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Abstract

Nanoparticles, with their unique properties at the nanoscale, have garnered significant
interest. Their potential in medicine, catalysis, and other fields is tremendous. However,
it is crucial to acknowledge the potential detrimental effects of nanoparticles, particularly
plastic nanoparticles and the largely unknown effect on human health through plastic
degradation in the environment.

This thesis is structured around two pivotal research topics. The first explores the
synthesis of nanoparticles for a groundbreaking purpose - treating glioblastomas with a
new radiotherapy, neutron capture therapy. The second topic delves into the
environmental impact of plastic waste, particularly its breakdown and the toxicity of
plastic nanoparticles to cell lines.

Within the first two research chapters [chapters 3 and 4], a deep study on the synthesis
of iron-boron core and gold shell (FeB-Au) nanoparticles for neutron capture therapy.
Patients diagnosed with GBM have a very short life expectancy, with 17.7 % of patients
having a survival rate of one year. Two essential methods were trialled to synthesise the
trimetallic nanoparticles: non-aqueous conditions using redox-transmetalation and
aqueous conditions using reverse micelles. When using an Fe*" salt (FeCls) in non-
ageuous conditions led to a significant incorporation of boron into the core when
compared to using an Fe?* salt (FeCl), with a B/Fe atomic ratio of 0.92 compared to
0.32, respectively. Redox-transmetalation helped overcome the lattice mismatch
between the Fe-B core and Au shell, with Fe being used as the reducing agent for gold,
which promotes seeding at the surface of the core. From this method, high importance
around the temperature drop of the core solution to minimise homonucleation of the gold
and promote hetronucleation was essential for forming a gold shell and partial core-shell
nanoparticles were formed. The reverse micelle method was not reproducible compared
to the literature and was ineffective at forming core-shell nanoparticles. It was
challenging to confirm whether there was micelle stability which led to a significant
challenge in forming a shell around the core material. There was no clear core-shell
structure formation using reverse micelles and the method proved to be less effective
compared to the redox-transmetalation method. Within the plastic nanoparticle toxicity
test [chapter 5], different common petroleum-based waste plastics [PS, PMMA, PE, PP]
were synthesised and used for cell testing on MRC-5 cells. Several analysis techniques
(EDX, XRF, XPS TGA, XRD, FTIR), were used to compare raw polystyrene and a
polystyrene coffee lid to identify the differences and additives in processed commercial
coffee lids. In this case, it was found that the coffee lid had CaCOj; and TiO, added as a
colourant and TiO2 as an antimicrobial. The average sizes of all plastic nanoparticle
solutions (PS, PMMA, PP, PE, PS coffee lid) were between 50-200 nm at high
concentrations between 2 x 10'2and 2 x 10" particles per ml. It was found that the
coffee lid was highly toxic towards MRC-5 cells, with cell viability of less than 10 %.
However, the concerning information found in this chapter was that all the plastics
indicate that DNA damage is caused by double-strand breaks in the DNA and a delay in
the cells progressing through the cell cycle due to damage being caused.
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Introduction
Nanoparticles have the potential to be both a panacea and a bane for society. The use

of nanoparticles in medicine is ever expanding with nano antibiotics being used due to
the surface area to volume ratio and the rapid release of medicine into the body (Arora
et al. 2020). Silver-gold alloyed nanoparticles have shown anticancer and antimicrobial
activity which can directly target the surface of human breast cancer cells (MCF-7)
(Roopan et al. 2014), (de Oliveira Gongalves et al. 2020). Antibody drug conjugates
have been used in medicine by using the targeting properties of monoclonal antibodies
which are attached to a cytotoxic drug nanoparticle that is delivered directly to the
diseased tissue (Tsuchikama et al. 2024). However, nanoparticles can also be the bane
to society. Single use plastic production reached 390 metric tonnes in 2021 (Plastics
Europe, 2022) and a major concern is that only 9 % of these plastics are recycled
correctly (MacLeod et al. 2021).This leads to a serious concern about plastic pollution
and the inevitable breakdown in micro and nanoplastics and the damage caused to
human health. Polypropolyne and polyethylene terephthalate with sizes between 100-
600nm and 100-200nm respectively did not have a cytotoxic effect towards Caco-2 and
HepG2 but caused DNA damage which the long term effects are unknown (Roursgaard
et al. 2022). A further study on the impact of nanoparticles on human health is required

to delve into these areas further.

Within this thesis, the research has been split into two different topics. The first two
research chapters, (chapters 3 + 4) are focused on the synthesis of trimetallic
nanoparticles of Fe-B@Au to tackle the cornering glioblastoma (GBM). The research
concentrates on how nanoparticles are used effectively for a positive use to benefit
human life. However, the second topic of research (chapter 5) focuses on the negative
impact of nanoplastics and the damage they cause to the environment and the effects
caused to organisms. Both the positive and negative impacts of nanoparticles are

studied to understand how nanoparticles can be used effectively but also detrimentally.

Glioblastomas
GBMs are the most common central nervous system (CNS) tumours; patients

diagnosed with GBM have a very short life expectancy, with 17.7 % of patients having a
survival rate of one year (Delgado-Ldpez et al. 2016). The median survival rate is only
15 months, and in elderly patients, even worse, 8.5 months on average (De Souza et al.
2022). The severity of GBM is reinforced as the survival rate of 5 years is limited to 5 %.
These GBM are aggressive, and the low survival rate is due to some key characteristics.
One is radio-resistance; chemotherapy is ineffective; another is the tumours high

proliferation rate and diffuse infiltration capacity whereby the tumour disperses by
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integrating into healthy brain tissue which are initially undetectable (De Souza et al.
2022), (Seker-Polat et al. 2022).

For the above reasons, there is undoubtedly a need to investigate and research further
a treatment method for these GBM to increase the survival rate and reduce the number
of deaths. Since current treatment options, such as chemotherapy and surgical
resection, are ineffective (Jin et al. 2022), a novel method is required to overcome the
current shortcomings. One underdeveloped method that could efficiently kill the tumour

without affecting the healthy cells around it is neutron capture therapy (NCT).

Neutron capture therapy
NCT is a method that received a lot of early research attention during the 90s as a

possible cancer treatment (Hawthorne. 1993), (Coderre et al. 1999) but did not advance
and make it through the necessary trials to be an approved treatment used in today's
medical field due to poor neutron penetration in deeply seated tumours, difficulty in
producing the particles for NCT and the accumulation of them within the tumour
(Dymova et al. 2020). However, interest has spiked again as a possible effective
treatment for a range of different cancers. This is because of develpments in small
footprint accelerator based neutron sources, improvement in nanoparticle synthesis
techniques, advancements in targeting peptides and antibodies to help deliver the boron
to the tumour and advancement in treatment planning software to optimise treatment
delivery (Jin et al. 2022). NCT works by having a neutron absorber such as the isotope
"boron, which has a large neutron capture cross-sectional area of 3838 barns (1 barn =
1072* cm?), when compared to one of the most abundant isotope in mammal tissue,
8oxygen, which makes 65 % of the human body, has a neutron capture cross-sectional
area of 0.00019 barns (Issa et al. 2013). NCT works by firing a neutron beam at a
neutron absorber isotope, such as °boron, which absorbs the thermalised neutrons
(neutrons in thermal equilibrium with surrounding medium). Upon neutron capture, the
"%boron becomes excited to the "'boron isotope, leading to two simultaneous fission

reactions as seen in equations 1.1 and 1.2 (Issa et al. 2013).
0B + ny, — B = *He?" + 7Li3* 4+ 2.79 MeV Eq 1.1
B + ng, » "B = *He** + "Li** +E, + 2.79 MeV Eq1.2

The excited "boron isotope splits producing two high energy ions, He?*alpha particles
and a Li** ion. The alpha particles deliver a toxic radiation dose to kill the GBM cells.
The one significant advantage of NCT is that the path length of the alpha particles is

shorter than the path length of biological tissue, meaning none of the toxic doses of
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radiation can spread to the healthy surrounding tissue, making it a very targeted
approach to killing the cancerous cells directly (Dai et al. 2022). There have been
advancements whereby the neutron absorber isotopes can be delivered via targeting
peptides and payload linkers which help deliver the treatment to the desired areas
(Sgouros et al. 2020). As GBM being notoriously difficult to access due to integrating
into healthy brain tissue, '°B particles accompanied by a targeting peptide or payload
linker, would be invaluable to tackle these resistant tumours There are other possible
routes for NCT, such as using gadolinium'® or gadolinium'’, which have a much higher
neutron capture cross-sectional area but take a more complicated route to produce the
toxic radiation dose to kill the cancerous cells. The essential advantage of using boron is
that it is non-toxic and non-radioactive compared to other isotopes available for this

process (Issa et al. 2013).

The NCT nanoparticle
The critical issue is producing particles with a high enough boron'® content, as only 20

% of naturally occurring boron is boron'®, and the other 80 % is boron'. Furthermore,
the particles must be smaller than 50 nm to effectively permeate across the blood-brain
barrier (BBB) to reach the GBM (Ohta et al. 2020). One route for synthesising the
necessary particles is using the borohydride (BHy4), such as sodium borohydride, as a
reducing agent and as a source of boron for the nanoparticles (/ssa et al. 2013). The
current synthesis routes to produce transition metal-boron alloy nanoparticles require
further optimisation to increase the boron content of the alloy. Mixing pattern,
concentrations of both the iron salt and borohydride source, addition rates, and pH can
all affect the boron content (Corrias et al. 1993), (Egami, 1984), (Schaefer et al. 2008),
(Yang et al. 2019). By mixing a transition metal salt with sodium borohydride either via
aqueous synthesis or non-aqueous synthesis, the boron content can be as high as 40 %
and sizes smaller than 50 nm, meaning the particles can pass through the BBB.
However, the standard boron-containing reducing agents would only contain 20 %
boron™. If the process were to be effective in producing the alloy particle, further
advancements are required to synthesise an enriched boron'® borohydride reducing
agent so that the alloys contain 40 % boron'®, which is a significant amount for NCT
(Issa et al. 2013).

A method for synthesising the particles for neutron capture therapy is using a
borohydride reducing agent, such as sodium borohydride, as a reducing agent and
source of boron. By reducing a metal salt, such as iron chloride, with sodium
borohydride an alloyed core containing both iron and boron can be synthesised (Corrias

et al. 1993).The transition metal, such as iron, nickel and cobalt would offer the

15

B.Coward, PhD Thesis, Aston University, 2024



1.2
121

additional properties of making the particles magnetic, meaning puirification in the
downstream processing is easier by using magnets to separate monometallic gold from
the core-shell particles. One issue with producing an alloyed particle of Fe-B for NCT is
that oxidation will occur and disrupt the alloy. This poses a great threat when thinking
about NCT as a potential novel therapy for cancer. If administered into the body, the
effects that the iron or iron oxide-boron nanoparticles have on the cells due to high
cytotoxicity would be more damaging to normal cells before being implemented against
the tumours (Malhotra et al. 2020).

To overcome this issue an inert shell layer, such as gold, over the Fe-B alloy would
stabilise the core from oxidation leading to an effective core-shell particle for NCT. Gold
has low toxicity towards human cells, making it safe to use in the body without any
adverse effects (Saqr et al. 2021), (Y. Li et al. 2019). A gold shell will maintain the
magnetic properties and the boron content required for an effective dose for NCT. The
synthesis of core-shell iron-gold particles has already been successfully carried out for
medical use, such as MRI scans (lancu et al. 2020). Due to golds high fluorescence, the
gold can be visualised and quantified within specific body areas based on concentration
density (Tarkistani et al. 2021).

Thesis structure

Iron-boron core gold shell nanoparticle synthesis for glioblastomas.
The first two research chapters (chapters 3 + 4) will focus on synthesising the trimetallic

nanoparticles of Fe-B@Au. These chapters will combine two sets of methodology. (1)
producing an iron-boron alloy core and (2) adding a gold shell to ensure the particle is
stabilised and inert, ready for biological testing and NCT. The project aims to optimise
previous research to incorporate as much boron as possible, using borohydride as a
reducing agent and boron source for the nanoparticle's core. This will provide a
baseline, allowing subsequent investigation to be carried out to further increase the
content of boron'™. The second step of the project focuses on implementing existing
work on Fe@Au core-shell nanoparticles to coat this iron-boron core and produce a new
trimetallic nanoparticle. The advantage of such a nanoparticle is that it incorporates the
properties of all three metals, becoming an effective particle which can be used for NCT
and drastically increase GBM patient survival. The boron can deliver a toxic dose of
radiation, the iron provides magnetic properties to help collect and move the particles
around, and gold has very distinguished optical properties and makes the particles inert.
After the successful synthesis of the particle, trials can begin on the functionalisation of

the gold shell towards the biological side of the project. The gold layer is pivotal as the
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targeting peptide that attaches to the gold layer via a S-H bond, which has a high affinity
to gold, would help deliver the particles to attach to the GBM (Xue et al. 2014).

Synthesis and biological testing of model plastic nanoparticles
The final research chapter (chapter 5) will look at the negative impact of nanoplastics

and the effects on cells and the environment. The damage nanoplastics cause is a
crucial piece of research due to the rise in plastic waste found in all environments, from
rainforests to marine life (Guzman et al. 2022), (Nielsen et al. 2020), (Rubio et al. 2020).
The final research chapter focuses on the effects these plastics have on the MRC-5 cell
line, which was originally derived from lung cells. The biological research carried out
within chapter 5 will focus predominately on cell toxicity along with DNA damage to
analyse and understand how the accumulation of nanoplastics could be damaging to all
life forms. Four common waste plastics have been tested: polystyrene (PS),
polyethylene (PE), polypropylene (PP) and Polymethyl methacrylate (PMMA), to get a
broad range of results from plastic pollution (Plastics Europe, 2022). Over time, plastic
waste breaks down into micron and nanoparticles. Plastics have already been found in
the food chain through marine life (Gigault et al. 2016) and many studies have been
undertaken on the toxicity of some of these plastic pollutants (Soo et al. 2018), (Guzman
et al. 2022), (Rubio et al. 2020).

It has been found that not only the plastic micron and nanoparticles are of concern;
many processed plastics contain additives to make the plastic more suitable for its
intended use. For instance, in the case of coffee cup lids, plasticisers like phthalates or
phthalic acid esters are often added to increase flexibility, making the plastic more
suitable for its purpose (Chen et al. 2021). These phthalic acid esters have been found
in popular drinks plastic bottles such as, lemonade, cola and mineral water in Turkey
(Ustun et al. 2015). A range of inorganic materials have also been found in plastics. A
study in China found plastics such as polyethylene, polypropylene, polystyrene,
polyamide and polyvinyl chloride contained Cd, Cr, Pb, Ag, Cu, Sb, Hg, Fe and Mn

which was found at different soil sites (Tang et al. 2010).

A study was carried out using 50nm PS NPs on human hematopoietic cell lines (Rubio
et al. 2020). It was found that in Raji-B and TKG6 cell lines, there was an increase in
reactive oxygen species (ROS) production and genotoxicity were detected suggesting
toxic damage is caused due to plastics breaking down in the environment (Rubio et al.
2020). PET NPs of 250nm diameter were tested on RAW 264.7 macrophage cells. and
showed that the plastics were easily internalised leading to effects on cell proliferation

and small increases in ROS.
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The chapter will build upon the research already carried out and expand on the effects
of different plastics with a key set of research being carried out around plastic toxicity
and DNA damage which can indicate possible long-term effects to human health,

animals and marine life.

