleation| . . . . . . . . . ..
[2.1.2  Nanoparticle growth and agingl . . . . .. ... ... ...

P2

Functionalization of nanoparticles . . . . . . ... ... ... ...

2.2.1 Ligand exchangel . . . . . . ... ... ... ... ... ..
[2.2.2  Oligonucleotide functionalization| . . . . . . .. ... ...

[2.3.1 Biosensing| . . . . . . . ... ...
[2.3.2  Au NP-based biosensing| . . . . . .. ... .. ... ....

[2.4.1 Size and shape determination| . . . . . . . ... ... ...
|2, 1,2 ::s:l ii l Szlg:lll 'li!l llls:i!:illlg:lllg:ll!:il ................

[2.4.3  Spectroscopic analyses| . . . . . .. ... ..o

[2.4.4  Particle quantification| . . . . . . .. ... ... ... ...
3 TG ol
[3.1 Methods of gold nanoparticle synthesis| . . . . . .. ... ... ..

[3.1.1 Methods of gold nanosphere synthesis|. . . . . . . .. ...
[3.1.2  Seeded method of gold nanorod synthesis|. . . . . . . . ..
[3.1.3  Seeded methods of gold nanourchin synthesis|. . . . . . . .

B2

Methods of nanoparticle functionalization| . . . . . . . .. .. ..

[3.2.1 Direct ligand exchanges| . . . . .. ... ... .......

[3.2.2  Two-step ligand exchanges| . . . . . . . ... ... ... ..

[3.2.3  Oligonucleotide functionalization| . . . . . . . .. ... ..
4__Materials and methodsl

4.1 Synthesis of gold nanospheres| . . . . . . . .. ... ... ... ..

A2

Synthesis of gold nanorods| . . . . . . .. ...

4.3

Synthesis of gold nanourchins| . . . . . . ... ...

7!

Replacement of CITAB on AuNRs| . . ... ... ... ... ...

4.5

Replacement of PVP-capping on Au NUs|. . . . .. ... ... ..

4.6

Functionalization of Au NSs with thiol-modified oligonucleotides| .

1.7

Functionalization of Au NPs with amine-modified oligonucleotides|

v

v

iv

20
20
20
21
22
23
23
24
25

26
26
26
27
27
28
28
28



.8  Biosensing with Au NPg| .
Illsl [:llill ;l(:tg:llz;ltl(zlll -----

B Resul & o0l

[>.1 Synthesis of gold nanoparticles|. . . . . . ... ... ... ...

[>.1.1 Imitial synthesis of Au N5s| . . . . . . ... ... ... ...

[5.1.2  Modified synthesis of Au NSs| . . . . ... ... ... ...

[>.1.3  Synthesisof Au NRs[ . . . ... ... ... ... .. ....

[b.1.4  Synthesisof Au NUs| . . . .. ... ... ... ... ....

[>.1.5  Verification of surface capping on Au NUs| . . . . . . . ..

[5.1.6  Stability of Au NUsg|

[>.2  Functionalization of nanoparticles . . . . . . . ... ... ... ..

[>.2.1  PEGylation of CTAB-capped AU NRs| . . . . . ... ...

[>.2.2  MUA-functionalization of PEGylated AU NRs| . . . . . ..
0.2.3 Modification of MUA-Tunctionalization in Au NRsl. . . . .

[5.2.4  Displacement of PVP in Au NUs| . . . .. ... ... ...

[5.2.5  Oligonucleotide functionalization of Au NPs| . . . . . . ..

[5.3 Biosensing pertormance of Au NPs| . . . .. ... ... ... ...

[p.3.1  Biosensing using NanoDrop spectrophotometer|. . . . . . .

[5.3.2  Biosensing using UV-Vis spectrophotometer| . . . . . . . .

6 Conclusion|

(Bibliography|

[A Particle synthesis datal

[B Size and aspect ratio histograms of Au NRs|

vi

31
31
31
32
37
41
44
46
20
20
53
56
62
66
71
71
73

80

81

83

89

90



1 Introduction

1.1 Motivation

Detection of viral infections has since the outbreak of the COVID-19 pandemic
in 2020 been a field of increased interest™. Several test methods were studied
and developed during this period, some utilizing on antibody and antigen inter-
actions, while others used methods in which specific sequences of the viral RNA
are identified. Antigen tests and reverse transcriptase polymerase chain reation
(RT-PCR) testing ended up being the most popular diagnostic methods, with
antigen tests used for rapid self-testing and RT-PCR was used as the most reli-
able test ™ Antigen tests utilize the the binding of antigens and antibodies to
identify the virus. RT-PCR on the other hand, replicates the RNA in the sample
by using the enzyme reverse transcriptase, which makes it possible to identify
that the viral RNA is present. Antigen test are easily available for use and could
give a results within a short amount of time, but are not as reliable as RT-PCR
testing. The sensitivity of antigen tests vary among brands and depending on the
presence of antigens, meaning that where in the course of illness the patient is
will affect the sensitivity. RT-PCR could on the other hand give more accurate
results, but will often have to be sent from a testing area to a laboratory for
further analysis®l. This means it could take a few days to get the result from
the test.

An alternate method of detecting viral infections which is to utilize the unique
optical properties of gold nanoparticles (Au NPs) for biosensing. Gold nanopar-
ticles has shown exciting promise as biosensors due to their inert nature, bio-
compatibility, simple methods of synthesis, optical properties and potential for
targeting specific molecules®3. The high demand for detection methods of viral
infections makes it natural to study other alternatives. There are drawbacks
with the testing methods currently available, and developing new methods could
potentially fill a gap in the market®2. Au NPs could be a viable alternative in
the future, as they can be tailored to target specific viral strains with few mod-
ifications needed®. The surface of the nanoparticles have the ability to bind
molecules which again can bind specific targets, making Au NPs easily adapt-
able. If a new strain of the virus develops or a new virus emerges, the targeting
ligand can easily be switched out with another one.

Different methods of synthesizing Au NPs have been developed, with Turkvich,
J. et al. reporting synthesis of spherical Au NPs already in 1950/, In 2001
Jana, N.R. et al. reported synthesis of rod-shaped Au NPs and their method
has later been adapted to synthesize NPs of many different shapes™®9  Star-
shaped or sea-urchin like Au NPs have also been thoroughly studied and many
different synthesis methods have been developed to achieve these shapes F10I12]
Hence, there are many alternatives when using Au NPs as biosensors and the
biosensing performance could be very different based on the shape and size of
the Au NP used®. Direct comparisons of different gold nanostructures in viral



RNA biosensing have not been performed before, or are at least not known of
within this research group.

This thesis studies how the size and shape of Au NPs affect their performance
in viral detection to contribute to a greater understanding of the subject. This
with the hope that the findings could translate to other virus strains and variants
of SARS-CoV-2 and therefore serve as an aid in choosing a Au NP which could
detect viral infections high accuracy. Better knowledge on this subject could
help make Au NPs a viable alternative to other biosensors.

1.2 Aim

The aim of this thesis is to study the performance in RNA detection when us-
ing sea-urchin like, rod-shaped and spherical Au NPs, while also establishing a
repeatable and functional root of synthesis and functionalization for all these
shapes. This will be done by utilizing and adapting existing methods for synthe-
sis and functionalization, and finally comparing their biosensing performance.

In the first step of the experimental work, Au NPs of different shapes an sizes
will be synthesized based on reported methods. These nanoparticles will char-
acterized and studied to examine the repeatability of the synthesis methods, the
stability of the particles, and the optical and physical properties of the particles.

To make the particles functional, different methods will be tested to link the Omi-
cron RNA-binding oligonucleotides based on the capping agent already present
on the NPs surface. Some methods will try to utilize the functional groups of the
present capping agent, whereas other methods will exchange the capping agent
with the Omicron RNA-binding oligonucleotides.

Finally, testing of the detection sensitivity will be done by investigating the
change in optical signals of the functionalized NPs not bound to Omicron RNA
to that of NPs bound to Omicron RNA. Then, the sensitivity of all particles
will be compared to find out which shapes and sizes of Au NPs have the highest
potential to be used as optical biosensors.



Synthesis of gold nanostructures

Characterization

*Size measurements
*Imaging

*Zeta potential
«Stability tests
*Spectroscopy

Functionalization with oligonucleotides

Biosensing

Figure 1.1: Schematic of the workplan of the thesis. The four main steps in the process are
synthesis, characterization, functionalization and biosensing.



2 Theoretical background

In this section, the theory and literature relevant for the thesis will be presented
to understand the experimental work of the thesis. Firstly, crystallization the-
ory of Au NP synthesis and literature describing reported methods of synthesis
will be set forth, with select data of the nanoparticle characterization these au-
thors did. Further, important principles in nanoparticle functionalization and
related methods to achieve this will be presented, before finally coming on to the
principles of biosensing in general and Au NP biosensing specifically.

2.1 Gold nanoparticle synthesis

In recent years, the syntesis of gold nanoparticles (Au NPs) have been thoroughly
studied due to their biocompatibility, optical properties and the many simple
methods of synthesis which can give a variety of different shapes such as spheres,
rods and stars®3. This chapter will therefore look into the mechanisms of Au
NP formation and the optical properties which make them usable as biosensor.
In addition, several reported synthesis methods will be presented, which all give
particles of different shapes and sizes.

2.1.1 Mechanisms of nanoparticle nucleation

The thermodynamic driving force in Au NP syntheses is supersaturation ™. This
term describes a system where the concentration of the crystal monomer is higher
than its solubility. In a supersaturated system the monomers starts to crystallize,
which lowers the degree of supersaturation and finally reach saturated state. To
create a supersaturated system in regards to gold, the monomer Au® needs to be
present in a solution™. It is currently not known whether gold ions bind each
other first before being reduced or if they are first reduced completely before
bonding. The reduction of the gold ions is however usually done by creating an
aqueous solution of a gold salt such as gold(III) chloride and adding a reducing
agent, e.g. ascorbic acid or sodium citrate, to reduce Au*" to Au®B5617

After a high degree of supersaturation has been established, nucleation is initi-
ated®9. At this point in the synthesis, the nuclei will form and dissolve during
a period of time, until nuclei of a certain size are formed. This size is defined as
the critical radius (r.), which is the size where the total Gibbs free energy of the
system starts to turn negative. According to the LaMer model, which describes
the concentration in a supersaturated system as a function of time, the degree of
supersaturation has to be high enough for nucleation to happent®. This prin-
ciple is shown in figure [2.1] where the monomer concentration is plotted as a
function of time. In area I in this graph, the concentration rises to the minimum
concentration required for nucleation. Once the monomer concentration reaches
this value, nucleation is the predominant crystallization mechanism (area II) and
in area IIT the monomers are disposed onto the nuclei, which results in crystal
growth. This happens until the monomer concentration reaches its solubility and

4



regains a stable state.

Cmax___________——

Cmin 77777 -

Cs* N

Concentration

v

Time [t]

Figure 2.1: Schematic representation of the LaMer model in crystallization. Area I shows
the period where monomer concentration is increased, in area II nucleation is
occurring and in area III particle growth is the predominant mechanism.

The degree of supersaturation is however not the only variable used obtain stable
nuclei, as higher temperatures also can affect the system™3. The contributions
to the total Gibbs free energy of the system are shown in equation 2.1 As seen
in this equation, temperature and supersaturation affects AGy, which is the
necessary energy required to form a solid-liquid interface. The other contribution
to the total Gibbs free energy, AGg, is the excess free energy of the metastable
solution over the solid deposition.
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AG = AGy + AGg = VG, +vA = 4nr%( o
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2.1.2 Nanoparticle growth and aging

As more nuclei form, the degree of supersaturation decreases with the lowering
monomer concentration™. According to the LaMer model the favourable pro-
cess in the system at this point will be growth rather than nucleation, as this
is more energetically favourable®8 . It requires less energy to add the monomer
to an already present particle than for it to form a new nucleus with other
monomersH¥.  This principle is often utilized in seeded growth, a technique
which allows for better control of the growth P20 In this method small crystals
are used as seeds for new monomers to dispose on, in a solution with specific con-
ditions and growth affecting chemicals present to allow for control of the crystal
growth.

As the monomers deposits on the particle surface, spherical particles will usually
form as this is the most favourable shape energeticallyPY. In seeded growth
however, which is when nanoparticles are added to serve as the starting point for
further growth, the degree of supersaturation will affect the morphology of the
particle?. At higher degrees of supersaturation (but less than what is required
for nucleation) more irregular forms of growth such as branching will occur.
On the other hand, lower degrees of supersaturation will favour more isotropic
shapes.

Furthermore, other shapes can also form by using shape influencing substances or
capping agents, or adjusting other parameters in the crystallization reaction 2.
In gold nanorod synthesis, a seeded growth method, use of silver nitrate is for
example known to affect the aspect ratio of the rod and the use of other capping
agents such as oleic acid will also favour different shapes than spheres®9. In
addition, the concentration of reducing agent, pH and seed concentration will
also influence the final shapeP%I,

After the synthesis is done, the growth process is still not completely finished.
During storage, aging will occur®™. The are several aging mechanisms, such
as phase transformations, which is a process where a metastable crystal will
form initially, before a phase transformation causes it to reach a stable phase.
Another important mechanisms of aging is one called Ostwald ripening. Ostwald
ripening is a process where smaller particles start to dissolve into monomers,
which deposits onto the surface of the larger particles. This will over time result
in larger particles, but also a more narrow size distribution. These changes are
important to be aware of when performing a synthesis.



2.2 Functionalization of nanoparticles

In many Au NP synthesis, the particle will be capped by moieties which are non-
functional and potentially cytotoxic®1. Gold nanorods e.g. are mostly capped
with CTAB, a substance which is not biocompatible. To make the nanoparti-
cles useful, it is therefore necessary to functionalize the particles with molecules
such as for example ssDNAP2. The functional molecule which is added to the
nanoparticle surface can be one capable of binding a specific target, one which
is less cytotoxic and increases the stability of the nanoparticle in solution or one
capable to enchance imaging, theranostic and therapeutic properties22 Func-
tionalization can either be done by building upon the current capping agent using
chemical reactions or hydrophobic bonds, or by performing a ligand exchange,
where the capping agent is replaced with a functional molecule®.

2.2.1 Ligand exchange

In most established nanoparticle syntheses, the capping agent is important for
the size and shape control of the particle and switching it with another may
affect the particle®. Therefore, it is often desirable to switch the capping agent
with another ligand by performing a ligand exchange after a particle has been
synthesized. In this reaction the present ligand is usually labeled as the outgoing
ligand and the one which is desired to switch is called the incoming ligand.

Some nanoparticles have capping agents which can be displaced easily with
molecules which have a stronger affinity to the nanoparticle surfaceP. For
instance, Au NPs have a strong affinity for soft ligands, which are acid or bases
with stronger polarizability, large atomic radius and low electronegativity 23
Thiols and phosphines are therefore commonly used to substitute the original
capping agent with a functional group. In silver nanoparticles capping agents
such as PVP have been shown to be completely replaced by thiols, whereas in

gold nanoparticles, CTAB has been completely replaced in a two-step process
where PEG-SH and MUA was added to displace the CTAB R
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Figure 2.2: Illustration of a ligand exchange where both the incoming and outgoing ligand
are thiols 24



Ligand exchanges can also be used to exchange ligands with the same terminal
group, as illustrated with thiols in figure [2.2P4. This exchange is dependent
on several parameters, such as temperature, particle size and the nature of the
ligands. These exchanges are mainly non-complete and a much of the outgoing
ligand will still be present on the surface due to the similarity in affinity. How-
ever, the length of the outgoing chain will affect the exchange. Shorter chained
thiols have in some studies been almost completely exchanged in specific condi-
tions, whereas longer chained thiols are not as easily displaced and have a slower
exchange rate than shorter chains/28.

2.2.2 Oligonucleotide functionalization

Functional molecules such as oligonucleotides, enzymes and stabilizing molecules
can all be used to tailor the nanoparticle complex for specific purposes. If the
goal is to target DNA or RNA sequences, the nanoparticle can be functional-
ized with synthetic oligonucleotide complementary to the target. These oligonu-
cleotides are mainly single stranded DNA (ssDNA) in biotechnology laboratory
work, but can also be RNA sequences.

BACKBONE BASES
0 NH,
CHs
NH N XN
‘ /K THYMINE </ ‘ ) ADENINE
=
eO_T:O NH, o]
o—®
XN /N NH
\ CYTOSINE < | GUANINE
/ = N
N o] N N NH,
ssDNA STRUCTURE

A WA
7 N/ '\

Figure 2.3: The deoxyribonucleic acid backbone structure, bases and overall structure of
single-stranded DNA BY




Oligonucleotides in the form of ssDNA are usually found as intermediates in DNA
replication in some biological systemsBY. It is also present in an intermediate
step in polymerase chain reactions (PCR), where the double stranded DNA is
denatured to form two ssDNA which works as templates for new strands. The
structure of an oligonucleotide has a backbone consisting of deoxyribose ssDNA
or ribose (RNA). Bases adenine, thymine (uracil in RNA), cytosine and guanine
can be bound to this strand, and each base pairs specifically with one of the other
bases. The structure of the ssDNA can be seen in figure 2.3] with the chemical
structure of the backbone and bases that make up the ssDNA.

