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Abstract

Today, biosensors are ubiquitous in a wide range of biomedical applications, includ-
ing clinical diagnostics. Several viruses, including the human immunodeficiency virus
(HIV), hepatitis B virus and the measles virus, have already been successfully detected
using biosensing technology. The outbreak of coronavirus disease (COVID-19), is an
excellent example on how early detection of infection is crucial in preventing the
spread of a virus. However, the applications of many of today’s biosensors are re-
stricted due to the sensor’s level of sensitivity and selectivity to the target molecule,
as well as being time-consuming processes. Nanomaterial-based biosensors can be a

good alternative in order to overcome these challenges.

Magneto-plasmonic nanoparticles (NPs) are particles composed of one magnetic
and one plasmonic material combined together into a single nanoparticle through
solid-solid interfaces. Due to their dual nature, these particles exhibit both a local

surface plasmon resonance (LSPR) and superparamagnetic behavior.

In this work, anisotropic magneto-plasmonic particles have been synthesized by
seed-mediated growth of gold on different iron-containing NPs. By varying the prop-
erties of the seed and the reaction conditions of the synthesis, the physico-chemical
properties of the resulting particles were tuned to be optimal for use in biosensing
applications. It was found that the cetyltrimethylammonium bromide capped iron ox-
ide (I0-CTAB) NP seeds, used in a growth solution with a low silver nitrate content
combined with a high pH, resulted in the anisotropic magneto-plasmonic NPs most

suitable for biosensing applications.
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Sammendrag

Biosensorer er i dag uerstattelige verktgy i sveert mange biomedisinske felt, inkludert
klinisk diagnostikk. Flere virus, som blandt annet humant immunsvikt virus (Hiv),
hepatitt B-virus (HBV) og morbillivirus (meslingevirus), kan identifiseres ved bruk
av biosensor-teknologi. Utbruddet av koronaviruset (COVID-19) er et utmerket ek-
sempel pa hvordan tidlig pavisning av en virusinfeksjon er avgjgrende for a forhindre
spredning av sykdommen. Dagens biosensorer begrenses av bade sensitiviten og se-
lektiviteten pa biomolekylet som skal detekteres, i tillegg til at selve deteksjonen ofte
er en tidskrevende prosess. A lage biosensorer ved bruk nanoteknologi, kan bidra til

a oke kvaliteten pa biosensorer betraktelig.

Magneto-plasmoniske nanopartikler (NP) er partikler bestdende av et magnetisk og
et plasmonisk materiale fusjonert sammen til én nanopartikkel. Grunnet deres to-delte
natur, har disse partiklene bade en lokal overflate plasmon resonansfrekvens (LSPR)

og superparamagnetisk oppfgrsel.

I lgpet av dette arbeidet har anisotrope magneto-plasmoniske partikler blitt syntetis-
ert gijennom heterogen vekst av gull pa forskjellige typer jern-holdige NP kjerner. Ved
4 variere egenskapene til kjernene og reaksjonsbetingelsene for syntesen, ble egen-
skapene til de resulterende partiklene justert til & veere optimale til bruk i biosensor-
teknologi. Det ble funnet at det & bruke cetyltrimetylammoniumbromid dekte jern-
oksid (I0-CTAB) NP kjerner, i en vekstlgsning med lavt sglvnitratinnhold kombinert
med en hgy pH, resulterte i de anisotrope magneto-plasmoniske NP som var mest

egnet til bruk i biosensing.
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CHAPTER 1: INTRODUCTION

Chapter 1

Introduction

A biosensor can be defined as a device that detects the presence of a target molecule
by using a biological recognition element which converts that biochemical interaction
into a quantifiable signal that can be measured!!). The applications of such a device are
many, including clinical diagnosis, biomolecular engineering, drug design and detec-
tion, environmental monitoring and food quality control!?!. Some well-known inven-
tions using biosensing technology today are the pregnancy test, blood glucose meter
and cholesterol meter. The role of biosensors in such important fields have led to an
impressive technological advancement since the first biosensor device was introduced
by Clark and Lyons in 1962[3]. In fact, there exists a wide range of techniques that
can be used for the development of biosensors, and recently, there has been a growing

interest in using nanomaterials for this purpose.

With regards to biomedical applications in general, there are especially two classes
of nanomaterials that have been extensively studied due to their characteristic proper-
ties and biocompatibility, namely plasmonic and magnetic nanoparticles (NPs). Plas-
monic NPs are recognized for their optical properties, having a distinct local surface
plasmon resonance (LSPR) frequency at which they absorb incoming light!*. This
is a property that has already been widely exploited in biosensing applications .
Magnetic NPs on the other hand, are recognized for their superparamagnetic behav-
ior which allow for controlled NP magnetism. Controlled magnetism is a powerful
property exploited in various biomedical applications including cellular therapy, tissue
repair, hypothermia, targeted drug delivery and magnetic resonance imaging (MRI)
contrast!®), The possibility of combining these materials into a single nanoparticle
has gained increasing research interest due to its multifunctional properties. The re-
sulting magneto-plasmonic nanoparticle would exhibit both a characteristic LSPR and

superparamagnetic behavior.

1.1 Motivation

Today, biosensors are ubiquitous in biomedical diagnosis as well as a wide range of
other areas such as point-of-care monitoring of disease and treatment progression,
environmental monitoring, food control, drug discovery, forensics and biomedical
research(®). Blood glucose monitoring (BGM) is perhaps the most successful and
widespread application of biosensing technology!”). Such glucose biosensors are com-

monly used in clinical applications for diagnosis of diabetes mellitus. Diabetes mellitus
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CHAPTER 1: INTRODUCTION

is a chronic disease affecting more than 420 million people world-wide!®). Although a
cure does not yet exist for this condition, the lives of many patients have been greatly
improved by the availability of inexpensive disposable biosensors for BGM. The ability
to accurately determine glucose enables diabetics to control blood glucose levels and
thereby minimize the health risks associated with the disease[®!. The glucose biosensor
was in fact the first industrial biosensor on the market!®!, and its success has inspired

the use of biosensing technology in several other areas.

Clinical diagnostics, including virus detection, is one of the areas that has greatly
benefited from the use of biosensors!'%). Several viruses, including the human immun-
odeficiency virus (HIV) ('}, hepatitis B virus!'?! and the measles virus**!, have already
been successfully detected using biosensing technology. With the current outbreak of
coronavirus disease (COVID-19), early detection of infection is crucial to prevent this
virus from spreading. As of February 2021, there have been 111 593 583 confirmed
cases of COVID-19 world wide, including 2 475 020 deaths, reported to the World
Health Organization['*!. At the time of writing, there are two standard COVID-19 di-
agnostic tests in use; the real time - reverse transcription polymerase chain reaction
(RT-PCR) test and the antigen test. Whereas the RT-PCR test is highly sensitive, it is
also a time consuming process. The antigen test on the other hand, gives very rapid re-
sults, but have a higher false-negative rate than the RT-PCR test. In order to overcome
these challenges, designing a test that is both sensitive and rapid, nanomaterial-based

biosensors have gained increasing attention.

A third important biosensing application is the detection of Lipopolysaccharides
(LPS). LPS are bacterial endotoxins that make up for ~ 75% of the outer membrane
surface of Gram-negative bacterial'®). Gram-negative bacteria, such as Escherichia coli,
are widely used as a platform for manufacturing pharmaceutical products in which LPS
is a common byproduct. However, even sub-nanomolar levels of LPS can cause sep-
sis, septic shock and multi-organ failure if entered in the human circulation*®!. Thus,
detection and removal of LPS from pharmaceuticals is necessary to ensure the safety
of the final product. The current standard test for LPS detection, the Limulus Amebo-
cyte Lysate (LAL) assay, is sensitive but also limited in applications due to interference
from other molecules!”). Other disadvantages of the LAL assay are the complex sam-
ple preparation process, the time it takes to confirm the presence of endotoxins as
well as its high sensitivity to changes in temperature and pH. In recent years, there
has been a growing interest to use NPs in LPS detection as a way of overcoming the
drawbacks of the LAL assay!'®].
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CHAPTER 1: INTRODUCTION

1.2 Aim of Project

The goal of this master’s thesis has been to tailor magneto-plasmonic NPs, i.e. op-
timizing their physico-chemical properties, so that they are suitable for biosensing
applications. The synthetic routes for making such magneto-plasmonic NPs are so-
called seed-mediated processes, and can be divided in two parts. The first part consist
of making the single-material NPs onto which the second material can grow in the
second part of the synthesis. As it is the presence of the single-material NPs that pro-
mote the growth of the second material, they are usually referred to as seed NPs.
Furthermore, due to the fact that the optical properties of the plasmonic material is
dependent on light-interactions, it is the magnetic material that has been used as seeds
in the seed-mediated synthesis of the magneto-plasmonic NPs performed throughout
this project. Just like the seed-mediated synthesis protocol, this thesis will consist
of two main parts; I) Synthesis of the seed NPs and II) the seed-mediated growth of
anisotropic nanostructures.

@ NORWEGIAN UNIVERSITY OF SCIENCE AND TECHNOLOGY 3



CHAPTER 2: THEORY

Chapter 2

Theory

This chapter will elaborate on the existing literature and research on nanoparticles
(NPs), starting with their physico-chemical properties and why they have received such
increasing interest in the last decades. The established procedures for NP synthesis,
as well as the existing theory behind NP formation will be presented, followed by a
section on the role of surfactants and surface functionalization of NPs. Finally, the
last part of this chapter will be regarding the potential applications of the NPs, with a
special focus on their use in biosensing. Parts of the content of this chapter is adapted
from previous work?,

2.1 Nanoparticles and their Properties

Due to their nanometric sizes, typically 1-100 nm in at least one dimension, NPs ex-
hibit exceptional structural and functional properties that do not exist in their par-

4201 There are especially two major classes

ent bulk materials or discrete molecules!
of nanomaterials that have been extensively studied and used in a variety of fields,
each of which exhibit well-defined and characteristic properties, namely magnetic and
plasmonic NPs. The possibility to combine these two nanomaterials into a single het-
erodimeric nanoparticle have gained increasing research interest due to their ability
to inherit multiple functionalities that can be utilized simultaneously. In addition to
synergistic properties, heterodimeric nanostructures can exhibit new collective phe-
nomena originating from the enhancement of the properties of one of its components

or interactions between its two moieties 2!,

2.1.1 Magnetic Nanoparticles

Nanomaterials consisting of magnetic elements, such as iron (Fe), nickel (Ni), cobalt
(Co) etc., exhibit magnetic properties and are thus referred to as magnetic nanopar-
ticles (MNPs). These magnetic properties originate from the spin and angular mo-
mentum of the orbiting electrons contained within the compound(??!. When the size
of the MNPs is smaller than ~ 50 nm!, they are only composed of a single magnetic
domain and thermal energy fluctuations can be sufficient to cause their magnetiza-
tion to flip direction!?*). Such MNPs are said to be superparamagnetic, which means

that they will magnetize strongly under an applied magnetic field, but will not retain

!Depending on the material in question
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CHAPTER 2: THEORY

this property once the field is removed (see Figure 2.1). One of the great advantages
of superparamagnetic NPs is that they avoid the induced aggregation associated with
the residual magnetization of ferromagnetic NPs. This magnetic property makes the
MNPs useful for many applications including data storage, spintronics, molecular and
cellular isolation, magnetic resonance imaging (MRI) and hyperthermia treatment of

cancer!?%,
Ferromagnetic material
] (a) M, =
7 H
S -
20 T
3 ]
= ] no applied applied
- magnetic field magnetic field
60 40 -20 20 40 60
H (kOe)
Superparamagnetic material
4 (b) M,
| 29 ot
F @ P90
20
2 1 *
1l no applied applied
- magnetic field magnetic field
L] I

1 | ] I
=15 -10 .5 0 5 10 15

H (kOe¢)

Figure 2.1: Magnetic hysteresis loop and corresponding magnetic domains of (a) fer-
romagnetic and (b) superparamagnetic material. Illustrations adapted and modified
from refs.[242°],

Among the MNPs, iron oxide nanoparticles (IO NPs) are the most frequently used
as their magnetic properties can be greatly increased by clustering of a number of
individual superparamagnetic NPs into bigger magnetic beads. The IO NPs can ex-
hibit various structural phases, including akaganeite (-FeOOH), hematite (a-Fe,0,),
maghemite (y-Fe,O5) and magnetite (Fe;0,). Each of the different phase structures
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CHAPTER 2: THEORY

give rise to specific magnetic properties?%). Magnetite is a black ferromagnetic min-
eral containing both Fe(II) and Fe(III). When their diameter is smaller than ~ 30 nm,
these MNPs become superparamagnetic. Additionally, they are relatively easy to syn-
thesize, biodegradable, stable and their magnetic properties can be tuned by changing
their size and shape[?%%7],

2.1.2 Plasmonic Nanoparticles

Plasmonic NPs are typically composed of noble metals, such as gold (Au), silver (Ag),
platinum (Pt) etc., and are recognized for their remarkable optical properties. Such
metals have highly mobile surface electrons, and as a result, they exhibit unique lo-
calized surface plasmon resonance (LSPR). LSPR is an optical phenomenon generated
by a light wave that gets trapped within metallic NPs smaller than the wavelength of
the light[*. This light-matter interaction results in the collective oscillation of the sur-
face electrons of the NPs in resonance with the oscillating electric field of the incident

light!?°], The phenomenon is illustrated in Figure 2.2.

Electric field

Metal sphere - - -

\ :
| |

Figure 2.2: Schematic illustration of localized surface plasmonic resonance (LSPR).
Illustration from ref 28],

The LSPR of metallic NPs leads to an enhanced local electric field near the metal
surface, resulting in strongly enhanced absorption and scattering properties that can
be measured and exploited in various applications!?®). In photothermal therapy, for
instance, plasmonic NPs are delivered into cancer tumors and irradiated with laser
light which is absorbed by the particles!*®). The absorbed light is then non-radiatively
relaxed, resulting in the release of thermal energy, effectively killing the surround-

ing diseased tissue'®!l. The resonance frequency (or wavelength) at which the LSPR
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occurs is dependent on the composition, size, geometry, dielectric environment and
particle—particle separation distance of the NPs!*!. This means that plasmonic NPs in
various shapes and combinations can be used to tailor the optical properties of the

[32] The size of the NPs also determines whether the incoming

material as desired
light will be absorbed or scattered. For particles smaller than 20 nm, absorption is
the predominant process. Increasing the physical dimensions or effective size of the

nanoparticle will increase the probability of light scattering*.

Both Ag and Au exhibit LSPR in the visible range. Figure 2.3 shows the extinction
spectra of 20 nm Ag (blue) and Au (green) NPs in water, which show LSPR peaks at

[33] Even though Ag have the sharpest and strongest

380 nm and 520 nm respectively
bands among all metals, Au is often preferred for biological applications due to its

inert nature and biocompatibility*.