Thesis chapters
This thesis will be split into six chapters to give a complete overview of the research

carried out over the last three years. These being:

Chapter 1 — Introduction: This chapter briefly overviews what this research is based on

and the specific challenge that is being tackled.

Chapter 2 — Literature review: This gives a more detailed overview of the area of
nanoparticles and NCT to understand and discuss the advantages and disadvantages of
different methods. It will detail which method appears to be more effective from prior

published research to achieve the goals of trimetallic nanoparticles to tackle GBM.

Chapter 3 — Redox transmetalation in non-aqueous conditions: This chapter will look at
the different aspects and reaction pathways of using non-aqueous conditions to form the
iron-boron core and the use of redox-transmetalation to take advantage of the reduction
potential difference between the core and the shell to form a gold shell around the core.
It will look at the conditions which optimise the amount of boron incorporated into the

core and optimise the shell formation between two completely different lattice structures.

Chapter 4 — Reverse micelle synthesis Fe-B@Au nanoparticles: This chapter will
analyse the reverse micelle method for synthesising core-shell structures and how the
reaction pathway occurs in aqueous conditions. It will discuss how controlling the water-
to-stabiliser ratio affects the particle size and stability. The key conditions will be

analysed to optimise the amount of boron incorporated into the core.

Chapter 5 — Synthesis and biological study of plastic nanoparticles on the MRC-5 cell
line: With the growing concern of plastic pollution of micro and nanoplastics entering the
food chain, this chapter will look at synthesising plastic nanoparticles from common
single use plastic and conducting an in-depth study on what damage is caused to cells
focusing on cell toxicity and research into the DNA damage caused by the plastic. This
chapter will lay the foundation for future research around DNA damage to continue to

propose a mechanism for the damage being caused.

Chapter 6 — Conclusion: An overall evaluation and summary of the research carried out
and an overview of the future research to be carried out to advance this research
further.
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2.1

2.2

Introduction

Recently, nanotechnology has come to the forefront of research and development due
to its multifunctional uses across many fields of science and engineering, such as
chemistry / chemical engineering, biology, medicine, physics and material science. The
prefix nano comes from the Greek word ‘nanos’, which means ‘dwarf’. Nano refers to
things one billionth of its size (Charles P. Poole et al. 2003). Many scientists have
continuously developed the field of nanotechnology, but one key scientist was Richard
Feynman, an American physicist known as the ‘Father of nanotechnology’, who in the
mid-20th century delivered a lecture at the American Physical Society on how all books
can fit in a pamphlet. Different methods were explained on how different atoms and
molecules can be transformed into smaller forms using different tools (Charles et al.
2003). These lectures ignited the change in the field of science. Another key scientist
who added to the development of nanotechnology was Eric Drexler, who wrote a book
called ‘Engines of Creation’. Within this book, Drexler explained nanotechnology in
terms of the nanometric scale so that it can be defined as the application of controlling

the properties of matter at the molecular level (Sharma et al. 2019).

Nanotechnology plays a significant role in many fields due to the change in properties at
the nanoscale. For example, the melting point, fluorescence, electrical conductivity and
chemical permeability are all function of the size of the particle (Asha et al. 2020). One
common example that displays this change in properties is gold NPs optical properties
as the size changes. As the particles become smaller there is a red shift in the UV-Vis
spectra and as the size increases or change in shape, there may be a blue shift. The
change is due to the scattering cross section of the photos with different wavelengths of
light (Jin et al. 2022). 1t allows the power to manipulate atoms or molecules to achieve
predefined morphologies and sizes to obtain the properties required for the process
(Ramsden. 2016). There are many uses of nanoparticles, such as the role of
nanoparticles in drug delivery (Mitchell et al. 2021), cancer treatment (Gavas et al.
2021), environmental uses for wastewater management (Scaria, et al. 2020) and

making chemical reactions viable through nanocatalysts (Lee et al. 2022).

Nanoparticles

A nanoparticle (NP) is typically defined as a particle with one dimension between 1 and
100 nanometres (nm) (Dolai et al. 2021). A nanoparticle with all three dimensions in the
nanoscale is known as a isodimensional NP (Sharma et al. 2019). The definition of NPs
changes depending on the field and material being discussed. A theoretical definition is

that NPs are defined as the combination of hundreds of atoms or molecules with
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properties between molecular and bulk properties (Jin et al. 2021). NPs can be made of
the same or different atoms to form crystalline or amorphous NPs (Ferrando et al.
2008). The small size leads to very different physical, chemical, and electrical properties
than the bulk properties due to the surface area to volume ratio, higher particle surface
binding without loss of composite ductility (Coetzee et al. 2020) which usually leads to
NPs superior, novel properties that are not attainable in the bulk form (Sedighi et al.
2014). The surface area to volume ratio makes nanomaterials excellent catalysts,
improving the selectivity, yield of a chemical process (Sedighi et al. 2014). However,
there is a critical range in particle size which the nanoparticle must be to obtain these
properties. Another factor which changes down at the nanoscale is the electrical
properties. Nanomaterials can increase the conductivity in ceramics but increase
resistance in metals. This is because in nanomaterials, the quantum effect takes over
compared to delocalised electrons in bulk material (Mekuye et al. 2023). The energy
bands become replaced with discrete energy states that can lead to bulk conductive
materials becoming semiconductors or insulators (Mekuye et al. 2023). Due to the NP
size, they are subject to Brownian motion and in general will remain in suspension within
a fluid. However, other factors do cause NPs to diffuse and aggregate due to size, mass
and surface charge still leading to the requirement of stabilisers (Kang et al. 2019). The
NPs are smaller than the wavelength of visible light, meaning they cannot be seen with
optical microscopes and require electron microscopes to visualise them (Irfan. 2021).
NPs play an influential role in our daily lives. For example, titanium dioxide NPs are a
crucial component in sunscreen products that only allow visible light to pass through to
the skin. At the same time, ultraviolet rays are reflected by the titanium dioxide NPs
(Vaudagna et al. 2023).

Synthesis routes

The synthesis routes for NPs are split into two main routes: top-down and bottom-up
approaches. Top-down approaches start with large bulk material and use some form of
physical method to break the particles down into NPs. This method disassembles bulk
solids via mechanical methods into finer pieces until they are constituted of only a few
atoms. This approach is preferred in industrial settings due to being able to process a
large amount of bulk material at once (Charitidis et al. 2014). Physical methods rely on
mechanical tools which limits the smallest size they can reach, but they are generally

highly reproducible and flexible (Amusat et al. 2021).

In contrast, bottom-up processes assemble atoms/molecules. Atoms or molecules are
the building blocks to produce nanoparticles, nanotubes, nanorods, thin films or layered

structures. This approach is preferred in research due to having a much greater control
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of the size and morphology (ljaz et al. 2020). Figure 2.1 displays a simple diagram of the
difference between top-down and bottom-up processes.

Top-down Bottom-up
. e ® 96° 0 .
[o]s] o o
— —— . . A — 00 Q —
= °° °
Bulk material Powder Nanoparticles Clusters Atoms

Figure 2.1: Schematic representation of the building of Nanoparticles. Adapted from
(Mazhar et al. 2017).

Synthesis routes for nanoparticles can further be broken down into three different
methods. These are physical, chemical, and biological methods. Each process takes a
different route to synthesise the NPs. In Figure 2.2, there are multiple different synthesis
routes for each method. However, the critical issue with many NP synthesis methods is
the cost of production. Physical methods are usually energy-intensive; chemical
methods can use expensive reagents and biological methods are limited to the
experimental conditions used. In addition, one challenge of these processes would be
finding a feasible method to scale the processes up from a lab scale to an industrial
scale process. Figure 2.2 shows a flow diagram representing only a few of the different
synthesis routes available to produce NPs. The advantages and disadvantages of these

methods are discussed below.
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Figure 2.2: Various nanoparticle synthesis routes.

2.3.1 Physical methods

Physical methods hold certain advantages over other methods, such that there is a
lower requirement for solvents or other chemicals in comparison to chemical and
biological methods. In ball milling, it is possible to only require the material that needs
milling. In laser irradiation requires a powerful laser to synthesise NPs. Platinum-gold
(Pt-Au) bimetallic NPs have been synthesised in this way by dissolving the precursors in
the necessary solvent and irradiated (Chau et al. 2011), (Fathima et al. 2021). Many of
these physical methods lead to a large distribution in particle size, as seen in Figure 2.3.
Conventional physical methods produce predominately micron-sized particles. However,
the new advancements in these physical methods have produced smaller particles but
still with a larger size distribution. Physical methods are usually energy intensive due to
physically breaking the bulk material into smaller particles. By fine tuning the variables in
laser ablation, as a more advanced top-down technique can produce small NPs from
10-200 nm (Semaltianos. 2010), (Fathima et al. 2021), (Isa et al. 2022). However, this

process can be very complicated, with several variables needing to be taken into
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consideration for the desired particles to be produced in the NP range, such as the
wavelength, pulse duration, pulse energy, repetition rate, focal distance, scanning speed
and laser fluence. All these factors require optimisation to synthesise NPs with a tighter

size distribution in comparison to conventional ball milling.

Bottom up methods, synthesis and self organization
Conventional top down processes
—— Advanced top down processes

0.8 | \ 4
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Figure 2.3: Projected lateral limits of different NP synthesis techniques (Vollath,
2013).

2.3.2 Chemical methods

Chemical methods are relatively simple and can achieve a very tight size distribution in
a comparatively short period. Using chemical methods to synthesise NPs is an effective
method to the control size and morphology of the particle to achieve the desired
properties. Chemical reduction is by far the most common technique used to synthesise
NPs. Changing small variables of a process in a chemical reduction reaction leads to
subtle differences in the type of NP produced (Lee et al. 2015), (Arno et al. 2020). These
changes could be size, shape and type of nanoalloys produced. An example of a
chemical method is sol-gel synthesis. The monomers are converted to colloidal
suspensions, which behave as a precursor of integrated networks (Mazhar et al. 2017),
(Arya et al. 2021). There are four steps which occur for the synthesis of NPs via sol-gel

synthesis. These are hydrolysis, condensation, growth and agglomeration of the
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particles (Das et al. 2013). Cu-Ce oxides can be produced in this way: stochiometric
amounts of both metal salts with the presence of urea synthesise Cu-Ce oxides in
solution and was kept at 80 °C until a gel formed. The gel was decomposed by raising
the temperature to 250 °C and then calcinating above 600 °C to form the NPs (Mazhar
etal. 2017).

In Figure 2.3, chemical methods yield small NPs, with the average distribution being
less than 10 nm with a tighter size distribution than any of the physical top-down
approaches (Noordeen et al. 2013), (Wu et al. 2011), (Daoush et al. 2015) (Kang et al.
2012). Chemical methods can control the size of the nanopatrticle. For instance, with
reverse micelle processes, changing the molar ratio of water to cetrimonium bromide
(CTAB) tightly controls the size of the reverse micelle and, therefore, the size of the
nanoparticle formed within it (Kvitek et al. 2019), (Elmi et al. 2022). One of the critical
factors in the chemical reduction approach is the reducing agent chosen for the process.
In Table 2.1 numerous reducing agents have advantages and disadvantages for specific
processes. Each reducing agent may lead to a different-sized NP or a different
morphology or structure of bimetallic NP. For example, if a mild reducing agent were
used to synthesise Au-Pd NPs, the metal salt with the higher redox potential would be
reduced first and form the core of the NP and then the salt with the lower redox potential
would become the shell. Slow-reduction kinetics can benefit from seeding one NP on
top of another to form core-shell NPs. If a stronger reducing agent, such as ascorbic
acid, were used, both metal salts would be reduced simultaneously and lead to an
alloyed or two monometallic distributions of the NPs (Zhang et al. 2020). The reducing

agent used can vastly affect the structure of bimetallic NPs.

Another example is sodium borohydride, a common strong reducing agent used to form
NPs. Sodium borohydride was used in Deraedt et al. 2014 to form monometallic Au NPs
with specific reaction conditions. However, altering the reaction conditions and adjusting
the pH along with other factors can lead to sodium borohydride being a source of boron
to form bimetallic NPs, as shown in (Wu et al. 2011) and trimetallic particles in Wang et
al. 2020 where Co-Cu-B NPs were formed through using NaBH4 as a source of boron to
alter the properties. With a very high pH, CoCl, and NaBH4 produce bimetallic Co-B NPs

rather than monometallic Co NPs.
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2.3.3

Table 2.1: Comparison of different reducing agents and metals reduced by these

agents.
Reducing agent Metals reduced Size of Reference
nanoparticle
(hm)
Sodium- B, Mo, W, Fe, Ru, <10 (Schéttle et al. 2015), (Pickering
Naphthylamide  Re, Au and Zn et al. 2007), (Schulz-Dobric et
al. 2005)

Pt-Ni <21 (Leonard et al. 2011)

Pts-Ti <3.3 (Saravanan et al. 2010)
Sodium Cu, Ag, Ni, Au, <20 (Ansari et al. 2018), (Chee et al.
borohydride Sn 15-85 2012)

(Noordeen et al. 2013), (Wu et

Co-B, <7 al. 2011), (Daoush et al. 2015)

Pt-Ni <16 (Kang et al. 2012)

Pd-Co <12.51

Fe-Ni 10-30

Ni-Pd
Sodium citrate  Au, Ag 50 (Grys et al. 2020)
Hydrogen Co-Pt 18-32 (Sui et al. 2003)

Ni, Co (Forsman et al. 2008)
Hydrazine Ni, 50 (Z. G. Wu, 2011)

Cu 2-10 (Ong et al. 2014)

Fe-Co-Ni 60 (Chokprasombat et al. 2016)
Ascorbic acid Au-Pt-Pd 48.3 (Chen et al. 2018)

Au 22-42 (Khan et al. 2013)

Mn2Os, Ag, Cu, (Khorasani-Motlagh et al. 2010)

C0304, Fe;03, MoO, <28.7

Biological methods

Recently, significant concerns about the environmental impacts of industrial processes,

with new regulations coming in to hit carbon neutral by 2050 (Schreyer et al. 2020),

have led to a surge in research into biological methods to produce products in a greener

way. Processes with microorganisms or leaf extract as the reducing agent and/or

stabiliser led to a more environmentally friendly process with fewer by-products and a

smaller energy requirement (Bhardwaj et al. 2020). In previous studies, fungi, algae,

bacteria, and viruses have been used to synthesise monometallic NPs using two

synthesis routes via intracellular or extracellular processes (Khatami et al. 2018), (Patil

et al. 2019) (Tomar et al. 2013) (Tamuly et al. 2013). Microorganisms are capable of

reducing metals due to reductase enzymes that help accumulate and reduce the metals

and the cell removes them through chelation (Jadoun et al. 2022).The metal salt

reduction process occurs by the proteins and enzymes within the microorganisms

(Mohamad et al. 2013). Yeast was used to synthesise Au-Ag NPs via extracellular
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processes, producing NPs as small as 9-25 nm. Yeast extract was used as a reducing
agent and stabiliser which contains carbohydrates, vitamins, and amino Acids that are
able to reduce and cap the metal NPs (Jadoun et al. 2022). The process was carried out
at 30 °C with no toxic chemical compounds, meaning very few harmful waste products
were produced (Zheng et al. 2010). Elmi et al. 2022 used yeast where selenium
nanoparticles with an average size of 71.14 + 18.17 nm are formed using biological

materials.