Oligonucleotides are mainly synthetically made, and can be modified to be able
to bind the nanoparticle®!. As aforementioned, metal nanoparticles such as Au
NPs have a strong affinity to thiols, making thiol modification of oligonucleotides
a commonly used method to bind the nanoparticle. The thiol modification can
be followed a ligand exchange to replace the capping agent of the nanoparticle
with the now thiolated oligonucleotides. The density of thiolated ssDNAs on
the Au NP surface is dependent on the curvature of the nanoparticle surface,
meaning spherical particles may be able to bind more of the target sequence
than a flat surface. Often there may be a linker between the oligonucleotide
and the thiol group, but there is no specific one used for all thiol modified
oligonucleotides. Figure shows how a thiol modified oligonucleotide can be
bound to the nanoparticle.

. /\\
Y

S

Au

Figure 2.4: Illustration of how a thiol-modified oligonucleotide interacts with the nanoparticle
surface. The chain between the sulphur and oligonucleotide in the figure can be
several different molecules, and this chain is only an example B2



2.3 Au NPs as biosensors

Au NPs have a range of potential applications and can for example be used
in electronics, drug delivery and for photothermal therapy, and their optical
properties also make them very promising as biosensors®l. They can as formerly
established be functionalized with a wide range of functional molecules, making
them adaptable too in this field®l. Biosensors are used for detection of molecules
in biological systems and could for instance be used to detect viral infections or
concentrations of substances in the bodyF3. An example of a common biosensor
is the Covid-19 antibody test, where the antibodies (receptors) binds the antigens
(target molecule) and causes a red line to appear on the display, which signals
that the binding has taken place. Insulin sensors are also biosensors measuring
the insulin levels in the body and converting it into a signal.

2.3.1 Biosensing

Biosensing is a process where a receptor is used to bind a molecules found in a
biological system, which results in a visible and sometimes measurable signal 33,
This receptor could for example be ssDNA, an antibody or an enzyme, depend-
ing on the nature of the target. The binding between the receptor and target
molecule is then converted into a signal which can be detected and possibly
quantified.

The receptor is very important in a biosensor as it is the main factor affecting the
sensors selectivity3. If the receptor binds other substances than the analyte,
this results in unreliable results, i.e. low selectivity, and it is therefore essential
to find a receptor which has a high selectivity in respect to the analyte. The
receptor is connected or bound to a transducer, which is the part of the sensor
which converts receptor-analyte complex the signal. The transducer is the most
important part of the complex in terms of sensitivity. A biosensor with high
sensitivity gives a noticeable signal in samples with low analyte concentrations.
In many cases an amplifier is used to increase the signal to make it easier to iden-
tify for the instrument processing the signal, but finding a sensitive transducer
is essential when making a biosensor.

There are several different types of biosensors which can be categorized based
on their receptor and their transducer. The receptor could be based on DNA
bindings, antigen-antibody interactions, enzyme bindings and moreB#. If the
biosensors are categorized by their transducing element on the other hand, they
can be labelled as either acoustic, thermal, electrochemical or optical biosen-
sorsB9. In acoustic biosensing the analyte-receptor complex changes the physi-
cal properties of an acoustic wave, which can be measured to detect the binding.
Thermal biosensors are based on the analyte-receptor binding reaction causing
heat to be absorbed or released, making it possible to demonstrate the analyte
by changes in the temperature. There are many types of electrochemical biosen-
sors, but their common principle is that ions and electrons are involved in the
analyte-receptor reaction which causes electrical changes the can be measured.
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Finally, optical biosensors are based on light how the complex is affected by or
affects light. Au NPs are examples of optical biosensors, and they are based on
the binding between the receptor and analyte causing changes to the refractive
index of the Au NPl

2.3.2 Au NP-based biosensing

Some of the most important qualities of Au NPs are their optical properties,
which are the result of a phenomena called localized surface plasmon resonance
(LSPR)H. This phenomena occurs when light interacts with particles of lower
sizes than the wavelength of the lightB%. When exposed to white light, the sur-
face electrons of the nanoparticle will start to oscillate with a specific resonant
frequency, which depends on the shape and size of the particle®. nanospheres
(NSs) will for example have one peak in an absorbance spectrum due to its
isotropic nature, whereas nanorods (NRs) will have different properties in dif-
ferent directions®%. The rod has one short axis and one long axis, which re-
sults in one peak each in their absorbance spectrum. Sea urchin-like particles
or nanourchins (NUs) will on the other hand have one absorbance peak simi-
larly to spheres, but will have a broader peaks at higher wavelengths due to the
spikes™* 2 These three examples are illustrated in figure
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Figure 2.5: Example absorbance spectra for nanospheres (blue), nanorods (red) and
nanourchins (green) with representative TEM images. The spectra and images
are adapted from reported literature P02

Au NPs can be used as biosensors by binding the receptor to the particle surface
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as presented in the functionalization chapter B7. Because of the NPs optical prop-
erties, they can be utilized to convert the binding into a measurable signal B9
When the functionalized particle binds the target molecule the local refractive
index will change, causing a shift in the absorbance spectrum. This could either
be in the form of a red-shift towards higher wavelengths, but blue-shifts have also
been reported in some studies 38 Functionalization can also have this affect the
cause this shift, if the new incoming has a very different refractive index than the
outgoing one®. By identifying this shift it is possible to identify the presence of
the target molecule in a sample, thereby making the Au NP the transducer of the
biosensor complex. This analysis could for example be done by UV-Vis, as illus-
trated in figure 2.6 The shift in the absorbance spectrum shows how sensitive
the sensor is, and if the shift is hard to identify at low concentrations the sensor
does not have a good performance. Also, an increase in peak absorbance inten-
sity is also often observed in biosensing experiments B9 These principles allow
for detection of viruses, DNA/RNA and many other biomolecules®l. Viruses
such as HIV-1 and influenza-virus have been detected even at low concentra-
tionsB¥0 - Oligo-functionalized Au NPs have also been shown be functional to
sense complementary strands®. In many of these methods, the nanoparticle is
immobilized on a surface and functionalized in situ.

—-p '-<
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Figure 2.6: Illustration of the change that may be observed in an absorbance spectrum when
a functionalized nanoparticle binds the target. The blue plot represents the
nanoparticle complex not bound to the target and the red plot represents a
target-bound complex P71 .

The absorbance peaks at higher wavelength which can be observed in nanorods
and nanourchins are also interesting from a biosensing standpoint, as these wave-
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lengths are close to or in the near infrared (NIR) area of the absorbance spec-
trum 12842l NIR wavelengths have the potential of penetrating human tissue,
which could make it possible to do in-vivo biosensing, which could be done by
Surface Enhanced Raman Spectroscopy (SERS)H2. Au NPs are also mainly bio-
compatible and inert, which adds to the potential of in-vivo biosensing. However,
in terms of biocompatibility, the size is important and particles of sizes above
100 nm can have cytotoxic effects®3l. Likewise, the lower concentrations of Au
NPs injected will also reduce the risk of developing blood clots#4.

Au NPs can be used as biosensors in other ways than just pure LSPR-based
biosensing®l. In some cases the binding between analyte and receptor on the
Au NP surface can cause the particle to become less stable and therefore start
to aggregate and agglomerate. This is a method of biosensing in which clear
colour changes are observed in the nanoparticle solution, making it a possible to
observe with the naked eye. Furthermore, Au NPs can as mentioned be used in
SERS biosensing as they have the ability to enhance the light scattering signals
in SERS. SERS give information about specific chemical bonds, making it a
biosensing method with high specificity. Lastly, Au NPs can also be used to
quench or enhance fluorescence due to its optical properties. When the gold
nanoparticle is located close to a fluorescent molecule, one of them may transfer
energy to the other one in a process called Forster Resonance Energy Transfer
(FRET). This causes fluorescence to either enhance or be quenched depending
on if the Au NP is the donor or the acceptor.
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2.4 Au NP characterization

Nanoparticle characterization is essential to determine the size, shape and surface
charge of the particles among other properties. This is important to verify that
a synthesis based on an existing protocol has been successful or to examine the
properties of a newly developed synthesis. There have been developed several
different techniques and instruments for this purpose, and the properties can be
therefore be measured in several different ways. In this section some of the main
methods of determining shape, size, surface charge and optical properties are
presented, in addition to methods of quantification. This will mainly focus on
the methods which are going to be utilized later in this project.

2.4.1 Size and shape determination

The size of nanoparticles is very important for its biocompatibility, as particles
larger than 100 nm may have cytoxic effects and lower cellular uptake®3. There
are several methods of measuring nanoparticle size which are based on different
principles®. Two of the most common methods utilized in nanoparticle size
determination are size determination based on Transmission Electron Microscopy
(TEM) imaging and TEM, but many other analytical methods such as particle
tracking analysis and centrifugal liquid sedimentation can be utilized for size
determination.

Particle tracking analysis uses scattered light scattered by the particles to de-
termine their size#9. The function of this technique will be discussed further
in the particle quantification chapter. Centrifugal liquid sedimentation on the
other hand uses measurements of the particle solution over time while its being
centrifuged B, During centrifugation, particles will move towards the outer rim
of the centrifuge and will continuously be measured to find the rate of sedimen-
tation. These measurements could for example be absorbance or transmittance
measurements, as less particles will be present over time to absorb light.

In TEM imaging, electrons are transmitted through the sample to create an
image of the sample®8. This allows for both shape and size determination of
the nanoparticles. The main components of the instrument are a electron source
which can transmit the electrons and electron apertures, condenser lenses and
objective lenses to control the electron beam. When the electrons are sent
through the sample, the interactions cause them to scatter, and this scattering
is detected and used to generate an image on the computer screen®l. A simple
schematic of some of the main parts of a TEM microscope is shown in figure
and an example of a TEM image taken using bright-field imaging.
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Figure 2.7: Example schematic of the most important parts of a TEM instrument can be
distributed along the path of the beam. An image taken in the bright-field mode
is also included.

After TEM imaging has been performed the images have to be analyzed to
determine the sizes. This can be done using image analysis software, such as
for example ImageJ. These types of software uses the scale in the TEM image
as a reference to determine the particle size. One limitation of TEM based size
determinations is that a very small portion of the nanoparticle population is
analyzed U If the images are not representative of the population, there may
be significant errors in the estimated size.

DLS can also be used for size determination, and builds on a different principle
where the intensity of scattered of light is measured over timeP!. The fluctu-
ations in the light scattering intensity over time are caused by the Brownian
motion of the particles. The intensity fluctuations in the measurements can
therefore be used to measure the Brownian motion of the particles. Interactions
of nanoparticles with solvent molecules causes this motion and it is dependent
on size, temperature and solvent viscosity. Therefore the viscosity of the sol-
vent needs to be known and the temperature should be fixed to obtain accurate
size measurements. This can be seen in the Einstein-Stokes equation (equation
2.2), which also shows that the hydrodynamic radius (Dj,) can be derived if the
translational diffusion coefficient (D, ) is known. This coefficient can be derived
from how rapid the fluctuations in scattering intensity is. Larger particles move
slower in solution and scatter more light, whereas smaller particles move faster
and scatters less light, which causes differences in the fluctuations in scattering
intensity.

kgT kgT
= B = Rh = B
6mn Ry 6D

(2.2)
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The size that is calculated from the scattered light is the hydrodynamic size, and
it is therefore important to understand what this size tells us. The hydrodynamic
size is the size of a hypothetical sphere that diffuses at the same rate (same
D.) as the measured particle including the capping agent that stabilizes it
This makes measurements of particles with anisotropic shapes more uncertain
than measurements of spherical particles. As TEM sizes are estimated based
on the particle alone, the measured hydrodynamic size will be larger than the
measured TEM size. The hydrodynamic radius will therefore be dependent on
which capping agent is used and how stretched out it is in the solvent.

Other than the issue of measuring anisotropic particles, there is also one impor-
tant issue even when measuring the size of isotropic structures®. If there are
few large contaminants present in the sample, they may have a large influence
on the measured size since DLS measures the scattering intensity. Larger par-
ticles or contaminants will scatter more light than smaller ones, making them
measure higher intensities compared to the nanoparticles, even though they may
be significantly outnumbered.

2.4.2 Zeta Potential measurements

Zeta potentials can give information about the electrostatic potential of what is
referred to as the slipping planeP3. A nanoparticle in solution will have ions
of opposite charge of the surface bound to them. The particle and the strongly
bound ions form the Stern layer and other both positive and negative ions will
be loosely associated to this layer. An illustration of what constitutes the Stern
layer and the slipping plane can be seen in figure [2.8

Slipping plane

Stern layer

Figure 2.8: Illustration of the Stern layer and slipping plane included of the nanoparticle.
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When the nanoparticle solution is analyzed with regards to zeta potential, an
electrical field is applied and the particle will start to move from one of the
electrodes in the cell to the otherP3. The loosely associated ions which move
along with the nanoparticles in the solution form the formerly mentioned slipping
plane. The movement of the particles is measured by Electrophoretic Light
Scattering (ELS), a technique where a laser beam is scattered by the particles
in the solutionP¥. The frequency of the scattered light is measured and the
difference in this and the frequency of the laser is proportional to the movement
speed of the particles. The higher the electrophoretic mobility of the particle is,
the higher the zeta potential will be and the speed of the particles can therefore
be used to determine the zeta potential.

2.4.3 Spectroscopic analyses

Au NPs absorb specific wavelengths in the visible, near-infrared and infrared re-
gion of the electromagnetic spectrum, depending on its shape and sizeB8. Spec-
troscopic analyses such as UV-Vis spectroscopy can show the wavelengths the
particle solutions absorb, and other methods can even be used to find the struc-
ture of the molecules present in the sample. Raman spectroscopy and Fourier
Transform Infrared (FTIR) spectroscopy for example, uses the vibrations in the
chemical to give information about its structure. The former measures the en-
ergy of the light scattered by the sample, whereas the latter measures how much
light is absorbed at specific wavelengths within the infrared region.

To find the absorbance spectra of a Au NP population in these regions, Ultravio-
let visible (UV-Vis) spectroscopy can be used as a tool B8l In this method, light
is dispersed into its constituent wavelengths by a prism, allowing for the instru-
ment to analyze specific wavelengths individually. Only light with that specific
wavelength is let through the sample, and the instrument measures how much of
it is transmitted through the sample. A schematic of this can be seen in figure
2.9, The intensity of the light after the sample is divided by the intensity of the
light before the sample, giving the transmittance of the sample. The absorbance
is then found by calculating the negative logarithm of the transmittance.

Light Entrance Prism

. Exit slit Cuvette Detector
source slit

Figure 2.9: Schematic of a typical UV-Vis setup, showing how the absorbance of specific
wavelengths of light is analyzed.
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Other spectroscopic analyses can also be utilized to learn more about the nanopar-
ticles. FTIR spectroscopy is a method where organic molecules can be identified
based on which wavelengths they absorb®?. Vibrations from specific bonds in a
chemical structure will cause the chemical to absorb specific wavelengths, mak-
ing it possible to identify these groups in a sample. Carboxylic acids will for
example often have a peak in the range of 1700-1725 ¢m ™!, mainly because of
the vibrations of the C=0 bond. Different carbonyls will have peaks at slightly
different wavenumbers because of the atoms bound to the carbon. This principle
makes it possible to identify functional groups in the spectra.

2.4.4 Particle quantification

Particle Tracking Analysis (PTA) can as previously mentioned be used for size
estimations of a nanoparticle population, but it can also be used to determine the
concentration of nanoparticles®. In PTA, the Brownian motion of individual
nanoparticles is tracked based on the light they scatter. The particles are injected
into a cell, and are then exposed to a thin sheet of light, which causes them to
scatter light. The scattered light is focused onto a camera, which creates an
image on the computer screen. Here, the particles will be seen as dots moving
along the screen, as can be seen in the illustration in figure 2.10] The centre
of each individual particle is identified and tracks it over a certain amount of
frames 58,

CAMERA

FOCUS
LENS

CELL

SCREEN PROJECTION

LASER

Figure 2.10: Schematic of how PTA works, with an example image of how the particle solu-
tion could look on the image projected on the screen.
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The camera is focused on a very small area of the cell with a known volume, which
makes it possible to measure the amount of particles present in this areaP8l. This
can be translated to the concentration per mL by scaling, and this number can
be used to find the concentration of an undiluted sample by using the dilution
factor.

There are however some issues with using PTA. As the particles are being tracked
over a number of frames, movement of the particles can cause errors in the
measurements 8. Firstly, if the particle move closer to or further away from
the camera they can go out of focus and therefore not be measured properly.
Furthermore, if two particles are located close together their intensity peaks could
be mistaken as each others, which could lead to errors in the size determination.
The samples also generally have to be diluted significantly, which could be a
source of error 8.
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3 Literature review

3.1 Methods of gold nanoparticle synthesis

Au NP synthesis can be carried out using several different methods based on the
desired shape. A seeded approach is commonly utilized to obtain the wanted
shape and size, as this allows for larger degree of growth control®. The most
commonly used methods utilize three main reactants; a salt containing gold, a
reducing agent and a capping agent to stabilize the synthesized particlesB1E0l
Additionally, some syntheses use shape-inducing agent such as silver nitrate to
get the desired shapes®™ . These agents and varying reaction parameters such
as pH can affect the final shape of the nanoparticles®. Figure is a schematic
representation of the main steps the in seeded Au NP synthesis, mainly seed
synthesis and growth.