15 —— 20-nm Au nanoparticle in water
1.0x10 1 —— 20-nm Ag nanoparticle in water

=
(o]
1

0.61
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T ; 2
Extinction cross-section (m )
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600 700

Figure 2.3: Extinction of 20 nm Ag NPs (blue line) and Au NPs (green line) showing
LSPR at 380 nm and 520 nm, respectively. Illustration from ref. (%],

Additionally, the LSPR of Au NPs can be tuned from the visible to near infrared re-
gion (NIR) by adjusting the particle’s size, shape and structure!?>**], NIR light (650-
900 nm) is of particular interest in biomedical applications because it can safely pen-
etrate deep into the body (through healthy tissue), only affecting the Au NPs2%31,

The absorption spectra associated to the LSPR of plasmonic NPs is affected to a
greater extent by anisotropy than size-enlargement!*. This was demonstrated by
Marz4n®* by showing that increasing the size of spherical NPs by a factor of 10 re-
sults in a red shift of 47 nm, while increasing aspect ratio R (R=long-axis/short-axis)
of ellipsoids by a factor of 1.4 results in a shift of the longitudinal band by 92 nm.
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Typically, an increase in size, edges or sharpness of the nanoparticle results in a red
shift of the absorption spectra as there is an increase in charge separation in these
structures, while an increased symmetry results in higher LSPR intensity!***!. NPs
that can be polarized in several modes will also have several absorption peaks. Thus,
anisotropic NPs tend to exhibit multiple, red-shifted peaks in comparison to spherical
particles. Nanorods can be polarized along two axis (transverse and longitudinal), re-
sulting in two LSPR peaks. The absoprtion spectra of Au nanospheres vs. Au nanorods

is illustrated in Figure 2.4.
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Figure 2.4: Absorption spectra of (A) Au nanospheres and (B) Au nanorods. Illustra-
tion adapted and modified from ref. %1,

2.1.3 Magneto-Plasmonic Nanoparticles

Magneto-plasmonic NPs are composed of both a magnetic and a plasmonic material
combined together into a single NP through solid-solid interfaces. The resulting het-
erodimeric NPs have the benefit of inheriting the physico-chemical properties of their
parent materials. In other words, these particles exhibit the specific characteristics of
both superparamagnetism and localized surface plasmon resonance, making them a
lot more versatile than their individual monomeric moieties. The expression of these
properties have been shown to be directly related to the NP size and morphology!®!.
Based on their morphology, heterodimeric NPs can be classified as having either a core-
shell, dumbbell-, or raspberry-like structure. The different morphologies are shown in
Figure 2.5.

The final morphology of the heterodimeric NPs is both dependent on the structural
parameters of the nanomaterials involved as well as the synthesis condition of the

particles. This will be discussed in the following sections.
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L

Figure 2.5: Three kinds of heterodimeric nanoparticle morphologies: (A) core-shell
(B) raspberry and (C) dumbbell. Ilustration adapted and modified from ref 3¢/,

2.2 Nanoparticle Synthesis

There exist numerous ways to synthesize NPs and the methods can be classified as
either a "top down" or "bottom up" approach. In the top down procedures, the NPs
are derived from larger molecules, whereas in the bottom up approach they are syn-
thesized by nucleation and growth of molecular distributions in either liquid or vapor
phase®”]. As the latter allows for a more controlled synthesis with regards to particle
size and shape, the bottom up approaches are the most commonly used methods for
synthesizing NPs!*®). Generally, for a bottom-up synthesis of NPs to take place, three
components are required: a precursor, reducing agent and surfactant. The precursor
provides the material of which the NPs will compose, the reducing agent reduces the
precursor into the atoms serving as building blocks for the NPs, and the surfactant
stabilizes the synthesized NPs by preventing aggregation and other unwanted phe-

nomena such as Ostwald ripening.

2.2.1 Synthesis of Heterodimeric Nanoparticles

The synthetic routes for making heterodimeric NPs are more complex than their indi-
vidual single-component NPs, and are commonly obtained by sequential growth of a
second component on so-called seeds[?*"], This is a two step synthesis: First, one of
the two components is synthesized, for example the magnetic part, following a regu-
lar single material NP synthesis procedure. In the second step, these NPs are added
as seeds in the growth solution of the second material, which then will nucleate and
grow on the seeds resulting in heterodimeric particles. Two of the most commonly
used materials for magneto-plasmonic NPs are iron oxide combined with gold for the

magnetic and plasmonic parts respectively.
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2.2.2 Synthesis of Iron Oxide Nanoparticles

Due to their unique physico-chemical and magnetic properties, as well as their wide
spread of biomedical applications'“], several techniques have been developed in
order to synthesize IO NPs. Some of the commonly used methods include ther-

mal decomposition*), microemulsion!*?); electrochemical!®), solvothermal**,

4] 6] and co-precipitation*”). The different methods have

sol-gell**]| sonochemicall
different advantages and disadvantages. Here, only the thermal decomposition and
co-precipitation methods will be presented, which are two common techniques used

to obtain magnetite (Fe;O,) NPs.

Co-Precipitation

Co-precipitation is often considered to be the simplest and most efficient technique

471, The method takes advantage of the difference

for synthesizing magnetic IO NPs!
in solubility of Fe®* /Fe®* salts in water and involves their simultaneous precipitation
into iron oxides. This reaction is promoted by the addition of a base, usually sodium
hydroxide (NaOH) or ammonium hydroxide (NH,OH). The reaction can be described

as follows[47-48]

Fe*" +2Fe*" + 80H™ — Fe(OH), + 2Fe(OH); — Fe,0, + 4H,0

The main advantage of the co-precipitation technique is its large yield of IO NPs[47],

However, the resulting particles have a wide size distribution as the method provides
very little control over particle size and morphology!*’!. The I0 NPs generally have

sizes in the range of 5-33 nm°%°!) and exhibit thus superparamagnetic behavior.

Thermal Decomposition

Thermal decomposition allows for the effective production of monodisperse, size- and

41521 The method involves the thermal de-

shape-controlled particles at large scale!
composition of an iron precursor in high boiling organic solvents containing surfac-
tants!3>). The most commonly used precursors include iron pentacarbonyl (Fe(CO);),
iron oleate (FeOl) and iron acetyl acetonate (Fe(acac),), whereas the surfactants are
usually oleic acid (OA) and/or oleylamine. The thermal decomposition method yields
IO NPs with a typical size distribution between 4 and 19 nm, ensuring the superparam-
agnetic properties of the particlest®>>3). The main advantage of this method over the
co-precipitation method is the narrow size distribution of the particles it produces.
However, the thermal decomposition IO NPs are dispersed in organic solvents which

are hazardous to any biological environment!®*. Thus, in order for the IO NPs to be
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used in biomedical applications, they first have to be phase transferred into aqueous
solution. This intermediate step is avoided in water-based synthesis methods such as

the co-precipitation method.

2.2.3 Gold Nanoparticle Synthesis

As one of the most commonly used materials for plasmonic NPs, there exist a va-
riety of techniques for synthesizing gold nanoparticles (Au NPs), including electro-
chemical™®®!, sonochemical'®®!, thermal™”! or photochemical'®®! reduction. The most
commonly used synthesis pathway however, is by chemical reduction®!. In this
method, gold ions (Au®* or Au'") are reduced to metallic gold (Au®) by the addition
of a reducing agent (electron donor), commonly citric acids or borohydrides!®®). The
Au® building units are further assembled into Au NPs, which are stabilized by the pres-
ence of stabilizing agents such as sodium citrate (NaCit) or cetyltrimethylammonium

bromide (CTAB)[®®). The resulting Au NPs have spherical morphologies.

Anisotropic Au nanorods, on the other hand, are commonly synthesized through a
silver assisted, seed-mediated method!®!. In a typical synthesis, ascorbic acid (AsA) is
used as a mild reducing agent and added to an aqueous solution of CTAB, silver nitrate
(AgNO,), and chloroauric acid (HAuCl,) in order to selectively reduce Au** to Au'*.
Thereafter, the addition of a seed solution containing small spherical Au NPs catalyses
the reduction of Au'* ions onto their surface, resulting in anisotropic growth!®?. The
aspect ratios of the resulting nanorods ranges from 1 up to 18 and can be tuned by

adding different volumes of seed solution 6%

Despite numerous experiments resulting in the synthesis of NPs of different mate-
rials and with several different morphologies, the detailed reaction mechanism and
how the synthesis conditions and parameters influence the overall process are still not

631

fully understood! In order to coherently design and precisely synthesize NPs for

their target use, a thorough understanding of the growth mechanism is vital.

2.3 Crystallization: General Nucleation and Growth Theory

Crystallization can be defined as the phase transition of matter from a disordered high
free energy state, to a low free energy crystal state. The crystal state is characterized
by a repeating pattern of the crystal’s building blocks exhibiting a long-range ordered
structure. The crystallization process can be divided into two steps; nucleation, and
growth. Nucleation is often considered as the birth of a solid as it is the first step in
the formation of the new phasel®. Once the initial nucleus is formed, it serves as a

site upon which additional monomeric building units are deposited in the second part
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of the crystallization process, namely crystal growth[6°],

2.3.1 Supersaturation is the Thermodynamic Driving Force

In order for nucleation and growth to occur in a given solution, the crystallizing species
must be supersaturated in the solution'®®). Supersaturation (S) is in fact the thermody-
namic driving force pushing the system towards crystallization, and can be defined as
the ratio between the concentration (C) and solubility (C*) of the crystallizing species:
S = C/C*. Once supersaturation is established, the free atoms in the solution will start

to nucleate and the resulting nuclei will grow if left in the supersaturated solution %,

2.3.2 Homogeneous Nucleation

When a nucleus spontaneously forms in a pure liquid solution, i.e. without the pres-
ence of any other surfaces, it is referred to as homogeneous nucleation[®®). This pro-
cess can be considered thermodynamically by looking at the total Gibbs free energy
change AG, which is defined as the sum of the free energy change for phase transfor-

mation (AG,) and the free energy change for the formation of a new surface (AGq):
AG = AGs + AG, (2.1)

In the homogeneous nucleation reaction, AG, has a negative contribution and will
promote nucleation, while AGg has a positive contribution as it represents the energy
cost of creating a solid-liquid interface!®®). AG, can be expressed as the product of
the surface area of the crystallite (A) and the surface free energy of the interface (y).
Thus, for a spherical particle of radius r, the total free energy change of homogeneous

nucleation can be expressed as follows:
2 4 3
AG = AGs + AGy =Ay +VAG, = 4nr’y + Znr’AG, (2.2)

where AG, is the free energy change of phase transformation per unit volume and
is equal to the difference in chemical potential as it is the driving force of the reaction:

v v

Here, T is the temperature, kj is the Boltzmann’s constant, S is the supersaturation
of the solution, and v is the molar volume of the crystal. The maximum value of AG
corresponds to the activation energy barrier (AG,,;,) a nucleus has to overcome in

order to be stable, and can be found by differentiating equation (2.2) with respect
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to r and setting it to zero, dAG/dr = 0. The radius which satisfies this condition is
called the critical radius (r.,;,) and corresponds to the minimum radius above which
a nucleus is stable in the solution not being redissolved[®>!. The expressions for r.,;,

and AG.,;, are given in equations (2.4) and (2.5) respectively:

—2y 2yvy
= = 2.4
Ferit AG, kzTIn(S) 2.4
AG.;; =AG|, = gnyrfn.t (2.5)

Figure 2.6 shows how the Gibbs free energy for homogeneous nucleation changes

as a function of the nucleus radius.

. AG
AG o S

AG(JI;\
>
' \r

crit »

‘\GV

Figure 2.6: Plot of the free energy changes present in homogeneous nucleation as a
function of the formed nucleus radius. AGs (red) is the Gibbs free energy change for
the formation of a new surface, AG, (blue) is the Gibbs free energy change related to
the phase transformation and AG (green) is the total Gibbs free energy change which
is the sum of the two former terms. AG,,;, denotes the activation energy barrier a
nucleus has to overcome in order to form a stable nucleus. The radius associated to
this value (r,;,) corresponds to the minimum size at which a nucleus can survive in
solution without being redissolved. Illustration adapted and modified from ref [67/,

As seen from equations (2.4) and (2.5) there are three ways to reduce the activation

energy barrier in order to promote nucleation; (i) increasing the supersaturation (S),
(ii) decreasing the interfacial tension (y) or (iii) increasing the temperature (T).
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2.3.3 Heterogeneous Nucleation

In the availability of a solid surface (e.g impurities, walls, bubbles etc.), nucleation
will occur on the surface of the foreign body and is referred to as heterogeneous nu-
cleation[®). Heterogeneous nucleations have a much lower interfacial free energy
change (AGs) than homogeneous nucleations, and will thus be energetically favor-
able. This is because, in the former, the newly formed solid nuclei has a much lower
surface to volume ratio as compared to the latter. As a result the activation energy
barrier is reduced by a factor ¢. This factor is dependent on the contact angle ()
between the surface and the nucleus:

AGMt = p AGMom (2.6)

crit crit

with .
¢ = Z(2+c059)(1—cos 0)> 2.7)
The contact angle 6 is another way of representing the surface to volume ratio of

the formed nuclei. An illustration of a heterogeneous nucleation as a function of the

contact angle 6 between the nucleus and the solid surface is shown in Figure 2.7.

Liquid Solution

@ =180° g >90° 0 =90° f <o90°
Nucleating

Figure 2.7: Illustration of heterogeneous nucleation as a function of the contact angle
0 between the nucleus and the solid surface. As the contact angle increases the surface
to volume ratio of the nucleating phase is reduced consequently reducing the total free
energy change of the reaction. Illustrations adapted and modified from ref (8]
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2.3.4 The LaMer Mechanism

The LaMer mechanism, developed in 1950 by LaMer and Dinegar[®®), is generally used
to describe the formation of colloidal nanoparticles in solution!®¢!. The model de-
scribes the energy-landscapes associated to nucleation and growth, both in the case of
homogeneous and heterogeneous nucleation, and is summarized in Figure 2.8 where
the concentration of the free monomers in solution is schematically plotted as a func-
tion of the reaction timeline.

According to the LaMer model, the process of nucleation and growth can be divided
into three events. The initial step consist of generating a supersaturated solution by a
rapid increase of free monomer concentration. Secondly, after the concentration has
exceeded the minimum concentration required for nucleation (C"" ), the monomers
undergo "burst-nucleation" that consumes most of the supersaturation and thus sig-
nificantly reduces the monomer concentration. After this point the supersaturation
never surpasses the C™ , and no further nucleation is possible. In the third step, the
remaining supersaturation is consumed by the growth of the nuclei, a process which
has a much lower activation energy barrier, thus requiring a much lower supersatura-

tion in order to occur®®®%], Because of this chronological order of events, the resulting

(a) (b)
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Figure 2.8: LaMer diagrams showing the monomer concentration in the solution as
a function of time in the case of (a) homogeneous nucleation and (b) heterogeneous
nucleation. The diagram is a representation of the energy landscapes associated to
the nucleation and growth process in the two cases. The vertical red lines indicate the
concentrations at which the solution is supersaturated (Cy), the minimum concentra-
tion required for nucleation (Cr.)s and the critical limiting supersaturation (Crs)-
Illustration from ref 3¢/,
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particles have a very monodisperse size distribution. This is due to the fact that all the
nuclei are formed simultaneously, and are thus exposed to the same growth conditions

for the same amount of time.