Leaf extracts can be an effective and green way of reducing and capping NPs. Plant
extracts are effective reducing agents as they contain phytochemicals and antioxidants
that can reduce and cap NPs from the aromatic, ester and methyl groups present within
the organic material (Jadoun et al. 2022). Neem leaf has been used as a reducing and
capping agent to synthesis Au-Ag NPs in successive steps. The aromatic compounds,
ester linkages and methyl groups stabilised and capped the bimetallic NP with a size
range of 50-100 nm (Shankar et al. 2004). The leaf extract of the capsicum Chinese
plant was used to form gold and silver NPs 16.76 £ 0.32 and 20.67 £ 0.26 nm,
respectively (Elmi et al. 2022), showing that biological reducing agents such as leaf
extract can produce a tight and small size distribution while minimising the toxic waste
formed. These green processes can be effective ways to synthesise NPs as the leaf
extract can be the reducing and capping agent at low temperatures, meaning the
process is not energy intensive, cheaper and environmentally friendly. This would be an
effective method for producing the desired NPs but for the core-shell NPs for the
treatment of glioblastomas a source of boron is required which is not possible using

biological methods at present.

Comparison

When comparing chemical methods to physical methods the advantages are that the
techniques used are relatively simple, economical and can achieve a tight size
distribution. There is a much higher tuneability in producing the desired NP when
compared to physical methods which is challenging to finetune and adjust the size and

morphology for different properties.

Physical methods are effective at producing a large quantity of microparticles and NPs,
as seen in Figure 2.3. The conventional mechanical methods tend to produce the wide
size distribution or micro/nanoparticles, whereas advanced top-down approaches that
are continually advancing are producing narrower size distributions with smaller
particles being produced. Van Devener et al. 2009 uses an advanced physical ball

milling method to produce monometallic boron NPs and, in fact, synthesised NPs within
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the range of 35-60 nm. Whereas, when regular ball milling is used, bismuth titanate can
be formed and reach a size of 535 + 50 nm after milling for 22 hours (Yu et al. 2021),
which shows that depending on how advanced and the power of the physical grinding
method can vastly change the size of the particle even after grinding for 22 hours.
However, with the high energy requirements with most top-down approaches, chemical
methods are more effective in producing NPs with a narrow size distribution with small
NPs as seen from Figure 2.4 and Table 2.1. In Yan et al. 2013, a Gd-Au bimetallic NP is
synthesised with an average size of 3.20 + 0.35 nm with a specified morphology and

smaller NP when compared to the physical ball milling method.

When comparing chemical and biological methods to physical methods one
disadvantage is the scale of production in research is meagre, producing milligrams of
material. The scaling up process of chemical and biological methods leads to further
challenges which more research is required into the economics of scale.. Schéttle et al.
2015 reviewed the synthesis of various monometallic NPs using sodium naphthylamide
under inert conditions. There would be significant challenges in scaling up Schéttle et
al. 2015 methodology due to the inert and toxic chemicals that are required that would
need disposal. Whereas with physical methods, which are energy intensive, leave little

toxic by-products.

One advantage of using biological methods over chemical and physical methods is that
most experiments are completed at room temperature and pressure, or very mild
conditions are required to not damage or affect the microorganisms or leaf extract. In
Zhan et al. 2011, Au-Pd NPs were synthesised using Cacumen Platycladi (CP) leaf
extract to reduce and cap the bimetallic NPs, which led to an average NP size of 7.4
nm. Biological methods can be as effective as chemical methods, synthesising very
small NPs in a similar range to that in Table 2.1 via chemical methods. Similarly, Hawar
et al. 2022, used alhaji graecorum leaf extract to synthesise Ag NPs in very mild
conditions of 35 °C for 15 minutes to synthesise the particles with a size distribution
between 22-36 nm. These biological methods produce little harmful waste that needs
disposal due to not using potent reducing agents. In many cases, the leaf extract acts as
a reducing agent and a stabiliser. However, there are some cases where elevated
temperatures are used. In Song et al. 2008, Au-Ag NPs were synthesised using
Diospyros kaki leaf extract at a temperature of 90 °C, leading to a particle size in the
range of 50-500 nm. The leaf extract was used as a reducing and capping agent. The
large size distribution was due to the interactions between the bioorganic capping

molecules bound to the gold and silver nanoparticles, which led to agglomeration. Even
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though the process was greener due to the organic leaf extract, additional interactions

were taking place, increasing the size of the particles.

In chemical reduction methods, a strong reducing agent, such as sodium borohydride,
produces either monometallic or bimetallic NPs, where another metal is used to cap and
stabilise the NP, called a core-shell NP, or alloyed where there is a random or structured
configuration (Yan et al. 2013). Likewise, the advantage of chemical methods over
biological methods is that the end use of the NP can be used in high-temperature
situations, such as for catalysis in fuel cells (Wu et al. 2018). When biological matter is
used as the capping agent for the final stabilisation of the NPs, such as microorganisms,
which can be reused to synthesise more NPs, the microorganisms would be significantly
affected by the high temperatures, leading to them dying and reducing the yield of NPs
produced that may destabilise the NPs produced due to a reduced amount of stabiliser
produced. Pd-Cu bimetallic NPs were synthesised to catalyse fuel cell reactions such as
oxygen reduction reaction (ORR) (Gholinejad et al. 2021). Within this process, the
temperatures the catalyst are exposed to are above 250 °C. At these temperatures, the
leaf extract which would have a lower boiling point that inorganic material would be
affected and cause destabilisation to the NP. It could be advantageous to synthesise
NPs via these biological methods and purposefully burn off the organic material to be
left with a pure monometallic or bimetallic NP that can have a chemical stabiliser added
afterwards, such as 1-dodecanethiol, for the stabilisation of Au particles to take
advantage of both the biological synthesis with a chemical stabiliser. Biological
stabilisers may be a problem for medical use as further interactions could take place in

the body and slow or stop the NP from reaching the desired area of the body.

Selection of methods
Overall, the most effective method of NP synthesis for this research is chemical

methods due to having greater control of the reaction conditions, narrow size
distribution, small NPs and being able to use the desired chemicals to optimise the

process for NCT.

With chemical methods being the most effective for NP synthesis, the reverse micelle is
an effective and commonly used technique for synthesising NPs and nanoalloys due to
the highly tuneable size of the micelle to control the size of the NPs (Zhang et al. 2020).
It offers very reproducible results, as shown in Figure 2.4, with very small NPs produced
with various reducing agents. Even though reverse micelles use many chemicals, such
as CTAB, to stabilise the micelle, the size of the monometallic or bimetallic particle can

be tightly controlled by the nanometre by changing the water to CTAB molar ratio. In
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Kvitek et al. 2019, Fe@Au NPs were formed whereby the water to CTAB ratio of 8 was
used for the core, which led to a core size of 8 nm. To incorporate the shell, the micelle
water to CTAB ratio was expanded to 12 to form a shell of 2 nm thickness. The core or
shell size can be controlled by the molar ratio of water and CTAB, giving that tight
control required to form particles. The CTAB is a cationic surfactant with a positively
charged hydrophilic headgroup with a neutral and hydrophobic tail that repels other
micelles via steric effects. The CTAB starts to cap the water to form micelles whereby if
you increase the CTAB to water ratio then there is more CTAB available to stabilise the
micelle leading to a smaller micelle. However, as the water to CTAB ratio increases and
there is less stabiliser available to cap the water leading to larger micelles. A key
variable is the critical micelle concentration (CMC) in the formation of micelles. The
CMC is the lowest concentration of stabiliser required for micelle aggregation to begin

and measures the thermodynamic stability of the micelles (Goronja et al. 2016).

Reverse micelles can promote the seeding of two materials with large lattice mismatch
by controlling the size and shape of the micelle. In Kvitek et al. 2019, when forming Fe
core and Au shell NPs, by controlling the expansion of the micelle to incorporate a shell
layer means the gold nanoseeds will be formed in close proximity to the Fe core with
little space to grow forcing the seeding at the surface where there is a high energy
barrier due to difference in lattice structures. Using a method that does note promote the
seeding of nanoparticles with different lattice structures would lead to two distribution of
the Fe and Au NPs. There are many factors that can be controlled to fine tune the
variables of the particles formed. Micelles that form aggregates for having a greater
amount of stabiliser than the CMC have a typical shape of often being spherical or
cylindrical and bilayer in shape (Perumal et al. 2022). However, the concentration of the
surfactant, the temperature of the micelle solution and pH can affect the size and shape
of the micelle (Goyal et al. 2017). Within casein micelles, the micelle size and
polydispersity decreased with an increase in temperature with a micelle size of 76.4
53mn$mat6 °C, 77.4£1.9nmat 20 °C, and 137.3 £ 2.7 nm at 50 °C (Beliciu et al.
2009). The decrease in micelle size was due to the increase in temperature led to an
increase in the strength of the hydrophobic bonds (Beliciu et al. 2009). The temperature
also affects the CMC due to an increase in temperature leading to an increase in
solubility of the surfactants and ease of forming micelles further complementing the
strength in hydrophobic bonds (Abooali et al. 2023). The pH can affect both the size and
shape of the micelle. In Patel et al. 2014, it was found in micelles formed using Trition X-
100, that a decrease in pH using cinnamic acid favoured micelle growth at low

temperatures and that the shape of the micelles changed from ellipsoidal to rod-like in
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acidic conditions but spherical in basic conditions. This is due to cinnamic acid at low pH
becoming nonionised and hydrophobic which gets solubilised in the micelle leading to

greater surfactant aggregation into micelles (Patel et al. 2014).

A method which is less commonly used but could be coupled with a reverse micelle
process and further promote the seeding of different lattice-structured metals is redox-
transmetalation (Ban et al. 2005), (Chen et al. 2009), which is predominately used for
core-shell nanoparticle structures where the reduction potential of the core is much
lower than that of the shell material. The core material is used as the reducing agent for
the shell material to further increase the chances of seeding at the surface of the core
even when there are significant lattice mismatches due to being reduced at the surface
of the core material. This takes the advantages of both reverse micelle method and
redox-transmetalation to form thin shell layers. However, the redox—transmetalation
process is not at the forefront of research. It is less commonly published, which may be
due to challenges to reproduce or more effective and straightforward methods to

produce the desired core-shell structure.
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Figure 2.4: Average size distribution of physical, chemical and biological nanoparticle.
(Fathima et al. 2021), (Griaznova et al. 2022), (Isa et al. 2022), (Amiri et al. 2019),
(Amusat et al. 2021), (Navidpour et al. 2020), (Joseph et al. 2015), (Kuang et al. 2019),
(Lomeli-Rosales et al. 2022), (Chen et al. 2018), (Da Silva et al. 2017), (Peng et al.
2020), (Arachchige et al. 2006), (Arya et al. 2021), (Mahajan et al. 2020), (D. Chen et al.
2009), (Kvitek et al. 2019), (Shiri et al. 2019), (Bhardwaj et al. 2020), (Herman et al.
2020), (Jadoun et al. 2022), (Wang et al. 2016), (Younis et al. 2023)
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2.4

2.5

Monometallic nanoparticles

Monometallic NPs, as the name suggests, are made up of a single metal. NPs have a
high surface energy due to their surface area to volume ratio and without stabilisation
would lead to the NPs agglomerating aggregating leading to larger NPs that may
change the properties of the (Ansari et al. 2018). Copper NPs have attracted attention in
research due to the low-cost production. The application areas of copper NPs include
adsorbents / filters, electronic devices (Szekeres et al. 2018), catalysts (Zhu et al. 2022)
and optoelectronics (Jhuang et al. 2021). During the Covid-19 pandemic, it was found
by the New England Medical Journal that no viable SARS-CoV-2 were measured after 4
hours, and no viable SARS-CoV-1 were measured after 8 hours on copper surfaces in
comparison to stainless steel surfaces which the virus was still present after 72 hours
(Patients et al. 2020). This showing that copper NPs imbedded into different materials

could lead to a highly virucidal material that can reduce the spread of disease.

Bimetallic nanoparticles

Bimetallic NPs, unlike monometallic NPs, are comprised of two different metals. The
properties of the bimetallic NPs depend on the structure of the bimetallic NP, the size of
the entire NP as well as the individual sizes of each metal NP and the concentration of
each metal present. Advancements are taking place in synthesis routes allowing for an
array of NP shapes that have been synthesised to form monometallic NPs but
optimisation means that bimetallic NP structures such as cube (Kaur et al. 2021),
hexagonal (Ma et al. 2022), disc (Mandari et al. 2021), wire (Dean et al. 2010), rod
(Umesh et al. 2021) and tube (Niu et al. 2022) can be achieved.

Song et al. 2004 showed that predominately the size of the NPs affects the magnetic
properties of the material. However, the shape of the NP us a dominating factor for the
coercivity which is the ability of a ferromagnetic material to resist demagnetisation.
Other shape effects on bimetallic NPs can change the particles' catalytic activity and
selectivity (Lee et al. 2006), optical properties (Millstone et al. 2009) and melting points
(Gupta et al. 2008) due to the number of surface atoms to volume as the shape
changes.. Figure 2.5 displays six main ordering patterns of bimetallic NPs. Figure 2.5A,
core-shell is the most common and widely researched (Swierzy et al. 2022). These
types of bimetallic NPs consist of one core metal surrounded by another metal NP,
similar to Figure 2.5B and C, where some mixing between the shell and core occurs but
keeping an AcoreBshell structure (Ferrando et al. 2008). Figure 2.5D involves

subclusters that may share a mixed interface. Figure 2.5E, can take highly ordered
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structures or random mixing can take place and alloyed NPs in Figure 2.5F (Arora et al.

2020), (Y. Yu et al. 2021).
00000
" PS80 Se.
WA X LAY

Figure 2.5: Schematic representation of bimetallic nanoparticle structures: A - core-
shell, B - three shell, C - Multicore, D — subcluster, E - intermetallic, F - alloyed. Adapted
from (Ferrando et al. 2008).

Bimetallic NPs have characteristic mixing patterns that enhance their functionality, which
monometallic NPs cannot do due to containing only a single metal (Scala et al. 2022).
Due to having two different metals present within the NP, the properties of both metal
NP are obtained to improve upon what monometallic can do which opens up
opportunities for development as bimetallic NPs show higher stability, selectivity and
catalytic activity due to mixing pattern and enhancing the properties of both metal NPs
(Lim et al. 2009). Paris et al. 2022 demonstrated bimetallic NPs achieving higher
catalytic activity when compared to monometallic NPs, where the process was not
feasible using monometallic NPs in comparison to the bimetallic NPs. The two metals
present can show synergistic effects and produce properties that would not be seen in
the metal NP alone, further adding to its functionality and requirement for exploration. By
simply changing the metals present, the geometry and the chemical and physical

properties will optimise the NPs for the required process (Kodama et al. 2006).