Seed synthesis Growth preparation Particle synthesis
-Gold salt solution -Addition of agents -Weak reducing agent
-Strong reducing agent -pH adjustement (e.g. ascorbic acid)
(e.g. sodium borohydride) -Temperature changes

Figure 3.1: Schematic of the main steps in seeded Au NP synthesis, including seed prepara-
tion, growth preparation and the final particle synthesis.

3.1.1 Methods of gold nanosphere synthesis

Spherical Au NPs can be synthesized directly in a system, meaning seeding is
not necessary. Synthesis of spherical and quasi-spherical nanoparticles have been
known for a very long time and one of the most used methods was developed in
1951 by Turkevich et al., and is still used in different variations today .

The Turkevich method is a direct method of Au NP synthesis, but the particles
obtained can be used for seeded growth to obtain larger spheres or different
shapes®®0  Tn this method, a chloroauric acid solution is heated to boiling
before adding sodium citrate. During the minutes after sodium citrate addition,
the solution will obtain a blue-gray colour before finally turning wine red. Using
this method, Turkevich et al. reported gold nanoparticle sizes of 20 £ 2 nm.

Another well established method is the Brust method, in which gold nanospheres
in the range of 1.5-5.2 nm can be obtained 2. This methods utilizes tetraocty-
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lammonium bromide to transfer gold from its aqueous solution to toluene®

Then, aqueous sodium borohydride and dodecanethiol is added and gold col-
loids will form. In the crystallization, sodium borohydride plays the role of the
reducing agent and the particles are stabilized by dodecanethiol.

An example of a seeded method of gold nanosphere synthesis is a method de-
veloped by Bastis et alt¥. In this method the authors first synthesized Au NS
seeds by heating sodium citrate (2.2 mM) to 100 °C before adding chloroauric
acid (25 mM) and stirring the solution for 10 minutes. The seeds were then
used for further growth by two additions of chloroauric acid. Following this, the
sample was diluted by removing some of the sample and adding MQ water and
sodium citrate solution. This solution was again used as seeds, and the process
was repeated as many times as wanted. The first generation they synthesized
were 18 + 1 based on TEM measurements, and the following three generations
were measured to be 2 + 2, 31 + 3 and 36 + 2, respectively. These generations
corresponded to absorbance peaks of 521.5 nm, 523.5 nm, 525.5 nm and 527.5
nm.

3.1.2 Seeded method of gold nanorod synthesis

One common method of nanorod synthesis is a two-step process developed by
Nikoobakht and El-Sayed, which involves an initial synthesis of a seed solution
followed by further growth to obtain nanorods®. In the seed synthesis three
components are used. Firstly, chloroauric acid which is the source of gold in the
solution. In the solution, gold will initially exist in the form of Au*". The second
component is sodium borohydride, a strong reducing agent which reduces the
Au’t to Au’. Due to its strong reduction potential, nucleation will be favourable
as the solution is highly supersaturated in regards to gold. The final component
is Hexadecyltrimethylammonium bromide (CTAB), which works a the capping
agent of the gold seeds, stabilizing the particles in solution.

In the second step of the synthesis, chloroauric acid and CTAB is used as in
the seed preparation, but silver nitrate is also used®l. Nikoobakht and El-Sayed
found the concentration of silver nitrate to be a determining factor of the final
nanorods aspect ratio. They found that by increasing the volume of silver ni-
trate added, the rod aspect ratio would increase up to over 4. Above a certain
concentration the aspect ratio would start to decrease. These particle solutions
gave absorbance spectra with two peaks, one at around 510 nm and another one
which moved to higher wavelengths and had higher intensities with increasing
silver nitrate concentration used in the synthesis.

In addition, ascorbic acid is used as the reducing agent at this point. This is a
weaker reducing agent than sodium borohydride, which allows for a lower degree
of supersaturation and therefore prevents new nuclei from forming. The formerly
synthesized seeds are added into the solution, the reduced gold of the solution
is deposited on the surface of the seed, causing an increase in nanoparticle size
and a change in shape from spherical rod-like.
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3.1.3 Seeded methods of gold nanourchin synthesis

Several different methods have been developed to synthesize sea-urchin like or
star-shaped Au NPs. These are mainly seeded approaches, where small, spherical
nanoparticles are first synthesized. The desired shape is then obtained by either
adding other reactants to the mixture or using specific solvents.

One such approach is one developed by Li et al., where hydroquinone was used to
induce branching during the growth®. Their hypothesis was that increasing hy-
droquinone concentration would make deposition of monomers on the (111) lat-
tice planes more favourable and thereby a higher degree of branch growth. Their
seeds were synthesized using a Turkevich-based nanosphere synthesis, meaning
the seeds were capped by citrate®. Citrate, HAuCl, and hydroquinone were the
only reactants used in the seeded growth and they could tune the size and degree
of branching by adjusting the amount of each reactant). They were therefore
able to synthesize particles with sizes between 55 and 200 nm and absorbance
maximums between 555 and 702 nm.

Kumar et al. developed a method of synthesizing sea-urchin like Au NPs®2. The
seeds of these particles were synthesized by first coating spherical Au NSs (15 nm)
with polyvinylpyrrolidone (PVP) and dispersing them in ethanol, a procedure
developed by Graf et al®l. Afterwards, Kumar et al. dissolved PVP in DMF,
before mixing it with chloroauric acid and finally adding the Au NS solutionH2.
After 15 minutes of mixing the solution achieved a blue colour and the resulting
particles had an absorbance peak at 764 nm, with a shoulder peak at around 550
nm. The average size of the final particles synthesized using PVP with M,, = 24
000 was 69.0 £ 7.9 nm, whereas the average size of the final particles synthesized
using PVP with M,, = 10 000 was not given.

Other reported methods use several different chemicals to induce spike formation
or synthesize other types of seed, such as one reported by Qin et all®. The
seed synthesis is done by using poly(diallyldimethylammonium)chloride (PDDA),
ethylene glycol, silver nitrate and the seeds are dispersed them using a CTAB-
solution. The sea-urchin shaped nanoparticles are then formed by mixing CTAB,
HAuCl, and ascorbic acid before adding the seeds and glutathione and mixing for
two hours. In a protocol developed by Li et al., gold/silver seeds can be prepared
by mixing silver nitrate and HAuCl, and reducing the metal ions with ascorbic
acid™. By then adding more HAuCl,, they managed to form urchin-shaped
nanoparticles.
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3.2 Methods of nanoparticle functionalization

In Au NP syntheses, the capping agents are predominantly molecules with only
a stabilizing function®!. Therefore, many ligand exchange methods have been
reported on different types of particles. Some of these methods are direct ex-
changes where the particle is mixed with the ligand of interest, whereas some are
two-step processes where a partial exchange is done prior to the exchange with
the ligand of interest 2427261

3.2.1 Direct ligand exchanges

Ligand exchanges can sometimes be performed directly, if the affinity of the orig-
inal ligand is sufficiently lower than the incoming ligand®3. In these exchanges,
the ligand is added to a nanoparticle solution and mixed for a certain amount of
time. Then, the nanoparticles can be washed to remove the original ligand from
the solution.

Xia et al. compared the efficiency of direct ligand exchange with o—[2—(3—mercaptopropionylamino
o’ —methylpolyethylene glycol (PEG-SH) in several different types Au NPs with
different capping agents®®. They found that citrate capped nanoparticles could
be easily replaced by the PEG thiols, but that CTAC and CTAB on nanospheres
and nanorods were only replaced to a very low degree. PVP on gold nanocages
were not as easily replaced as citrate, but were replaced to a higher degree than

CTAC and CTAB.

Direct ligand exchange of PVP on nanocubes has also been studied in silver
nanocubes (Ag NCs) by Horan et alP8. In this study, PVP was replaced with
cysteamine and mPEG-SH by mixing equal volumes of Ag NCs (5 x 109 parti-
cles per mL) and thiol (1 pM). They then studied the removal of PVP by taking
aliquots out of the reaction mixture at different times in the reaction, and analyz-
ing them using SERS. They observed that the intensity of the PVP-peak in the
SERS spectra decreased the longer the reaction went on and therefore concluded
that the ligand exchange was successful with both cysteamine and mPEG-SH.

The method of the ligand exchanges are generally just to mix the incoming
ligand with nanoparticle solution, but when working with specific ligands it can
be important important to note how the ligand will affect the dispersibility of
the nanoparticle. In their aptamer based ligand exchange, Huang et al. used a
direct approach, but had to redisperse the particles in a sodium citrate solution
with bovine serum albumin (BSA) to avoid aggregation of the nanoparticles. In
this ligand exchange thiol-modified aptamers were the incoming ligand and the
nanospheres used were capped with citrate.
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3.2.2 Two-step ligand exchanges

Many methods use two-step approaches to exchange the original capping agent
of the particle, especially when this capping agent has a high affinity to the
surface!®l. This first step can either be done to partially exchange the capping
agent or to remove excess capping agent in the solution. In the second step, the
wanted ligand is added to the solution and replaces the original capping agent.

Gold nanorods are often synthesized with CTAB, which is cytotoxic, as the cap-
ping agent . Thierry et al. reported one method where CTAB is replaced with
0—[2—(3—mercaptopropionylamino)ethyl] —o’—methylpolyethylene glycol (PEG
—SH) and 11-mercaptoundecanoic acid (MUA) in a two step processPd. The
structure of these chemicals can be seen in figure [3.2] Firstly, CTAB-capped
nanorods were mixed with PEG-SH (1 mg/mL), sonicated and left to react for
2 hours. After this they centrifuged the particles and functionalized them with
either MUA and AMTAZ. The particles were first mixed with the chemicals and
subsequently sonicated in a water bath at 55 °Cfor 60 minutes. Afterwards, the
mixture was left overnight, before being sonicated, centrifuged and finally re-
dispersed in water. The pH was adjusted based on which functional molecule
was used. The reason the PEG-SH was first used before functionalization with
MUA or AMTAZ was that other reported that the direct functionalization was
complex and had problems with aggregation and strict reaction conditions?d.
Therefore, using PEG-SH was proposed by Thierry et al. to work as a temporary
stabilizer and still be effectively replaced by MUA and AMTAZ.

8
H,C % /\/M PEG-SH
0 \/\H SH
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Figure 3.2: The structure of the PEG-SH and 11-MUA used in the Thierry et al. method of
ligand exchange for CTAB-capped Au NRs.

Another two-step ligand exchange for CTAB-capped nanoparticles was devel-
oped by Dewi et all®l. In this method, the first step is to remove excess CTAB
in the solution by washing with dicholoromethane (DCM). The excess CTAB
will after mixing be present in DCM rather than in the aqueous phase. 3-
mercaptopropionic acid (3-MPA) is then added to the mixture after DCM is
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removed, to replace the remaining CTAB stabilzing the nanoparticles. The thiol
group in 3-MPA has a high affinity to the gold surface and can therefore replace
the CTAB. CTAC removal on Au NPs is reported by Zhou et al., in a method
where silver ions are reduced onto the Au NP surface in a mixture with PVP,
which stabilizes the particles!®!. Afterwards, acetone is added and the particles
were separated using centrifugation and redispersed in a sodium citrate solution.
The particles are then etched using hydrogen peroxide and finally redispersed in
sodium citrate, causing the particles to be capped with citrate.

3.2.3 Oligonucleotide functionalization

Functionalization of Au NPs with oligonucleotides has also been studied exten-
sively. Most commonly in gold nanospheres, where citrate is exchanged with a
thiol-modified oligonucleotide. Most of these methods are based on a methods
developed by Mirkin et al., in which the exchange is done by sequential addition
of sodium chloride®!. The salt masks the charges of both the citrate and the
oligonucleotides, which screens the charge-charge repulsion between the parti-
cle complex and the oligonucleotides, as well as internally in the oligonucleotide
molecule!. This allows the oligonucleotides to get closer to the surface and
finally replace the citrate.

The direct functionalization is not as common in other shapes, as they are often
synthesized with capping agents which have a high affinity for the surface or are
dispersible in other solvents than water 2#121 Therefore, some studies have been
focusing on how to use the chemical nature of the capping agent to attach the
oligonucleotide. Zhang et al. did for example use N-(3-Dimethylaminopropyl)-
N- ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) to
conjugate a amine-modified oligonucleotide to an MUA-capped Au NP8l Thig
was the only two commonly reported methods found in the literature search, but
there could potentially be other alternatives to these, utilizing other chemical
reactions.
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4 Materials and methods

In this section, the materials and methods used during the experimental work are
presented. Chloroauric acid (HAuCl,, > 99.99%), sodium hydroxide (> 99.0%,
pellets), silver nitrate (> 99.0%), sodium borohydride (> 98.0%), MUA, PVP (10
kg/mol), NHS (98%), EDC (> 98.0%), N,N-dimethylformamide (DMF), HEPES
(> 99.5%), PEG-SH, sodium chloride (NaCl, > 99.5%), Sodium dodecyl sul-
fate (SDS, > 99.0%) and sodium citrate trihydrate (> 99.0%) were purchased
from Sigma-Aldrich®. CTAB (> 99.9%) was purchased from Acros Organics.
D-(-)-Isoascorbic acid (98%) was purchased from Alfa Caesar®. Hydrochloric
acid (37%) and ethanol (absolute) were purchased from VWR chemicals®. (5'-
SH- CCA ATG TGA TCT TTT GGT GT -3’) was purchased from GenScript,
whereas (5-NH,- CCA ATG TGA TCT TTT GGT GT -3’) and the FAM-

modified complementary strand was purchased from Biolegio.

4.1 Synthesis of gold nanospheres

The synthesis of spherical Au NPs was done by using an adapted protocol de-
veloped by Bastus, N.G. et all% Initially the seeds were prepared by adding
sodium citrate (2.2 mM, 15 mL) to a round-bottom flask and heating it to 100
or 125 °C under vigorous stirring (400 rpm). The solution was stirred for 15
minutes before adding chloroauric acid (25 mM, 0.10 mL) and the solution was
stirred for 10 minutes.

The growth steps were done by first lowering the temperature to 90 or 80 °C and
chloroauric acid (25 mM, 0.10 mL) was added again and the solution was stirred
for 30 minutes. Chloroauric acid (25 mM, 0.10 mL) was then added again the
solution was stirred for another 30 minutes. Then, 5.5 mL of the solution was
removed and MQ water (5.3 mL) was added followed by sodium citrate (60 mM,
0.20 mL). This growth process was repeated multiple times to increase the size
further.

4.2 Synthesis of gold nanorods

The seed mediated growth was based on the approach developed by Nikoobakht,
B. and El-Sayed M.AB. Firstly, CTAB (364 mg) was weighed out in a vial
followed by the addition of MQ water (5.0 mL). The CTAB was dissolved by
stirring the solution at 90 °C and then cooled to room temperature. HAuCl,
(0.50 mM, 5.0 mL) was added and stirred at 750 rpm for 7-8 minutes. NaBH, (10
mM, 0.60 mL) was diluted with MQ water (1.0 mL) and stirred for 2-3 minutes
before the stirring bar was removed. The solution was left for 30 minutes before
use.

Then, CTAB (1.2 g) was weighed out in a vial, before MQ water (15 mL) was
added. The vial was then put on a heating plate and the mixture was heated
to 90 °C under stirring to dissolve the CTAB. After the CTAB had dissolved
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completely, the solution was cooled down to 35 °C and silver nitrate (4.0 mM,
0.75 mL) was added. The solution was stirred for 15 minutes, before HAuCl,
(1.0 mM, 15 mL) was added and the solution was stirred for another 15 minutes.

Ascorbic acid (128 mM, 135 ul.) was then added, followed by the addition of
Au NP seeds (96 pL). The mixture was stirred at 1000 rpm for 30 seconds,
before removing the stirring bar and leaving the solution at 35 °C overnight. The
following day, the samples were cleaned three times by centrifugation at 14.5k
rpm for 20 minutes, and finally redispersed in M(Q water (5 mL).

4.3 Synthesis of gold nanourchins

The first step of the process was based on a protocol delevoped by Graf, C.
et al., which uses PVP to coat gold nanospheres. Firstly, an Au NS solution
(ha 26 nm, 3.47 mL) was mixed with a PVP solution (25.6 g/L, 0.65 mL) and
stirred at 600 rpm for 24 hours. Afterwards, the particles were centrifuged (11.0
rpm, 10 min), the supernatant was removed and ethanol was added to achieve a
theoretical gold concentration of 4.2 mM.

Then, PVP (M, = 10 000, 0.15 g) was dissolved in DMF (15 mL) according
to a procedure by Kumar, P.S. et al?2. Then, the particles solution was mixed
with chloroauric acid (164 pL, 25 mM) before PVP@Au NS solution (7.7 * 101°
particles) was added quickly. The solution was stirred for 15 minutes before
being washed with centrifugation (11k rpm, 10 min) several times using ethanol
as the solvent. Finally, the particles were redispersed in MQ water (4.0 mL).