When comparing Figure 2.8 (a) and (b), it is clear that the concentration at which
the nucleation occurs in the two cases is very different. In order for homogeneous
nucleation to occur, a much higher monomer concentration is required than for het-
erogeneous nucleation. In fact, in order for heterogeneous nucleation to occur the
solution barely has to be supersaturated, and the activation energy barrier is almost
as low for nucleation as it is for growth. The LaMer diagram however, does not ac-
count for the type of material involved in the nucleation which will greatly influence

the contact angle between the materials and thus affect the activation energy barrier.

2.3.5 Growth Mechanisms of Heterodimeric Nanoparticles

As mentioned in Section 2.2.1, in the case of heterodimeric NPs, the synthesis of the
second material occurs by heterogeneous nucleation and growth on pre-synthesized
seeds. This process is, as mentioned in Section 2.3.3, dependent on the contact an-
gle 0, i.e. the level of wetting, between the two materials involved. In fact, when a
second material is supersaturated in a seed containing solution, there are three kinds
of interactions that may occur between them. Favorable interactions corresponds to
small angles, and if & < 30° the materials are said to have a very good wettability*®].
As given by equations (2.6) and (2.7), small angles leads to a small activation energy
barriers. This means that in the case of very good wettability, the second material will
easily nucleate on the seed, resulting in particles with a core-shell structure. When the
contact angle is in the range between 30° — 150°, the interaction is more or less unfa-
vorable and the heterogeneous nucleation will occur at preferential sites of the seed
(e.g. phase boundaries and surface defects). Depending on the reaction conditions,
the heterodimeric nanoparticles in this case could end up with either a dumbbell or
raspberry structure corresponding to a single-site or multiple-site nucleation respec-
tively. When the contact angle exceeds 150°, the two materials can be considered as
non-interacting. In this case, ¢ ~ 1 and the activation energy barrier of heterogeneous
nucleation approaches that of homogeneous nucleation (Equation (2.6)), leading to
independent nucleation and growth of the second material. This results in a system
with the presence of two nanomaterials which are isolated from one another. The
three different cases are illustrated in Figure 2.9 where the proportionality factor ¢ is

plotted as a function of the contact angle 6.
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Figure 2.9: The proportionality factor ¢ as a function of the contact angle 6 between
the nanoparticle seed (blue) and the overgrown material (red). Illustration adapted
and modified from ref (%],

The contact angle itself is determined by the structural compatibility between the
crystalline characteristics of the two components. Generally, solid materials are char-
acterized by the arrangement of their atoms, and can be either crystalline or amor-
phous. A crystalline solid has a long-range highly ordered structure, forming a con-
tinuous (unbroken) crystal lattice. An amorphous solid on the other hand, has only
a short-range order and no apparent characteristic morphology. When synthesizing
heterodimeric nanoparticles using the seed-mediated method, there are four different

structural combinations possible as illustrated in Figure 2.10.

Amorphous solids have no structural restrictions when nucleating heterogeneously
on a pre-existing surface. This is due to the lack of atomic ordering which increases the
mechanical flexibility of the solid and limits the interfacial stress between the seed and
the second overgrown material’®®!. Thus, when the overgrown material is amorphous,
the resulting heterodimeric nanoparticle tend to form core-shell structures regardless
of the crystallinity of the seed (Figure 2.10, I). When the second material is highly crys-
talline on the other hand, the lattice structures of the two materials need to be similar
in order for the heterogeneous nucleation to be energetically favorable!®®!. The inter-

atomic distance in the crystalline material cannot be freely stretched, and when the
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seed material is amorphous or a highly crystalline material of a different structure, the
nucleation sites are limited. Thus, the product will be dumbbell nanoparticles (Figure
2.10, IT and III). The third possible combination is having a highly crystalline seed with
a highly crystalline overgrown material of similar lattice structures. Due to the match
in crystal structures, the interfacial energy will be low, allowing for multiple nucle-
ation sites. The overgrown material will thus epitaxially grow on the seed, resulting

in core-shell nanoparticles (Figure 2.10, IV).

Amorphous )
+ A yhous I
Highly crystalline \morphous 9 /
Amorphous + Highly crystalline > / (1)
Different
wire > GGy
Highly crystalline + Highly crystalline
SWX (V)
structure

Figure 2.10: The four different structural combinations of seed nanoparticles and
overgrown materials and their resulting products. Illustration from ref. (3!,

2.3.6 Anisotropic Growth

When metal salts are reduced in solution they generally form spherical nanoparticles,
as the sphere is the lowest energy shape®!. In the case of structurally isotropic mate-
rials that have face centered cubic (fcc) lattice structures, growth into low-symmetry
nanostructures is highly unfavored. Yet, the silver assisted seed-mediated growth of
Au nanorods have shown that anisotropic NPs can be synthesized with a yield over
99%!7%). Furthermore, it has been experimentally shown that both CTAB and AgNO,
play crucial roles in promoting the growth of anisotropic structures ®?). However, the
exact growth mechanisms taking place during the synthesis are still not fully under-
stood. In order to explain the formation of these anisotropic nanoparticles as seen from
experiments, three different mechanisms have been proposed!”), which are summa-

rized in Figure 2.11.
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Figure 2.11: Schematic representation of three different mechanisms proposed to
explain the anisotropic growth experimentally observed in the silver assisted seed-
mediated synthesis of Au nanorods. Illustration adapted from ref 7!,

template, imparting
AuNR shape as the
rod grows

N
~
y

* ~amonolayer of
Ag(0) preferentially
deposits at
longitudinal faces,
favoring anisotropic

One of the mechanisms suggest that the silver bromide complexes that are formed
when AgNO, is added to the aqueous CTAB solution, are preferentially adsorbed onto
the Au NP surface and restricts growth at the longitudinal crystal faces!”"). In the
second proposed mechanism, it is suggested that the presence of Ag™ and Br~ gives
the CTAB micelle a cylindrical/rod shape. The micelle is thought to act as a "soft
template" for the nanoparticle growth”). The third mechanism, referring to silver
under-potential deposition, proposes that even though the reduction potential of the
Au nanorod growth solution is not sufficient enough to reduce Ag'* to Ag°, it can
reduce Ag* to a submonolayer of silver metal. This silver submonolayer is deposited

at specific faces of the Au nanorod, preventing further Au growth at these sites!”%.

Each of the proposed mechanisms have been supported by experimental data, how-
ever several contradicting observations have also been made, leaving the mechanism

of anisotropic growth of Au nanorods a mystery yet to be solved!”].

2.4 Surfactants and Surface Functionalization

Functionalization of NPs refers to surface modification processes that makes the par-
ticles more suitable for their target application. The thermal decomposition synthesis

of IO NPs, for instance, results in particles that are dispersed in organic solvents and
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are thus unfit for biological applications. In order to phase transfer such NPs from
organic to aqueous solutions, ligand-exchange processes are often used to make the
particle surface hydrophilic®. CTAB”?) and NaCit!”®) are ligands commonly used for
this purpose.

CTAB is a large (364,45 Da) cationic surfactant molecule that adsorb onto the sur-

(741 As the surfactant has a positive

face of NPs and reduces their surface energy
charge, it keeps the NPs stable and prevent aggregation due to electro-static repul-
sion. CTAB is, however, highly toxic to cultured cells and tissues. Consequently, CTAB
phase transferred NPs must therefore be accompanied by another ligand-exchange
process before they can be used in biomedical applications!’#. Poly-ethylene glycol

(PEG) is a molecule often used for this purpose[”>].

NaCit is a smaller (258,06 Da) negatively charged stabilizing agent commonly used
in iron oxide nanoparticle (IO NP) synthesis!”#.. It also stabilizes the NPs through elec-
trostatic repulsion. As opposted to CTAB however, citrate is non-toxic, biodegradable
and biocompatible and thus, citrate capped NPs can directly be used in biomedical

applications!74.

2.5 Biosensing Applications

A biosensor can be defined as a device that detects the presence of a target-molecule
by using a biological recognition element, and converts the signal into a form that can
be measured such as an electrical, optical or magnetic signal. A schematic illustration

of a biosensor and its elements is shown in Figure 2.12.

Biosensor
Q O enzymes electrical
O n'.\olec.ular : : electrochemical
imprints . ' .
Input lectins :  optical Amplifier Output
receptors ! thernjlal
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@) nucleic acids§ piezoelectric
Sample Recognition Interface Transducer User interface

element

Figure 2.12: Schematic illustration of a biosensor. Illustration from ref. (%!

Due to their optical properties, as described in Section 2.1.2, Au NPs have gained
increasing attention for their application as optical nano-biosensors ). The highly en-
hanced and confined electromagnetic field induced by the LSPR of the NPs serves as

a very sensitive probe that can detect changes in the surrounding dielectric environ-
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ment. Traditional LSPR-based sensors detect changes in the local refractive index at
the NP surface. These changes, typically induced by biomolecular interactions at the
NP surface, can be monitored as it results in a distinct shift in the LSPR peak wave-
length177). The shift of the LSPR peak wavelength (AA) in response to changes in

the dielectric environment can be expressed as follows[?!:

AL = mAn[l—exp(_Z—Zd)]. (2.8)
d

Here, m denotes the bulk refractive index response of the NPs, An is the change
in refractive index, d represents the effective thickness of the adsorbed biomolecule

layer and [, is the characteristic electro-magnetic field decay length.

As opposed to nanospheres, nanorods have two absorption bands (see Figure 2.4),
a longitudinal plasmon band (LPB) and a transverse plasmon band (TPB) correspond-
ing to electron oscillations along the long and short axis of the nanorod respectively?..
Whereas the TPB has been shown to be insensitive to changes in the surrounding di-
electric environment, the LPB shows a red-shift in LSPR wavelength with increasing
aspect ratios and a high sensitivity to changes in refractive index!?!. In fact, an ellip-
soidal nanoparticle with an aspect ratio 5:1 have a dielectric sensitivity that is 5-10

times greater than that of a spherical nanoparticle as illustrated in Figure 2.1378),
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Figure 2.13: Absorption spectra of 20 nm spherical NPs as compared to the one of
ellipsoids with an aspect ratio of 2, when the surrounding refractive index n changes.
Ilustration adapted and modified from ref [,
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In order to use the LSPR property of the NPs for sensing of biomolecules, the
biomolecules need to specifically attach to the NP surface. To ensure that only the
target molecule attaches and promotes the LSPR shift, the NPs have to be surface
functionalized with a molecule that specifically binds to the target. The most common
biosensor-biomolecule binding is based on antigen-antibody interaction, nucleic acid
interaction (two complementary strands), enzymatic interaction (enzyme-substrate),
or cellular interaction (microorganisms, proteins)”?). Figure 2.14 shows an exam-
ple of surface functionalized NPs, how the target analyte attaches, and how this is
detected as a shift in the LSPR wavelength.
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Figure 2.14: Illustration of a LSPR based nano-biosensor. Illustration from ref. (8],

Clinical diagnostics, including virus detection, is one of the areas that has greatly
benefited from the use of biosensors!'%). Several viruses, including the human immun-
odeficiency virus (HIV) ') hepatitis B virus*?! and the measles virus!*®), have already
been successfully detected using biosensing technology. With the current outbreak of
coronavirus disease (COVID-19), early detection of infection is crucial to prevent this
deadly virus from spreading. By coating the nanoparticles with the complementary
single-stranded nucleic acid aptamer of the virus, these nano-biosensors could be an
alternative, faster, and more accurate method of detecting COVID-19 in clinical sam-
ples®1). This technique has already been explored by Su et all®2), who decorated
Au NPs with a single stranded lipopolysaccharide (LPS) DNA aptamer in order to se-
lectively and sensitively detect the endotoxin in crude biological liquors. With this

method they were able to detect LPS at concentrations as low as 0.1 pg/ml.

Biosensors are also used in several other scientific fields including food quality, en-

vironmental monitoring, biomolecular engineering, drug design and detection!>?.
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Chapter 3

Experimental Section

3.1 Chemicals

Gold(III) chloride trihydrate (HAuCl,,>99.9%), methanol (=99.8%), oleic acid (OA,
> 99%), sodium citrate dihydrate (NaCit, > 99%), hexane (= 99%), 1-Octadecene
(90%), Chloroform-d (99.8%), sodium borohydrate (NaBH,, > 98.0%), silver ni-

trate (AgNO5;, > 99.0%), sodium hydroxide (NaOH, > 99.0%, pellets), ammonia
solution (NH,OH, 25%) and iron(Ill)chloride hexahydrate (FeCl;, > 99%) were
purchased from Sigma-Aldrich®. Hexadecyltrimethylammonium bromide (CTAB, >
99%) was purchased from Acros Organics®. Toluene (technical), isopropanol (tech-
nical), acetone (technical), hydrochloric acid (HCIl, 37%), ethanol (absolute) and
iron(Il)chloride tetrahydrate (FeCl,, > 99.0%) were purchased from VWR chemicals®.
D-(-)-Isoascorbic acid (AsA, 98%) was purchased from Alfa Aesar®, sodium Oleate
(NaOl, >97.0%) was purchased from Tokyo Chemical Industry®, and argon gas (Ar,

> 99.999%) was purchased from AGA AS®.

All chemicals were used as received without any further purification or modification.
The distilled de-ionized water (MQ water) used had a resistivity ~ 18.2 M£2/cm at 25°,

taken from Simplicity® Millipore water purification system.

3.2 Synthesis of Iron Oxide Nanoparticles
3.2.1 Co-Precipitation

Citrate capped-Cit Iron oxide nanoparticles (I0-Cit NPs) were synthesized following
a co-precipitation protocol modified from Zhou et al!®3). An overview of the method
and the experimental set-up is shown in Figure 3.15. Briefly, 0.99 g of FeCl, and 1.62
g FeCl; were dissolved in 40 ml MQ water under magnetic stirring. Once the reactants
were completely dissolved, 10 ml NH,OH was added to the reaction mixture. 10 min
later, 5.01 g NaCit was added and the temperature was raised to, and maintained at,
90°C for 30 min.

The solution was then cooled to room-temperature and transferred to a centrifuge
tube. The IO-Cit NPs were precipitated from the reaction mixture by keeping a disc
magnet (strength of ~ 677 N) on the side of the tube. The separation was achieved
within 3 min. The supernatant was discarded while the I0-Cit NPs were held back by
magnetic attraction. The particles were washed 3 times by the addition and removal
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of MQ water before they were redispersed in a known volume of MQ water for storage
(typically 12 ml).

Oil bath = ——— Magnetic
O ® | stirrer bar

0.99 g FeCl,
1.62 g FeCl,
40 ml MQ water

Condenser

~

/ 10 ml NH,OH
/_,7 <-/ Spherical 10-Cit NPs

Reaction 5.01 g NaCit

solution

Figure 3.15: Overview of the experimental technique and equipment used in the co-
precipitation synthesis of I0-Cit NPs.