36
B.Coward, PhD Thesis, Aston University, 2024



2.6

Neutron capture therapy (NCT)

The neutron's discovery in 1932 (Chadwick, 1932) started a series of nuclear fission
experiments. One of these is the neutron capture therapy experiments (NCT). This
involved the Boron'® isotope (Gilbert, 1948). In 1936, Gordon L. Locher suggested a
concept for a new cancer treatment that involved introducing a small number of solid
neutron absorbers into the regions where it was desired to liberate ionization energy
(Issa et al. 2013). For example, glioblastomas are very radioresistant cancerous cells,
and routine cancer treatments such as chemotherapy are shown to be ineffective, which
calls for different treatments to attack these cells (Ali et al. 2020). It was also found that
the neutron cross-sectional area in barns (1 barn = 10?* cm?) was independent of the
nuclear mass but was based on the structure of the nucleus (Barth et al. 2005). This
means that that heavier elements, such as Fe has a neutron cross sectional area of
2.62 barns, when compared to °boron that has 3838 barns. The structure of the
nucleus is key for NCT as it effects the likelihood of interactions between a neutron
source and the nucleus (Barth et al. 2005). The structure of the nucleus is key as the
"boron isotope has a neutron cross sectional area of 0.005 showing the a makor

difference between the two boron isotopes.

The NCT process is an effective cancer treatment due to the short path lengths and high
linear energy transfer (LET) fission products (Issa et al. 2013) meaning a localised dose
of radiation can be supplied to the desired area to treat cancerous cells without
damaging the surrounding healthy cells. Referring to Equation 2.1 and 2.2 (Issa et al.
2013), the two reactions during the NCT process where a '°B isotope becomes excited
to an B"" isotope. During the process, 94% of the '°B is converted via Equation 2.2
where E, = 0.48 MeV and 6% of the '°B is converted by Equation 2.1. A high enough
dose of the "°B NPs [109 atoms per cell] in radioresistant tumours will lead to the

successful death of the tumour. (Issa et al. 2013)
0B + ny, —» B = *He?" + 7Li3* 4+ 2.79 MeV Eq 2.1
B + ng, » "B = *He** + "Li** +E, + 2.79 MeV Eq2.2

The boron'® isotope has a cross-sectional area of 3838 barns and is not radioactive and
non-toxic. It works because when fired with neutrons, it becomes an excited boron" that
splits into high energy alpha and lithium particles with short path lengths (Suzuki, 2020),
(Dymova et al. 2020). Figure 2.6 show the cross-sectional area of many different
isotopes that have been noted to be functional for NCT. However, not all these isotopes
may be suitable for NCT; for example, Li*, due to its size, is easily dispersed in the body

and challenging to deliver to a specific tumour. U?* is also unsuitable due to the high
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toxicity and radioactivity (Issa et al. 2013). NCT has multiple reaction routes. However,
the Li® and °B NCT reaction is (n, a), the most straightforward reaction with an alpha
particle being released when bombarded with thermalised neutrons. Gd'*” has a much
greater neutron cross-sectional area and the highest stable isotopes of 255000 barns
compared to '°B 3838 barns. However, Gd'®” has much more complex reactions which
induce complex inner shell transitions that generate y-emissions, which is why °B is of

more interest to NCT.
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Figure 2.6: Different neutron cross-sectional areas of elements. Adapted from (Issa et
al. 2013) (Note: 1 barn = 1072* cm?. * Radioactive.).

Figure 2.7 displays most abundant elements in the body compared to '®boron to show
the significant difference between naturally occurring elements within the body and a
NCT element such as '®boron. Even though such elements as H, O, C, and N have
small neutron cross-sectional areas that, on their own, would be negligible, the sheer
amount of these in the human body becomes a factor in NCT that needs to be taken into
consideration when carrying out the treatment for the amount of radiation that would be
absorbed by healthy tissues (Issa et al. 2013). Figure 2.7 displays '°B as a comparison
to show the significant difference in neutron capture cross-sectional areas of common
elements in mammals and '°B. This is a crucial reason why NCT is a viable cancer

treatment. There is over a 100 x difference between the highest commonly occurring
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2.7

mammal element in Cl and '°B, which has a thermal neutron cross-sectional area of
3838.
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Figure 2.7: Thermal neutron capture cross sections of the elements commonly present
in mammalian tissues. Adapted from (Issa et al. 2013)) (Note: '°B is not commonly

present in the body but there as a comparison).

Conclusion
Overall, it has been established that to synthesise a particle that would be effective for

NCT, a neutron absorber is required to deliver the toxic dose of radiation to the
cancerous cells. However, there is currently no effective way to supply to °boron to the
cancerous cells. There has been a lack of research on developing these particles that
can be efficiently transported to the glioblastomas. Coward et al. 2024, developed a
methodolgy to sythesise Fe-B@Au core-shell NPs using a redox-transmetalation
method by using the Fe as a sacrafical layer for the the reduction of Au®** to promote the
seeding of gold at the surface of the core where there is a high energy barrier due to
lattice mismatches. This research needs to be devloped further to gain a complete gold
shell but to increase the '°B enrichment to have an effecitve particle for NCT. By
choosing either redox-transmetalation or reverse micelle as the method of syntheis will
give good control of the size of the NPs but also promote the seeding of gold at the

surface that will inert core from oxidation. The gold is highly important in this process as
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2.8
2.8.1

targeting peptides can be added to the surface of the gold via a thiol group that can help

transport the particles to the cancerous cells.

Characterisation methodology

SEM / EDX
Electron microscopy (EM) uses electrons rather than light to obtain an image under

observation. Using electrons allows for high magnification due to a short wavelength
that electrons exhibit that allowing analysis down to the nanoscale. SEM uses a focused
beam of electrons to scan an area of the sample. The electron source is a gun
controlled by electromagnetic optics column. The electrons interact with the sample that
gives a signal characteristic to the material. Backscattered electrons (BSE) have been
elastically scattered by the nucleus of the material and have a low penetration depth.
BSE can give good detail on atomic number. Secondary electrons (SE) are electrons
which have been knocked out of the material by the beam that creates an empty space
within the shell of the nucleus giving topographic information. The penetration depth is
dependent on the atomic number and the acceleration voltage used in the analysis
(Pretorius, 2010). STEM-in-SEM, or as Stokes put it, ‘poor man’s STEM’ (Stokes, 2008),
uses standard SEM equipment with an additional STEM detector that is placed
underneath the material. Within STEM mode there are different modes that can be
selected to analyse; most commonly Bright Field (BF) and High-Angle Annular Dark field
(HAADF). In BF, the analysis looks more at the topography of the material and analyses
the electrons that have traversed through the material without deflection and detected
by the detector underneath the material. If the material is thinner, there is less chance
for the electrons to be scattered and a higher amount reach the detector. In BF, the
thicker the material the brighter it appears in the analysis. In HAADF, the analysis looks
at the electrons that have been scattered by the material and can indicate the difference
in materials Z-number. The heavier the element the more the electrons would be

scattered at higher angles and therefore appear brighter in the HAADF image.

Energy Dispersive X-ray scattering (EDX) is a technique that provides elemental
composition of the material. As discussed with the secondary electrons, an electron
from a higher energy orbital drops down to fill the empty vacancy which emits an x-ray
that which energy is associated to a specific element (Tendeloo et al. 2020). It is defined
by the energy level which the vacancy occurs within, K, L, M and the energy level which
the electron originated from (a), (B), (Y) (Roomans et al. 2014). The interaction is
dependent on the Z number of the sample. Each element has signature peaks defined

by the intensity and positioning.

40

B.Coward, PhD Thesis, Aston University, 2024



2.8.2

2.8.3

2.8.4

2.8.5

DLS
Dynamic light scattering (DLS) is a colloidal technique used to measure hydrodynamic

diameter using diffusion coefficients (Yeh et al. 1964). The way that particles scatter light
can determine the hydrodynamic diameter of the particle which is the effective diameter
of a particle when suspended in a fluid. It takes into account the surrounding solvent and
how it moves through the fluid (Gordillo-Galeano. et al. 2021). However, it takes into
account assumptions that the particles are spherical that has the same translational
diffusion coefficient as the true particle. Particles that are in suspension are in
continuous interaction with surrounding liquid via Brownian motion. When a given
wavelength is directed at the particles that are continuously moving in dispersion leads
to the scattered light fluctuating. This fluctuation is recorded and generates a
correlogram from the raw correlation against time delay. It is possible to calculate the
hypothetical diameter of the particle assuming that the particles are completely spherical

which diffuse at the same rate.

XPS
The examination was conducted by means of X-ray Photoelectron Spectroscopy (XPS).

This involves irradiating a sample with X-rays of a characteristic energy causing photo
electrons to be ejected with a range of energies depending on the element from which
they are emitted and the chemical state of that element. The emitted electrons are then
collected and transferred through apertures and focused onto an energy analyser
entrance to be sorted by their energies. From this electron energy identification, XPS
provides information on the elements present at a sample surface and their chemical
and bonding states. Under the conditions of this analysis, XPS gives quantitative

information on all elements excluding H and He at a detection limit of 0.1%.

UV-Vis

Ultraviolet-visible light spectroscopy (UV-Vis) is a technique that measures the difference
between electrons that have been excited from the ground state and move from the
highest occupied orbital to the lowest unoccupied orbital, which is known as the HOMO-
LUMO gap. Due to the energy being absorbed from the UV-Vis and the wavelength of the
absorption indicates the energy difference between the orbitals which is distinct to each

material.

ICP-OES
Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a technique used

that can give the exact bulk elemental composition of a sample. ICP-OES takes
advantage of the unique emission spectra of elements to identify and quantify them. It

relies on a concentration curve to be stabilised where if done incorrectly, will lead to poor
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2.8.6

2.8.7

2.8.8

2.8.9

quantification. A high temperature argon plasma is used to excite the atoms in the sample
which leads to the emission of a characteristic wavelength of light for each element. The
intensity of the wavelength is proportional to the concentration of the element due to the

concentration curve of known amounts being set up.

XRF
X-ray Fluorescence (XRF) uses the interaction of X-rays with a material to determine its

elemental composition. Wavelength Dispersive XRF uses x-rays to that excites the
electrons and removes one from the innermost orbitals. As the atom relaxes, an outer
electron drops into a lower energy orbital emitting X-ray fluorescence radiation that is

characteristic to an element allowing the identification of elemental composition.

XRD
X-ray diffraction analysis (XRD) is a technique used to determine the crystallographic

structure of a material. It works by irradiating the material with incident x-rays whereby
the intensities and scattering angles are measured that leave the material. The
technique is used to identify what materials are present by the diffraction pattern as well
as the crystallinity of the material. As each material with have a specific lattice structure,
such as body centred cubic, hexagonal close packed; the regular array of atoms scatter

incident x-rays through interactions with the atoms’ electrons causing elastic scattering.

NMR
Nuclear magnetic resonance (NMR) spectroscopy is a key analytical technique used to

obtain physical, chemical, electronic and structural data from the molecules due to the
chemical shift of the resonance frequencies of the nuclear spins in the sample (Palmer,
2004). In NMR, some nuclei have a specific nuclear spin state, that when expose to an
external magnetic field observe transitions between different spin states. Proton NMR
analysed the protons within the material, the different H atoms and what they are
attached to. When an external magnetic field is applied the H-1 spin aligns with the
magnetic field. The magnetic field strengths of the protons can then be measured and
analysed to identify the bonding present. In carbon-13 NMR, the analysis identifies the

different carbon atoms present depending on what the carbon is bonded to.

FTIR
Infrared spectroscopy probes the molecular vibrations. Functional groups can be

associated with characteristic infrared absorption bands (Berthomieu et al. 2009).
Depending on the wavelength of light used will cause different bonds to behave
differently. In the mid infrared region (functional groups between 4000 and 1500 cm™")

will cause the bonds to stretch. Less than 1500 cm™ is the fingerprint region where the
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entire molecule vibrates will cause the bonds to bend. Each molecule has its own
vibration at these lower wavelengths like a fingerprint being able to identify the

molecule.

2.8.10 NFCM
Flow cytometry (FC) is a technology that quickly analyses single cells or particles as

they pass individually by a laser or multiple lasers in solution. FC can use visible light
scatters or fluorescence scatters if the particles or cells have been tagged with a dye. It
is a powerful characterisation technique that can identify particle size but also particle
concentration by measuring the scatter but also the amount of times the beam was
broken by a particle passing by (Adan et al. 2016).

2.8.11 TGA
Thermogravimetric analysis (TGA) is a quantitative technique to analyse small amounts

of sample from 1 mg to a few grams. TGA works by using a furnace to slowly heat the
sample up to a desired temperature in a stable of changing flow of carrier gas. This
technique can determine moisture content and identify different compounds within a
mixture through different evaporation of sublimation points. A precise micro balance is
used to measure the change in mass during the heating of the sample within the

furnace.
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Chapter 3 — Non-agueous synthesis of nanoparticles with iron-boron
core & gold shell.
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3.1

Introduction

Magnetic nanoparticles (NPs) have gained a vast amount of interest over the years due
to the range of properties that these particles gain at the nano scale compared to the
material's bulk properties. For example, magnetic NPs can be used for targeted drug
delivery because of the magnetic targeting mechanism and capability to produce a diverse
cell response which is not possible with the bulk material (Kianfar. 2021). Magnetic NPs
are effective in catalysis due to their ease in separation meaning good reusability (Amiri
et al. 2019). They can also be used in agriculture by helping deliver specific nutrients to
the plants and also as a nanosensor for the detection of pollutants (Singh et al. 2021). In
drug delivery, the magnetic NPs particles transport the necessary drug to desired tissue
and cells for medical applications. This is done via drug conjugates. The medicine can be
on the surface or encapsulated within the magnetic NPs and the surface functionalised
with a linker or ligand that can attach to the desired cells where the drugs need to be
delivered (Cardoso et al. 2018). Another advantage of these magnetic NPs is that the
particles are small enough to enter biological materials ranging from small cells to proteins

and genes, varying in size from 100 micrometer down to 2 nm (Kianfar. 2021).

One challenge of using ferromagnetic metal NPs such as iron, cobalt, and nickel is that
these particles are very susceptible to oxidation which can alter the properties and
characteristics of the NP. To preserve these properties, a protective shell layer is placed
around the core material to maintain its elemental state rather than its oxidised state to
preserve the elemental properties. Core-shell NPs are an effective type of NP due to being
able to obtain the properties of the core material that may otherwise be effected by the
environment or in medical application may be highly toxic without an inert non-toxic shell.
Core-shell NPs utilize the properties of both the core and shell material and these
properties being highly tuneable by controlling the size and shape of the core / shell
material (Ghosh et al. 2012). Using these magnetic NPs, for example Fe NPs would
oxidise it iron oxides, for medical applications detrimental effects on the cells due to the
cytotoxicity that causes cells to enter apoptosis [programmed cell death of a cell] and die
(Feng et al. 2018). It has been reported that in certain cell types, iron NPs can increase
reactive oxygen species (ROS) leading to oxidative stress and damaging the biological
material (Paunovic et al. 2020). Adding a gold shell around the iron core reduces the
toxicity as gold has a lower cytotoxicity (Jafari et al. 2010). Although gold is typically a
very inert and low cytotoxicity material used frequently in medicine; gold is susceptible to
generate ROS through the activation of auger electrons which are electrons that have
been ejected from a shell due to the energy released from an electron that has dropped

to a lower energy orbital. In Mcquaid et al. 2016, a model is suggested to show the photo
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interaction of gold NPs that produce the characteristic high energy photoelectron and a
small amount of low energy auger electrons because of inner shell vacancy when
irradiated with with x-rays. This can be an enhancement to the ionising dose of radiation

delivered to tumours.