4.4 Replacement of CTAB on Au NRs

The exchange of CTAB on the surface of the Au NR was performed by mixing
PEG-SH (2.56 mg/mL, 1.0 mL) with Au NRs (2.3 % 10? - 3.5 % 10'° particles per
mL, 1.0 mL). This solution was mixed at 400 rpm for two hours, before being
washed using centrifugation (14.5k rpm, 20 min) and finally redispersed in MQ
water (1.0 or 2.0 mL).

11-MUA was then weighed out and dissolved in ethanol first, before adding an
equal volume of water. The 11-MUA solution (10 mM, 0.25 mL) was mixed with
the PEGQAu NRs (9.6 x 109, 4.8 % 10%, 2.4 % 10% or 1.2 % 10° particles per mL,
0.50 mL). This mixture was vortexed for five seconds and sonicated for 1 hour
at 55 °C. The particle solution were then centrifuged (14.5k rpm, 10 minutes)
and redispersed in MQ water (0.50 mL).

Another approach was also used for the 11-MUA functionalization. In this in-
stance, the nanorods were redispersed in ethanol after the PEG step, before 11-
MUA in ethanol (10 mM, 0.25 mL) was added to the nanorod solution (3.1x10(9)
- 3.5 10(10) particles per mL, 0.5 mL). This was mixed for two hours, followed
by centrifugation (14.5k rpm, 20 min) and redispersion in MQ water (1.0 mL)
or HEPES (1.0 mL, pH 7.6).
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4.5 Replacement of PVP-capping on Au NUs

The removal of PVP on Au NUs was done by adapting a protocol developed by
Horan et al8. MUA was first dissolved in ethanol to create a 1 pM solution.
This solution (0.70 mL) was mixed with an equal volume of Au NU solution in
ethanol (1.5 % 10'% 7.5 % 10 or 3.8 x 10° particles/mL, 0.70 mL) and stirred for
two hours under stirring at 400 rpm.

After this, the sample was transferred to a centrifuge tube and centrifuged at
11k rpm for 10 minutes. The supernatant was removed and the particles were
redispersed in MQ water, before being washed once again using centrifugation.
Afterwards, the particles were redispersed in MQ water (1.0 mL) or HEPES (1.0
mL, pH 7.6).

4.6 Functionalization of Au NSs with thiol-modified oligonu-
cleotides

Au NSs were functionalized by mixing Au NS solution (0.50 mL), HEPES buffer
(pH 7.6, 0.50 mL), thiol-modified oligonucleotides (5’-SH- CCA ATG TGA TCT
TTT GGT GT -3") (25 uL, 100 pM) and SDS (1.0 %)/, The solution was
vortexed for 30 seconds and left for twenty minutes. Then, NaCl (5 M, 10 nL)
was added while the sample was sonicated. This was repeated six times with
30 second of vortex and 20 minutes of incubation between each salt addition.
After this, the sample was left overnight, before being centrifuged three times
(10k rpm, 15 min). The sample was then redispersed in HEPES buffer (pH 7.6,
1.0 mL).

4.7 Functionalization of Au NPs with amine-modified oligonu-
cleotides

Functionalization with oligonucleotides was done based on two protocols devel-
oped by Zhang et al. and Kim et al®8  First Au NPs (1.0 mL) dispersed in
HEPES buffer (pH 7.6) was mixed with amine-terminated oligonucleotides (5'-
NH,- CCA ATG TGA TCT TTT GGT GT -3°) (100 pL, 20 pM). Then, NHS
(0.4 M) and EDC (0.2 M) was mixed in equal volumes and added (0.50 mL) to
the Au NP mixture. The mixture was stirred at 300 rpm on a shaker plate for 24
hours, with sonication performed a few times during the reaction. The particle
solution was then washed by centrifugation three times (14.5k rpm, 20 minutes)
and subsequently redispersed in HEPES buffer (pH = 7.6, 1.0 mL).

4.8 Biosensing with Au NPs

Biosensing tests were first performed using a NanoDrop spectrophotometer. Each
nanoparticle sample was analyzed three times with varying amounts of target
RNA in addition to one blank sample with only Au NPs. The target RNA was
isolated from the same strand of the SARS-CoV-2 virus which was first identified
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in Wuhan at the start of the pandemic. The amounts of target RNA were set
to 100, 500, 1000, 5000 and 10000 copies. A dilution series was made with the
mentioned amount of copies per 50 pL.

The samples were prepared by first sonicating and vortexing the Au NP solutions
and adding them (40 pL) to a centrifuge tube. Then, the desired amount of copies
were added to the mixture (50 pL) and the mixture was vortexed and incubated
for 10 minutes before characterization. Three parallels were made of each sample
and the average spectrum was calculated based on this. Finally, the spectra were
smoothed using SigmaPlot.

Biosensing tests were also performed using a regular UV-Vis spectrophotometer.
In this testing, each particle solution was tested with three different target RNA
concentrations, which were 10 000, 100 000 and 1 000 000 copies. Au NPs
(600 nL) were first sonicated and vortexed, before target RNA (100 pL) was
added. The sample was incubated for 10 minutes before being analyzed in the
spectrophotometer.

4.9 Characterization

Before characterization, they had to be prepared by using vortex and ultra-
sonication. Firstly, the particles were sonicated for 1 minute and vortexed for 30
seconds. For absorbance measurements of samples, the Agilent Cary 60 UV-Vis
spectrophotometer and ThermoFisher Scientific NanoDrop One was used. The
samples were in the former measured at wavelengths between 200 and 1100 nm
at a rate of 300 nm/minute in the former and between 300 and 850 nm in the
latter.

S(T)EM images were obtained using the Hitachi High-Tech SU9000 Scanning
(Transmission) Electron Microscope (S(T)EM). Samples were prepared by adding
nanoparticle solution (0.040-0.15 mL) on a carbon-coated copper grid. The size
determinations based on the TEM images were done in ImageJ, where between
200 and 500 particles from several different images were used to estimate the
size. In the nanorod size determinations, both the short long side was measured
individually.

Hydrodynamic size determination were done using the Anton Paar LiteSizer
500, which uses DLS as the basis for the hydrodynamic size measurements. This
instrument was also used to measure zeta potential, which is done by using ELS.

To estimate the particle concentration of the samples used in the experimental
work the Particle Metrix ZetaView was used, which is a PTA. The samples were
diluted to 50-200 particles per frame and the settings used are shown in table
4.1l For nanospheres, the sensitivity was increased to 90 because of the small
size.
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Table 4.1: The settings used for the particle tracking analysis done by ZetaView.

Sensitivity 70

Frame rate 30
Shutter 100

Trace length 15
Min area 5)

Max area 100
Min brightness | 25
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5 Results and discussion

In this section, results from the experimental work is presented and discussed.
The results are divided into three main parts, which are synthesis of gold nanos-
tructures, functionalization of the particles and biosensing. The first part focus
on synthesis of the different particles and characterization of the particles which
were used later. In the functionalization part, the removal of CTAB and PVP
will be discussed, followed by the functionalization with oligonucleotides. Finally,
the sensitivity of each biosensor complex is discussed and compared.

5.1 Synthesis of gold nanoparticles

Three different types of particles were synthesized in this experiment. Optimiza-
tion of the nanosphere synthesis will be discussed in the first section and the
characterization of the spheres in the optimized synthesis will be presented. Sec-
ondly, the characterization of nanorods will be discussed, focusing on the effect
of silver nitrate on the rod aspect ratio. Finally, the synthesis of nanourchins
is presented, with focus on repeatability of the synthesis and stability of the
particles.

5.1.1 Initial synthesis of Au NSs

The synthesis of gold nanospheres was performed in two different ways. The
first one followed the protocol of Bastus, N.G. et al., where the seeds step was
done at 100 °C and the growth steps were done at 90 °C. This was repeated three
times, and in all three experiments four generations of particles were synthesized,

including the seeds. The average hydrodynamic size of each generation is shown
in table 5.1l

Table 5.1: The hydrodynamic radius of each generation of the three first nanosphere synthe-
ses. In these syntheses the seeding was done at 100 °C and the growth step were
done at 90 °C.

’ Generation H First synthesis \ Second synthesis \ Third synthesis

1st gen. 24 £ 0 nm 23 £ 0 nm 31 £ 1 nm
2nd gen. 29 £ 0 nm 24 £ 1 nm 36 £ 1 nm
3rd gen. 34 &+ 0 nm 26 == 0 nm 37 £ 1 nm
4th gen. 39 £ 0 nm 31 £ 0 nm 41 £ 0 nm

There were a couple of challenges with these syntheses. The first step of the
synthesis, when nucleation is occurring, particles of very different sizes were
synthesized. This can be seen in tabldb.I] by comparing the measured sizes of
the first generation particles. Consequently, the method seemed to have a low
degree of repeatability due to the lack of size control. Due to this problem, a
simple measure was taken in the subsequent syntheses. The temperature during
seeding was increased to 125 °C to make nucleation favourable and therefore
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get seeds with less variations in sizef3. If the total Gibbs free energy is too

low during the nucleation, growth may be favoured and therefore cause larger
particles. The 1st generation sizes are different, which may be the result of too
low temperature. By increasing the temperature, the total Gibbs free energy of
the nucleation can be increased, as seen in equation [2.1] The temperature in
the growth steps was also lowered as a pre-emptive measure to avoid secondary
nucleation in the next syntheses. Higher temperatures increase the Gibbs free
energy in a nucleation process, and can therefore induce nucleation!. Hence,
decreasing the temperature to 80 °C would make secondary nucleation less likely
than at 90 °C.

5.1.2 Modified synthesis of Au NSs

The NPs of the 1st generation in each synthesis were measured using DLS and
the hydrodynamic sizes were measured to 21 = 1 nm, 19 + 1 nm and 26 £ 2 nm,
respectively. The size distributions of the 1st generation in the third synthesis
can be seen in figure [5.I, where the left plot of the image portrays the size
distributions of the as-prepared 1st generation sample in one of the syntheses.
The right plot shows the size distributions of the same sample after it was filtered
using a 0.20 pm filter.

Measurement 1
Measurement 2 8
Measurement 3

Measurement 1
Measurement 2
Measurement 3

Relative frequency [%]
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Figure 5.1: The size distributions of the unfiltered (left) and filtered (right) 1st generation
sample of the third synthesis. The filtration was done using a 0.20 nm filter and
the sample was measured in series of three measurements both before and after
filtration.

The dissimilarity in hydrodynamic size between the three samples seemed to in-
dicate that there still were issues with the synthesis. However, as can be seen
in figure [5.1] the 1st generation had several peaks in its size distribution plot,
while the prevalence of these kinds of peaks decrease for each generation. It
was therefore hypothesized that these peaks were caused by aggregates, external
contamination or the higher concentration of the first generations. Aggregates
makes sense based on DLS theory, as even a small number of aggregates would
give give off a large signal in DLS, as larger particles are more heavily weighted
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than smaller particlesP. The higher particle concentration of the earlier gen-

erations could also be an explanation, as this causes the particles to be located
closer together, which is known to cause issues when tracking their motion. This
would also explain the trend of the decreasing signals at later generations, since
the growth solution is diluted during the synthesis. The samples were filtered to
find out if this was the case. After filtration at 0.20 pym the peaks were elimi-
nated, as can be seen in the right plot of figure [5.1] This makes it likely that
aggregates or too high concentration of nanoparticles likely caused the issues.
The hydrodynamic sizes of the filtered samples of the 1st generations were used,
as they were thought to be a better representation of the particle size than the
unfiltered samples.

The hydrodynamic sizes of all the samples in the modified synthesis are shown in
table[5.2] The samples marked with a star were filtered before the measurements.
A table showing the hydrodynamic sizes before filtration can be seen in appendix

A.

Table 5.2: The hydrodynamic radius of each generation of the three syntheses in which seed-
ing was done at 125 °C and the growth step were done at 80 °C. Samples with
signals above 200 nm in their first measurements were re-measured after filtration
using a 0.20 pm syringe filter.

’ Generation H First synthesis ‘ Second synthesis ‘ Third synthesis ‘

1st gen. 19 &+ 0 nm 17 £ 0 nm 19 +£ 0 nm
2nd gen. 25 £ 0 nm 24 £ 0 nm 27 £ 0 nm
3rd gen. 30 £ 0 nm 28 £ 1 nm 29 £ 0 nm
4th gen. 35 = 0 nm 30 &= 0 nm 33 £ 0 nm

Based on the results presented in table 5.2 the repeatability of the synthesis
seems to be better when using the modified temperature program. The first
generation particles are fairly close in hydrodynamic size, but the size increase
for each generation seems to vary slightly between the three syntheses. This
culminates in a size difference of 5 nm between the smallest and largest samples
in the fourth generation samples. In all the other generations the gap between the
syntheses is 2-3 nm, which is a significant improvement to what was observed in
the former temperature program. However, as some of the samples were filtered
before the DLS measurements there are some potential errors. If the hypothesis
that the other peaks in the size distribution plot were caused by excess sodium
citrate is wrong, characterizing the filtered samples would give a faulty image
of the particle population. Hence, these numbers should to be compared with
the results of other size determining methods, and size measurements based on
TEM images could give a better indication of the nanoparticle sizes than the
DLS measurements of the hydrodynamic size.

The measured sizes based on TEM images of the nanospheres are shown in
figure This bar chart shows how the size of each generation compares to
the same generations in the other syntheses. The specific sizes are shown in
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appendix A, and all measured samples were unfiltered. Histograms of the TEM

size measurements of the particles from the last synthesis can be seen in appendix
B.
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Figure 5.2: The TEM measured TEM sizes of all generations in all three repeats in the
synthesis where seeding was done at 125 °C and the growth steps were done at
80 °C.

The results from the TEM image measurements show that the size differences
between the three synthesis are not very large. This indicates that it was correct
to filter the samples before DLS measurements, as the TEM sizes are more similar
to the filtered samples than the unfiltered samples. As expected, the TEM sizes
are slightly lower than the hydrodynamic sizes as it only includes the particle
itself I, DLS on the other hand, tracks the motion of the particle complex in
solution, which also includes capping agents. Further, the TEM sizes show that
there is a systematic increase in size of the particles, which is similar between
all three syntheses. The sizes TEM sizes are not exactly what Bastas et al.
reported and the increases are not as significant, but this could be attributed to
small variations in how the synthesis was performed and differences in equipment
and slight differences in sodium citrate or chloroauric acid concentration™. The
differences between the reported particles and the particles synthesized in this
project are however not immense and the size increase trend is quite similar,
which means that the replication of the synthesis was fairly successful.
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Representative images of the four generation of particles are included in figure
.3l These images are from the particle generations of the third synthesis. Image
A shows particles of the first generation, the second generation is depicted in
image B, while C and D are images of particles of the third and fourth generation,
respectively.

30.0kV x300k BFSTEM 03/21/2023 200k BFSTEM 03/21/2023

30.0kV x150k BFSTEM 03/21/2023

Figure 5.3: Four generations of Au NS from the third synthesis. A shows a representative
image of the first generation, image B is representative of the second generation,
image C shows the third generation and D shows some of the particles of the
fourth and final generation.

The absorption spectra of each generation was obtained using UV-Visible spec-
troscopy. The spectra the four generations in the third synthesis are shown in
figure The absorbance peak wavelength increases from 517.5 nm in the first
generation, to 519.0 nm, 520.5 nm and 522.0 nm in the second, third and fourth
generation.
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Figure 5.4: The absorption spectra of the four generations of particles obtained in the third
synthesis. The legend contains the absorbance peak wavelength, which increases
with each generation of particles. Each sample is normalized to itself at 350 nm.

The characterization of particles presented in figure and shows represen-
tative TEM images and UV-Vis spectra of each generation. The former figure
shows how the particle size increase significantly from the first to the fourth gen-
eration. The latter figure can work as a reference for further work, as there will
likely occur changes in the absorbance during the functionalization ™.

The absorbance spectra in figure show that there is a slight increase in the
wavelength of the absorbance peak for each new generation, which is consistent
with the trend observed by Bastis et al®. The reason increasing size causes this
red-shifts in the spectrum is that the electrons will oscillate over a larger area,
which causes the resonant frequency to lower®l. The trend observed in this work
is therefore consistent with the theory. Yet, the absorbance peak wavelengths
in this experimental work are consistently lower than the ones reported by the
source®¥ . This should however not have any effect on the performance, and is
therefore not an important factor to consider. Au NSs synthesized using the
Turkevich method or methods which use the same reactant are known to be very
stable in solution, so further tests to investigate this was not performed 19

36



5.1.3 Synthesis of Au NRs

The particle length, width, aspect ratio and zeta potential of the three different
syntheses, where different volumes of silver nitrate (SN) was used are presented
in table The length and width are averages based on TEM images of just
over 200 particles for each sample, whereas the aspect ratio is calculated based
on these size averages. Histograms of the aspect ratios, lengths and widths are
shown in appendix B. Rod yield was calculated by dividing the number of rods
with an aspect ratio of 1.2 or more to the total number of particles.