3.2.2 Thermal Decomposition

Spherical oleic acid capped iron oxide nanoparticles (I0-OA NPs) were synthesized
from the thermal decomposition of iron oleate (FeOl). The FeOl complex was pre-
pared following an adapted protocol from Momtazi et al.[84]. Briefly, 5.395 g FeCl, and
18.25 g NaOl were dissolved in a mixture of 30 ml MQ water, 70 ml hexane and 40 ml
ethanol. The resulting solution was refluxed at 70°C for 4 hours under vigorous stir-
ring. The dark red organic phase was collected and washed 3 times with MQ water,
discarding the aqueous phase by the use of a separatory funnel. Finally, hexane was
removed from the solution using a rotary evaporator yielding a viscous dark red liquid

FeOl complex.

The synthesis protocol of I0-OA NPs from the thermal decomposition of FeOl was
adapted and modified from the protocol reported by Ridelman et al®®). In short,
25 ml (70.3 mmol) of octadecene, 600 ul (1.9 mmol) of oleic acid and 1.6 g (1.78
mmol) of FeOl were added to a two-necked round-bottom flask and stirred under Ar
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atmosphere. The mixture was heated to 320°C with a heating rate of 3°C/min, and
finally maintained for 45 min. A schematic representation of the synthesis protocol is

shown in Figure 3.16.

Temperature

probe /

Condenser

~

Reaction solution:

25 ml octadecene
0.6 ml oleic acid
1.6 g iron oleate

Heated to 320°C at 3°/min
Kept under Ar atm for 45 min

Spherical 10-OA NPs

Reaction solution Magnetic stirrer bar

Figure 3.16: Overview of the experimental method and equipment used in the syn-
thesis of I0-OA NPs by thermal decomposition of FeOl.

After the reaction solution had cooled to room temperature, it was transferred to a
beaker where the I0-OA NPs were precipitated out by adding 25 ml of hexane, 50 ml
of isopropanol and 50 ml of acetone. A disc magnet (strength of ~ 677 N) was kept
below the beaker until all particles were separated from the solution (approximately
10 min) and the supernatant was removed. The particles were washed 3 times with
acetone. Finally, the particles were left to dry before they were redispersed in a known

volume of toluene (typically 30 ml).

3.3 CTAB Phase Transfer

In order to make the I0-OA NPs dispersible in aqueous solution, a modified CTAB
phase transfer procedure was followed based on the protocol reported by Kim et alt”>!.
10 ml of the IO-OA NP solution was added to a glass vial and precipitated out by the
addition of 40 ml methanol. A disc magnet (strength of ~ 677 N) was kept under
the vial, causing the particles to separate out of the solution. The supernatant was
removed while the particles were attached to the bottom of the vial by magnetic at-

traction. After, the particles were washed with acetone 3 times to ensure that all the
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solvent was removed, and left to dry. In the mean time, 1.00 g of CTAB and 20 ml of
MQ water was added to a single-necked round-bottom flask resulting in a milky-white
mixture. The solution was stirred vigorously while heated to 35°C in order to dissolve
CTAB, resulting in a transparent liquid. The dried NPs were redispersed in 1 ml of
chloroform, and mixed thoroughly by ultra-sonication to ensure that all the particles
were included in the mixture. The chloroform solution was then added to the round-
bottom flask and stirred magnetically for 30 min to ensure proper mixing with the
CTAB solution. The mixture was heated up to 60°C and maintained for 10 min un-
der stirring to evaporate the chloroform. An overview of the described experimental

technique and set-up is illustrated in Figure 3.17.

1 ml I0-OA NPs
dispersed in chloroform

/e/

——
H Reaction solution:
Reaction == 1.00 g CTAB
A

solution \ 20 ml MQ water

Oil bath —— Magnetic
® 0 stirrer bar

@ | 1000rpm  60°C

Figure 3.17: Overview of the experimental technique and set-up used in the CTAB
phase transfer of IO-OA NPs.

After the reaction solution had cooled to room-temperature, it was transferred to a
glass vial and the CTAB-capped iron oxide nanoparticles (I0-CTAB NPs) were precipi-
tated out by the addition of MQ water. A disc magnet (strength of ~ 677 N) was kept
on the side of the vial so that the nanoparticles were separated from the liquid, and
the supernatant was discarded. The particles were washed 3 times with MQ water to
remove any excess CTAB. Finally, the particles were redispersed in a known volume of
MQ water (typically 4 ml).
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3.4 Synthesis of Fe@Au-Cit Core Shell Nanoarticles

Citrate capped core shell iron gold (Fe@Au-Cit) NPs were synthesized following a
modified procedure form Zhou et al'®!. Briefly, 20 ml 1.0 mM HAuCl, solution was
added to a round-bottom flask and heated until boiling (~ 120°C) under continu-
ous stirring. Then, 20 mg of the I0-Cit NP (prepared as described in Section 3.2.1)
dispersed in 10 ml MQ water was rapidly added. After approximately 4-6 min, the re-
action solution turned purplish red. After 15 min, the solution was allowed to cool to
room-temperature. An overview of the described experimental technique and set-up

is shown in Figure 3.18.

10 ml 2 mg/ml
Condenser I0-Cit NPs
o
N °
» ®

/ Spherical

Fe@Au-Cit NPs

Reaction solution: o
20 ml 1.0 mM HAuCl, i

Reaction
solution

i
A
Oil bath ———— Magnetic
O ® m| stirrer bar

Figure 3.18: Overview of the experimental technique and set-up used in the synthesis
of Fe@Au-Cit core shell NPs.

The Au-Cit coated I0 NPs were separated from the rest of the reaction solution
first by centrifugation (14.5k rpm, 5 min), followed by magnetic separation. The
particles were washed 3 times with MQ water, each time separated magnetically from
the solution by keeping a disc magnet (strength of ~ 677 N) on the side of the glass
vial in which they were contained. The Fe@Au-Cit NPs separated magnetically within
5 min. After discarding the supernatant the third time, the NPs were redispersed in a

known volume of MQ water (typically 5 ml).
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3.5 Synthesis of Anisotropic Au Nanostructures

Anisotropic Au nanostructures were synthesized following a modified protocol from
Bandyopadhyey et al(®¢!. In short, 1.2 g CTAB was dissolved in 15 ml MQ water by
heating the solution to 35°C under magnetic stirring. Once dissolved, the solution
went from having a milky white to a transparent color and 750 ul of 4 mM AgNO,
solution was added. The mixture was left stirring for 15 min before 15 ml of 1.0
mM HAuCl, solution was added, turning the resulting growth solution yellow. After
another 15 min of mixing, the stirring was increased to 1000 rpm and 135 ul of 0.13 M
AsA solution was added, resulting in a decolorization of the growth solution. Finally,
96 ul of seed solution was added and after ~ 30 s, the stirring was decreased to
300 rpm. The reaction was left overnight at 35°C. The reaction steps followed in this
synthesis are schematically illustrated in Figure 3.19. The aforementioned values for

the added reaction parameters will be referred to as the standard values.

»

A A A AN 4

Hcl/ Ascorbic
AgNO4 HAuUCl, NaOH Acid Seeds
Growth
Solution
\ J o J \o J J L J \ J
| Reaction timeline >

Figure 3.19: Overview of the experimental method used in the synthesis of anisotropic
Au nanostructures. Illustration adapted and modified from ref [56],

In several of the conducted experiments, the added amount of the different chemi-
cals was varied in order to examine their effect on the anisotropic growth. The chem-
icals that were varied was the amount of CTAB, AgNO; and the pH of the reaction
solution. The amount of CTAB ranged from 1.2 g to 2 g, whereas the volume of
AgNO, ranged from 375-2000 ul. The pH of the growth solution was varied from 1.5,
by the addition of 0.5 M HCI, to 10.0 by the addition of 0.25 M NaOH. The addition
of acid/base was done after the addition of HAuCl,, just before adding the AsA.
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A minimum of 12 hours after the seed addition, the reaction solution was transferred
to a centrifuge tube and centrifuged twice, each time for 45 min at 11k rpm. After
each centrifugation the supernatant was discarded, and the particles were redispersed
first in 35 ml, then finally in 5 ml MQ water.

Following the synthesis method of anisotropic Au nanostructures as described
above, several different NP solutions were used as seeds. The NP seed solutions in-
cluded the I0-CTAB NPs, the Fe@Au-Cit NPs, and also Au-Cit NP seeds. In fact, two
different protocols were followed in order to synthesize spherical citrate coated Au
seed NPs.

3.5.1 Turkevich Seeds

Spherical citrate coated Au NPs were synthesized following a modified protocol from
Jimenez-Lamana et al'®”! and Wuithschick et al!®®l. Briefly, 19.9 ml of 0.25 mM
HAuCl, solution was heated in a round-bottom flask under continuous stirring (500
rpm). Once the solution was boiling, it was maintained for 15 min to ensure an equi-
librated mixture. Then, 0.1 ml of 500 mM NacCit solution was added. The reaction
solution was maintained for another 5 min before it was allowed to cool to room tem-
perature. Before the particles were used as seeds in the seed-mediated growth, the
seed solution was centrifuged for 20 min at 13.4k rpm. The supernatant was dis-
carded and the particles were redispersed in the same volume of MQ water as before

the centrifugation.

3.5.2 Jana Seeds

Following a modified protocol from Jana et al!®®! also resulted in the synthesis of
spherical NaCit coated Au NPs. Briefly, a 20 ml aqueous solution containing 0.25 mM
HAuCl, and 0.25 mM NacCit was prepared in a glass vial. While stirring, 0.6 ml of ice
cold 0.1 M NaBH, solution was added to the solution. The solution turned orange
immediately after the injection. These seeds were used in the anisotropic growth
solution within 2-5 hours after the injection of NaBH,. By then, the seed solution had

turned red, indicating growth of the seed particles.

3.5.3 CTAB Surface Modification of Seed NPs

A CTAB adsorption protocol was performed on the Turkevich Au-Cit and the Fe@Au-
Cit NPs in order to change their surface functional groups. The protocol is adapted
from the one reported by Lim et al'®®). Briefly, X ml of NP solution (X = 0.5, 1.0, 1.5)

was added to a glass vial containing 2 ml of a 2.5 mM CTAB solution. The resulting
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solution were stirred until fully equilibrated (15 hours). No further cleaning procedure

was performed.

3.6 Characterization Techniques
3.6.1 UV-vis Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is an experimental technique in which the in-
tensity of light in UV and visible regions is measured as a function of wavelength!®!.
The light is passed through the sample of interest, and the amount of light absorbed
by the sample is calculated by comparing the intensity of the light before and after
having passed through the sample. The result is given as a plot of the sample ab-
sorption as a function of the wavelength of the incoming light. Before measuring the
absorbance of the nanoparticles, UV-vis spectrometer was first calibrated by establish-
ing a water baseline made from measuring the absorbance of MQ water. This way,
only the absorbance caused by the nanoparticles in the solution will be measured. All
nanoparticle solutions® were diluted in order to obtain an absorbance maximum < 1
in agreement with Beer-Lambert’s law(?). All the measurements were done using an
Agilent Cary 60 UV-vis spectrophotometer. The obtained absorbance for each sample
was normalized to 1 before presented graphically as a function of the wavelength of

the absorbed light.

3.6.2 Scanning (Transmission) Electron Microscopy

The Scanning (Transmission) Electron Microscope (S(T)EM) is a powerful and highly
versatile instrument capable of atomic-resolution imaging and nanoscale analysis!®3!.
The microscopy technique uses an electron gun to generate a high energy beam of
electrons (30-600 kV) that is focused through a series of lenses and raster-scanned
across a thin sample (<100 nm) (93] Both scattered and transmitted electrons are de-
tected and their intensity as a function of the position of the electron beam is what
generates an image of the specimen. Due to the sample thickness however, the major-
ity of the electrons are transmitted through the sample and thus, the most commonly

used S(T)EM detectors are placed after the sample!*3!.

The S(T)EM images of the various NP populations were taken using a Hitachi High-
Tech SU9000 scanning transmission electron microscope that has a resolution down to
0.4 nm. The sample grids were prepared by placing several drops (40-100 ul) of the

NP solution on a Formvar carbon-coated copper grid (Electron Microscopy Sciences).

2that had a concentration leading to an absorbance maximum > 1.
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3.6.3 Vibrating-Sample Magnetometer

Vibrating-sample magnetometry is an experimental technique used to measure the
magnetic moment of a sample by vibrating the sample perpendicularly while exposed

%41 The vibrating-sample magnetometer (VSM) is

to a uniform magnetizing field!
based on Faraday’s law of induction which states that a varying magnetic field gen-
erates an electric field!®>]. The VSM measures this electric field and calculates the
corresponding change in magnetic moment of the sample. This instrument can detect
changes as small as 10~ to 10~° emu!®®). In order to measure the magnetic moment
of the different NPs, approximately 300-700 ul of the NP solutions were dried to a
powder of approximately 0.01-20 mg, depending on the concentration of the solu-
tion. All of the measurements were carried out using a MicroMag’™ 3900 vibrating

sample magnetometer.

3.6.4 Zetasizer

The Zetasizer is an instrument that can measure both the hydrodynamic diameter (H,)

and the zetapotential (ZP) of nanoparticles.

The H,; of nanoparticles in solution is obtained using the dynamic light scatter-
ing (DLS) technique. DLS measures the diffusion speed of the particles associated
to their Brownian motion, and calculates the corresponding size using the Stokes-

Einstein equation:
kT

B 3nnD

Hy

where D is the translational diffusion coefficient, k is Boltzmann’s constant, T is the
absolute temperature and 7 the viscosity of the solution. This method assumes that the
particles are spherical. For each sample, the H; is measured thrice and the final result
is given along with the standard deviation of the measurements. By taking the square
of the standard deviation divided by the square of the average size, the Zetasizer also

calculates the polydispersity index (PDI) of the population.

In order to obtain the particle’s ZB the Zetasizer uses Laser Doppler Micro-
electrophoresis. In this technique an electric field is applied to the nanoparticles in

solution which causes them to move with a velocity related to the particles ZP

Before measuring the hydrodynamic size and ZP of the different NP solutions, the
solutions were thoroughly mixed by vortex and ultra-sonication to ensure a homoge-
neous solution of non-aggregated particles. All of the measurements were done using

a Malvern Zetasizer Nano ZS.
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Chapter 4

Results and Discussion

In this chapter, the result obtained form the experiments conducted throughout the
semester will be presented and discussed. The results can be divided into two
main parts; I) Synthesis of seed nanoparticles (NPs) and II) seed-mediated growth
of anisotropic nanostructures. Included in the first part are two types of gold (Au)
NPs that were synthesized and characterized by scanning (transmission) electron mi-
croscopy (S(T)EM) and dynamic light scattering (DLS). As Au is a plasmonic mate-
rial, the UV-vis absorbance spectra of these NP populations were measured in order to
establish the wavelength (A) at which their local surface plasmon resonance (LSPR)
occurs. Also two different types of iron oxide nanoparticles (I0 NPs) were synthesized
and characterized by S(T)EM, DLS and vibrating sample magnetometry (VSM). From
these measurements, both the size distribution and the magnetic hysteresis curves of
the two NP populations were obtained. Next, the IO NPs were used as seeds in order
to synthesize spherical core shell Fe@Au NPs. These five types of NP populations were
used as seeds in the second part of the results, namely the seed-mediated growth of
anisotropic nanostructures. In these experiments, both the different types and amount
of seed were tested. Finally, also the volume of silver nitrate (AgNO;) and amount of
Cetyltrimethylammonium bromide (CTAB) used in the growth solution, as well as the
solution’s pH, was varied in order to study their impact on the final NP morphology.