As discussed previously core-shell NPs can be synthesised in a range of methods, such
as mechanical grinding (Zhang et al. 2018) laser-induced assembly (Rashid et al. 2021),
chemical vapor deposition (Withanage et al. 2021) and self-assembly (Wu et al. 2019).
However, the correct technique is required to form the desired core-shell particles.
Adding a shell upon an existing core can be challenging when the core and shell
materials have different crystal structures and lattice constants. Elements that have
similar crystal structures [such as silver and gold, which are face-centred cubic crystal
structures with lattice constants of 4.079 A and 4.065 A, respectively (Wheeler, 1925)]
have a small energy barrier for the particles of one of the metals to seed upon a core of
the other to form a core-shell structure (or vice versa). Whereas, when there are
significant differences in the crystal structures, such as between iron and gold (where
the crystal structure of iron is body-centred cubic with a lattice constant of 2.856 A),
there is a significant energy barrier to seed gold particles onto an iron core or vice versa
(Benoit et al. 2016). The lattice differences between Fe and Au can be seen in Figure
3.1. Different types of crystal growth can occur depending on the lattice structures of the
materials involved. Epitaxial growth is where a new crystalline layer is formed with one
or more defined orientations in comparison to a surface crystalline layer which is the
expected growth process for elements with similar crystalline structures [such as silver
and gold] (Eres et al. 2011). Meanwhile, between elements with different crystalline
structures, non-epitaxial growth of the heterostructures where amorphous growth occurs
of one crystal lattice upon another due to the lattice mismatch, (such as iron and gold)
(Long et al. 2011).

BCC

Figure 3.1: Body-centred cubic and face-centred cubic lattice structures for Fe (left) and
Au (right), respectively. Adapted from (Yeh, 2006).
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It is critical to pick a method to synthesise core-shell NPs that promotes the seeding of
different lattice structures upon a pre-existing lattice. For NCT, there is a requirement for
boron for the toxic dose of radiation to kill the cancerous cells, but also a gold shell to
attach a targeting peptide to deliver the treatment to the desired area of the body.
Corrias et al. 1993 has used sodium borohydride as both a source of boron and a
reducing agent with iron chloride to produce a alloyed core of iron-boron. However, as
discussed above and in Figure 3.1,iron-boron core and a gold shell have a lattice
mismatch that means there is a high energy barrier to seed gold upon the core.
Therefore, the chosen synthesis route requires to force and promote the seeding of gold
at the surface to overcome the lattice mismatch. Redox-transmetalation is an effective
route for forming a shell on top of a core with different lattice properties Ban et al. 2005.
The redox-transmetalation process works when the core material has a more negative
reduction potential than the shell material, leading to spontaneous reduction of the shell
material and oxidation of the cores surface layer. This leads to the shell material forming
nanoseeds at the surface of the core. These reactions occur spontaneously under
favourable redox conditions where the electrochemical potential (AE) is
thermodynamically favourable and occurs selectively on the metal surface. It is an
efficient formation technique for bimetallic structures (Lee et al. 2005). Table 3.1 lists the
reduction potentials of transition metal elements and typical shell coatings that may be
used to stabilise the core to minimise oxidation. The advantage of using this method for
shell formation is that no additional reducing agent is required, and a thin shell is formed
to keep the NPs small while protecting the core. When the shell has seeded onto the
surface of the core, a reduction site has been removed , meaning large shells cannot

form and reduces over erosion (D. Chen et al. 2009).

Table 3.1: Electrode potentials and half equations of different elements. (Milazzo et al.
1978).

Element Half equation E°/V
Fe Fe?*(aq) + 2e” = Fe(s) -0.440
Co Co?*(aq) + 2e" = Co(s) -0.277
Ni Ni2*(aq) + 2&- = Ni(s) -0.257
Fe Fe3*(aq) + 3e” = Fe(s) -0.037
H2 2H*(aq) + 2e” = Hy(g) 0.000
Ag Ag'(aq) + e = Ag(s) 0.780
Au AuCly” + 3e” = Au(s) + 4CI 1.002

This chapter focuses on non-aqueous methods using redox transmetalation. The method
has been evaluated for its effectiveness in forming a gold shell around an iron-boron core.

Other parameters, such as boron content, has been assessed to quantify its efficacy in
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3.2

the treatment of glioblastomas. Redox-transmetalation is the chosen technique to
overcome the lattice mismatch between the iron-boron core and the gold shell due to
being able to use iron as a sacrificial layer to reduce the gold at the surface of the core
and promoting seeding of gold on top of the core rather than forming monometallic gold
NPs. As the iron is not required for NCT, this would promote and increase the
concentration of boron in the core with a gold shell surrounding it. This method forms thin
gold shells as once the gold seed has formed on the surface of the core it removes a
reduction site which means no further gold can be reduced at the specific spot leading to
thin shells. This also means that any remaining iron, the magnetic properties would not
be affected drastically due to a thick gold shell. This research aims to produce a core-
shell NP of Fe-B@Au that can be used for neutron capture therapy (NCT). The boron
content needs to be optimised to increase the concentration in the core and quantification

will be pivotal for its intended use, along with confirming a complete gold shell formation.

Methodology
This method was adapted from Ban et al. 2005 and Corrias et al. 1993. Anhydrous iron(lIl)

chloride, sodium borohydride, chloroauric acid (HAuCls.xH>0), 1-methyl-2-pyrrolidinone
(NMP) extra dry, 4-benzylpyridine and ethanol were all purchased from Fisher Scientific
and used without further purification. All synthesis steps were carried out under inert

conditions using nitrogen gas.

Synthesis procedure was completed under inert conditions using N2 flow in a Schlenk
line. Initially, 2 mmol (0.324 g) of FeCls; were dissolved in 50 ml of NMP to form an
orange / yellow solution. Then a second solution containing 6 mmol (0.225 g) of NaBH4
in 50 ml of NMP was formed to produce a colourless solution. NaBH4 solution just made
was then added rapidly to the FeCls solution and allowed to mix for two hours to ensure
complete reaction to form Fe(BH.)s and sodium chloride (NaCl) as seen in Equations 3.1
to 3.3. The overall reaction scheme can be seen from Equation 3.4. The colour of the
solution changes from orange to reddish-orange and finally a light green colour. A 1:3
ratio of FeCls:NaBH4 were used so that there was no excess BHy to affect the redox-
transmetalation process. A small amount of hydrogen bubbles is visible from the minor
amount of water that may be present leading to the hydrolysis of the NaBH4. The
complex formed is then heated to 95-100 °C to start the decomposition of the complex
and form the core as seem in Equation 3.2 (Glavee et al. 1995). The diborane can then
further be decomposed by using the FeB core as a catalyst to form additional boron to
be incorporated into the core as seen in Equation 3.3 (Glavee et al. 1995). The overall

equation for the synthesis route is shown in Eq 3.4 (Glavee et al. 1995).
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(L)nFe?* +3BH, — (L),Fe3*(BH, )5 Eq 3.1

(L)nFe3*(BH,); = FeB + 3H, + B,H; Eq3.2
B,H; - 2B + 3H, Eq 3.3
(L)nFe** +3BH, — FeB+2B+ 6H, +nlL Eq 3.4

After two hours of mixing, 2 ml of 4-benzylpyridine were added dropwise as a stabiliser,
which adjusted the colour from an orange/red colour to a greenish colour and still
contained NaCl. The solution was then heated up to 100 °C for 1 hour to start the
hydrolysis of Fe(BH4)s to form Fe-B core NPs, leading to a black solution. The Fe-B
solution was then cooled down to 60 °C. 0.848mmol (0.288 g) of HAuCl4 were added to
25 ml of NMP. The gold solution was added slowly at a rate of 25 ml/hr to the Fe-B solution.
Upon complete addition of the gold solution, the mixture was heated up to 125 °C for 30
minutes to initiate the redox-transmetalation process where the surface of the core is used
as the reducing agent to reduce Au®* ions and form a uniform shell around the Fe-B core
as seen from Figure 3.2 and Equations 3.5-3.7. Currently, it is unknown whether boron
will also reduce the gold in the same redox-transmetalation method as iron. However,
boron will most likely take part in the redox-transmetalation process but the reaction
kinetics in the reduction of gold it be slower and less effective which may reduce the boron
content slightly during the shell formation. The solution was allowed to return to room
temperature and then washed several times with ethanol (EtOH) and methanol (MeOH)
to remove by-products. This was followed by magnet separation and a 10 % nitric acid
wash to purify the sample. Magnet separation removes monometallic gold particles, and
acid washing removes any uncapped Fe-B core particles. The samples were then washed
three times with methanol and stored in methanol for further analysis. In Figure 3.3, a
simple process flow chart overviewing the synthesis methodology explained within the

methodology for the synthesis of Fe-B@Au NPs.

Au shell Fe — B core

Figure 3.2: Diagram of redox-transmetalation process.
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Fe?* +2e > Fe E° = —0.44V Eq 3.5

Audt +3e” - Au E° =152V Eq 3.6
3Fe + 2AuCly — 3Fe?* + 2Au + 8Cl~ Eq 3.7
50ml of NMP 50ml of NMP
containing 2mmol containing 6mmol
(0.324g) of FeCls (0.225g) of NaBHa

l

Mix for 2hrs Fe(BHy), ) 2 ml of
Complex formed 4-benzylpyridine
Heat to 100 °C for 1hr Added dropwise
25ml of NMP
Cool to 60 °C Fe-B alloy containing
formed 0.848mmol
(0.288g) of HAuCls
Heat to 125 °C for 0.5hr Added dropwise
h 4

Fe-B@Au Core-
Shell NPs
formed

Figure 3.3: Simple process flow chart of non-aqueous redox-transmetalation process for
synthesising Fe-B@Au NPs.

3.3 Characterisation

3.3.1 SEM/EDX
Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDX)
analyses were conducted using a Quattro SEM (Thermo Fisher Scientific, USA) coupled
with an EDS UltraDry 60M (129 eV) detector. STEM mode was used and copper /
polycarbon grids with a mesh size of 300 squares per inch was used for this analysis. The
operating parameters used for the analysis were high vacuum mode with an acceleration
voltage of 15 kV with a spot size of 3 microns. To gain a high resolution image and obtain
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3.3.2

3.3.3

334

3.35

a signal during EDX for both gold and iron. A resolution of 1536x1094 pixels was chosen
for the photos at 45 us dwell time, to strike a balance between time acquisition and image
clarity. Both Bright Field and High Annular Angular Dark Filed images were obtained from

this analysis.

15 kV was used as the acceleration voltage to excite the electrons in the material enough
to remove an electron from one of the inner shells. A voltage above its relative X-ray
intensities is required. Iron (Ka shell) is 6.4 keV, and gold (La1 shell) is 9.71 keV. Ideally,
to ensure excitation and a strong signal for the material, 1.5 x the values above are used,
and 15 kV is a good value that reaches these requirements. Boron was checked for by
EDX; however, boron is a very light element with only five electrons, one inner shell

containing two electrons that can be ejected from the shell to give a signal and detection.

DLS
DLS was carried out with a Nanolive Zetasizer using methanol as the solvent. The

operating parameters of refractive index (1.33) and viscosity (0.56 cP) were set to
methanol values which were already stored in the Malvern software. For each sample,
five runs were carried out to compare the stability within the sample from each run. The
equilibrium time between each run was set at 2 minutes. The refractive index of the

material was set at irons RI of 2.9304.

XPS
XPS analysis was conducted in a Thermofisher ESCALAB 250 electron spectrometer

equipped with a hemispherical sector energy analyser at source excitation energy of 15
KeV and emission current of 6 mA; analyser pass energy of 20 eV with step size of 0.1
eV and dwell time of 50 ms were used throughout the experiments. The base pressure
within the spectrometer during examinations was always better than 5 x 10" mbar and
this ensured that all signals recorded were from the sample surface. In all samples the

analysed area was 500 mm diameter.

UV-Vis
Ultraviolet-visible spectroscopy (UV/VIS) spectra of the nanoparticles were recorded
using a UV-VIS spectrophotometer (Jenway 7615). 2 ml of the sample was loaded into a

quartz cuvette with the path length set to 10 mm with increments in wavelength of 1 nm.

ICP-OES
ICP-OES was carried out on a Thermo Fisher iCAP 7000 series ICP-OES Spectrometer.

A concentration curve was set up gold, iron and boron using standards purchased from
Fisher Scientific. The concentration curve was set up from 0.1 ppm going up in

increments of 10 x to 10,000 ppm. For the preparation of the samples, 500 mg of the
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3.4
3.4.1

3.4.2

sample were digested in 0.5 ml aqua regia to digest all three materials present. Upon
the samples being completely digested, the solutions were diluted with 4.5 ml of
deionised water and analysed to give exact bulk concentrations of all three materials

present.

Results and discussion

Fe-B Core synthesis

The experimental procedure was done where one set of variables were tested while
keeping all other variables constant to find optimal conditions for the synthesis. The
variables found to increase the boron content and reduce the size of the core are used

for the synthesis of the shell material.

Effect of surfactant

The particles require to be less than 50 nm to pass through the blood-brain barrier to
reach the glioblastoma. It is critical that the size of the particles is controlled to have a
narrow size distribution that is able to pass through the blood brain barrier (BBB). Initially,
the experiment was run in the same way as explained above in the experimental
procedure, with a slight change to whether a stabiliser was used or not and also what type

of stabiliser was used as seen in Table 3.2.

Table 3.2: Experimental conditions altered to ascertain their effect on particle size.

Experiments Conditions
1 Without
2 4-benzyl pyridine
3 PVP-30k

Ban et al. 2005, reported on the use of 4-benzyl pyridine as the stabiliser for the Fe core
and Fe@Au particles. In this work, they suggested that a small amount of 4-benzyl
pyridine was added after centrifugation. Due to a ‘small amount’ being very unclear on
exactly how much was added to the iron borohydride solution, different amounts were
trialled from 200 pl to 2 ml to verify its effect on the size of the particles. It was expected
that the more stabiliser added, the more uniform the particles distribution is. The initial
colour of the complex solution before adding the 4-benzyl pyridine was a light green.
However, once the stabiliser was added to the solution, the colour adjusted to a
greenish/yellow colour, indicating that a reaction of some kind was taking place upon
addition of the stabiliser. After that, once the solution was heated to 100 °C to reduce the

complex, reduction did not occur, and the solution did not turn black, regardless of the
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amount of 4-benzyl pyridine added to the solution. The stabiliser, 4-benzyl pyridine, was
affecting the complex somehow, so the reduction was unsuccessful. A possible
explanation for the unsuccessful reaction is in Ban et al. 2005 , sodium metal was used
as the reducing agent rather than sodium borohydride, and unwanted reaction occurred
between the 4-benzyl pyridine and the sodium borohydride. In the experimental procedure
of Ban et al. 2005 , to form the iron core the solution was refluxed at 160 °C. Whereas,
Glavee et al. 1992 used sodium borohydride as the reducing agent, the reduction took
place at 100 °C and this was used in this experimental design. As 4-benzyl pyridine was
unsuccessful, further tests were carried out using no stabiliser and PVP-K30 to analyse
the effects of different stabilisers. Further testing was carried out on adding the stabilisers

at different timepoints; before and after the reduction of the Fe(BH4)s reduction.