Table 5.3: The particle size and aspect ratio based on TEM imaging and zeta potential of
the three Au NR solutions. The yield of rods is also included, and all particles
with a AR of over 1.2 are counted as rods.

| 250 nL SN | 500 pL SN | 750 pL SN |

Avg. particle length || 33 £ 8 nm | 41 + 9nm | 45 £ 9 nm

Avg. particle width || 16 £ 3nm | 13 + 3 nm | 12 +£ 3 nm
Avg. aspect ratio 2.2 3.2 3.9
Rod yield 91 % 96 % 94 %

Zeta potential 12+2mV |24 +£1mV |26 £ 1 mV

TEM images of the these samples are shown in figure[5.5, where A is a represen-
tative image of the particles synthesized using 250 pL silver nitrate, while image
B and C depicts the particles synthesized using 500 and 750 pL silver nitrate.

30.0kV x180k BFSTEM 300nm

300nm

30.0kV x150k BFSTEM

Figure 5.5: TEM images of the three nanorod samples. A is a representative the particles
synthesized using 250 pL, whereas B and C are a representative images of particles
synthesized using 500 nL and 750 pL.
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An important aspect to consider in the size and aspect ratio data presented in
table is the polydispersity which can be observed in figure [5.5] something
which is reflected in the standard deviations in average length and width, shown
in table 5.3} Although most of the particles in the images are rod-shaped, there
are also several spherical and quasi-spherical particles present in the samples.
The aspect ratio of the rods will be underestimated as the spherical particles are
also taken into account in the size measurements. This means that the aspect
ratio is an average of the entire population, rather than only rod shaped particles.

In the size determinations it is evident that with increasing silver nitrate content,
the length of the rods increased whereas the width decreased. In the literature
it is suggested that silver ions form complexes with CTAB during the synthesis,
which forces the Au NPs to grow into rod shapesll. Still, these size determinations
has a margin of error since only about two hundred particles were analyzed, which
is what Nikoobakht and El-Sayed used for their estimations®. It is however less
than what was used in the Au NS size determinations, and this is because of the
difficulty of the shape. Since it was of interest to measure both the length and
the width of each particle, automatic size determination based on the 2D area
of the particles was not possible. This made the process more time consuming,
and all measurements were done manually, which makes human bias or error a
potential source of uncertainty. However, these number should still give a fairly
good estimation of the populations, both in terms of the sizes and aspect ratios.
They could still be somewhat affected by bias and chance, but not to a very high
degree. These numbers and the TEM images show that we seem to have achieved
three different populations, with different sizes and aspect ratios. This means
that the effect of aspect ratio on biosensor sensitivity can be further examined
in the biosensing experiments.

On the other hand, the rod yield calculations are more uncertain because of the
number of analyzed particles. A few spheres could make a significant difference
in the yield, and it is likely that these numbers would have been slightly different,
had more particles been analyzed. These numbers are therefore only included
to show that there are spheres and quasi-spheres in the population even as the
aspect ratio increases. In these calculations, an aspect ratio of 1.2 and above is
required for a particle to be counted as a rod. This ratio was set to also include
quasi-spherical particles, but makes for some uncertainty as adjusting the ratio
by 0.1 either way would affect the rod yield significantly. It is difficult to find
exactly the exact aspect ratio which separates a sphere from a rod. Therefore,
these numbers are not a perfect representation, but rather an approximation of
the rod yield.

Zeta potentials of the AR4 and AR3 nanorods were similar with a zeta potential
of around 25 mV and the AR2 nanorods had a zeta potential of about half of that,
but all did at least have positive values. This shows that CTAB is on the surface
as it should give a positive charge on the particle surface as the positively charged
head groups in the adsorbed bilayer ™. This fact can be utilized in further work.
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The zeta potentials are important for functionalization since different capping
agents will affect the zeta potential. This makes it possible to use the zeta
potential as one of the ways of verifying that CTAB has actually been removed
and replaced from the particles.

The UV-Vis spectra of the gold nanorods are plotted in figure 5.6, The blue plot
shows the absorbance of the particles synthesized using 250 nL silver nitrate,
whereas the the purple plot and Turkish blue plot shows the absorbance of the
particles synthesized using 500 and 750 pL silver nitrate, respectively. All sam-
ples have similar peaks at in the 510-520 nm range. Their second peaks are very
different, as the blue plot has a peak at 650.5 nm, the purple plot has a peak at
764.5 nm and the Turkish blue plot has a peak at 839.0 nm.

4 s AU NR 250 uL SN | ™ = 650.5 nm
1| = AuNR 500 uL SN | A" = 764.5 nm
Au NR 750 uL SN | A™ = 839.0 nm
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Figure 5.6: The UV-Vis spectra of the Au NR syntheses. The legend shows the SN volume
used in each synthesis, which was the only variable between the syntheses. Each
sample is normalized to itself at 350 nm.

The UV-Vis spectra in figure [5.6] show that the intensity of the second peak
increases as the silver nitrate volume used in the synthesis (and calculated as-
pect ratio) increases. These UV-Vis spectra prove that we have three different
populations, and that the calculated aspect ratios are fairly correct. Also, the
wavelength of the second peak is shifted to higher wavelengths with increasing
aspect ratio. This synthesis is based on the one reported by Nikoobakht and El-
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Sayed, and it is therefore natural to compare these UV-Vis spectra to theirs!®.

For the third synthesis, the absorbance peak is observed at similar wavelengths,
as they also reported a peak at just under 840 nm®. In the first and second
synthesis however, the absorbance peak is observed at slightly lower wavelengths
than in the source. Nikoobakht and El-Sayed did not do syntheses which used
the exact same concentrations of silver nitrate, but their report contains one
synthesis with concentrations which can be used as a reference for this work.
By doing interpolation between their results, the absorbance peaks in this work
is well in line with what was reported in the source. It should be noted that
the exact peak averages achieved by Nikoobakht and FEl-Sayed were not given,
but were read from a graph. This means there is a small margin of error in the
estimations. The aspect ratios were also compared to the source and was found
to be fairly similar. Therefore, it is likely that this synthesis is easily repeatable.
The nanorod samples will from this point be labelled based on their calculated
aspect ratios, rounded to the closest integer (CTAB@QAu NR AR2, CTAB@Au
NR AR3, CTAB@QAu NR AR4).

The differences between the Nikoobakht and El-Sayed syntheses and the syn-
theses in this project are negligible. However, it is important to note that small
variations in the concentration of reactants or external influence on the reactants
could be the source of these minor differences, as silver nitrate for example is
light sensitive™. It is therefore important in this synthesis to be aware of these
factors to reproduce it. The aim of synthesizing rods of different aspect ratios
was achieved, and the synthesis seems to be very repeatable. Hence, these par-
ticles were deemed to be suitable for further CTAB removal and oligonucleotide
functionalization. There are clearly different populations with different aspect
ratios, which makes them suitable to investigate how the aspect ratios affect the
Au NRs sensitivity as biosensors.
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5.1.4 Synthesis of Au NUs

The synthesis of nanourchins was done three times to find out if the procedure
was reproducible. In the two final syntheses, the same gold nanosphere solution
was used as the seeds whereas the first synthesis used a different nanosphere
solution as seeds. The concentration of these solution is also given.

Table 5.4: The hydrodynamic radius and zeta potential of the three Au NU solutions, and
the concentration of the seed solutions used to synthesize the particles.

’ H First synthesis \ Second synthesis \ Third synthesis ‘

Hydrodynamic size 145 £ 2 nm 141 £ 3 nm 183 £ 15 nm
Zeta potential 22 £ 2 mV 22 £1mV 22 £ 2 mV
Cleeas (particles/mL) 1.8 % 102 1.8 % 10" 7.5 % 1011

The UV-Vis spectra of three different syntheses of gold nanourchins are presented
in figure The particle solution of the first synthesis has an absorbance peak
832.5 nm, the second has a peak at 852.0 nm and the third and final has an
absorbance peak at 874.5 nm.
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Figure 5.7: UV-Vis spectra of the three Au NU samples. A and B shows the first and
second sample, which were synthesized using the same seed solution. C shows
the third synthesis, which used a different seed solution. The legend also shows
the absorbance peak of all three samples. Each sample is normalized to itself at
350 nm.
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In figure 5.8 TEM images of the three nanourchin solutions are shown. Image A
shows particles from the first synthesis, particles from the second synthesis are
shown in image B and image C shows particles from the third synthesis.

30.0kV x110k BFSTEM 03/03/2023 500nm [ 30.0kV x130k BFSTEM 03/03/2023 400nm
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Figure 5.8: TEM images of the three Au NU samples. A and B shows the first and second
sample, which were synthesized using the same seed solution. C shows the third
synthesis, which used a different seed solution.

A comparison between the hydrodynamic sizes of the three samples given in ta-
ble [5.4] shows that there is a slight difference between the the first two and the
final sample. This could potentially be attributed to small differences in the con-
centration the seed solutions used in the syntheses. If the particle concentration
measurements were slightly off, that could have a notable effect on the growth.
If there were less seeds in the solution available for growth but still the same
concentration of gold, the particles should theoretically grow larger. In addition,
the degree of supersaturation would be higher and could cause a higher degree
of diffusion-controlled growth, which means that there would be a higher degree
of irregular growth (branch growth)®. This seems to be the case when com-
paring the TEM images in figure |5.8| as the particles in image C seems to be a
bit less dense and have a more inconsistent shape than the particles in image A
and B. However, this is based on a small sample size and is based on subjective
observations, which makes it difficult to draw a definite conclusion.
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Further, the UV-Vis spectra in figure is also consistent with the size differ-
ences, as there is a notable difference between the two first and the final sample.
The shoulder peak of the third sample is significantly more prevalent than that
of the first two, which supports the hypothesis that there is a morphological
difference between the samples. The shape and size of gold nanoparticles cause
differences in the absorbance, which should mean that the third sample is differ-
ent from the former twol!

There are also differences in absorbance around the peak wavelengths between
the second and first sample, but this could be expected in a growth process which
favours irregular growth. It could be caused by difference in diffusion rate if the
particles were added more or less quick to the mixture, it could be caused by
microscopic differences in seeds added as discussed earlier or potentially just be
naturally occurring variations in this process. The differences are however within
a satisfying range considering the irregular growth, and all three samples have
fairly similar absorbance spectra, with only the shoulder peak of the third sample
standing out as a significant deviation.

There process is hence be seen as fairly repeatable, and the most significant
change could be done differently to obtain less variation it is to use one seed
solution for all syntheses, since this would avoid larger differences in supersatu-
ration in the reaction mixture. The particle tracking analysis could give slightly
different concentrations every time since the samples have to be very diluted,
which could also be a source of error 8. Still, the solutions from these syntheses
were deemed to be usable for further analyses and functionalization as the dif-
ferences between them was not enormous and all had the desired sea-urchin like
shape.
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5.1.5 Verification of surface capping on Au NUs

An FTIR analysis was also performed to investigate the particles during the
synthesis process. For reference, sodium citrate and PVP were measured indi-
vidually, followed by measurements of the citrate coated seeds, the seeds after
treatment with PVP and the particles after the growth process. The FTIR spec-
tra of all these samples are shown in figure [5.9] Some of the spectra have been
amplified to make them easier to compare with the other spectra. The the bonds
attributed to each peak are added based on literature P23
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Figure 5.9: The FTIR spectra of the particles from the synthesis, in addition to the references
sodium citrate and PVP. The three analyzed particles solution are citrate coated
nanospheres, PVP-treated nanospheres and the final nanourchins.
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The FTIR spectra ca be used to verify that the correct capping agent is actually
present in each step of the process. By comparing the spectra of pure sodium
citrate with that of the citrate capped Au NSs from the Au NS synthesis used in
this project. Sodium citrate has two clear peaks, one at 1570 e¢m ™! and another
at 1389 em ™!, which are also present in the spectra of the Au NSs. Based on
the Coates guide on how to interpret FTIR spectra, carboxylates will have peak
at between 1610 and 1550 ¢! and in the range 1420-1300 range®?. Wang et
al. also specify that the signal former represents a C=0 bond and the latter
represents the C-O bond in the carboxyl group™. This shows that the citrate
shows the expected results in the spectra and can be used as a comparison for
the other samples. The citrate-coated nanospheres which were used as seeds has
similar peaks in its spectrum, but one of the peaks is at about 1685 cm ™!, which
is a bit higher than in the sodium citrate measurement from this sample, but
still within the Coates range of carboxylatesP?. Hence, the results can be seen
as a verification that citrate is actually stabilizing the nanoparticle.

PVP on the other hand has three large peaks, one at 1678 cm ™!, one at 1420 em !
and one at 1283 cm~!. The one at 1675 cm ™! is the most prevalent, whereas the
others have several sub-peaks at nearby wavelengths. Coates states that tertiary
amines should have a peak between 1360 and 1310 em~!. The nitrogen atom in
PVP is bound to three carbons and is therefore tertiary, but none of the peaks
are in this rangePl. The final peak (1285 ¢m™!) is just out of this range, but
is within the range of primary and secondary aromatic amines. Therefore, other
articles were reviewed, and similar spectra to the ones obtained in this work were
observed B These articles identified peaks similar to the one at 1675 cm ™!
as a C=0 stretching band. Further, the peaks similar to the 1285 em™! peak
were identified as signals from CH, wagging and C-N bonds. The last peak, at
1420 em~! was in the reviewed sources said to represent the C-H bending. All
of these bonds can be observed in the PVP structure, and the spectra obtained
in this work was used as reference for the nanoparticle samples.

All of these peaks can be observed both in the PVP-treated Au NSs and the final
Au NUs, and it can therefore be seen that the signals from the C=0O stretching
band, C-N stretch, C-H bending and CH, wagging are all present in these sam-
ples. The peaks of the PVP-capped nanospheres are not as easily identifiable
as the pure PVP and PVP-capped nanourchins, but can still be observed close
to the expected wavelengths, with a maximum difference of 8 em™! between a
reference peak and a peak in the nanoparticle samples spectra. This shows that
there is likely a presence of PVP in the samples as the mentioned band can
be identified in the spectra. These signals could be from residual PVP in the
solution, and not PVP on the particle surface. However, the samples were cen-
trifuged several times to remove residual PVP, making it more likely that the
signals are from PVP adsorbed on the nanoparticle surface.

It is important to note that some of the spectra were amplified to be able to
see the nuances. Many of the samples such as the PVP-treated Au NSs, were
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available in small volumes. Therefore, the peaks were difficult to see in their
original scale and therefore difficult to compare to the other samples. Still, this
should not affect what we can derive from the spectra, as they are only used for
a qualitative analysis. Based on the results from this FTIR and TEM images,
the particles seem to be successfully synthesized and capped with PVP. However,
how stable the particles are with this PVP-capping is unknown and it is essential
to investigate this further.

5.1.6 Stability of Au NUs

The nanourchins were analysed by UV-Vis spectroscopy after treatment with
sonication and vortex. The spectra from this analysis are shown in figure [5.10]
This figure includes the spectra right after treatment, as well as two, ten, twenty
and thirty minutes later. The nanourchins from the first synthesis were used for
this analysis.
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Figure 5.10: The absorption spectra of the nanourchins right after sonication and vortex,
and two, ten, twenty and thirty minutes later.

The spectra presented in figure [5.10/shows how stable the Au NUs are in ethanol.
This gives an idea of how quickly the particles should be used and if they can
be used at all. If the particles were to precipitate immediately, they would be
problematic to work with later as they could aggregate and agglomerate during
functionalization. This would result in a more polydisperse particle solution
and therefore a broader absorbance peak, which could make it more difficult to
identify the peak shift during biosensing. Also, larger particles than these could
be less biocompatible, which would limit the potential in-vivo application 3.
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The figure shows that for the ten first minutes, the particles are fairly stable.
However, after twenty minutes the particles have started to precipitate, as can
be seen as the peak broadens and the peak intensity is lowered. Thirty minutes
after the start, the spectrum had significantly changed from the first one. The
peak is much broader and the intensity of the peak has decreased notably, which
indicates that a high amount of particles precipitated out of the solution between
the twenty and thirty minute mark.

What can be derived from this data is that the particles are stable for a satis-
factory amount of time. Within ten minutes, it should be possible to initiate
functionalization and it would therefore not be expected to have a high degree
of agglomeration or aggregation. However, the particle solution should not be
used after twenty minutes seeing as the rate of precipitation seems to increase
around this point. This may as previously discussed cause issues with higher
polydispersity and lower biocompatibility, making them unsuitable for biomedi-
cal applications.

UV-Vis spectroscopy was done on the first particle solution at different times
after synthesis, the first being right after synthesis and the final one being after
one and a half hour of storage. The absorbance peak wavelength of each analysis
was plotted and can be seen in figure [5.11}
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Figure 5.11: The shift of the absorbance peak wavelength over time. The particles of the
second synthesis was used to do this analysis. After synthesis, the absorbance
peak was at 832.5 nm, but this shifted to 794.5 nm in 44 days.
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TEM imaging was also performed of both the the particles after synthesis and
after one and a half month of storage. In figure[5.12] image A shows the particles
as-synthesized and image B portrays the urchins after 45 days.
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Figure 5.12: TEM images of the nanourchin particles on the day of the synthesis (A) and
after one and a half month of storage (B).

Based on figure [5.11], it is evident that there is a significant change during the 10-
15 first days after synthesis, as the absorbance peak shifts to lower wavelengths
at a high rate. From the day of the synthesis to the day after, there is a shift of
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over 10 nm, and in the following ten days it decreases by another 20 nm. After
just under 20 days the peak seems to stabilize, with only a shift of about 2 nm
in over the next twenty days.