4.1 Seed Nanoparticles
4.1.1 Particle Size Distributions and Surface Charge

Jana Au-Cit NPs

Citrate capped gold nanoparticles (Au-Cit NPs) were synthesized following the pro-
cedure described in Section 3.5.2. The resulting NP population was examined in
S(T)EM, however no particles were found observing the prepared grid. It is possi-
ble that the NPs were too small to be detected in S(T)EM. To get a higher resolution
view of the sample, high resolution transmission electron microscopy (HRTEM) should
be used. According to Jana et al.[®] this synthesis results in particles with an average
diameter of 3.5 nm =+ 0.7 nm, which would indeed make the NPs difficult to observe
through S(T)EM.

Using the Zetasizer instrument (described in Section 3.6.4), the hydrodynamic

diameter (H,) and the zetapotential (ZP) of the Jana Au-Cit NPs were measured to be

@ NORWEGIAN UNIVERSITY OF SCIENCE AND TECHNOLOGY 32



CHAPTER 4: RESULTS AND DISCUSSION

136 = 51 nm and - 35.6 £ 8.3 mV respectively. The population’s PDI was calculated
to be 0.28 £ 0.08. Looking at the value of the Hy, it is likely that the small size
of the seeds introduced difficulties also in the DLS measurements. As indicated by
the ZB the particles are electro-statically stabilized by the negatively charged citrate
that surrounds the particles and introduces a repulsion between the citrate coated
surfaces. However, if the particles are small enough, aggregation is still energetically
favorable, as it will reduce their surface energy (see Section 2.3.2). The large H; size
is thus likely due to aggregated clusters of NPs that are measured as a single particle

by the Zetasizer.

Turkevich Au-Cit NPs

Following the procedure given in Section 3.5.1, another Au-Cit NP population was
synthesized. The resulting particles were imaged by S(T)EM and their size distribution
calculated by measuring the area of 200 particles using the ImageJ software. The
results are shown Figure 4.20. The Au-Cit population had an average diameter of
17 £ 2 nm, and a PDI of 0.35. The PDI is calculated by taking the square of the
standard deviation divided by the square of the mean, using the same method as the

Zetasizer.

B Mo Turkevich Au — Cit NPs
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Figure 4.20: Representative scanning (transmission) electron microscope (S(T)EM)
image and size distribution of the Turkevich citrate capped gold nanoparticles (Au-Cit
NPs).

The H,, ZP and PDI for the Turkevich Au-Cit NPs are given in Table 4.2. The average
diameter of the Turkevich Au-Cit population as measured from the S(T)EM image (u =
17 £ 2 nm), differ significantly from the H, of the same population (H; =43 + 1 nm).
The difference is likely due to the different measurements techniques applied in the
two cases. The hydrodynamic size is measured on particles dispersed in aqueous solu-

tion and includes the size of the hydration layer of the particles. The particles viewed
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by S(T)EM, on the other hand, are dried and the measured size includes nothing more
than the bare NP However, the water removal induces particle aggregation resulting
in the NP clusters seen in the S(T)EM image of the population. Yet, enough individual
particles could be distinguished in order to obtain a representative size distribution.

Table 4.2: The hydrodynamic diameter (H,;), zetapotential (ZP) and polydispersity
index (PDI) for the Turkevich citrate capped gold nanoparticle (Au-Cit NP) population
as measured by the Zetasizer.

Nanoparticle Population | H; [nm] | ZP [mV] PDI
Turkevich Au-Cit 43+1 | -40.4+04 | 0.60£0.04

When comparing the two different Au-Cit populations, it is the Jana seeds that
shows the highest H;, even though the Turkevich seeds are estimated to be around
five times the size of the Jana seeds. As discussed in the previous section, this is likely
due to NP aggregation in the Jana seed population. As the magnitude of the ZP is a
measure of the degree of electrostatic repulsion between the NPs in solution, a higher
ZP implies a more stable NP population'®”). Thus, the higher absolute value of the ZP
of the Turkevich Au-Cit also indicates that this population is less prone to aggregation

than the Jana seed population.

Following the procedure described in Section 3.5.3, CTAB was adsorbed onto the
surface of the Turkevich Au-Cit NPs. The procedure was performed in three parallels
with increasing amounts of citrate capped particles. Consequently, three NP solutions
with different Au-Cit NPs concentrations were obtained. Both the H; and the ZP were
measured before and after the CTAB adsorption and are given in Table 4.3. Here,
X denotes the amount of Turkevich Au-Cit NPs that was functionalized following
the protocol. Although it is unsure exactly how CTAB interacts with the negatively

charged Au-Cit surface, after having performed the adsorption protocol the ZP of

Table 4.3: The hydrodynamic diameter (H,;), zetapotential (ZP) and polydispersity
index (PDI) for the Turkevich citrate capped gold nanoparticle (Au-Cit NP) populations
before and after the cetyltrimethylammonium bromide (CTAB) adsorption procedure,
for three different NP concentrations. X denotes the amount of Turkevich Au-Cit NPs
that was used in the adsorption protocol. The data was measured using the Zetasizer
instrument.

Samples X [mi] Before Adsorption After Adsorption

H; [nm] | ZP[mV] | H; [nm] | ZP [mV]
Au-Cit-CTAB_0.5 0.5 503 | 93.8+34
Au-Cit-CTAB_1.0 1.0 43+1 [-404+04| 501 |45.5+20
Au-Cit-CTAB_1.5 1.5 501 | 44.2£26
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the particles changes from negative to positive and their H; size increases. These
changes were also observed in the experiments of Lim et al.[%°! and are indications
of a successful change of the NPs’s surface layer (see Section 2.4). The ZP of the
Au-Cit-CTAB_0.5 is much higher than the other two parallels. This can be due to the
presence of excess, free CTAB in the solution. If the ratio of NPs to free CTAB in the
solution is high, it could reduce the LSPR signal the particles. There is not much of
a difference in the data obtained for the 1.5 and 1.0 parallels. In order to surface
functionalize the most particles per procedure, 1.5 ml of nanoparticle solution was

used in the following adsorption protocols.

I0-Cit NPs

Following the procedure described in Section 3.2.1, citrate capped IO NPs (I0-Cit NPs)
were synthesized and imaged using S(T)EM. The result is shown in Figure 4.21A. Us-
ing the ImageJ software on the S(T)EM image, the area of 356 particles was measured
in order to calculate the size distribution of the population given in Figure 4.21B. The

average diameter of the particles was found to be 9 + 2 nm, with a PDI of 0.46.
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Figure 4.21: Representative scanning (transmission) electron microscope (S(T)EM)
image and size distribution of the citrate capped iron oxide nanoparticles (I0-Cit NPs),
synthesized by co-precipitation.

The H,; and ZP for the I0-Cit NPs, as well as the population’s PDI, are given in Table
4.4. As expected, the H,; of the population is much larger than the size measured from
the S(T)EM image. Seen from the absolute value of the ZP of the two populations, the
I0-Cit NPs show less electro-static stability than the Turkevich Au-Cit NPs. As a con-
sequence, the I0-Cit NPs are more prone to aggregation when dispersed in solution.
The large H,; value is thus likely not only due to the hydration layer, but a result of
aggregated clusters of IO NPs that were measured as a single particle by the Zetasizer.
The negative value of the ZP confirms the citrate surface layer of the particles.
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Table 4.4: The hydrodynamic diameter (H,), zetapotential (ZP) and polydispersity
index (PDI) for the citrate capped iron oxide nanoparticle (IO-Cit NP) population that
was synthesized by co-precipitation. The data was measured by the Zetasizer.

Nanoparticle Population | H; [nm] | ZP [mV] PDI
I0-Cit NP 977 |-39.2+0.2 | 0.49 £ 0.06

10-OA NPs

Before the synthesis of the thermal decomposition IO NPs could be performed, the iron
precursor had to be synthesized. Liquid iron oleate (FeOl) was synthesized following
the procedure described in Section 3.2.2. Figure 4.22 shows the final product of dark
reddish orange FeOl and illustrates its viscous nature. However, when used in previous
work[*] the FeOl was even more viscous, indicating that perhaps not all the solvent
was evaporated when using the rotavapour. It is likely due to residual water, as it has
a higher boiling point than both hexane (69°C) and ethanol (78.37°C).

Figure 4.22: Photos of the final iron oleate (FeOl) product in upright (A) and hori-
zontal (B) position, illustrating its viscous nature.

Once the FeOl had been synthesized, it was used as the iron precursor in the thermal
decomposition protocol when producing the oleic acid capped 10 NPs (I0-OA NPs).
The procedure is described in Section 3.2.2. The resulting NP population was imaged
using S(T)EM and is shown in Figure 4.23A. The area of 304 particles was measured
using the ImageJ software on this image. From these measurements, the size distri-
bution of the population was calculated and is shown in Figure 4.23B. The average
diameter of the particles was measured to be 13 £+ 1 nm, resulting in a PDI of 0.27 for
the I0-OA NP population. This value is lower than the PDI obtained for the I0-Cit NP

population, indicating that the particles synthesized by thermal decomposition have
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a more uniform and monodispersed size distribution than the ones synthesized by co-
precipitation, as expected from literature[*®!. The I0-OA NPs were not characterized
by DLS as the cuvettes used in the Zetasizer instrument are not equipped to measure

on particles dispersed in organic solvents.
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Figure 4.23: Representative scanning (transmission) electron microscope (S(T)EM)
image and size distribution of the oleic acid capped iron oxide nanoparticles (I0-OA
NPs), synthesized by thermal decomposition of iron oleate (FeOl).

10-CTAB NPs

In order to make the IO-OA NP dispersible in water, a CTAB phase transfer protocol
was performed on the particles, as described in Section 3.3. The resulting I0-CTAB
NPs were imaged by S(T)EM and are shown in Figure 4.24. As can be seen from the
images, the IO NPs appear to have formed some kind of spherical aggregates of various
sizes, likely held together by the CTAB capping agent. This can indicate that during

Figure 4.24: Representative scanning (transmission) electron microscope (S(T)EM)
images of the cetyltrimethylammonium bromide-capped iron oxide nanoparticles (I0-
CTAB NPs) with a scale bar of (A) 500 nm and (B) 300 nm.
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the phase transfer, it is actually not each individual NP that is coated with CTAB, but
that the CTAB can encapsulate whole clusters.

The Hg, ZP and PDI obtained from the IO-CTAB NP population are given in Table 4.5.
When comparing the two aqueous IO NP populations, it is clear that they have very
different properties. The IO-CTAB NPs have a larger hydrodynamic size, a positive ZP
due to its CTAB surface layer, and are more monodispersed than the I0-Cit NPs. As
the phase transfer procedure only affect the surface properties of the IO NPs, their size
as measured from S(T)EM do not change after the CTAB coating. Compared to the
co-precipitation I0-Cit NPs, the thermal decomposition I0-CTAB NPs have a average
diameter that is 4 nm larger. However, their hydrodynamic sizes differ by 187 nm.
This can be due to the aggregated clusters, as observed in the STEM images in Figure

4.24, that can have been measured as one particle by the Zetasizer.

Table 4.5: The hydrodynamic diameter (H,), zetapotential (ZP) and polydispersity
index (PDI) of the the cetyltrimethylammonium bromide-capped iron oxide nanopar-
ticle (I0-CTAB NP) population, measured by the Zetasizer.

Nanoparticle Population | H; [nm] | ZP [mV] PDI
I0-CTAB NPs 284+ 6 | 374+ 1.1 | 0.40 £ 0.02

Fe@Au-Cit NPs

Following the protocol as described in Section 3.4, citrate capped Fe@Au NPs were
synthesized using 10-Cit NPs as seeds. Figure 4.25 show the representative S(T)EM
image taken of the population (A) and their measured size distribution (B). The

Fe@Au-Cit NPs had an average diameter of 8 + 2 nm, and a PDI of 0.52. Comparing
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Figure 4.25: Representative scanning (transmission) electron microscope (S(T)EM)
image and size distribution of the citrate capped core shell iron gold nanoparticles
(Fe@Au-Cit NPs).
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with the diameter of the uncoated I0-Cit NPs, the two populations have similar sizes
implying that the gold layer is thin.

The measured values of the H,, the ZP and the PDI of the Fe@Au-Cit NPs are given in
Table 4.6. Compared to the data given in Table 4.4, the H; of the Fe@Au-Cit particles
are larger than that of the I0-Cit NPs, suggesting that the IO-Cit NP have been coated
with gold. The data also indicates that the population has become less stable after the
coating as the the absolute value of the ZP decreases. In the Fe@Au-Cit synthesis, it
is the citrate surface layer of the I0-Cit NPs that reduces the Au precursor resulting in
the coating of the particles. Thus, the decrease in electrostatic repulsion could be due
a decreased concentration of citrate as some of it will have been used in reduction of

the Au precursor.

Table 4.6: The hydrodynamic diameter (H,;), zetapotential (ZP) and polydispersity
index (PDI) of the citrate capped core shell iron gold nanoparticles (Fe@Au-Cit NPs),
measured by the Zetasizer.

Nanoparticle Population | H; [nm] ZP [mV] PDI
Fe@Au-Cit 110+ 2 | -28.6+0.4 | 0.33 £0.05

The CTAB adsorption procedure, described in Section 3.5.3, was performed on two
different Fe@Au-Cit populations, using 1.5 ml NP solution. One of which was synthe-
sized using the standard procedure as reported in Section 3.4, i.e. 20 mg IO-Cit NP
seeds (C = 2 mg/ml) and a 1.0 mM concentration of the HAuCl, solution. This batch
of NPs will be referred to as Fe@Au-Cit (20-1.0). The second was synthesized using
15 mg IO-Cit NP seeds (C = 1.5 mg/ml) and a 0.75 mM concentration of the HAuCl,
solution. This second batch of NPs will be referred to as Fe@Au-Cit (15-0.75). In both
batches, the seed to gold ratio were the same. This ratio was found to be optimal for
synthesizing Fe@Au NPs exhibiting both LSPR and superparamagnetic behavior(?’.
The H,; and the ZP of the two populations before and after the CTAB adsorption are

given in Table 4.7. CTAB is a larger molecule than citrate, yet the H; is decreasing

Table 4.7: The hydrodynamic diameter (H,), zetapotential (ZP) and polydispersity
index (PDI) of the citrate capped core shell iron gold nanoparticles (Fe@Au-Cit NPs)
before and after cetyltrimethylammonium bromide (CTAB) adsorption. The data was
measured by the Zetasizer.