Adding the stabiliser after the formation of Fe-B core is less effective. However,
agglomeration will be reduced when the stabiliser is present. Figure 3.4, shows three
different experiments were analysed via DLS. One with no stabiliser, and then two
different stabilisers were used. In Figure 3.4a, no stabiliser was used, leading to large
particles and broad size distribution of 658.5 + 275.3 nm. It was noted that after storage
in MeOH, particle sedimentation would occur. In Figure 3.4b, when using 4-benzyl
pyridine, after the solution had turned black, it led to a size distribution of 72.45 + 11.76
nm leading to a much narrower size distribution. With further investigation, by adding the
stabiliser before the reduction would be expected to produce a smaller core particle.
Figure 3.4c shows that when PVP-K30 was used as a stabiliser, two size distributions are
picked up: a lower concentration of very small NPs of 13.24 + 3.209 nm and a more
significant size distribution of 102.5 + 41.35 nm. Even though there is a small
concentration of smaller NPs, a high proportion has a mean size of 102.5 nm. Both
stabilisers have shown that with further optimisation narrower size distributions are

attainable.
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Figure 3.4: The DLS size distribution of synthesised NPs: (A) without stabiliser; (B) with
2 ml of 4-benzyl pyridine and (C) with 1g of PVP-K30.

3.4.3 Effects of ionic state of iron

An essential requirement for NCT is the boron content. '°B can absorb neutrons causing
it to be promoted to "B where it is destabilised and breaks down to release a localised
amount of radiation to treat glioblastomas (Suzuki, 2020). It is pivotal to analyse and
optimise process variables to increase the boron content. Table 3.3 displays the two
experiments that were carried out that impact the boron content. As 4-Benzyl Pyridine

negatively impacted the synthesis of the core when added prior to the reduction taking
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place, the 4-Benzyl Pyridine was added directly after the reduction and the solution turned
black.

Table 3.3: Experimental conditions trialled for boron content.

Experiments Conditions Stabiliser
4 Slow addition rate of NaBH, to Fe?* 4-Benzyl Pyridine
5 Slow addition rate of NaBH, to Fe®* 4-Benzyl Pyridine

Linderoth et al, 1990, Corrias et al. 1993, Glavee et al. 1995, Linderoth et al. 1998 all
report on how different variables effect the boron content of the transition metal-boron
alloy. The mixing pattern of the NaBHs and FeCls, the pH of the solution, and the
concentration of the NaBH4 solution all effect the boron incorporation. In Glavee et al.
1995, by mixing the iron solution into the borohydride dropwise led to a boron content in
the range of 32 - 37 atomic %, determined by X-ray powder diffraction and Mossbauer
Spectroscopy. However, when adding the borohydride solution in dropwise to the iron
solution leads a boron content of 28-33 atomic % was achieved (Linderoth et al. 1998).
As the addition rate and/or the concentration of borohydride increases, the amount of
incorporated boron is reduced. Rather than forming amorphous Fe-B alloyed NPs,
crystalline Fe particles form with little to no boron incorporation (Linderoth et al. 1998).
Cho et al. 2006 reported the synthesis of Fe@Au core-shell NPs with no aim to
incorporate boron into the core. However, after elemental analysis was carried out, 7.5
atomic % of boron was in the Fe core. When the gold shell was added to the core, 2.22
atomic % of boron was present (Cho et al. 2006). Even with standard protocols for
Fe@Au NPs with no intent to incorporate boron, 7.5 atomic % or 2.22 atomic % was still
incorporated into Fe and Fe@Au, respectively. A higher oxidation state of iron, i.e., Fe**
instead of Fe?*, leads to higher boron incorporation due to a higher Fe:BH4 ratio. Glavee
et al. 1992, compared the boron incorporation when using FeBr, and FeBrs in non-
aqueous conditions. Glavee et al. 1992 showed that using an Fe®*" salt, the molar ratio of
Fe/B was 0.92. Using the same process but Fe?* led to a molar ratio of Fe/B of 2. If
aqueous conditions were used for the synthesis, the Fe/B ratio was further increased to

above 4.

Surface elemental analysis was carried out by XPS which is summarised in Table 3.4.
The results obtained support Glavee et al. 1992 reports and a clear increase in boron
content when using Fe®* in comparison to Fe?*. By using a higher ionic state iron produces

a core particle that is more effective for NCT with a greater boron enrichment
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Optimisation around boron incorporation is critical for NCT, more specifically the '°B
enrichment that is required for BNCT. When using Fe?*, the boron/iron ratio is 0.32, and
when specifically focussing on boron and iron, as these are the desired products, an
atomic concentration of 24.5 %. The boron content is almost doubled when using Fe®*
with a boron/iron ratio of 0.91 and an atomic concentration of boron of 47.5 %. This follows
literature findings as more BH4 ions are required to the reduce the Fe leading to a higher
amount of boron being produced and a higher content within the alloy. Although, carbon
is always present when carrying out analysis through contaminants, there is a high atomic
concentration. The presence of C-C and C=0 suggests that the NMP residue has not

been removed through the washing procedure and that sticky residues remain.

Table 3.4: XPS data and surface characterisation with different reaction conditions.

Conditions Atomic Concentration %
C-C C=0 O Fe B N Na B/Fe
FeCl: with NaBHa4 200 89 495 108 35 - 7.3 032
FeCls with NaBHs 298 125 404 74 67 - 3.2 091

For Fe?* and Fe®', 1:2 and 1:3 molar ratios of Fe:BH4 were used, respectively. An excess
was not used to minimise the impact on the redox-transmetalation process of the Au on
the surface of the core particles. The Na atomic concentration was relatively high. This
indicates that the washing procedure is not effectively removing all by-products such as
NaCl from the reaction mixture. With the high carbon content, it is expected that some
residuals of the solvent are still present. However, there is no signal for N to further
indicate the presence of the solvent and the stabiliser. At these high concentrations of C-
C and C=0, nitrogen would be expected to be present in the XPS data. It is unlikely that
the nitrogen concentration is below the detectable limit. As the Cl was not analysed by
XPS, it is expected to have a similar atomic concentration to the Na from the 1:1 molar
ratio. There is a high oxygen content, and the XPS data showed that the Fe was
predominately in its oxidative state, Fe,Os, due to no protective layer and the boron signal
was of borate. The intermetallic bonding between iron and boron where oxidation has
occurred forms (FexBx.1)203. However, Glavee et al. 1992 suggests that when the Fe-B
alloy is oxidised, it breaks down into two separate compounds of iron and borates, as
seen from Equation 3.8. Subsequently, the Fe oxidises to an iron oxide. It is pivotal to
keep inert conditions throughout the entire process until a protective shell layer of gold is

implemented.

2FeB +1.50, » 2Fe + B,0; Eq 3.8
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3.4.4 pH analysis

pH can have an impact on the amount of boron that is incorporated (Linderoth et al. 1990).
The FeClz solution is slightly acidic with a pH of 4.5. When the complex is formed between
the iron ions and the borohydride ions, and heat is applied to start the reduction, the
complex of Fe(BH.);s becomes unstable and breaks down, causing the reduction and
incorporation of boron into the core material (Glavee et al. 1995). The colour of the
complex is greenish and, upon heating the solution becomes colourless where there is
vigorous hydrogen evolution from the breakdown of the Fe(BH4)s complex, as seen in
Equation 3.2. During the colour change the pH increases. When the pH is approximately
7, the colour of the solution starts to turn black as the reduction of iron ions begins at this
elevated pH and stabilises. At the same time, hydrogen gas evolves, and iron reduction
occurs. Measuring the pH while effectively ensuring inert conditions are maintained would
show the interesting dynamics of the process where the pH equilibrates during iron
reduction and hydrogen production (Glavee et al. 1995). For this research, no further
studies were carried out on altering the initial and final pH with acidic or basic components

to see the effects on boron content.

In some cases, upon heating, the solution does not turn colourless, followed by the
precipitation of the black Fe-B NPs. However, the solution stays green with no
precipitation of Fe-B NPs. Unsuccessful reactions occur due to lack of inert conditions
leading to the breakdown of the Fe(BH4)s complex, dissolved oxygen (DO) or absorbed
water in the solvent leading to the breakdown of the complex and unwanted reactions.
For the non-aqueous synthesis of Fe-B, it is critical to ensure the correct reaction
conditions are obtained otherwise the reaction will not occur in the required way. A
requirement to degas and dry the solvents through N. bubbling and molecular sieves
respectively and clean glassware are a requirement to ensure optimal conditions. The
process requires stringent and specific conditions to achieve successful reactions, which

may increase the difficulties for scaled-up procedures.

Figure 3.5 displays the relative stabilities of different Fe compounds at different pH. When
the reduction does not occur around pH 7, the borohydride will continue to decompose
under heating, leading to an increase in pH beyond 7 and other Fe compounds becoming
more stable at elevated pH. In Scholz. 2006, when the pH exceeds 8.5, DO can oxidise
iron to its hydroxide forms. During an unsuccessful reaction, whereby the solution turns
green rather than black, other compounds such as Fe(OH)s are possible unwanted

products.
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Figure 3.5: Relative stability of Fe compounds at different pH. (Rickard. 2012).

Troubleshooting

Using non-aqueous conditions was pivotal for a successful reaction by minimising the
amount of borohydride that would hydrolyse leading to effective complex formation, as
seen in Equation 3.1. If water is present, the reaction scheme would not occur in the
expected way, and the borohydride would start to hydrolyse via Equations 3.9 and 3.11
reducing the BH4 availability for Fe(BH4)s formation. Using non-aqueous conditions
means Equations 3.9-3.11 should not occur. However, if the water content increases this

would have significant detrimental effects to the process.

BH; + 2H,0 - BO; + 4H, Eq 3.9
BH; + 2M™* + 2H,0 - 2M + BO; + 2H, + 4H* Eq 3.10
BH; + H,0 - B+ OH™ + 2.5H, Eq 3.11

Li et al. 2015 suggest ligand formation occurs between the NMP and FeCls complex
whereby using FTIR, the peak at 1674 cm- for the stretching of C=0 within the NMP splits
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into two, with the second peak at 1623 cm™ for the coordination bonds formed between
CsHoNO and FeCls. The formation of the oxygen to metal coordination bond reduces the
coupling between the C=0 stretching and the NH2 bending vibrations leading to the peaks
becoming separable. However, MaryMartinette et al. 1959, suggested that when
coordination bonds are formed between the double bond oxygen and the metal ion, the
wavelength shifts to a lower frequency to indicate ligand formation rather than the splitting
of the peak at 1674 cm™".

FTIR was carried on a sample of NMP and NMP containing FeCls There were no changes
between the two spectra, as seen in Figure 3.6a and b. It appears the indication of ligand
formation is missing and no coordination bond between the C=0 and Fe ions due to no
splitting or shift in the peak at 1674 cm™. The reaction pathway suggested in Glavee et
al. 1995 is not occurring in this process with no ligand formation which causes instability
and unsuccessful reaction that occur due to no ligand formation on the Fe(BHa)z complex.
Further investigation into the coordination bond complex is required to understand the
formation. As the core was still being successfully synthesised without the formation of
the coordination bonds between CsHsNO and FeCls, no further investigation was done

during this research.
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Figure 3.6: A — Full FTIR spectra of NMP and NMP + FeCls, B — FTIR spectra zoomed

in at peak with wavelength of 1675cm™.

During Fe(BH4)3 complex formation as seen in Equation 3.12, a reaction between the
NaBH4 and the FeCls; forms NaCl waste product. The NaCl white precipitate is insoluble
in NMP and the only solid within the reaction mixture before the reduction. At this stage

of the process, the NaCl can be removed by centrifugation, or left in the reaction mixture.
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FeCl; (aq) + 3NaBH,(aq) —» Fe(BH,)5 (aq) + 3NaCl(s) Eq 3.12

In Glavee et al. 1992, during non-aqueous synthesis of the Fe-B core, the NaCl was left
in the reaction mixture and removed during post processing with water and acetone
washing. Whereas Ban et al. 2005, removed the NaCl via centrifugation before initiating
the reduction of the Fe ions. It is unknown whether leaving the NaCl in the reaction mixture
will disrupt the addition of the Au shell via redox-transmetalation. It is expected that it
would have a detrimental effect on the synthesis of a gold shell due to another lattice
being present. If the NaCl is incorporated into the core and appears at the surface, this
will remove a reduction site for the Au leading to a negative impact on the shell formation.
However, current operating conditions, it is not effective to centrifuge the sample to
remove NaCl due to removing the solution from inert conditions. From the trial
centrifugation, the pellet was predominately white, indicating NaCl. However, there was a
slight green colour to the pellet where an amount of the complex had broken down and
reacted with a small amount of water within the solution. Upon the addition of small
amount of water to the pellet led to immediate hydrogen evolution and the solution turning

black for the reduction of Fe3* as displayed in Equation 3.10.

After the solution was centrifuged, the colour of the solution appeared light green /
colourless rather than green due to removing and solid products, leaving behind the
aqueous iron borohydride product. Upon heating the solution to 100 °C, the solution
turned black for the synthesis of the Fe-B core with the removal of NaCl during
centrifugation. This would lead to the removal of Na in the XPS data. However, there is
an increased number of unsuccessful reactions when centrifuging the Fe(BH4) due to
taking the sample out of inert conditions for a short period. For the experimental
procedure, the NaCl was not removed to reduce the number of unsuccessful experiments.

Until the solution can be sealed under inert conditions, this process should not be done.

Although, in Glavee et al. 1992, the reduction of the iron borohydride complex took place
at 95 - 100 °C; it was found that upon heating to 40 °C, the reduction had started with the
production of Hz bubbles. At lower temperatures, the reduction process would take place
slowly giving more control over the reduction of the complex. One reason the reduction
may have started at lower temperatures is due to the ligand formation between the NMP
and FeCls not occurring that offers some stabilisation to the complex. As the temperature
is increased, the rate of Hz evolution increased and continued for approximately 10
minutes. At low temperatures enough energy is supplied to reduce the iron boron complex
and as the temperature is increases, the reaction rate also increases. For future work,

carrying out the reduction at lower temperatures would be interesting to analyse.
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3.5

The time the complex is left forming is essential as, presumably, the process is sequential,
where one BHs becomes bonded to the Fe** to form Fe?*(BH4), followed by Fe*(BH.).
and finally Fe(BHa4)s. Leaving the reaction for a shorter period is expected to lead to partial

formation of the complex leading to a reduced boron content.