Looking at the TEM images in figure [5.12] the particles do still have very sig-
nificant spikes after storage. It is difficult to draw any real conclusions about
morphological changes, but they seem to be slightly more dense in appearance
than initially and the spikes seem to be slightly more blunt. The former differ-
ence could be due to differences in the TEM imaging brightness and contrast
settings and differences in TEM sizes are difficult to identify due to the irregular
shape of the particles. It is also difficult to state if the latter difference is just
observed by chance or if the population in general has more blunt edges than
right after synthesis.

The trend observed in the peak shift study, shows that to use the particles as-
synthesized it is necessary to use them as quickly as possible. The observed
change change could be the result of Ostwald ripening, which is the process
where smaller particles dissolve and the monomers dispose on the surface of the
larger particlest¥. Still, the nanourchins still have a spiky surface after the
storage period, meaning they still have the desired shape. The peak is also still
at a NIR wavelength after storage, so they still have the potential for in-vivo
applications ¥,

This begs the question if the particles should be used immediately after synthesis
or whether it is better to use them when they have stabilized. It is possible that
the Ostwald ripening would still be as significant even if the functionalization
was done immediately after synthesis. In that case this could work as a source of
error in biosensing, as the rate of the peak shift is very high during the first days
after synthesis. Therefore, it may be better to use the particles after some time of
storage, as the particles seem to stabilize during this period. Since they also still
have their spiky structure and the solution still has a peak in the NIR area, the
effect of these particles as biosensors should not be significantly different than if
used shortly after synthesis.
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5.2 Functionalization of nanoparticles

After the particles were synthesized and thoroughly characterized, functional-
ization of the Au NPs was done. The functionalization was divided into three
main parts. Firstly, CTAB was partially removed from the Au NRs and replaced
using first PEG-SH followed by an exchange with MUA. The latter chemical was
also used to replace the PVP on the Au NUs. The final step was to cap the
particles with oligonucleotides, using amino-terminated oligonucleotides to bind
the carboxyl groups in citrate and MUA.

5.2.1 PEGylation of CTAB-capped AU NRs

The concentration of the CTAB@Au NR AR2 was 2.9 * 10'° particles per mL,
whereas the concentrations of the CTABQAu NR AR3 and CTAB@QAu NR AR4
solutions were 1.8 10! and 1.4 x 10'° particles per mL, respectively. CTAB@QAu
NR ARS3 solution was used in different concentrations in the reaction with a fixed
amount of PEG-SH. The UV-Vis spectra of these three samples after reaction
with PEG-SH are included in figure with the spectra before the reaction.
All spectra are normalized to their absorbance at 350 nm.

—— CTAB@Au NR AR3
4 1| —— PEG@Au NR | 1.8* 10'° CTAB@Au NRs
PEG@Au NR |9.0* 10° CTAB@Au NRs
PEG@Au NR |4.5* 10° CTAB@Au NRs
—— PEG@AuU NR | 2.3*10° CTAB@Au NRs

Absorbance
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Figure 5.13: The UV-Vis spectra of the CTAB-capped nanorod (blue) and nanorod solutions
where CTAB had been exchanged with PEG-SH. The solutions where PEG-SH
was added used different concentrations of nanorods, one using the as-prepared
CTAB@Au NR AR3 solution (purple) and three which were diluted by fac-
tors of two (Turkish blue), four (grey) and eight (brown) from the as-prepared
CTAB@Au NR solution. The number of particles used in the PEG functional-
ization is given in the legend.
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The zeta potential of the PEG-treated samples are given in figure [5.14, The
zeta potential of the CTAB-capped nanorods is also included for reference and is
positive. After the PEG exchange, the zeta potential of all samples is negative.

30

25 +

20 +

15 A

10 A

Zeta Potential [mV]

-10 T T T

AR pu NR AU
pu NR 8@ 8@
CTRBETC fiuted CT; ailuted Cﬂ:x giluted ©

pEG@AY NR‘;EG@P‘“ pEG@M T oG @MY

T
NR

Figure 5.14: The zeta potential of the four different samples which were treated with PEG-
SH and the CTAB@QAu NR AR3 before the exchange.

The success of the PEG-functionalization can be verified by looking at absorbance
spectra and zeta potentials. Firstly, the undiluted and the two times diluted are
almost exactly the same as the spectra before functionalization. However, the
four and eight times diluted nanorod solution has a slightly lower intensity in the
second peak than the CTAB@QAu NR. However, these spectra can not alone show
if the PEG functionalization was successful, as it is possible that the CTAB is
still on the nanoparticle surface rather than PEG. More data is needed to verify
that it is actually PEG which is present on the surface.

The zeta potential could be used to verify the PEG functionalization. With
CTAB on the surface, the zeta potential should be positive ™. However, when
the PEG is present on the surface the zeta potential should be negative, due to
the oxygen atoms in the polyethylene glycol chain™. However, this particular
PEG also has a nitrogen atom, which could bring the zeta potential closer to a
positive value. All samples which were treated with PEG had a slightly negative
zeta potential, as can be seen in figure [5.14] which is in line with the theory.
The difference in zeta potential before and after PEGylation is very significant,
making it fairly certain that there is PEG present on the surface of the nanopar-
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ticle. There was therefore not necessary to perform any further characterization
to validate that this was the case.

Furthermore, the reason that the dilution series was used in the functionalization
to investigate if the particle concentration had an influence on the PEG func-
tionalization. The data from the UV-Vis spectroscopy and and zeta potential
measurements shows that the as-prepared nanoparticles could be used directly
in the PEG functionalization. There does on the other hand seem to be an issue
as lower particle concentrations are used in the functionalization, as the intensity
of the peaks lowers. Why this is happening is not certain, but it could be due
to an unevenly distributed loss during the centrifugation process. Therefore, the
as-prepared CTAB@QAu NRs were used directly for PEGylation for the two other
samples nanorods solutions.

The other two CTAB@Au NR solutions (CTAB@Au NR AR2 and CTAB@Au
NR AR4) were also used for further functionalization. These were treated with
PEG undiluted as formerly discussed, and their absorbance spectra before and
after PEGylation are shown in figure [5.15] The second peaks have shifted to
slightly higher wavelengths, but the intensities are largely unaffected. After
PEGylation, these nanorods were redispersed in ethanol.

— CTAB@Au NR AR 2 | L™ = 646.5 nm
4 {| == CTAB@AUNR AR 4 | 2™ = 833.5 nm
PEG@Au NRAR 2 | 3% = 848.5 nm
PEG@AuNRAR 4 | 1™ =848.0nm
3 .
[
Q
c
©
2
2 2
el
<
1- 7N )
0 T T I\
400 600 800

Wavelength [nm]

Figure 5.15: Absorbance spectra of the nanorods with the lowest and highest aspect ratio,
both before and after PEGylation.
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5.2.2 MUA-functionalization of PEGylated AU NRs

MU A-functionalization was done following the Thierry et al. method, using
the PEG@QAu NR AR3 solution diluted by a factor of two and four and one
undiluted solution. After functionalization, the particles were redispersed either
in pure M(Q water or in water with a pH of 9. The absorbance spectra of all
particle solutions can be seen in figure [5.16] The top plots shows the spectra the
particle solutions which were redispersed in water with a pH of 7 and the bottom
shows the spectra of the particle solutions which were redispersed in water with

a pH of 9.
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Figure 5.16: Absorbance spectra of the particle solutions dispersed in MQ water with a pH
of about 7 (top plot) and in MQ water with a pH of about 9 (bottom plot) after
MUA-functionalization. All spectra were normalized to their absorbance at 350

nm.
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The absorbance spectra of in figure [5.16| show that pH plays an important role
when redispersing the particles after the MUA capping process. This study
was done as Thierry et al. redispersed the particles using water adjusted to
pH 9. Therefore, it could be that the issues that arose when redispersing the
particles in regular MQ water would not be occurring when using basic water
for redispersion. These figures show that adjusting the pH helps in maintaining
more of the original absorbance fingerprint, but perhaps still not to a satisfying
degree. When the particles were redispersed, there was a clear difference in the
spectra from the PEGylated solution, both when dispersed using M(Q water and
basic water.

The small peak at around 515 nm after MUA capping was significantly broader
and had shifted to higher wavelengths, whereas the larger peak has lowered
notably in intensity and also shifted to lower wavelengths in all but one of the
parallels. This means that there must have occurred a change in the population,
but it is unlikely that the ligand exchange would have induced any morphological
changes in the particles. Therefore, it is more likely that there has either been
happening aggregation during the process, despite of the sonication, or that rods
with different aspect ratios would have different rates of exchange.

A hypothesis to why these problems was occurring is grounded in the fact that
the MUA is soluble in ethanol, but not soluble in water ™.  Even though the
PEGylated Au NRs are dispersible in ethanol, they are still highly dispersible in
water as observed in the experimental work. References also confirm that PEGs
should be soluble in both water and ethanol™. This could cause a problem
where the contact between the nanoparticles is limited due to the differences in
solubility and dispersibility of the incoming ligand and PEGylated nanoparticles.
Also, since the functionalization is done using sonication, the particles and MUA
will not be mixed as well as if stirring was used. Consequently, the rate of ligand
exchange could be affected negatively.

To improve the ligand exchange changes had to be made to the MUA-capping
process, which could avoid the mixing problems and therefore make the ligand ex-
change more successful. Given the hypothesis that the difference in nanoparticle
dispersibility and MUA solubility in water and ethanol causing the issue, a change
was made based on a method where PVP is replaced on silver nanoparticles29.
This method is used also used as the blueprint for the Au NU functionalization,
which will be presented later. In this method, the PVP-capped nanoparticles are
dispersed in ethanol and is mixed with several thiols, also dispersed in ethanol.
They report successful exchanges in this paper, but it is important to note that
PVP has a lower affinity to the particle surface than thiols?4.

In this context however, thiolated PEG is already present on the surface, which
could make the exchange more difficult. Still, a theory that using ethanol as the
sole solvent would give higher degree of mixing of the particles was developed
based on the findings of this paper. A better mixing rate would potentially make
an exchange more likely. The high concentration of MUA compared to PEG
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on the surface could make up for this, as the rate of thiol ligand exchanges is
dependent on the concentration of the incoming ligand 28,

Therefore, instead of redispersing the particles in water after PEGylation, the
particles were dispersed in ethanol. Also, the MUA was dispersed in ethanol
instead of a water-ethanol mixture. Furthermore, the exchange was done by
stirring at 400 rpm for two hours instead of sonication for one hour. This could
provide better mixing of the particles and MUA and potentially improve the
contact between them.
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5.2.3 Modification of MUA-functionalization in Au NRs

The discussed changes were applied to the protocol and the adapted method was
performed, this time using the PEGQAu NR AR4. The absorbance spectra of
the functionalized nanorod solutions are shown in figure [5.17] These first three
functionalizations used 6.3 * 10, 3.1 * 10° or 1.6 * 10° PEGylated nanorods in
the MUA-functionalization. One more functionalization was done after these
three, this time using a more concentrated solution of PEGylated nanorods. In
addition to these, the spectrum of the nanorods before MUA-functionalization
was also included.
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Figure 5.17: Absorbance spectra of the PEG@QAu NR AR4 nanorods and four MUA-
functionalized nanorod solutions. The four MUA-functionalized samples were
prepared using different amounts of PEGylated Au NR ARA4 particles, and the
number of particles used is stated in the legend. All spectra were normalized to
their absorbance at 350 nm.

The zeta potentials of the four samples were also measured and can be seen
in figure [5.18 These four samples were functionalized using different dilutions
(concentrated, undiluted, two times and four times diluted) of the PEG@QAu NR
ARA4 solution. In the figure, the zeta potentials of the CTAB-capped nanorods
and the same solution after PEGylation. The zeta potential of the PEGQAu
NR AR4 was -3 + 1 mV, whereas the zeta potential of the three samples which
had undergone MUA-functionalization were -20 + 9 mV (concentrated PEGQAu
NRs), -17 + 1 mV (undiluted PEG@Au NRs), -4 + 1 mV (2x diluted PEG@Au
NRs) and -8 + 2 mV (4x diluted PEG@QAu NRs).
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Figure 5.18: Zeta potentials of the PEGylated Au NR AR4 and the four MUA-functionalized
samples. The four MUA-functionalized samples were prepared using different
numbers of PEGylated Au NR AR4 particles, and these numbers are given in
the legend.

Based on absorbance spectra, this way of performing the ligand exchange is
notably more successful than the former method. The intensity of the second
peak is somewhat reduced after MUA-functionalization, but not as much as when
using the Thierry et al. methodPd. The first peak at around 510 nm is almost
exactly tracking the peaks of the CTAB-capped and PEGylated nanorods. If
the exchange has taken place, the changes made to the method seems to have
helped preserve more of the original nanoparticle population. Even though the
second peak has a slightly lower intensity than the PEG@QAu NRs, it is still a
clear improvement of the former method.

The spectra of the MUA-functionalized nanorods show that a high concentration
of nanorods should be used to preserve the absorbance fingerprint of the solution,
a trend also observed in the PEGylation. It is difficult to argue what exactly
causes this, but it could potentially have something to do with the loss of parti-
cles during cleaning. When the concentration of particles gets very low, a loss of
particles could have larger effects on the population than if the concentration is
high. However, these results could potentially just be the product of an unsuc-
cessful exchange. If the MUA has not been able to replace the current capping
agents, the particle could still be capped with CTAB and PEG. Therefore, other
characterization methods were used to verify that MUA is present on the sur-
face. Furthermore, the concentrated PEG@Au NR solution was functionalized
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after the other ones to find out if it was possible increase the peak intensity.
This sample was prepared by redispersing the PEG@QAu NRs in 1 mL of ethanol
instead of 2 mL. This gave very similar results to that of the undiluted PEGQAu
NR solution, but resulted in a more concentrated MUA-functionalized nanorod
solution. This indicates that the intensity seen in this spectrum may be the limit
for the intensity when using this method.

The decrease in zeta potentials from that of the PEGylated nanorods to that of
the MUA-functionalized also indicate that MUA is present on the surface. MUA
has a carboxyl group on the surface, whereas PEG does not have any charged
groups, meaning MUA capped nanoparticles should have a higher negative po-
tential than PEGylated nanorods. This is the case, as the MUA-functionalized
nanoparticle solutions have a higher negative zeta potential than the PEGylated
particles in all samples. The difference is not very significant in the samples pre-
pared using diluted PEG@QAu NR solutions, but the samples functionalized from
undiluted and concentrated PEG@QAu NR solutions showed a larger decrease in
zeta potential. However, there is still one important uncertainty in these number,
which is that the PEGylated nanorods were dispersed in ethanol, whereas the
MU A-functionalized nanoparticles were dispersed in MQ water. This could cause
some of the difference in zeta potentials, as a former thesis have measured the
zeta potential of water-dispersed PEGylated nanorods down to about -14 mV 8,
This makes it more difficult to draw any conclusions about the capping of the
nanoparticles, and more data was needed to investigate the capping further.
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An FTIR analysis was also performed of both the PEGylated nanorods and
MU A-functionalized nanorod solution. The spectra of these samples are shown
in figure [5.19] with the spectra of pure MUA. The bonds attributed to each peak
in the figure are based on reports in the literature 5273 The bond represented
by peak at 1047 in the MUA sample could not be identified based on literature.
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C-H 1292
U CH2
1695
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£ 1558
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@ 1261
= 1732
1437 1099
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1593 1111
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Figure 5.19: The IR spectra of the PEGylated nanorods, MUA-functionalized nanorods and
pure MUA. The bonds attributed to each peak in the figure are based on reports
in the literature BT73T4
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The FTIR analysis was done to investigate the the capping agents in further
detail. When looking at figure it is evident that there are significant differ-
ences between the three analyzed samples. Firstly, looking at the PEG-capped
nanorods, there are several peaks which can be identified using Coates guide
to reading FTIR spectral®d. The peak at 1732 em~! is close to, but not quite
in the range of amides, which is 1630-1680 em~!. Still, it is close enough that
it is reasonable to assume that it represents the C=0 bond in the structure of
PEG-SH. Further, the peaks at 1437 and 1261 ¢m ™! are similar to the peaks
found in PVPT# ™ This means the former likely represents C-H bending and
the latter represents CH, wagging and C-N bonds, which should both be present
when considering the PEG-SH structure. Finally, the peak at 1099 ¢m~! should
be caused by the ether groups in he structure®. The ether group is found in
the repeating unit of PEG-SH, which explains why this peak is the largest in the
spectra in the selected range.