Before Adsorption After Adsorption
H; [nm] | ZP[mV] | H; [nm] | ZP [mV]
Fe@Au-Cit-CTAB (20-1.0) | 110£2 |-28.6+0.4 | 81£1 |423%+1.6
Fe@Au-Cit-CTAB (15-0.75) | 124 £2 | -205£05| 89+2 | 424+0.6

Nanoparticle Seeds
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after the adsorption. This might be due to smaller free CTAB micelles in the solution
that are measured as particles by the Zetasizer, resulting in a smaller average size of

the population.

In a separate experiment, the IO-CTAB NPs were also coated with gold, resulting
in CTAB capped core shell iron gold NPs (Fe@Au-CTAB). This work is presented in
Appendix Fe@Au-CTAB NPs.

4.1.2 Plasmonic Properties

The absorbance of the gold containing seed NPs were measured using a UV-vis spec-

trometer (described in Section 3.6.1). The resulting spectra are shown in Figure 4.26.

The UV-vis spectra of the Jana Au-Cit population (Figure 4.26A, orange), shows
an absorption peak at A = 507 nm, which is the LSPR wavelength of the NPs. The
absorption spectra of the Turkevich Au-Cit seeds (Figure 4.26A, yellow) have a LSPR
wavelength of 523 nm. The LSPR wavelength for spherical Au NPs with a diame-
ter of 20 nm is typically reported as 520 nm!*3! (see Figure 2.3). When comparing
the two different Au-Cit populations, it is clear that the LSPR of the Turkevich seeds
has a higher intensity and is red-shifted as compared to the LSPR peak of the Jana
seeds. This is as expected when considering the size difference between the two pop-
ulations. Generally, smaller NPs show less distinct LSPR at shorter wavelengths[%!.
Furthermore, there is a shoulder peak present in the spectra of the Turkevich seeds at
A ~750 nm that is not seen in the spectra of the Jana seeds. This indicates the exis-
tence of NPs with different sizes and/or shapes in the Turkevich seeds, and that the
Jana seeds consist of a more monodispersed population. This is also what is indicated
by the calculated PDI from the Zetasizer measurements for the Jana and Trukevich

seeds.

The UV-vis absorption spectra for the Turkevich Au-Cit populations before and after
CTAB adsorption, for three different NP concentrations, is plotted in Figure 4.26B.
The spectra of the seeds before and after the CTAB adsorption share the same form,
although the Au-Cit-CTAB_0.5 sample has a reduced absorption maxima compared to
the other samples. This is likely due to the low NP/CTAB ratio of this sample. These
UV-vis spectra indicate that the CTAB adsorption do not affect the plasmonic properties
of the Au NPs when performing the CTAB adsorption on 1.0 ml or 1.5 ml Au-NPs.

The UV-vis absorption spectra of the magneto-plasmonic Fe@Au-Cit seeds is shown
in Figure 4.26C. This population has a LSPR peak at 535 nm. Furthermore, comparing
the absorption spectra of the Fe@Au-Cit NPs to the spectra of the Jana Au-Cit NPs, the

former could be expected to show the largest LSPR when only considering the average
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size of the two populations. However, this is not the case, indicating that the gold shell
of the Fe@Au-Cit seeds is thin.
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Figure 4.26: Normalized UV-vis absorbance spectra of the plasmonic NP seeds. A: The
Jana (orange) and the Turkevich (yellow) citrate capped gold nanoparticles (Au-Cit
NPs), B: The Turkevich Au-Cit NPs before and after cetyltrimethylammonium bromide
(CTAB) adsorption for the three different particle concentrations, C: The citrate capped
iron oxide nanoparticles (I0-Cit NPs) with (purple) and without (blue) Au coating.

4.1.3 Magnetic Properties

The magnetic hysteresis curves of the iron containing seed NPs were measured us-
ing VSM (described in Section 3.6.3) and are given in Figure 4.27. All the hysteresis
curves exhibit the same characteristic shape as that of superparamagnetic materials,
i.e. having zero magnetic moment for zero magnetic field (see Figure 2.1). How-

ever, the saturation magnetization (M) vary greatly between the populations. The
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seed population with the highest M is the IO-Cit NPs with the value of 50.35 emu/g.
This value is of the same magnitude as the Mg reported in literature for magnetite

nanoparticles synthesized via the chemical co-precipitation method 1%,

The fact that the thermal decomposition I0-OA NPs have a Mg of 28.35 emu/g, is
unexpected. According to what is reported in literature!’°!), and also in agreement
with the findings of previous work!'?), the M of such particles is expected to be in
the range of 62-90 emu/g. It should be mentioned that the cleaning procedure (as
described in Section 3.2.2) had to be performed twice as the IO-OA NPs did not precip-
itate out of toluene as easily as expected 1%, This suggests that the I0-OA NP solution
could have contained residual solvent from the synthesis procedure. When measured
by the VSM, the magnetic moment of the NPs are given in emu. In order to represent
the magnetic moment as emu/g, the measured value is divided by the weight of the
sample. This way, only ~ 5 mg of dried NPs are necessary in order to measure the
magnetic moment of the population. However, leftover impurities or residual solvent

from the synthesis procedure would greatly impact the My as it would make the mea-
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Figure 4.27: Magnetic hysteresis curves and saturation magnetization (M) of the iron
containing seed NPs: the citrate capped iron oxide nanoparticles (I0-Cit NPs, blue),
the oleic acid capped iron oxide nanoparticles (I0-OA NPs, black), the cetyltrimethy-
lammonium bromide capped iron oxide nanoparticles (I0-CTAB NPs, green), and the
citrate capped core shell iron gold nanoparticles (Fe@Au-Cit NPs, purple). The data
was measured by vibrating sample magnetometry (VSM).
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sured weight of the sample higher than the weight of IO NPs present in the sample.
This is likely the reason why the calculated Mg (in emu/g) of the IO-OA NP population
is lower than expected.

After the phase transfer of the I0-OA NP population, the My of the population is
reduced from 28.35 to 25.77 emu/g. As previously discussed, the IO-OA NPs show a
lower M than what is expected from literature, yet the Mg value of the IO-CTAB NPs
is in the expected range!'°®). This is another indication that the low M; of the I0-OA
NPs is due to some leftover impurities or residual solvent from the synthesis procedure

that can have been removed during the phase transfer procedure.

When comparing the magneto-plasmonic NP population to the IO NPs, it appears
that the presence of Au drastically reduces the My. This is expected, as the plasmonic
material only contributes to the NP mass, and not its magnetic moment. This is further

confirmed by the results of Bandyopadhyay et al.!%4

4.2 Seed-Mediated Growth of Anisotropic Nanoparticles

The seed-mediated growth of anisotropic nanostructures was carried out as described
in Section 3.5, using the five different types of NP seeds that were presented in the
previous section: The Jana Au-Cit, the Turkevich Au-Cit, the Fe@Au-Cit, the I0-Cit NB
and the IO-CTAB NP seeds. A summary of the seed properties is given in Table 4.8.
The results obtained from using each of the different seeds in the anisotropic growth

protocol will be presented and discussed in this section.

Table 4.8: Summary table showing the average diameter (u), hydrodynamic diame-
ter (H,), zetapotential (ZP), local surface plasmon resonance (LSPR) and saturation
magnetization (M) of all the seed nanoparticles.

Seed Population | y [nm] | H; [nm] ZP [mV] LSPR [nm] | M [emu/g]
Jana Au-Cit - - -35.6 £8.3 507 N.A
Turkevich Au-Cit | 17+2 | 43+1 |-404+04 523 N.A
Fe@Au-Cit 8+2 | 110+2 | -28.6+04 535 1.98
IONPs-Cit 9+2 97 £7 |-39.2+£0.2 N.A 50.35
IONPs-CTAB 13+£2 | 284+6 | 374+1.1 N.A 25.77

N.A = Not applicable

4.2.1 Jana Seeds

Two sets of experiments were conducted using the Jana Au-Cit NPs as seeds in which
two different reaction parameters were varied in order to study their effect on the final

morphology of the anisotropic particles.
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In the first set of experiments, the amount of CTAB in the growth solution was in-
creased from 1.2 g to 1.5 g to 2.0 g, while standard values were used for the other
reaction parameters as reported in Section 3.5. Figure 4.28A show the measured UV-
vis absorption spectra of the NPs before and after the seed-mediated growth. From
the intensity of the LSPR peaks, it is clear that Au has grown on the seeds in all three
experiments. There is not much of a change in the form of the spectra, and the varia-
tion of the LSPR wavelength is only 3 nm. The population grown in 1.2 g CTAB show
the highest absorbance.
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Figure 4.28: Normalized UV-vis absorption spectra for the Jana citrate capped gold
(Au-Cit) seeds before and after seed-mediated Au growth, (A) having varied the
amount of cetyltrimethylammonium bromide (CTAB) and (B) having varied the
amount of AgNO; in the growth solution.

In the second set of experiments using the Jana Au-Cit seeds, it was the volume of
AgNO, that was varied. 4 NP populations were synthesized in which 0, 0.375, 0.750,
and 1.5 ml of AgNO; was used respectively. Figure 4.28B show the measured UV-vis
absorption spectra of the NPs before and after the seed-mediated growth. After the
growth procedure there is a clear enlargement of the LSPR peak of all the samples,
indicating the successful heterogeneous Au nucleation and growth. The peak has also
red-shifted > 20 nm in all samples which is another indication that the particles have
become larger after the growth. In the spectra of the NPs that were grown without any
AgNOg, a shoulder peak is present at A ~ 700 nm, very similar to the one observed for
the Turkevich Au-Cit (Figure 4.26B). This could be an indication that there are NPs of
several different shapes and sizes present in that population. This is not unexpected
as AgNO, is known to induce shape control, promoting monodispersity!!°°), The three
other samples, synthesized with 375ul, 750ul and 1.5 ml of AgNO,, show very similar
absorbance spectra. Therefore, S(T)EM was performed on the samples synthesized
using the extreme values of AgNO5. The representative S(T)EM images of the two

populations, shown in Figure 4.29, confirm what was indicated in the UV-vis spectra.

® NORWEGIAN UNIVERSITY OF SCIENCE AND TECHNOLOGY 44



CHAPTER 4: RESULTS AND DISCUSSION

The sample synthesized without any AgNO,; have NPs of various shapes and sizes,
while the sample with 1.5 ml of AgNO; show more monodispersed, oval morphologies
with sizes of ~ 30 nm. Due to the low level of anisotropy, the Jana seeds were replaced

by the Turkevich seeds in the following experiments.

A B

Figure 4.29: Representative scanning (transmission) electron microscope (S(T)EM)
images of the nanoparticles synthesized from seed-mediated Au growth on the Jana
citrate capped gold (Au-Cit) seeds using (A) O ml and (B) 1.5 ml of AgNO,.

4.2.2 Turkevich Seeds

Five experiments were conducted using the Turkevich seeds in the seed-mediated
growth procedure. In order to examine the effect of surface coating and charge, three
of the experiments were conducted using the three different Au-Cit-CTAB seeds (see
Table 4.3). In order to add the same amount of seeds as in the standard procedure,
the seed volumes of the three populations had to be adjusted. Consequently, when
using the Au-Cit-CTAB 0.5, Au-Cit-CTAB_1.0 and the Au-Cit-CTAB_ 1.5 population as
seeds, 480, 288 and 224 ul of the respective seed solutions were added. The two other
experiments were performed using citrate capped Au seeds, one in which the standard
procedure was followed, and in the second the amount of CTAB in the growth solution
was increased to 1.5 g.

The absorbance spectra of the five NP populations before and after the seed-
mediated growth are shown if Figure 4.30A and 4.30B respectively. Comparing the
spectra of the different samples, all in which there was more CTAB present in the

growth solution than what is used in the standard procedure, show similar curves.
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This indicates that whether the NPs have CTAB adsorbed on their surface prior to the
seed-mediated growth, or if there is excess CTAB in the growth solution, does not
affect the optical properties of the resulting seed-mediated particles. It is possible
that the excess CTAB added into the growth solution adsorb onto the surface of the
negatively charged Au-Cit seeds in a similar fashion as in the CTAB adsorption proto-
col performed before adding the seeds. This is also confirmed by the representative
S(T)EM images of the populations, shown in Figure 4.31, in which no significant dif-
ference can be observed between the samples using the CTAB adsorption seeds (a-c)
and the sample using the citrate seeds with excess CTAB in the growth solution (d).
All four populations consist of oval shaped particles with sizes in the range of ~ 100-
150 nm. The particles synthesized following the standard procedure also show similar
morphologies (Figure 4.31e), though their absorption peak is higher.
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Figure 4.30: Normalized UV-vis absorbance spectra of the Turkevich gold nanoparti-
cles (Au NPs) before (A) and after (B) seed-mediated Au growth.

When using the Turkevich Au-Cit NPs as seeds, the LSPR peaks are much broader
than the LSPR peaks of the Jana seeded particles. This is likely due to a higher polydis-
persity in the particles synthesized from the Turkevich seeds. Each NP with a different
size or shape will have a LSPR at a specific wavelength unique to that morphology.
As the absorbance spectra of a NP population is a sum of the absorbance of its par-
ticles, a more polydispersed population would have a broader absorption peak!!¢!,
Nonetheless, comparing the representative S(T)EM images of the population of parti-
cles synthesized using the Turkevich seed to the Jana seeded particles, the former are

bigger and show more anisotropic features.
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Figure 4.31: Representative scanning (transmission) electron microscope (S(T)EM)
images of particles synthesized from seed-mediated Au growth on Turkevich gold
nanoparticles (Au NPs). a: 480 ul Au-Cit-CTAB_0.5 seeds, b: 288 ul Au-Cit-CTAB_1.0
seeds, ¢: 224 ul Au-Cit-CTAB_1.5 ul seeds, d: 96 ul Au-Cit seeds with excess CTAB in
the growth solution and e: 96 ul Au-Cit seeds, standard synthesis.

Having seen that the seeded growth works using both the Turkevich Au-Cit and
Au-Cit-CTAB seeds, the Au seeds were replaced with iron-containing seeds to obtain
magnetic-plasmonic particles. As a first try, the Fe@Au NPs were used as seeds as
heterogeneous nucleation is more likely to occur when the seed and nucleating species

are of the same material(2°],
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4.2.3 Fe@Au Seeds

Two sets of experiments were conducted while using the Fe@Au seeds synthesized
from the I0-Cit NPs. In the first set, two experiments were performed, each in which
1.5 ml and 2.5 ml of the Fe@Au-Cit seed solution (see Table 4.6) was used respectively.
In the second set, 224 ul of the two different Fe@Au-Cit-CTAB seeds (see Table 4.7)

were used.