NMP is hygroscopic and readily absorbs water from the air, which ultimately affects the
process. The NMP should appear colourless. However, over time, the solvent degrades,
and contaminants increase causing the solution to appear a yellowish colour
(Lertsuphotvanit et al. 2023). Once the yellowish colour of the solution appears, the
chance of successful reduction of the iron borohydride complex decreases. As soon as
the yellowish colour appears, the solvent requires cleaning and drying to regenerate the

effective solvent.

Analysing the complex and core material is challenging due to both materials being
affected by atmospheric conditions. The analysis that has been carried out on these
materials will not be a direct comparison to the material formed under inert conditions due

to the decomposition of the complex and oxidation of the core.

Fe-B@Au synthesis

The addition of a gold shell around a Fe-B core has yet to be researched, and the optimal
reaction conditions not yet established. This novel research aims to bridge the gap in
knowledge of NCT and a method to synthesise a particle capable of the NCT process.
The conditions need to be optimised to overcome the lattice mismatch between the core
and the shell material. Two variable that significantly changed the optical properties and
colour of the solution that can give a crude method of analysis of success of core-shell
formation was the temperature at which the gold solution was added to the Fe-B core
solution and the rate of addition. Table 3.5 displays different reaction conditions that were
tested. Some experiments showed two separate distributions of monometallic iron and
gold particles, and other reaction conditions show the formation of partial core-shell
structures. In most cases, when the solution went a typical burgundy colour to indicate
gold NPs, there was no core-shell formation or very poor core-shell formation. However,
then the solution turned a blue / black colour, the samples appeared to show a more

interesting core-shell structure.
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Table 3.5: Different process variables tested and results. (Rapidly indicates that the 50
ml of gold solution was injected into the core solution over five seconds to achieve a

rapid temperature drop).

Exp Gold solution Temperature of Temperature of Colour of  Core-Shell
addition rate  gold solution (°C)  core solution (°C) mixture formed?
(ml/hr)

M1 25 19 60 Burgundy No

M2 25 19 125 Burgundy Partial
M3 Rapidly 4 125 Black/blue Partial
M4 Rapidly 19 125 Black/blue Partial
M5 25 19 25 black No

After several purification steps washing with ethanol, there were still sticky residues of
NMP acting as a glue that both the core (Fe-B) and the shell material (Au) stuck to rather
than forming a core shell material. This led to false positives when visually observing the
sample. The sample was magnetic and had the characteristic optical properties of gold
with a burgundy / purple colour. The burgundy Au NPs being pulled towards to magnet

would indicate that they are bound to Fe.

By taking a small amount of sample and washing with acid, was a quick method to test if
a successful core-shell structure was formed. If the materials magnetic properties cease
to exist, this would confirm no complete shells of gold have formed around an Fe-B core.
The acid wash confirms two possibilities: one being two separate distributions of
monometallic Fe-B and Au or secondly partial core-shell structures. Numerous occasions
when analysing via STEM, the NMP acted as a sticky residue where monometallic
distributions of both Fe-B and Au were attached to it. In Figure 3.7, the STEM photos of
sample M1 show a mixture of monometallic particles of iron (yellow circles) and gold
(green circles). The misty background, which the particles are stuck to, appears to be the
NMP residue.
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Figure 3.7: STEM images of non-aqueous sample M1. (yellow circles indicate Fe

particles, green circles highlight Au particles).
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In Figure 3.7, two distributions are visible in M1 [highlighted via the circles]. The STEM
images confirmed that the visual appearance of the sample gives a false positive as the
particles are sitting in residue NMP which has not been removed during the washing
stage. The larger white amorphous particles, between 50-100 nm, are the magnetic cores
[yellow circles]. The amorphous structure gives an indication that an amount of boron has
been incorporated into the core. Au NPs are formed with a size between 20-25 nm [green
circles]. The gold ions have been reduced indicating the redox-transmetalation process is
occurring, but not in the desired way of forming core-shell structures. It is known there is
a large lattice mismatch between the Fe and Au, that leads to a significant energy barrier.
If the core-shell is not forming, although the reduction is occurring at the iron surface, it is
still energetically favourable for the gold nanoseeds to move away from the surface and
form monometallic Au NPs. Another reason for core-shell particles not forming is the boron
at the surface may be incapable of reducing the Au. With 30 — 50 % B content, there is

limited reduction sites for Au and the formation of a core-shell.

In Equation 3.13, Bard, 1985 shows a route for how boron can reduce gold at its surface,
with a reduction potential of 0.89 V in comparison to Au which has 1.002 V but this again
only has a small difference and energetically unfavourable. However, for this reaction
route, aqueous conditions are required. The chloroauric acid contains a small amount of
water that could allow the boron to be used as a reduction site. However, this mechanism

and in non-aqueous conditions, it is unknown if other reaction pathways can take place.

B(OH); +3H* + 3e~ = B(s) + 3H,0(]) Eq 3.13

If the reduction of gold is occurring at both iron and the boron, another cause for no shell
formation is the molar ratio of Fe and B to the Au. Three Fe atoms are required to reduce
two Au®* ions. If there is an excess of Au ions this will lead to an increase in Au nanoseeds
that increases the energetics towards forming gold NPs. It can also lead to over erosion
of the core material and using a high amount of the Fe that will lead to the dismantle of
the core material leading to the Au having no core to seed upon. To confirm this, in a trial
reaction, the Au molar amount was doubled, which led to little magnetic particles being
present at the end of the process. The best reaction conditions would be to use a low

concentration solution of Au ions to minimise the amount of monometallic Au NPs formed.

If too little gold is used in the synthesis process, then there is not enough gold for a
complete shell to form leading to partial or no shell formed around the core. Chen et al.
2009 identified that the ratio between nickel and gold is critical to forming core-shell
structures. In most cases, a mixture of both core-shell and gold NPs were formed. The

addition time of the Au solution to the core can cause issues. If the core grows too large
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before Au addition, island growth will occur due to not enough gold to cap the larger
particles. Additionally, when initially carrying out the STEM analysis, another false positive
was observed. The smaller particles (20 - 25 nm), in Figure 3.7, have a contrast between
the particle's core and shell in HAADF images, which is usually indicates different
materials within the core and shell. However, in Figure 3.8, the EDX data shows that these

particles are monometallic Au.

In Chen et al. 2009, there is a significant contrast between the Ni core and the gold shell.
This is because in STEM mode, when using HAADF analysis, this measures the most
scattered electrons. Heavier elements, such as gold, should appear brighter due to having
a larger z-number and scattering the electrons more. Whereas Fe and B, which are lighter
elements scatter the electrons less. Bright-field analyses particles that have not been
scattered, and the electron beam goes through the sample. The analysis shows
differences in thickness and would show the opposite of the HAADF images as the sample
is thinner at the edges than in the centre of the material. Due to having the contrast
present in the particles formed in Figure 3.7, this should show that core-shell particles
have been formed as in Chen et al. 2009. With Figure 3.8 showing that this is not the case
suggest that false positive results are being obtained from the HAADF. EDX is not a
sensitive technique for lighter elements and would not detect boron as effectively due to
having only two inner electrons to obtain a signal from. Even though an acceleration
voltage of 15 kV should have a penetration depth of 550 nm, as taken from the Thermo
Fisher Scientific training document for the equipment, the small Au particles are less than

this and should not display a contrast between core and shell.

From Figure 3.8, the large amorphous balls are Fe and do not contain any form of the
shell due to no overlap of the Fe and Au signal. The Au particles which displayed a

contrast in HAADF does not show any Fe signal in the centre of the particles.
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HAADF Overlay of Fe and Au EDX maps

100 nm

Figure 3.8: EDX mapping of sample M1 showing two distributions of larger Fe NPs and

smaller Au NPs.

In Ban et al. 2005, the Fe core solution is cooled to 60 °C before adding the gold solution
slowly and heating back up to achieve core-shell iron-gold NPs. In Table 3.5, a variation

of these variables was tested to find optimal conditions for the synthesis.

In Table 3.5, experiment M1, the standard conditions from Ban et al. 2005 were used to
try and repeat the process. Upon the slow addition of the gold solution to the core material,
the solution remained black at 60 °C. After raising the temperature to 125 °C and leaving
the sample for 30 minutes for the reduction, the solution slowly turned burgundy,
suggesting the reduction and formation of gold NPs. UV-Vis was carried out on 50 nm Au
particles, M1 and M3 to compare monometallic Au to two separate distributions of Fe and

Au and partial shell structures.

Gold NPs have distinct optical properties that give a characteristic curve when analysed
by UV-Vis. In Figure 3.9, UV-Vis was carried out on both experiments M1 and M3 which
was compared to a 50 nm gold colloid solution. The characteristic curve for the 50 nm
gold NPs shows a peak at 540 nm. For experiment M1, where there is a segregation of
Fe-B and Au NPs, a similar characteristic peak with a slight shift in wavelength to 550 nm
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occurs suggesting the formation of monometallic gold NPs. However, for M3, which in the
STEM images in Figure 3.11, displayed partial core-shell structures showed completely
contrasting UV-Vis spectra with a much broader peak with a shift to a higher wavelength.
Experiment M1, followed the standard conditions listed in the methodology which was
similar to Ban et al. 2005. The UV-Vis data in Figure 3.9shows a similar peak to that of 50
nm gold NPs with a blue shift. However, the UV-Vis results obtained in Ban et al. 2005 do
not match that obtained in M1. However, experiment M3, whereby different reaction
conditions are used [rapid addition of Au solution into core solution] formed partial core-
shell particles that closely matched the UV-Vis spectra of Ban et al. 2005 with a broader
peak. The properties of the material can be fine-tuned by adapting the shell thickness.
The broader peak from UV-Vis, like in M3, suggests that there is a higher chance of a
core-shell structure formed, in comparison to M1 where there is a sharper peak where

typical gold NPs would appear in UV-Vis.

50 nm Au NPs
M1
M3

Absorbance

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3.9: UV-Vis data of monometallic 50 nm Au particles, Exp M1 and M3.

Figure 3.10, the BF and HAADF images of M2 show no clear core-shell structure but
appears more like monometallic Au particles that have then aggregated to the parts of the
Fe-B core. This indicates island growth occurred or during the drying process for the
STEM analysis, the particles aggregated to each other. There is still NMP present within
the sample and not being completely washed out. Following the same reaction conditions

and with small changes, it was not possible to achieve the same core-shell results as Ban
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et al. 2005. Some variables from the process may not be reported which causes a

reproducibility issue.
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Figure 3.10: STEM images and of M2. (Red circles — possible partial shells, Yellow —
Monometallic Gold, Green — Monometallic Iron). And EDX data of M2. (Blue — Fe,
Green — Au)

The gold addition rate for both samples M1 and M2 were 25 ml/hr, but the difference was
the temperature of the core solution upon gold addition. In M1, it was 60 °C, and in M2, it
was already preheated to 125 °C. elevated temperatures are required to initiate the
reduction process via redox-transmetalation. M2, with the addition taking place at 125 °C,
leads to immediate gold nanoseed formation when encountering the core surface leading
to more positive results than in M1. In M2, as the gold solution is added, the gold ions are
reduced immediately, and only a tiny amount of gold seeds within the solution start to
seed upon the core material. It was expected that these conditions would lead to negative
results due to the rapid reduction of the gold ions.However, a better shell formation was
found in comparison to M1. When adding the gold ions at 60 °C, the reduction of the gold
ions would be slower. However, due to the initial slower reduction a lower temperature,
as the solution heats up, there is simultaneous reduction of the gold ions that may push

the gold ions to form monometallic gold NPs rather than a shell.

However, M5, where the core solution was cooled down to 25 °C, and the Au solution was
added at 25 ml/hr gave negative results where the solution remained black and, after
cooling down to room temperature, large agglomerates settled to the bottom of the flask.
Cooling down the core solution too far seemed to change and affect the redox-

transmetalation process.

The variable that appeared to have the most significant impact on core-shell formation
was the addition rate of the of the gold solution. The rapid addition of the gold solution to
the core solution at 125 °C led to partial core-shell structures. Chem et al. 2012,
synthesised Ni@Au and Au@Ni NPs using non-aqueous conditions. After forming the
nickel NPs, 5 mg of chloroauric acid (HAuCls) was added to form gold-seeded nickel NPs
at 40 °C. The solution was then heated to 195 °C for 30 minutes before cooling to 150 °C.
At this stage, the gold solution was injected rapidly to cause a temperature drop. The
quenching process was vital in forming core-shell structures; if the temperature drop were
not high enough, the shell formation would be incomplete. By injecting the gold solution
allows for rapid formation of Au nanoseeds where the concentration of nanoseeds formed
is inhibited by the temperature drop and stops homonucleation and starts hetronucleation.
The energy shift promotes the formation of core-shell structures due to the temperature
decrease leading to the gold ions not being able to be reduce at the lower temperatures.

However, by forming those initial gold nanoseeds form on the surface of the core material
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meaning as the temperature increases and further gold ions are reduced the energy

barrier for forming a shell is reduced due to the gold nanoseeds at the surface.

The temperature drop was investigated by adjusting the temperature of the gold solution
when rapidly added to the core to promote minimal homonucleation followed by
hetronucleation for core-shell synthesis. This was done by rapidly injecting gold ion
solutions at different temperatures into a Fe-B solution. The nanoseeds are expected to
form and attach to the surface of the core material so once the reduction continues, the
energy barrier for seeding on a different lattice is reduced due to the presence of gold
nanoseeds. Figure 3.11 and Figure 3.12 display the STEM BF / HAADF and the EDX data
of M3 where the gold solution was at 4 °C, respectively. The red circles in HAADF STEM
images of M3 indicate the positive results of core-shell / partial core-shell structures. The
yellow circles indicate the monometallic gold particles. Figure 3.11 almost appears as a
multilayer from the difference in contrast in the HAADF that shows a brighter centre,

followed by a darker shell and then another brighter shell on the outside.

There are less monometallic Au particles in M3 when compared to M1 and M2 showing
the rapid injection with a temperature drop followed by heating supported the formation of
core-shell materials. Homonucleation was inhibited and promoted hetronucleation to
minimise Au NP formation. From an acid wash, it appeared to show possibly incomplete
shells with holes within the structure as the magnetic properties were removed after acid
washing. Figure 3.12 and Figure 3.13 displays the EDX data for M3. The elemental
analysis shows that there is a density of iron within the core of the material with gold
appearing on the outside and overlaps where the iron signals are. The line analysis shows
high signal for Au (green line) at the edge of the particles and low for Fe (blue line) and at
the centre of the particle the Fe signal increases and the Au reduces as the core is larger
in the centre than the edges. The injection of the 4 °C gold solution into the 125 °C core
solution leads to a temperature drop to between 63-66 °C, which is close to the
temperature initially being followed in Ban et al. 2005. When the Au solution was added
at 19 °C to a core solution 125 °C as in experiment M4, there is a rapid drop in temperature
again but less than in M3. In Figure 3.15, partial core-shell structures are formed again
but less effectively when compared to M3. The gold NPs show island growth with gold
NPs scattered across the surface of the Fe-B core. Whereas in M3, a more uniform core-
shell structure appears to have formed. This shows that controlling the temperature drop
is significant in forming core-shell NPs. When the Au solution is added at 60 °C, no Au
nanoseeds are formed and only upon the temperature increase gold reduction starts but
due to the high concentration in the solution leads to more monometallic Au NPs being

formed. It is key to form a small amount of Au nanoseeds to promote shell formation.
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STEM mode: High Annular Dark Field
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Au particles).
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Figure 3.12: EDX data on experiment M3.
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Figure 3.13: Line analysis and size measurement of M3. (Au — green, Fe — blue).
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Figure 3.14 displays TEM of M3 where tilt angle has been applied to produce a 3D model
of the particle. The rotated particle shows a spherical structure where a gold shell has
formed round a core but via island growth where there are gaps within the shell. When
comparing M3 to M1 and M2, there is an advancement in variable optimisation to

synthesise core-shell particles.