After identifying the peaks in the PEG@Au NR spectra, both this and the MUA
spectra can be used to verify that the exchange has taken place. Firstly, by
comparing the pure MUA spectra to the MUA-capped nanorod spectra several
differences can be identified. However, this does not necessarily mean that the
exchange has not taken place, as the Coates guide for reading the spectra offers
an explanationPl. Even though carboxylic acid should have peaks at around
1700 ¢m™!, this is not the case for carboxylates. An example of a carboxylic
acid salt from earlier in the thesis is sodium citrate (fig , which has on peak
at around 1578 em™! and another at around 1389 em~!. This corresponded
well with the given wavenumbers of carboxylic acid salts in the Coates guide,
and peaks at very similar wavenumbers are observed in the spectra of the MUA-
functionalized nanorods. This means that the signals are likely from vibrations of
carboxylates in the samples, meaning it is very likely that MUA is present on the
surface. These difference between the FTIR spectrum of pure MUA and MUA-
functionalized nanoparticles are observed in other papers too, further supporting
that the Au NRs are functionalized with MUA %801,

One uncertainty with this analysis is that a high concentration of 11-MUA was
used in the functionalization. It is therefore possible that the peak which indicate
the presence of MUA are not actually from MUA bound to the surface, but rather
free MUA in the solution. There is especially one factor which is important to
consider. Firstly, when MUA is not bound to the nanoparticle, it is not soluble in
regular MQ water, meaning it would likely just precipitate out™!. It is however
possible that there was some ethanol left in the solution after centrifugation, in
which free MUA could exist. Still, there are arguments against this too. Firstly,
MUA is a very small molecule compared to the nanoparticles and would still
be in the supernatant after centrifugation rather than in the precipitate. This
means most of the MUA would be removed after centrifugation. Also, since the
spectra has changed from one typical for a carboxylic acid to one typical for
carboxylates it is likely that the MUA is in fact on the surface of the particle®D.
If it was just on free the ethanol parts of the solution, it should in theory have
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given a spectra more similar to the 11-MUA spectra in figure [5.19) unless it has
reacted in other ways during the mixing.

Based on the results shown in the absorbance spectra and zeta potential mea-
surements, two times concentrated PEG@QAu NR solutions (redispersed in 1 mL
ethanol instead of 2 mL) were used for functionalization of the nanorods. The
absorbance spectra after MUA-functionalization are shown in figure [5.20, with
their initial spectra (with CTAB-capping) also indcluded as a reference. The
intensities of the peaks were lower after functionalization, but there was not ob-
served much of a peak shift in either one. These nanoparticle solutions were used
for the subsequent oligonucleotide functionalization.

— CTAB@Au NR AR 2 | 2™ =850.5 nm
—— CTAB@Au NR AR 3 | 2™ = 764.5 nm
CTAB@AuNR AR 4 |2 =839.0 nm
MUA@AuU NR AR 2 | 2™ =647.0 nm
—— MUA@AuNRAR3 |.™ =765.0nm
—— MUA@Au NR AR 4 |0.™ =848.0 nm

Absorbance

400 600 800 1000

Wavelength [nm]

Figure 5.20: Absorbance spectra of the nanorods with the lowest and highest aspect ratio,
both before and after MUA-functionalization. All spectra were normalized to
their absorbance at 350 nm.
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5.2.4 Displacement of PVP in Au NUs

The concentration of the sample used for functionalization was 3.0 10 particles
per mL. Three different dilutions of this sample was used in the MUA function-
alization. One with a dilution factor of two, the second with a dilution factor of
four and a final dilution factor of eight. Figure shows the absorbance spectra
of these three samples after the MUA-functionalization, plus the spectra of the
original solution on the day of the functionalization. Dispersion tests were also
performed pre and post functionalization. Pre functionalization, the particles
were dispersed in water and post functionalization the particles were redispersed
in ethanol. These experiments both gave the same result, as precipitation oc-
curred shortly after redispersion.

2,0
—— PVP@Au NUs

—— MUA@AUNU | 3.6 * 10" PVP@Au NUs

1.8 7 MUA@Au NU | 1.8 * 10° PVP@Au NUs

MUA@Au NU | 9.1 * 10° PVP@Au NUs

16 1| T MUARAUNU |46 *10° PVP@Au NUs

Absorbance

400 600 800 1000

Wavelength [nm]

Figure 5.21: The UV-Vis spectrum of the Au NUs after functionalization with MUA. The
functionalizations used different amounts of PVP-capped nanourchins, all stated
in the legend. All spectra are normalized to their own absorbance at 350 nm.

The zeta potential of the three samples was also measured. Figure shows the
zeta potential of the three samples after MUA functionalization and the original
PVP-capped Au NUs. The zeta potential of the latter was about 20 mV, and in
all three MUA-functionalized samples the zeta potential has turned negative.
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Figure 5.22: Zeta potentials of the PVP@QAu NUs and the four MUA-functionalized samples.
The four MUA-functionalized samples were prepared using different numbers of
PVP@Au NUs, and these numbers are stated in the legend.

The absorbance spectra of the MUA-functionalized nanourchins are fairly similar
before and after synthesis. The loss of intensity is negligible in all but the sample
which used the least amount of particles in the functionalization. This peak is
also broader than all the other peaks, which means we have a similar trend to
that observed in nanorod functionalization. As the amount of particles used
for functionalization decrease, the spectra changes more. Why this trend is
observed was previously discussed to have something to do with particle loss in
the centrifugation steps. As this trend is observed in many different types of
functionalization, it is likely to have the same root cause.

The zeta potentials are also very indicative of the success of the functionalization,
but it is important to note that the particles were dispersed in different solvents
before and after functionalization, which could have an influence on the zeta
potential. Still, the zeta potential turned from almost positive 20 mV to negative
15-22 mV in all tries, meaning it is very likely that the capping agent has been
exchanged, regardless of the change in solvent. Another factor which supports
this is the dispersion tests which were done on the particles. The PVP@QAu NUs
precipitated out when tried redispersed in water, which means they could not be
the capping agent of the particles after functionalization, as the particles at this
point could only be dispersed in water and not ethanol.
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An FTIR analysis was also done on the sample after MUA functionalization and
of pure MUA. The spectra of these compounds between 2000 ¢m ™' and 1000
em~! is presented in figure In this figure, the spectra of PVP and the
PVP-capped nanourchins which were presented earlier in figure 5.9, The bonds
attributed to each peak in the figure are based on reports in the literature BT

11-MUA

PVP

PVP@
Au NU

Transmittance

1678
c=0
J\_/V\ 1290

1412

1676 MUA@
1080 Au NU

2000 1800 1600 1400 1200 1000

Wavenumber [cm"1]

Figure 5.23: FTIR spectra of sodium citrate, PVP, PVP-capped nanourchins and MUA-
capped nanourchins. The bonds attributed to the peaks are based on literature.
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The FTIR spectra of MUA and PVP have already been discussed in previous
sections and will therefore not be explained in detail in this section. However,
it should be noted that the structures of these two chemicals indicates that
they should have very similar spectra since they contain carbonyl groups and
long alkane chains. They should according to the literature both have carbonyl
peaks, and signals from C-H bending and CH, wagging, which all can be seen
in their spectra in figure [5.23[P753  The easiest way to distinguish these two
spectra is by looking at the amide group in PVP. The C=0 peak in the PVP
spectrum is firstly almost exactly at the value indicating the presence of a tertiary
amide, which PVP can be classified as, since the nitrogen atom is bound to three
carbons in the PVP structure®. In the MUA spectrum the carbonyl peak is at
a slightly higher wavenumber, since it is a carboxylic acid rather than a amide.
This is the most important distinction between the two in the wavenumber range
in the figure. Also, the peak at 1283 cm ™! could also represent the C-N stretch,
but it is difficult to use this to distinguish it from the MUA-spectrum 3.

Before functionalization the spectrum is very similar to the spectrum of pure
PVP, with peaks at almost exactly the same wavelengths. This spectrum was
discussed in the nanourchin synthesis section, and it is therefore more interesting
to look at the differences in the spectra before and after MUA-functionalization.
It is clear that changes have occurred, and the spectrum resembles the spectrum
observed after the nanorod MUA-functionalization. The differences between this
spectrum and the FTIR spectrum of pure MUA can be explained by potential
changes in the carboxyl group, which changes from the form of a carboxylic
acid to being in the form of a carboxylate. The peaks are in line with what
wavenumbers the Coates guide to reading FTIR spectra states that carboxylic
acid and carboxylate peaks should be found at®?. This is as formerly discussed
a trend which is observed in other work where MUA is used to functionalize
nanoparticles %80

The characterization of the MUA-functionalized nanourchins indicated that the
functionalization was successful, and it was therefore not necessary to adjust the
method further. The most concentrated sample of gold nanourchins was used
for further functionalization with oligonucleotides. This was the sample in which
3.6 * 101 PVP@Au NUs was used in the functionalization.
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5.2.5 Oligonucleotide functionalization of Au NPs

After functionalization with oligonucleotides, the nanospheres were characterized
by UV-Vis spectroscopy both before and after mixing with a carboxyfluorscein
(FAM)-modified complementary strand. For reference, the citrate-capped Au
NS solutions which were used for functionalization were also characterized in the
same manner. These absorbance spectra are shown in figure showing the
1st generation particle spectra in the top plot and the 4th generation particle

spectra in the bottom plot.
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Figure 5.24:
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Absorbance spectra of the 1st generation (top) and 4th generation (bottom)
nanosphere samples before and after oligonucleotide-functionalization, and after
mixing both with a FAM-modified complementary oligonucleotide. A zoom in
on the peaks is also included. All spectra are normalized to their absorbance at

350 nm.
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The oligonucleotide functionalization seems to have affected the samples to a
low degree. The first generation particle solution increased slightly in intensity
around the peak. The intensity of the fourth generation samples did not change
significantly, except between 550 and 750 nm where the intensity also increased
slightly after functionalization. The change in this spectrum may have been
caused by some aggregation during the functionalization. When salt is added to
the oligonucleotide-nanoparticle mixture, the charges of the citrate capping of
the nanospheres is screened and the particle is therefore destabilized 7. This is
important, as it makes it gives the thiol-modified oligonucleotides better access to
bind the surface of the nanoparticle. There will be a charge-repulsion between the
negatively charged oligonucleotide and the citrate-capped nanoparticles, which
the salt addition helps to avoid.

In terms of the absorbance peak wavelength which are stated in the legends of
figure |5.24] an important difference can be seen when comparing the functional-
ized Au NSs and the non-functionalized Au NSs. Firstly, there is a shift in both
samples after the particles were functionalized. In both the 1st generation and
4th generation Au NSs this was a shift of about 3 nm, which means that the
functionalization has caused changes to the oligonucleotide solution. This could
be because of the previously discussed aggregation, but it could also be caused
by refractive index changes due to the functionalization H!.

When also taking the FAM-modified oligonucleotides analyses into consideration,
another important difference in the functionalized and non-functionalized parti-
cles is observed. When the non-functionalized nanoparticles were mixed with the
FAM-modified oligonucleotides a reduction in the peak intensity was observed in
both particles solutions, but no peak shift is observed (0.5 nm blue-shift in the
Ist generation sample). In the functionalized samples however, a red-shift is ob-
served in both particle solution with about 3.5 nm in the 1st generation particles
and 0.5 nm in the 4th generation particles. The intensity also increases slightly,
as can be seen in figure [5.24] but not to a very large degree. This indicates that
the functionalization has been somewhat successful, since only the functionalized
particles exhibit a shift when the complementary strand was introduced. The
changes are very small however, and is therefore not a definite confirmation of
the functionalization but rather a solid indication.

The nanorods functionalized with oligonucleotides were characterized by UV-Vis
spectroscopy both before and after mixing with a FAM-modified complementary
strand. For reference, the MUA-capped Au NR solutions which were used for
functionalization were also characterized in the same manner. The Au NR solu-
tions which were used for functionalization were also characterized in the same
manner for reference. These absorbance spectra are shown in figure [5.25] show-
ing the AR2 particle spectra in the top plot and the AR3 particle spectra in the
bottom plot. The MUA-capped AR2 sample had some noise, and was therefore
treated with a smoothing function in SigmaPlot to allow for comparison.
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Figure 5.25: Absorbance spectra of the AR2 (top) and AR3 (bottom) nanorod samples before
and after oligonucleotide-functionalization. All spectra are normalized to their

absorbance at 350 nm.

Due to low concentrations of the AR2 nanorods incubated with the FAM-oligos,
this spectra cannot be compared to the other ones with a high degree of certainty.
However, the rest of the spectra can be compared with each other and provide
greater context to the AR3 spectra. Firstly, the three spectra are fairly similar
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which indicates that the oligo-functionalization has not affected the particle pop-
ulation to a high degree or caused agglomeration of particles. Other than that,
mixing with FAM-oligos does not seem to have an effect on the MUA-capped AR2
nanorods which could be important to keep in mind in the biosensing section.

The oligonucleotide functionalization of the AR3 nanorods does on the other
hand seem to have affected the nanoparticle population, as the peak intensity
lowered after functionalization. This is likely due to loss of particles or aggre-
gation during the functionalization. The spectra also show that being incu-
bated with a complementary strand had different effects on the MUA-capped
and oligo-functionalized nanorods. The incubation of FAM-oligos with MUA-
capped rods caused a decrease in peak intensity, whereas the incubation with
oligo-functionalized rods caused an increase in peak absorbance intensity. There
is no notable shift in absorbance peak wavelength however, but it could be that
the FAM-oligos does not have a high enough effect on the refractive index of the
particles. A change in the refractive index is required for a LSPR wavelength
shift to occur®.

It is difficult to use these results as conclusive evidence of successful functional-
ization, but the difference in effect when MUA-capped and oligo-functionalized
were incubated with FAM-oligos strongly indicates that the functionalization
was successful. These results are similar to the nanosphere results, where a de-
crease in peak intensity was observed in the MUA-capped NPs after incubation
with FAM-oligos and a slight increase was observed in the oligo-functionalized
particles (when incubated with FAM-oligos).

The nanourchins functionalized with oligonucleotides were characterized by UV-
Vis spectroscopy both before and after mixing with a FAM-modified comple-
mentary strand. For reference, the MUA-capped Au NU solution which were
used for functionalization were also characterized in the same manner. The Au
NU solution which were used for functionalization were also characterized in the
same manner for reference. These absorbance spectra are shown in figure [5.26|
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Figure 5.26: Absorbance spectra of nanourchin sample before and after oligonucleotide-
functionalization. All spectra are normalized to their absorbance at 350 nm.

The changes which were observed in the Au NSs and the Au NRs are not seen in
the Au NUs. Here, an increase in absorbance is observed both when the MUA-
capped and oligo-functionalized NUs were incubated with FAM-oligos. It is not
certain what can be derived from this information, but it should be noted that
the increase in absorption intensity is much higher for the oligo-functionalized
NUs than the MUA-capped ones.

Two problems with the Au NUs are also very evident when considering these
results. Firstly, the peak is not very defined, especially after functionalization,
which would make it difficult to identify LSPR wavelength shifts. Secondly, the
noticeable changes in the absorbance spectra before and after oligonucleotide
functionalization indicate that there are stability issues with the particles, caus-
ing loss of particles when they are functionalized. This makes the absorbance
spectra change significantly and the concentration to drop with each washing
step.

Although the functionalization of Au NSs, NRs and NUs seems to have been
successful based on the results in this section, more testing should have been
done to get a conclusive answer. However, time and instrument limitations made
it difficult to analyze them further. The original plan with using the FAM-oligos
was to look at the difference in fluorescence intensity when oligo-functionalized
and non-functionalized Au NPs were incubated with them. Still, the particles
were tested out for biosensing, the results of which will also work as an indication
of the functionalization success.
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5.3 Biosensing performance of Au NPs

Biosensing testing was done using two different spectrophotometers, a NanoDrop
and a regular UV-Vis spectrophotometer. The results from these experiments
are shown in the two following subsections, with the NanoDrop results being
presented and discussed first, followed by the UV-Vis spectrophotometer results.
The first analysis used lower concentrations of target RNA, whereas higher con-
centrations were tested in the latter.

5.3.1 Biosensing using NanoDrop spectrophotometer

The spectra of the nanosphere 1st (A) and 4th (B) generation and the AR2 (C)
nanorods are included in figure[5.27} The amount of target RNA the sample each
sample was incubated with it shown in the legend. The nanourchin sample and
the AR4 nanorod sample are excluded as the highest measurable wavelength of
the spectrophotometer was 850 nm, making it difficult to analyze these peaks.
The concentration of the former was also too low to analyze.
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Figure 5.27: Absorbance spectra of the 1st (A) and 4th (B) generation nanosphere samples,
and AR2 (C) nanorod samples. The Au NPs were incubated with different
amounts of target RNA, which can be seen in the legend.

In the nanosphere samples, the intensity of the peaks decreases as the RNA
concentration gets higher. This could either be the result of the specific binding
between particle complex and target or it could be an effect the RNA presence,
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meaning non-complementary sequence would show the same result. Changes
in intensity have been shown to happen when Au NPs bind their target, but
this is most commonly in the form of an increaseB0  This may mean that
the biosensing is unsuccessful overall. Either the binding is not happening or
the concentration of target RNA is too low to detect. Either way, this effect is
more similar to the one observed in the functionalization chapter, when the non-
functionalized nanospheres were mixed with FAM-oligos. The nanorod samples is
on the other hand more in line with other reports, and an increase in absorbance
intensity can be seen with increasing target RNA concentration. The spectra are
however quite unreliable, and can not be used to draw any conclusions.

In the spectra of the nanosphere solutions, a small blue-shift can be observed as
the target RNA concentration increases. This is most visible in the 1st genera-
tion nanospheres where the shift is about 3-4 nm from the blank to the highest
concentrated sample, but in the 4th generation sample a shift of 1-2 nm is also
observed. In the nanorod sample, the spectra are too bad to determine any
absorbance peaks and this factor is therefore not considered for the AR2 NRs.