The UV-vis absorption spectra of the Fe@Au NPs before and after the seed-mediated
growth is shown in Figure 4.32A and 4.32B respectively. After the Au growth, the par-
ticles from the Fe@Au-Cit seeded synthesis have an increased absorption peak that
has been red-shifted by 28 and 50 nm respectively. However, the shape of the curves
stayed more or less the same. This can indicate that Au has indeed grown on the seed,
but that it only resulted in an isotropic increase of the Au-shell, and not necessarily
in anisotropic particles. The sample in which 2.5 ml of the Fe@Au-Cit seeds were
added have an LSPR that is red-shifted by 22 nm compared to the sample that had
1.5 ml seeds added. This indicate that the population synthesized using the larger
seed-volume also resulted in larger particles. This is confirmed by the representa-
tive S(T)EM images taken of the two populations as shown in Figure 4.33. Using the
ImageJ software, the sizes of the 1.5 ml Fe@Au-Cit seeded particles are ~ 30 nm
smaller than the particles synthesized using 2.5 ml seed solution. The S(T)EM im-
ages also show the presence of uncoated seeds, more so in the population using a
smaller seed volume. Asindicated by their UV-vis spectra, the particles are only slightly

anisotropic, having oval morphologies.
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Figure 4.32: Normalized UV-vis absorbance spectra of the iron gold core shell
nanoparticles (Fe@Au NPs) before (A) and after (B) seed-mediated Au growth.
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Figure 4.33: Representative scanning (transmission) electron microscope (S(T)EM)
images of particles synthesized from the seed-mediated growth using iron gold core
shell nanoparticle (Fe@Au NP) seeds. a: 1.5 ml and b: 2.5 ml of Fe@Au-Cit seeds,
c: 224 ul Fe@Au-Cit-CTAB (20-1.0) seeds, and d: 224 ul Fe@Au-Cit-CTAB (15-0.75)
seeds.

The absorption spectra of the particles synthesized using the Fe@Au-Cit-CTAB seeds
on the other hand, have broadened after the Au growth, indicating the presence of new
morphologies. From the representative S(T)EM images of the four populations (Figure
4.33), it is clear that the Fe@Au-Cit-CTAB seeded particles are larger, with sizes of ~
250 nm, and have more anisotropic features than the Fe@Au-Cit seeded particles. In
the previous section it was shown that the particles synthesized using CTAB adsorption
seeds have similar morphologies and absorption spectra as the particles synthesized
from citrate capped seeds. Therefore, the difference in ZP of the two seeds is likely
not the cause of the difference in the resulting NP populations. It is more likely due

to the difference in the added seed volume in the two sets of experiments.

As a way of increasing the magnetic moment of the seeds, and the seed-mediated

particles, the Fe@Au seeds were switched with IO NPs in the following experiments.
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4.2.4 10 NP Seeds

Four seed-mediated NP synthesis were performed using 10 NPs as seeds. In the first
experiment, 182 ul of the IO-Cit NP seeds were used. The UV-vis absorption spectra of
the IO-Cit NP seeded particles before and after the Au growth is shown in Figure 4.34A
and 4.34B respectively. The spectra show no sign of plasmonic activity, indicating that
no gold has nucleated and grown on the seeds. Looking at the S(T)EM image of
this sample, shown in Figure 4.35a, there are actually some Au-containing anisotropic
particles present. As the mass density of gold is higher than that of iron, gold appear
brighter in the S(T)EM images!1°”). However, the fraction of gold is likely too small as

compared to the amount of uncoated iron in the sample to be detected by the UV-vis

spectrometer.
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Figure 4.34: Normalized UV-vis absorption spectra of the two different aqueous iron
oxide nanoparticles (IO NPs) before (A) and after (B) the seed-mediated growth.

Due to the lack of LSPR, the I0-Cit NPs were replaced with I0-CTAB seeds. Using
the IO-CTAB NP as seeds, three synthesis were performed, using seed volumes of 96,
224 and 480 ul. The UV-vis absorption spectra of the IO-CTAB NPs before and after
the seed-mediated growth is shown in Figure 4.34A and 4.34B respectively. The ab-
sorption spectra of the the IO-CTAB seeded particles all show plasmonic behavior. The
representative S(T)EM images from these populations with seed volumes of 96, 224
and 480 ul are shown in Figure 4.35b, 4.35c and 4.35d respectively. In these images,
no uncoated iron seeds are present. The population synthesized from 96 ul seed con-
tain particles with a wide range of sizes, indicating a high polydispersity. When more
seeds are added, the particles appear more monodispersed. Consequently;, it is the two
samples in which 224 and 480 ul IO-CTAB seeds are added that are the most suitable
for biosensing applications. It is therefore the IO-CTAB seeds and the seed volumes of
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224 and 480 ul that is used in the following and final set of experiments.

Figure 4.35: Representative scanning (transmission) electron microscope (S(T)EM)
images of particles synthesized from seed-mediated Au growth using iron oxide
nanoparticle (IO NP) seeds. a: 182 ul of IO-Cit NP seeds, b: 96 ul, ¢: 224 ul, and d:
480 ul of the IO-CTAB NP seeds.

4.2.5 Effect of pH and AgNO;

As pH and AgNO; already have been shown to be reaction parameters that strongly
influence the final morphology of nanoparticles'%), these parameters were varied in
the I0-CTAB seeded Au growth of anisotropic nanostructures. The JMP software was
used to optimize the experimental design. The 12 different experiments with different
combinations of AgNO; and pH as proposed by the JMP software were divided into
two sets (due to experimental convenience) as shown in Table 4.9. These two sets
of experiments were conducted using both 224 ul and 480 ul of the seed solution,
as these volumes of I0-CTAB seeds gave the most promising results in the previous

section.
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Table 4.9: The different combinations of AgNO, and pH used in the two sets of seed-
mediated growth, as proposed by the JMP software.

Experiment Set 1
AgNO, [ul] | 2000 | 2000 | 1190 | 1190 | 375 | 1190
pH 1.5 10 1.5 10 | 34| 3.4

Experiment Set 2
AgNO; [ul] | 2000 | 2000 | 375 | 375 | 375 | 2000
pH 10 1.5 3.4 10 | 15| 3.4

224 ul I0-CTAB NP seeds

Following the procedure for seed-mediated growth as described in Section 3.5,
anisotropic nanostructres were synthesized using 224 ul I0-CTAB NP seeds. 12 ex-
periments were conducted using the combinations of values for the pH and AgNO, as
reported in Table 4.9. The other reaction parameters involved were kept constant, us-
ing the standard values. While performing the cleaning procedure, it was found that
some of the newly synthesized NPs had settled down during the overnight growth and
were no longer dispersed in the reaction solution. The resulting NP populations were
therefore divided into particles dispersed in the top product (TP) and particles left in
the bottom product (BP) of the sample. The NPs of the BP were generally less concen-
trated and were not centrifuged contrary to the NPs of the TP. This was not considered
necessary as most of the excess CTAB and other impurities of the growth solution was

poured off when removing the TP

The UV-vis absorption spectra of the particles found in the TP and the BP synthesized
at pH = 1.5 are shown in Figure 4.36A and 4.36B respectively. Only the TP of the
sample in which 375 ul AgNO,; was added exhibit plasmonic behavior with an LSPR
peak at ~ 600 nm. At low pH the growth is expected to be slower as the reduction
potential of the reducing agent is inhibited!'%!. If the pH is too low, the reducing
agent (ascorbic acid) will not be able to reduce the gold precursor (Au®"), and there
will be no build up of supersaturation. As a consequence, no growth will occur (see
Section 2.3.6).

In order to get a first impression of the trends, only the samples showing promising
LSPR properties based on their UV-vis spectra, were imaged in S(T)EM. Consequently,
only the NPs synthesized at pH = 1.5 with 375 ul AgNO; were imaged and are shown
in Figure 4.37. Whereas no defined particles could be seen in the TB the particles

found in the BP show a high degree of monodispersity. This could not be seen in
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their UV-vis absorption spectra, probably due to the low concentration of particles in
this sample. The low concentration of the sample is also likely the reason why the
absorption spectra of the BP show a higher level of noise than the TP spectra.

I 375 ul AgNO3 I 375 pl AgNO3
1.0 I 1190 ul AgNO3 1.0 1 mam 1190 it AgNOs
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Figure 4.36: Normalized UV-vis absorption spectra of the NPs synthesized from seed-
mediated Au growth at pH = 1.5, using 224 ul I0-CTAB NP seeds. Plot A and B show
the spectra measured for the particles in the top and bottom product respectively.
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Figure 4.37: Scanning (transmission) electron microscope (S(T)EM) images of par-
ticles synthesized by seed-mediated growth at pH = 1.5, using 224 ul I0-CTAB NPs
and 375 ul AgNO;.

The UV-vis absorption spectra of the particles found in the TP and the BE synthesized
by seed-mediated growth at pH = 3.4, are shown in Figure 4.38A and 4.38B respec-
tively. For these samples no acid or base was added to the growth solution. Contrary
to the samples synthesized at pH = 1.5, all of the spectra now show plasmonic be-
havior. The corresponding S(T)EM images are shown in Figure 4.39. Comparing the
NPs of the TP and the BB they appear to have similar morphologies while the NPs in
the BP have less sharp edges. All the samples, with exception of the TP of the sample
in which 2000 ul AgNO; was added, showed low levels of monodispersity. In all the
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Figure 4.38: Normalized UV-vis absorption spectra of the particles synthesized from
seed-mediated Au growth at pH = 3.4, using 224 ul I0-CTAB NP seeds. Plot A and B
show the spectra measured for the particles in the top and bottom product respectively.
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Figure 4.39: Representative scanning (transmission) electron microscope (S(T)EM)
images of the particles synthesized from seed-mediated Au growth at pH = 3.4, using
224 ul I0-CTAB NPs.

images of the TP populations the presence of uncoated seed NPs can be seen. As the
seed NPs are much smaller than the Au-coated particles, they are less likely to settle
into the BP leading to a higher concentration of uncoated iron seeds in the TP This is
also indicated by the form of the absorption spectra of the samples. In fact, comparing
the UV-vis absorption spectra of the top and bottom products, it is possible that if the
presence of uncoated I0-CTAB seeds were removed the two spectra would look the

same.

The UV-vis absorption spectra of the particles found in the TP and the BE synthesized
by seed-mediated growth at pH = 10, are shown in Figure 4.40A and 4.40B respec-
tively. At this pH, there are signs of plasmonic behavior in both spectra, however less
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Figure 4.40: Normalized UV-vis absorption spectra of the particles synthesized from
seed-mediated Au growth at pH = 10, using 224 ul I0-CTAB NP seeds. Plot A and B
show the spectra measured for the particles in the top and bottom product respectively.
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distinct than at pH 3.4. Also in these samples, the LSPR of the BP is more prominent.
Again, the TP spectra are likely dominated by the iron content of the sample caused

by a high fraction of uncoated seeds.

The representative S(T)EM images of the populations synthesized at pH 10, with
375 ul and 2000 ul AgNO,, are given in Figure 4.41. In these images, no uncoated
seeds are present. However, it should be noted that S(T)EM only gives an insight
to a small fraction of the sample. The UV-vis spectrometer on the other hand, scans
through a much larger, more homogeneous part of the sample. What can be seen in
Figure 4.41 are Au coated anisotropic particles, more monodispersed than the particles
synthesized at lower pH. The basic environment at this pH promotes a faster reduc-
tion of the gold precursor, generating a high supersaturation. This in turn increases the
reactivity of the nucleation and growth leading to the star-shaped morphologies appar-
ent in the S(T)EM images. Such morphologies are promising considering biosensing
applications. The large surface area of these nanostructures enhances the interactions
with a potential target molecule, and the fact that they are monodispersed ensures a

consistent LSPR peak.

pH =10
[AgNO,] = 375 ul

Top Product s | Bottom Product

Figure 4.41: Representative scanning (transmission) electron microscope (S(T)EM)
images of the particles synthesized by seed-mediated Au growth at pH = 10, using
224 ul I0-CTAB NPs, having added 375 and 2000 ul AgNO;.
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In order to increase the pH of the growth solution to 10, only ~ 200 ul of the base
had to be added. However, in the samples synthesized at pH = 1.5, ~ 2.2 ml HCl
had to be added to obtain the acidic pH. As a consequence, the total volume of the
12 different samples was not kept constant, which means that the concentrations of
the chemicals involved in the synthesis also varied between the samples. This will
in turn have affected the supersaturation of the systems, and could possibly have
had an impact on the final morphology of the synthesized NPs. The effect of total re-
action volume was not further studied as it was not included in the scope of this thesis.

480 ul IO-CTAB NP seeds

Next, the 12 experiments synthesizing anisotropic nanostructures while varying the
pH and amount of AgNO, as presented in Table 4.9, were performed using 480 ul
of the IO-CTAB NPs as seeds. Also these experiments resulted in a NP population
separated into a TP and BP

From previous discussion, it is not expected to see any distinct plasmonic behavior in
the samples synthesized with a combination of such an acidic pH and high iron seed
content. Indeed, in the UV-vis absorption spectra of these samples, given in Figure
4.42, no plasmonic behavior is observed. The curves resemble those of the seeds,

indicating that no (or only very little) gold has grown on the iron seed.
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Figure 4.42: Normalized UV-vis absorption spectra of NPs synthesized from seed-
mediated Au growth, using 480 ul IO-CTAB NP seeds, at pH = 1.5. Plot A and B show
the spectra measured for the particles in the top and bottom product respectively.

The measured UV-vis absorption spectra of the NPs synthesized at pH 3.4 found in
the TP and BP are given in Figure 4.43A and 4.43B respectively. When increasing the
pH from 1.5 to 3.4, there are no big differences in the spectra of the TP However, there

are signs of plasmonic activity in the spectra of the BB indicating the presence of gold.
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The TP and the BP of the two extreme samples were imaged by S(T)EM. However, only
in the TP could any kind of NP population be observed. The representative S(T)EM
images of the TPs are given in Figure 4.44.
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Figure 4.43: Normalized UV-vis absorption spectra of the NPs synthesized from seed-
mediated Au growth at pH = 3.4, using 480 ul IO-CTAB NP seeds. Plot A and B show
the spectra measured for the particles in the top and bottom product respectively.
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Figure 4.44: Representative scanning (transmission) electron microscope (S(T)EM)
images of particles synthesized by seed-mediated Au growth at pH = 3.4, using 480 ul
I0-CTAB NPs. Only the extreme samples, with regards to the added volume of AgNO,,
were imaged.

The UV-vis absorption spectra of the seed-mediated NPs synthesized at pH = 10 are
given in Figure 4.45. When increasing the pH to 10, the LSPR of the TP are getting
more visible, however it is the LSPR of the BP that are the most prominent. The
S(T)EM images of the samples, shown in Figure 4.46, suggests that it is the sample in
which 375 ul AgNO, is added that has the highest yield of anisotropic particles. This
population also consist of larger particles that appear to have the highest surface area.
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A larger surface area is considered beneficial for nano-biosensors as it increases the

sites of interaction between the sensor and the target molecule.
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Figure 4.45: Normalized UV-vis absorption spectra of NPs synthesized through seed-
mediated Au growth at pH = 10, using 480 ul IO-CTAB NP seeds. Plot A and B show
the spectra measured for the particles in the top and bottom product respectively.
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Figure 4.46: Representative scanning (transmission) electron microscope (S(T)EM)
images of particles synthesized by seed-mediated Au growth at pH = 10, using 480 ul
IO-CTAB NPs.