There were some clear limitations with using the NanoDrop spectrophotometer
for these biosensing tests. Firstly, the range of the spectrophotometer was 190-
850 in the UV-Vis method. This meant that when using this, particles with a
peak at higher wavelengths can not be thoroughly analyzed. The nanourchins
and AR4 were therefore not included in the study since their peaks were close
to 850 nm, making it difficult to identify shifts in these two particle solutions.
Another challenge with this type of analysis was that there was a large amount
of noise in the spectra. Therefore, the plots were smoothed by using a SigmaPlot
function. The spectra presented are therefore not perfectly reliable, and this has
to be taken into account in the analysis of the results. The fit for the nanosphere
samples is fairly good, but the nanorod spectra are not good approximations
and can therefore not be used to determine the success of the biosensing. Future
tests should focus on having a higher concentration of Au NPs, to get a higher
signal-to-noise ratio. The Au NSs were the most concentrated and did therefore
give the best curves after smoothing.

These results did not at all provide a good comparison between the three Au
NP shapes and did not present any of the nanoparticles as good candidates for
biosensing. This could mean that the functionalization was not successful or that
the limit of detection is higher than the concentrations used in these experiments.
Also, it was concluded that NanoDrop was a bad alternative for nanorods and
nanourchins, as it sets a limit to how high absorbance peaks can be analyzed.
Therefore, a comparison using a UV-Vis spectrophotometer with higher limits
to the upper wavelength is better for a comparison between the shapes.
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5.3.2 Biosensing using UV-Vis spectrophotometer

A biosensing experiment was also done using a regular UV-Vis spectrophotome-
ter. In this analysis, all samples were tested after incubation with either 10
000, 100 000 or 1 000 000 copies of viral RNA. Figure [5.28 shows the spectra of
the 1st generation (top) and 4th generation (bottom) samples before and after
incubation with target RNA.
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Figure 5.28: Absorbance spectra of the 1st generation (top) and 4th generation (bottom)
nanosphere samples before and after mixing with different amounts of RNA

copies. The legend shows the amount of RNA copies which the particles were
incubated with. All spectra are normalized to their absorbance at 350 nm.
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Figure [5.29]is a zoom-in on the peaks in figure [5.28 The peak absorbance inten-
sity of all but one of the samples which were incubated with target RNA, shows
an increase when compared to the bare Au NS solution. The peak wavelength is
more or less the same in all samples within their own figure.
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Figure 5.29: Absorbance spectra of the 1st generation (left) and 4th generation (right)
nanosphere samples before and after mixing with different amounts of RNA
copies, zoomed in around the peak. The legend shows the amount of RNA
copies which the particles were incubated with. All spectra are normalized to
their absorbance at 350 nm, and the spectra have been smoothed for easier
analysis.

The first thing to notice in the spectra in figure and is that there
is no shift in peak wavelength. That means that the presence of target RNA
can not be determined by looking at the wavelength of the absorbance peak.
This was unexpected, as literature where gold nanostructures have been used as
biosensors generally show a slight red-shift after incubation with the target B%40
The verification of the oligonucleotide-functionalization also showed a red-shift
after incubation with FAM-modified oligonucleotides. It is difficult to answer why
the red-shift is not happening, but it could potentially be due to the concentration
of the target RNA being too low to affect the refractive index or the incubation
time being too short. The concentration of FAM-modified oligonucleotides was
significantly higher than the concentration of target RNA, but the size of the
RNA strand would suggest that its effect should have been higher.

Still, a difference can be observed when looking at the absorbance intensity of
the peak. In all but the NS4 sample incubated with 1 000 000 target RNAs, the
intensity increased compared to the sample with only Au NSs. The outlier could
potentially be the product of some human error during the analysis or aggrega-
tion of particles. It is also the only sample with a slight red-shift, which makes
aggregation a very plausible explanation®. The other samples however, con-
tinues the trend observed in the verification of oligonucleotide-functionalization
of both NRs and NSs. This means that this increase in absorbance intensity is
the greatest indication of the presence of target RNA for the nanospheres. The
intensity only increases slightly in both samples, making it difficult to compare
the two nanospheres solutions directly.
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Nanorod samples AR2 and AR3 were used for these biosensing experiments.
Figure shows the AR2 (top) and AR3 (bottom) absorbance spectra before
and after incubation with different concentrations of target RNA.
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Figure 5.30: Absorbance spectra of the AR2 (top) and AR3 (bottom) nanorod samples before
and after mixing with different amounts of RNA copies. The legend shows the
amount of RNA copies which the particles were incubated with. All spectra are
normalized to their absorbance at 350 nm.
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Figure [5.31] shows a zoom-in of the AR4 absorbance spectra which are shown
fully in figure [5.30] The peaks of the samples incubated with target RNA have
blue-shifted around 5 nm in relation to the bare AR4 nanorod spectra peak. In
this figure, the spectra have been normalized to their absorbance at 765 nm.
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Figure 5.31: Absorbance spectra of the AR2 (top) and AR3 (bottom) nanorod samples before
and after mixing with different amounts of RNA copies, zoomed in around the
second peak. The legend shows the amount of RNA copies which the particles
were incubated with. All spectra are normalized to their absorbance at 765 nm,
and the spectra have been smoothed for easier analysis.

Before discussing the spectra presented in relation to biosensing performance,
it has to be noted that the AR2 spectra has been edited slightly due to faulty
measurements. The absorbance of the samples incubated with target RNA, had
were measured to have slightly negative absorbance at wavelengths further form
the peaks. The spectra were therefore moved up to have their lowest absorbance
at zero, so the samples could be normalized (new samples could not be made due
to time limitations). This will be a great source of error, since different adjust-
ments of the spectra will cause different results when normalized. Therefore, the
discussion of these spectra has to be viewed critically. Also due to much noise,
the spectrum of the bare AR2 nanorod sample was smoothed using a SigmaPlot
function.

In both the AR2 and AR3 nanorod spectra, there is generally an increase in
absorbance peak intensity after incubation with target RNA. This is with the
exception of the AR3 sample incubated with 100 000 target RNA copies. It is
uncertain why this is and should be kept in mind in further evaluation of the
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results, but like with the nanospheres it may come down to human error in the
preparation. In terms of absorbance peak shifts, they can be seen in both the
AR2 and AR3 samples. With the exception of the AR2 samples incubated with
1 000 000 RNA copies, a significant red-shift is occurring in the second peak of
the AR2 samples. These shifts can be observed very easily, but as due to low NR
concentration in these samples and the adjustment of the spectra, these results
are not entirely reliable.

The shifts in the AR3 samples are however blue-shifts. Blue-shifts in Au NPs
biosensing have been observed in literature, and it may that the refractive index
is affected differently due to the shape and optical properties of these nanorods
with higher aspect ratios®8U. However, in all three of the samples incubated
with RNA, the blue-shift is around 5 nm. Seeing as there is both an increase
in absorbance peak intensity and a peak-shift, both methods can be used for
biosensing. However, it would be interesting to compare these results to a sample
incubated to a non-complementary RNA strand. This could be done to get a
better understanding of the process, as it can not be verified by these results that
the changes are caused by the specific bindings between the Au NP complex and
the target RNA.

The nanourchin sample was also tested in the biosensing experiments. The spec-
tra of all the NU samples are shown in figure [5.32
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Figure 5.32: Absorbance spectra of the nanourchin sample before and after mixing with
different amounts of RNA copies. The legend shows the amount of RNA copies
which the particles were incubated with. All spectra are normalized to their
absorbance at 350 nm.
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The results from the nanourchin biosensing shows one clear limitation with their
use. As previously discussed, the lack of clear and narrow peaks make them
unusable for biosensing based on peak shifts. On the other hand, the spectra in
figure suggests that they are very sensitive in terms of absorbance intensity.
When incubated with the target RNA, the relative absorbance of the "peak"
increases to a very high degree. This suggests that the nanourchins are not
entirely unusable as viral RNA biosensors, despite the limitations of broad peaks,
changing absorbance spectrum and low stability (compared to the others) which
have been discussed in earlier sections.

5.3.3 Comparison of Au NP biosensing performance

The performance of the Au NPs as viral biosensors can be compared in how
their peak absorbance intensity changed and the peak wavelength were shifted
after being incubated with the viral RNA. Incubation with a non-complementary
DNA-strand would have been ideal for comparison, as this would have shown if
the changes arose from the specific binding or just the presence of the RNA.
However, such a RNA strand was not available at the time of the experiments.
These comparisons are therefore done on the assumption that the changes were
caused by specific bindings between the Au NP complex and the target RNA.

Firstly, the peak absorbance intensity was the best indicator of target RNA
presence. Though seemingly relatively independent of the RNA concentration
in all experiments, the peak intensity increased significantly for the Au NUs and
Au NRs and slightly for the the Au NS. It is possible that even the lowest RNA
concentration used in these experiments was high enough enough to saturate the
NP complexes, which could mean that lower concentrations would be possible
to distinguish from each other based on the peak absorbance intensity. A couple
of samples deviated from the pattern of increased intensity after incubation, but
one of them could likely be attributed to aggregation, since this sample was the
only one with an observed red-shift. This makes it likely that the other sample
with an observed decrease is an outlier caused by some kind of error in the
preparation. By comparing the particle shapes directly, it seemed to be the Au
NUs which were affected most in terms of absorbance intensity change, followed
by the nanorods where the change was also easily noticeable. The change in
the nanospheres absorbance was however not as evident, but when zoomed in as
small increase was observed.

Furthermore, peak wavelength shifts were only observed in the nanorods, where
the lower aspect ratio particles portrayed a significant red-shift (though these
results were somewhat uncertain) and the higher aspect ratio particles showed a
blue-shift of about 5 nm for all samples. The nanourchins performed the worst
in this category as an exact peak was difficult to identify due to its broad ap-
pearance. Although the nanospheres did not show any shifts in these biosensing
experiments, there was observed a slight red-shift in functionalization verifica-
tion, where the particles were incubated with a complementary FAM-modified
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strand.

The nanorods seemed to perform best as biosensors in these experiments, as
they were both susceptible to peak wavelength shifts and increases in absorbance
when incubated with the target RNA. Although they have the most complicated
functionalization, especially compared to the nanospheres, their performance as
biosensors was better than the two other shapes. The results in this work did
not show any significant differences based on aspect ratio, and more thorough
studies of the influence of aspect ratio could be done in the future.
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5.4 Further work

This project has suggested and adapted pathways to synthesize and functionalize
three different types of particles for use as oligonucleotide-based biosensors. Still,
there are a few elements which would be interesting to a have a look at in
future work. Firstly, the MUA-functionalization of Au NRs still had a loss of
intensity after the protocol had been adapted. This means there could likely still
be made further improvements to this protocol and other protocols should be
tested, to keep the absorbance spectra of the solution as close to the original as
possible. The FTIR analysis and zeta potential measurements indicated that the
particles had been functionalized with MUA, but the ligand exchange rate could
be studied even further by for example performing carboxyl group quantification
after several rounds of centrifugation.

Furthermore, the functionalization with oligonucleotides of all the Au NPs could
be looked at in more detail. In the Au NS functionalization, a study of how the
concentration of oligonucleotides added affects the functionalization could have
been done to optimize the protocol. Due to time limitations however, this was
not done but it would be a natural thing to investigate in further work. Also, if a
fluorescence spectrophotometer had been available at this point, a more thorough
study of the success of the functionalization could have been performed and this
would therefore be an interesting analysis to perform. Other methods of verifying
the functionalization could also be investigated.

The biosensing comparison should be looked at in greater detail to investigate
the performance of the different particles. Due to the many issues with the
nanourchins such a lower stability, worse repeatability and broader peaks, these
may not be worth looking further into. To use the NanoDrop spectrophotometer
for biosensing analyses, the concentration of the nanoparticles needs to be suffi-
cient enough to get a higher signal-to-noise ratio. This could make the smoothing
of the curves more accurate, like the ones observed for the nanospheres. Another
interesting aspect to study further is the how a non-complementary RNA strand
affects the absorbance and use that as a reference in future biosensing experi-
ments. This could provide an answer to whether the changes observed are caused
by the specific bindings between the Au NP complex or just by the mere presence
of RNA.

Finally, other variations of Au NP biosensing could be looked at in greater de-
tail. These can for example be to either use a mixture of different oligonucleotides
(which are complementary to different sequences in the target) in the function-
alization as has been reported in other work or to look at aggregation-based
biosensing BZ#1 - The latter is a method where the binding between the Au NP
complex and the target causes particle aggregation, making it more sensitive
than the method used in this project.
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6 Conclusion

This project aimed to create a pathway for synthesis and functionalization of tree
differently shaped Au NPs (spherical, rod-shaped and sea-urchin like) to make
them suitable for biosensing of RNA. The particles were first synthesized and
characterized thoroughly to examine repeatability of the syntheses and stability
of the particles.

The repeatability was found to be very good for the Au NS synthesis after tem-
perature changes were made to promote nucleation in the nucleation stage and to
avoid secondary nucleation in the growth stages. The Au NR synthesis gave sim-
ilar results to the source material and is an established synthesis in the research
group, making it known that this synthesis was very repeatable. Finally, the
Au NU synthesis was the hardest to replicate, and slightly different absorbance
spectra were achieved each synthesis. This is however the most irregular shape,
naturally making it the most difficult to reproduce. In terms of nanoparticle
stability, Au NSs and Au NRs have been studied in the research group before
and were known to be highly stable for a long time, but the Au NUs were found
to be less stable. This was observed both in its short term stability in solu-
tion and morphology changes over longer periods of time, causing changes in the
absorbance spectra.

The functionalization had to be done differently for each of the shapes. The
Au NSs could be functionalized with thiol-modified oligonucleotides directly,
whereas the Au NRs and Au NUs had to be functionalized in three and two
step methods, respectively. The functionalization of Au NSs seemed to be suc-
cessful based on a test in which a complementary strand was introduced, and
the MUA-functionalization of NUs was also successful based on FTIR, zeta po-
tential changes and dispersibility testing. The Au NRs were first successfully
functionalized PEG and then MUA through ligand exchanges after adapting an
existing method. The oligonucleotide functionalization of these the Au NRs and
Au NUs was done based on basic NHS/EDC chemistry, but the success of this
functionalization could not be verified due to lack of available methods and time
limitations.

Finally, biosensing testing was tested using a NanoDrop spectrophotometer. Due
to low concentrations of nanorods and nanourchins, there was a low signal-to-
noise ratio, making it difficult to analyze these samples even after using tools for
smoothing the curves. Although there was some noise in the nanosphere samples,
their spectra were the easiest to examine and a blue-shift and intensity loss was
observed with increasing target concentration.

In conclusion, pathways for synthesis and functionalization of three differently
shaped nanoparticles are proposed in this project. Unique pathways of function-
alization have been created for Au NRs and Au NUs and many steps in all the
processes have also been optimized. This work can therefore be used as a guide-
book for preparation of various oligonucleotide-functionalized Au NPs. In terms
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of biosensing, the simple analyses in this project shows that nanorods seem to be
the most promising in viral RNA biosensing, as they had the clearest intensity
changes and absorbance peak shifts when incubated with target RNA. The par-
ticles are stable and have the potential of being tailored in terms of aspect ratio,
but the functionalization is significantly more complex than that of nanospheres.
The lower stability and broad peaks of the Au NUs made them difficult to use,
but Au NS could also be investigated further as they too showed some potential
in the biosensing experiments.
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Appendix A: Particle synthesis data
Hydrodynamic sizes of unfiltered nanospheres

Table 6.1: The hydrodynamic radius of each generation of the three syntheses in which seed-
ing was done at 125 °C and the growth step were done at 80 °C. All samples were
unfiltered.

’ Generation H First synthesis \ Second synthesis \ Third synthesis ‘

1st gen. 21 £ 1 nm 19 £ 1 nm 26 £ 2 nm
2nd gen. 25+ 1 nm 26 + 2 nm 26 £+ 0 nm
3rd gen. 30 &+ 0 nm 26 + 0 nm 29 + 0 nm
4th gen. 35 £ 0 nm 30 £ 0 nm 33 £ 0 nm

TEM sizes of unfiltered nanospheres

Table 6.2: The TEM sizes of each generation of the three syntheses in which seeding was done
at 125 °C and the growth step were done at 80 °C. All samples were unfiltered.

’ Generation H First synthesis ‘ Second synthesis ‘ Third synthesis ‘

1st gen. 16 £ 2 nm 14 +£ 2 nm 15 £ 2 nm
2nd gen. 21 £ 2 nm 19 £ 2 nm 19 +£ 3 nm
3rd gen. 25 £ 2 nm 23 £ 2 nm 25 £ 2 nm
4th gen. 32 + 2 nm 30 &+ 2 nm 31 &+ 3 nm
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Appendix B: Size and aspect ratio histograms of
Au NRs
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Size and aspect ratio histograms of Au NRs (250 pL silver nitrate)
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Size and aspect ratio histograms of Au NRs (500 pL silver nitrate)
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Size and aspect ratio histograms of Au NRs (750 pL silver nitrate)
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