Magnetic Properties

Up until now, the focus has been on tailoring the plasmonic properties of the nanos-
tructures as it is the LSPR that is exploited in the biosensing applications. However,
the reason for using IO NPs as seeds was to obtain magnetic particles. In order to ex-
amine the magnetic properties of the anisotropic particles, magnetic separation was
performed on the sample synthesized with 375 ul AgNO,, at pH = 10. Figure 4.47
show the NP solution of the particles that separated out after 2, 10 and 30 min of
being exposed to a magnetic field, and finally, also the particles that did not separate
out, but were left in the supernatant.

2 min, 10 min, 30 min, supernatant

Figure 4.47: Samples of 480 ul I0-CTAB seeded particles that separated out solution
after 2, 10, 30 min, and finally the particles that did not separate out after 30 min.
For increasing separation times, the color of the solution changes from black (2 min
separation time) to purple-pink (particles that did not separate after 30 min).
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The color difference of the four solutions is an immediate indication that the plas-
monic activity increases for the particles with longer separation times. With regards to
the fraction of uncoated iron seeds, the opposite trend is expected. This is also what
is seen in the UV-vis absorption spectra of the four solutions given in Figure 4.48. The
NPs that separated out after 2 and 10 min of being exposed to the magnetic field show
spectra similar to the absorption spectra of pure IO-CTAB NP However, the 2 min spec-
tra do show a minor peak at A ~ 800 nm suggesting that the separated population
contain plasmonic material. The particles that separated out after 30 min on the other
hand, have an absorption spectra and LSPR peak similar to NPs of the supernatant and
what is seen in the spectra of the BP in Figure 4.45B. This substantiates the earlier sus-
picion that the absorption spectra of the TP are largely dominated by the fraction of

uncoated iron seeds.
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Figure 4.48: Normalized UV-vis absorption spectra of the particles synthesized from
seed-mediated Au growth at pH = 10, using 480 ul IO-CTAB seeds and 375 ul AgNOs,
before and after magnetic separation. The gray, blue, beige and brown curves show
the spectra of the particles that separated out from the solution after 0, 2, 10 and 30
min of being exposed to a magnetic field respectively. The spectra of the particles that
did not separate out after 30 min of magnetic exposure is plotted in yellow.
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The four fractions were examined in S(T)EM and their representative images shown
in Figure 4.49. The representative images also show that the longer the solution is ex-
posed to the magnetic field, the more anisotropic gold NPs and less uncoated iron
seeds are observed. Yet, the presence of anisotropic NPs is observed in all the sam-
ples, suggesting that the magnetic moment may vary between each particle. This can
be due to a variation in the number of IO-CTAB NPs that get Au coated at once. Look-
ing at S(T)EM image of the I0-CTAB NPs (Figure 4.24), there are several different
sized clusters present. As the heterogeneous nucleation of Au will happen on any
given surface, it is possible that IO-CTAB NP get coated as clusters. This could result
in magneto-plasmonic particles with varying amount of iron, again resulting varying
magnetic moments. Another possibility is that the few magneto-plasmonic particles
that separated out of solution after 2 min, only did so because they got trapped be-
tween surrounding seed NPs. Nonetheless, the anisotropic Au-coated IO-NPs that did
separate out of solution due to the presence of the magnetic field, proved to exhibit
both a characteristic LSPR and superparamagnetic behavior.

Figure 4.49: Representative scanning (transmission) electron microscope (S(T)EM)
images of the particles that separated out after being exposed to a magnetic field for 2,
10 and 30 min, as well as the particles that were left in the supernatant. The particles
were synthesized by seed-mediated Au growth at pH = 10, using 480 ul IO-CTAB NPs
as seeds and 375 ul AgNO;.
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4.3 Summary and General Discussion

During the course of the experimental work, five different types of seed NPs were
synthesized and characterized: Jana Au-Cit, Turkevich Au-Cit, I0-Cit NPs, [O-CTAB
NPs, and Fe@-Au-Cit NPs. This collection of seeds consist of NPs of different material,
different plasmonic and magnetic properties, different surface coating and charge,
and different size distributions (see Table 4.8). All five seed populations were used as
seeds in the seed-mediated Au growth towards anisotropic nanostructures. In these

experiments, both the different types and amount of seed were tested.

The particles synthesized following the standard seed-mediated growth procedure,
using the Jana Au-Cit seeds, were small (~ 30 nm) and showed little to no degree of
anisotropy. It was found that the absence of AgNO, in the growth solution, lead to
reduced shape control in the system, which in turn resulted in a NP population ex-
pressing several different anisotropic morphologies (see Figure 4.29A). As monodis-
persity is important in most biomedical applications, the Jana seeds were replaced

with Turkevich seeds.

The Turkevich seeds were also citrate coated gold NPs, but the average size of the
population was larger than for the Jana seeds. Consequently, the Turkevich Au-Cit
seeded particles were larger than the Jana Au-Cit seeded particles. The former pop-
ulation also exhibited more anisotropic features. Furthermore, the Turkevich Au-Cit
seeds were functionalized with a CTAB surface layer. It was found however, that the
particles synthesized using the Turkevich Au-Cit seeds and the Turkevich Au-Cit-CTAB
seeds showed similar physico-chemical properties, rendering the CTAB adsorption un-

necessary.

Having seen that the seed-mediated protocol worked, the Au seeds were replaced
with iron-containing seeds in order to obtain magneto-plasmonic NPs. Considering
the fact that heterogeneous nucleation is more likely to occur when the seed and the
nucleating species are of the same material, the Au coated iron particles were used as
seeds in the first try. Using the Fe@Au-Cit NP as seeds, it was found that the volume of
the seed solution could impact the seed-mediated growth. Using large seed volumes
(1.5-2.5 ml) resulted in an isotropic increase of the gold shell, whereas smaller seed
volumes (224 ul) promoted anisotropic growth. The particles synthesized from using
224 ul Fe@Au seed solution were also larger (~ 250 nm), implying a larger surface
area. A larger surface area is considered beneficial for nano-biosensors as it increases

the sites of interaction between the sensor and the target molecule.

Next, the Fe@Au NPs were replaced with IO NPs in order to increase the Mg of

the particles. The different Mg values of the seeds are summarized in Table 4.8. The
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seed-mediated particles synthesized from using the 10-Cit population as seeds did not
exhibit a LSPR. When using the I0-CTAB NP seeds, on the other hand, the resulting
particle population did exhibit LSPR. In fact, it was the IO-CTAB NP seeds that gave
the most promising anisotropic magneto-plasmonic nanostructures. This population
had the most monodispersed particles, combined with a defined LSPR peak. Both the
experiments using 224 ul, and the ones in which 480 ul of the IO-CTAB NPs seeds were
added resulted in such anisotropic particles. Therefore, the remaining experiments
were conducted using 224 ul and 480 ul of the IO-CTAB seeds.

In the final part of the experimental work, the added volume of AgNO, and the pH
of the growth solution was varied. It was found that the particles synthesized at high
pH had the plasmonic properties most suited for biosensing applications. Increasing
the pH of the solution, increased the reduction potential of the reducing agent, which
lead to a fast build up of the solution’s supersaturation. This in turn, lead to a re-
action controlled deposition of gold on the seed particles resulting in the observed
star-shape morphology in Figure 4.46. For the synthesis taking place at this pH, it was
the samples in which the lowest amount of AgNO, was added that resulted in the most
promising nanostructures. AgNO, is a reaction parameter that has been shown to in-
duce shape control in NP synthesis, restricting growth at preferential crystal facets.
Thus, it is possible that the high volumes of AgNO, reduces the number of "spikes" on
the particle’s surface leading to particles with smaller surface areas.

The magnetic properties of one population of anisotropic nanostructures (synthe-
sized using 480 ul I0-CTAB NP seeds, with 375 ul AgNO; and at a pH of 10) were
examined. It was found that for increasing time in the presence of a magnetic field,
more of the anisotropic particles separated out of solution. Comparing the UV-vis
absorption spectra of the sample before and after magnetic separation (see Figure
4.48), it is clear that the original spectra is a superposition of the iron signal of the
uncoated seed NPs and the plasmonic LSPR of the anisotropic Au coated NPs. Also
confirmed by the S(T)EM images (see Figure 4.49), the particles that separated out
after 2 and 10 min were largely uncoated iron seeds. The particles that separated out
after 30 min, and the particles that did not separate out, were mainly Au coated parti-
cles. The Au coated particles that separated out of solution due to the presence of the
magnetic field, proved to exhibit both a characteristic LSPR and superparamagnetic
behavior. Furthermore, the population chosen for magnetic separation (synthesized at
pH = 10, using 480 ul I0-CTAB NP seeds and 375 ul AgNO;) was the population that
showed the highest yield of monodispersed particles with large surface areas. Both of
which are properties that contributes to making these anisotropic magneto-plasmonic

nanoparticles suitable for biosensing applications.
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4.4 Potential Applications and Future Work

The LSPR peak of the star-shaped NPs synthesized at pH = 10, is characteristic for
the particles in this population. As indicated by the different UV-vis absorption spec-
tra measured throughout this thesis, and elaborated on in Section 2.1.2, the LSPR
properties of NPs are dependent on several factors. These factors include the com-
position, size and morphology of the NPs as well as their surrounding environment.
Consequently, the LSPR peak of a given NP can act as a highly sensitive probe able to
detect changes in the local refractive index at the nanoparticle surface. Such changes,
which typically occur as a result of biomolecular interactions at the nanoparticle sur-
face, can thus be monitored as it results in a distinct shift of the LSPR wavelength.
This way, the NPs can be used to detect the presence of any given target-molecule that
is able to bind to its surface. In order for the magneto-plasmonic NPs synthesized in
this thesis to be used for this purpose, they would first have to be surface functional-
ized with a molecule that specifically binds to the target of choice. For the particles
synthesized in this work, especially two target-molecule candidates were considered;
Lipopolysaccharides (LPS) and the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2).

The superparamagnetic behavior of the anisotropic particles allows them to sep-
arate out of solution when exposed to a magnetic field. Combined with the plas-
monic properties of the NPs, it would not only be possible to detect the presence
of a molecule, but to separate it out of the liquid in which it is contained. In the
case of LPS, which are common byproducts of biopharmaceuticals, the functionalized
magneto-plasmonic nano-stars could be used as a purification system. After having
detected the presence of the endotoxin, the particles (along with the bound target an-
alyte) could also be removed from the biopharmaceutical product, making it safe to
use. Another benefit of magnetic separation is the possibility of recycling the particles

for multiple reuses.

In order to synthesize magneto-plasmonic nano-biosensors for industrial use, the
synthesis procedure should yield particles with identical magnetic and optical proper-
ties in every synthesis. Although this thesis examines the role of various reaction pa-
rameters involved in the seed-mediated synthesis of magneto-plasmonic NPs, a more
systematic study is necessary before a such a protocol can be developed. Experiments
studying the impact of the different seed properties, including their size, monodis-
persity, surface charge and capping agent, should be conducted. Optimizing the FeOl
and the I0-OA synthesis to increase the My of the I0-OA seeds should be looked into
as it could impact the superparamagnetic properties of the final anisotropic particles.
The Fe@Au-CTAB NPs (see Appendix Fe@Au-CTAB NPs) were never used as seeds in
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the seed-mediated Au growth procedure. Given the effect seen from using Fe@Au-Cit
seeds, and the effect of using CTAB capped instead of citrate capped IO seeds, the
Fe@Au-CTAB NPs could be good seed candidates. In order to investigate how the
Au is deposited on the I0-CTAB seeds, energy dispersive X-Ray spectroscopy (EDS)
could be performed on the magneto-plasmonic particles. This technique can for in-
stance be used on S(T)EM images of the populations where elemental mapping would
provide information about the amount of iron that gets encapsulated in each of the
anisotropic particles. Furthermore, experiments investigating the interplay between
changes in pH and the corresponding change of the total reaction volume could also

be beneficial.
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Chapter 5

Conclusion

The aim of this work has been to tailor magneto-plasmonic nanoparticles (NPs), i.e.
optimize their physico-chemical properties, so that they are suitable for biosensing
applications. In order to do so, a seed-mediated Au growth protocol was followed
using a variety of seed NPs. In order to improve properties of the seed-mediated

particles, several of the reaction parameters involved in the synthesis were varied.

Five different types of seed NPs have been synthesized and characterized: Jana Au-
Cit, Turkevich Au-Cit, IO-Cit NPs, I0-CTAB NPs, and Fe@-Au-Cit NPs. This collection of
seeds consist of NPs of different material, different plasmonic and magnetic properties,
different surface coating and charge, and different size distributions. And, they were
all used as seeds in the seed-mediated Au growth towards anisotropic nanostructures.
In these experiments, both the different types and amount of seed were tested. The
seed that gave the most promising anisotropic magneto-plasmonic nanostructures was
the IO-CTAB NPs. This population had the most monodispersed particles, combined
with a defined local surface plasmon resonance (LSPR) peak. Both the experiments
using 224 ul, and the ones in which 480 ul of the IO-CTAB NPs seeds were added
resulted in such anisotropic particles.

Next, also the added volume of AgNO; and the pH of the growth solution was varied.
It was found that the particles synthesized at high pH had the plasmonic properties
most suited for biosensing applications. Increasing the pH of the solution, also in-
creases the reduction potential of the reducing agent, leading to a fast build up of the
solution’s supersaturation. This in turn, leads to a reaction controlled deposition of
gold on the seed particles resulting in the observed star-shape morphology. For the
synthesis taking place at this pH, it was the samples in which the lowest amount of
AgNO,; was added that resulted in the most promising nanostructures. AgNO; is a
reaction parameter that has been shown to induce shape control in NP synthesis, re-
stricting growth at preferential crystal facets. Thus, it is possible that the high volumes
of AgNO, reduces the number of "spikes" on the particle’s surface leading to particles
with smaller surface areas.

Finally, the magnetic properties of one population of anisotropic nanostructures
(synthesized at pH = 10, using 480 ul IO-CTAB NP seeds and with 375 ul AgNO,) were
examined. It was found that for increasing time in the presence of a magnetic field,
more of the anisotropic particles separated out of solution. These particles proved

to exhibit both a characteristic LSPR and superparamagnetic behavior. Furthermore,
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this population showed the highest yield of monodispersed particles with large surface
areas. All of the aforementioned properties contributes to making these anisotropic
magneto-plasmonic nanoparticles suitable for biosensing applications.

Further systematic studies should be performed in order to develop a synthesis pro-
cedure that will guarantee the yield of magneto-plasmonic NPs exhibiting identical
magnetic and optical properties.
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APPENDIX: FE@AU-CTAB NPs

Appendix

Fe@Au-CTAB NPs

CTAB capped core shell Fe@Au-CTAB NPs were synthesized following a modified
procedure from Tamer et all'®]. Briefly, 910 ul of aqueous IO-CTAB NPs and 90 ul
1.0 M HAuCl, was added to a glass vial mixed by ultra sonication for 2 min. Next,
160 ul ice cold (~ 4°C) 0.01 M NaBH, was added, and the mixture was sonicated for
another 5 min. The resulting NP solution had a dark brown-redish color. No cleaning
procedure was performed, before measuring their UV-vis absorption spectra given in

Figure 1.50.
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Figure 1.50: UV-vis absorbance spectra of the I0-CTAB NPs with and without Au coat-
ing.
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