Figure 3.14: TEM images of M3 with tilt ranging from -30° to +30°.

To analyse the bulk concentration of iron, boron and gold, Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) was carried out on M3 to understand the ratios
of the bulk material. Table 3.6 displays the ICP-OES results for M3. The results are
promising and even though it cannot be directly linked to the core-shell elemental spilit,
the bulk material analysis gives a good indication of the concentration of each element
present. The positive results showing a high boron enrichment with almost 40 % in the
bulk material which would be highly effective for BNCT.
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Table 3.6: ICP-OES analysis of M3.

Element Molar ppm % split in whole particle Fe/B
B 1.20 39.87 0.64
Fe 0.76 25.25
Au 1.05 34.88 -

From M4, similar conditions and processes were used as to M3 but without the initial
cooling of the gold solution and added at room temperature of 19 °C. Similar results were
obtained in comparison to M3 but less effective. From Figure 3.15, the STEM photos show
an interesting structure with where the Au particles have seeded upon a core but with less
coverage compared to M3. In comparison to M1 and M2, there is some form of core-shell
structure being formed, whereas M1 and M2 do not show similar results. There are
different energetics occurring when the gold solutions are added slowly or rapidly. The
difference in partial shell structures formed in M3 and M4 indicates there is a key variable
based around the temperature drop to initiate shell formation to promote hetronucleation
after a burst of homonucleation. From the experiments and analyses that have been
carried out, injecting the solution proves to be more effective than when the gold solution

is dripped into the core solution at high and low temperatures.
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3.6

Conclusions

Overall, using non-aqueous methods and redox-transmetalation to form core-shell NPs
of Fe-B@Au was partially successful but showed promising results on the variables that
can promote shell formation and boron enrichment. Optimisation is required around the
variables to promote complete shell formation which include, temperature of solutions,

concentrations heating rates are required.

For the synthesis of the core material, it is critical to increase the boron content as much
as possible, as this is the crucial element in the trimetallic NPs for the end use of the
particles of neutron capture therapy. The additional elements of iron and gold offer
additional properties. Iron is magnetic and helps in the purification process and moving
the particles within the body using magnets. Gold is an inert element with low cytotoxicity
that can protect the core from oxidation and has strong optical properties that can be seen
clearly in the body. Targeting peptides can be added to the gold shell to help guide the
particles to the desired area (glioblastomas). Fe@Au particles are already regularly used
in the body for MRI that have been formed by laser ablation (Griaznova et al. 2022) and
chemically via reverse micelle synthesis (Kayal et al. 2010). Adding one additional boron

element can give the particles a new and effective cancer treatment particle.

During the core synthesis, boron content can be optimised to obtain almost a 1:1 ratio of
iron to boron in the core material, which would make for a very effective particle for NCT.
The concentration of borohydride and the ionic state of the metal used in the process can
significantly change the amount of boron incorporated into the core. Using Fe*" compared
to Fe?* can increase the boron content by 10-15 %. In Glavee et al. 1992, there was a
higher amount of boron incorporated than expected due to the Fe-B NPs acting as a
catalyst to break down the B:;He to form more boron, which is incorporated into the
structure. However, further analysis into the stabiliser is required as the 4-benzyl pyridine
was not successfully used in the same capacity as in Ban et al. 2005. The solution colour
was adjusted from light green to yellowish whenever the stabiliser was added. The
breakdown of the Fe(BH4); complex was always unsuccessful and required to be added
after the reduction, likely leading to particle growth. Other factors such as pH, dissolved
oxygen, water presence can all impact the synthesis of the core and clean strict conditions

are required for a successful formation of the core.

When the gold solution was added slowly into a preheated solution at 60 °C or 125 °C,
the solution slowly turned a burgundy colour, suggesting that gold NPs were being formed
and the redox-transmetalation process was working as expected. However, the process

was not overcoming the lattice mismatch between the iron core and the gold shell, and
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shell formation was not occurring, or limited shells were being formed. Even though the
samples were magnetic and appeared burgundy in colour, the residue solvent gave false
positives, acting as a glue with monometallic gold and iron both sticking to the residue
during STEM analysis. Although, in Chem et al. 2012, it was suggested that the rapid
addition of the gold solution was required to obtain a temperature drop in the solution.
This would lead to gold nanoseeds initially being formed but then homonucleation being
suppressed and hetronucleation starting. As can be seen from the results above, this
process obtained exciting results where a gold shell starts to form around a magnetic core
but with holes in the shell leading to the core oxidising. The temperature drop may be
significant in forming the gold nano seeds on the cores for the growth to continue on the

surface.

For this research to progress further, additional analysis should be carried out around the
rapid addition of the gold solution and the optimal temperature drop to help complete a
gold shell around the core. Doing this, along with the optimisation around the stabiliser
used, could lead to a complete core-shell structure forming and the particles being in the
correct size range of less than 50 nm for the designed use for NCT. This research has
proven that the processes reported in the literature are challenging to reproduce, and
some key variables about the synthesis process may need to be detailed further so more
advancements can be made in the area. Another area for improvement with the non-
aqueous process was the maintenance of the solvents. It was challenging to keep pure,
dry and oxygen-free for the process, which would have significant effects on the process
if not maintained with most likely unsuccessful reactions. It would be more effective to
employ a process that takes advantage of molecular sieves to ensure the solution is dry
and that non-aqueous conditions are kept the complex between the iron ions and

borohydride ions is successful.
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Chapter 4 — Reverse micelle synthesis of Fe-B@Au
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4.1

Introduction

Core-shell NPs have attracted much attention in recent years due to their ability to
obtain the properties of both materials. These properties are highly tuneable by
controlling the size of the core and shell materials (Peng et al. 2021). There are several
ways that core-shell NPs can be formed, as discussed in the literature review [chapter 2]
of this thesis. Reverse micelle synthesis (Jafari et al. 2010), chemical vapour deposition
(Kuang et al., 2019), sol-gel (Mahajan et al. 2020) and many other methods have been
studied to optimise the formation of these core-shell NPs for various uses of medical,
environmental, catalysis or electrical properties. Size, shape, morphology and structure
of the core-shell NP significantly affect and alter the properties of the NP. By controlling
the structure of Ag@Pt NPs it was possible to combine the plasmonic properties of Ag
while keeping the high catalytic performance of Pt which leads to great potential for a
plasmonic catalyst (Fan et al. 2023). Cabazitaxel Loaded Core-Shell Mesoporous Silica
Nanoparticles were synthesised with different morphologies to test the efficacy of the
particle for prostate cancer therapy. It was found that dependant on the cell type used
different morphologies had a better toxicity. For example, in PC3 cell lines a better
uptake of the drug loaded core-shell NP was observed with a hexagonal prism structure

in comparison to its spherical counterpart (Mohanan et al. 2023).

Micelles have been extensively researched and used as a synthesis technique for
monometallic NPs and, more recently, core-shell bimetallic NPs. Reverse micelles are
formed via a water-in-oil microemulsion technique. It relies on the self-assembly of the
surfactants around the aqueous water phase to form nanodroplets stabilised by the
surfactant to form a micelle. The solutes are soluble in the aqueous phase which leads
to the ions being present within the micelle of the microemulsion (D. Chen et al. 2009).
Mixing of the organic and aqueous phase creates an isotropic liquid media with
stabilised nanowater droplets. The surfactant reduces the micelles' aggregation and
stops the water nanobubbles' growth. The stabiliser works effectively to form these
micelles due to having a polar hydrophilic headgroup which attaches to the water
particles and then a long chain non-polar or hydrophobic tail that forces the micelles
apart via steric effects (Jafari et al. 2010). Cetyltrimethylammonium bromide (CTAB), as
displayed in Figure 4.1, is a common stabiliser for micelles. CTAB is a cationic

surfactant with a positively charged hydrophilic headgroup with a neutral and
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hydrophobic tail that repels other micelles via steric effects.

]
N R s P e S
Br~

Figure 4.1: Chemical structure of CTAB. (Janosevic-Lezaic et al. 2014).

A key variable is the critical micelle concentration (CMC) in the formation of micelles.
When the concentration of the stabiliser is below the CMC, no micelles are formed. As
the concentration surpasses the CMC, micelle formation begins as seen in Figure 4.2.
The CMC is the lowest concentration of stabiliser required for micelle aggregation to
begin and measures the thermodynamic stability of the micelles (Goronja et al. 2016).
By using CTAB as the stabiliser for the micelle and having a hydrophobic tail and a polar
hydrophilic headgroup, by being above the CMC hydrophilic heads cluster together to
form the core of the micelle while the hydrophobic tails remain on the outside surface of

the micelle.

Monolayer
C>CMC

\M’\'\O

Monomers

Figure 4.2: Formation and deformation of micelles. (Malvern Panalytical, 2010)
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When using CTAB as the surfactant, in most cases, a co-surfactant, n-butanol, is used
to increase the polarity of the CTAB and helps stabilise the micelle (Carpenter, 2001),
(Kvitek et al. 2019). This stabilisation occurs by forming covalent bonds with specific
domains of the micelle which reinforces weak intermolecular interactions (Lu et al.
2018). The n-butanol concentration is critical to the stability of the micelle. Without the
additional n-butanol, the amount of free water available for the reaction is reduced as
the water molecules are locked up in the headgroups of the CTAB (Carpenter, 2001).
The n-butanol mole fraction needs to be controlled, as when increased above 0.03, the
micelles have a looser structure and the n-butanol penetrates the hydrocarbon core of
the micelle and become adsorbed by the head group of the CTAB leading to no micelle
formation (Oakenfull, 1982).

Before mixing, the reactants are in separate micelles but as the micelle solution are
mixed together the two separate micelles containing the reactants mix and the reaction
begins within a single micelle. The advantage of the micelle method is the size of the
NPs formed are tightly controlled by the water to stabiliser molar ratio (W). Decreasing
the W will reduce the size of the micelle as there is an increase in stabiliser to form a
smaller micelle. An increase in W means there is a higher amount of water and less
stability in the micelle that leads to growth in micelle size. In Chen et al. 2009, a
comprehensive set of research was summarised that shows how the size of the NPs
changes with the increase in the W value. When W = 3, the diameter of the core-shell
NPs is 7.5-8.5 nm; when the W = 11, the core-shell NPs are in the range of 29-31 nm.
By controlling W, the NP core and shell size can be tightly controlled and optimised. For
an iron core and gold shell, the core size can be initially controlled by controlling the
water-to-stabiliser ratio to obtain a core size of 20 nm. For a thin shell, the gold micelle
solutions W ratio can be controlled so that there is only a small expansion in the micelle
size so the gold ions are packed around the synthesised core. It is hypothesised that as
further reducing agent is added, [same W as gold solution], the gold ions, which have
combined with the core micelle are reduced very closely to the core when the reducing
solution also combines with the core micelle promoting the shell formation of gold upon

iron.

The micelle method is advantageous due to the controllability of the micelle size. Figure
4.3 displays the schematic of the micelle combination of reactants to form a core that
grows to the size of the micelle. This research requires the core-shell NPs to be less

than 50 nm and increase the boron content. The iron-boron core offers properties of
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magnetism and radioactive dose for NCT while a thin layer of gold adds stability to the

core, reduced cytotoxicity, and optical properties to the particle.

Figure 4.3: Reactant micelles combining and forming the core material where X" and Y*

are reactants and XY is the product. (Anderson et al. 2019).

Combining the research carried out in Chapter 3, redox-transmetalation coupled with the
reverse micelle method takes advantage of both methods of tightly controlling the size of
the core and shell without any further reducing agent. This process would take
advantage of the reduction potential difference between the iron and the gold allowing
the use of iron as a sacrificial layer to reduce the gold ions at the surface of the core
while the micelles with a tight control of the size of them can minimise the particles that

can move away from the core surface.

Chen et al. 2009 carried out a similar method where a nickel core and a gold shell were
formed by reverse micelle method coupled with redox-transmetalation to obtain core-
shell NPs. Coupling the methods removed variables from both processes if carried out

individually to promote core-shell formation.

This chapter will investigate the reverse micelle process and the effects of changing
some variables of the process to form core-shell NPs of iron-boron core and a gold
shell. Due to the significant lattice mismatch between iron and gold with a crystal
structure of body centred cubic and a lattice constant of 2.856 A and face-centred cubic
crystal structure with a lattice constant of 4.065 A respectively, the method aims to
overcome the energy barrier between the two metals and promote non-epitaxial growth.
It is still critical to incorporate as much boron into the core as possible to optimise the

particles for neutron capture therapy.

Further research will be conducted by testing the coupling of the reverse micelle method
with the redox-transmetalation process to evaluate whether this further promotes the

formation of core-shell NPs than each method individually. The method that has been
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developed and adapted from several papers (Carpenter, 2001), (D. Chen et al. 2009)
(Kvitek et al. 2019), (Jafari et al. 2010) that carry out the same procedure with
differences in post-processing and stabiliser used for the particles. At the end of this
chapter, the findings will be concluded, and recommendations will be made on further

research to be carried out to progress the field and research area further.

Experimental

Reverse Micelle method

The method was adapted from D. Chen et al. 2009 and Kvitek et al. 2019. The reverse
micelle process and a combination of reverse micelle and redox-transmetalation to form
the core-shell NPs were trialled. N-octane, iron chloride (FeCls), sodium borohydride
(NaBHa), n-butanol, cetyltrimethylammonium bromide (CTAB), chloroauric acid
(HAuCls.xH20) were all purchased from Fisher scientific and of analytical grade and

used without further purification.

All three solvents were degassed via bubbling with nitrogen for two hours. The reaction
is carried out under nitrogen protection to avoid oxidation of the core material. All the
reverse micelle solutions were prepared using CTAB as the surfactant and n-butanol as
a co-surfactant to increase the polarity of the CTAB and stabilise the micelle solution. N-
octane was used as the oil phase, and deionised water as the aqueous phase. The size
of the NPs can be tightly controlled by the surfactant-to-water molar ratio (H.O/CTAB) =
W. The first micelle solution contained 2.4 ml 0.5 M aqueous FeCls solution mixed with 6
g CTAB, 6.25 ml n-butanol and 21.42 ml of n-octane. The second micelle solution
contained 2.4 ml of 1.5 M aqueous NaBH4, which contained the same proportions of
CTAB, octane and butanol as the iron solution to maintain the W value. The W value
was set at 8. These solutions were formed and mixed for two hours individually to

ensure complete formation and stabilisation of the micelles.

After two hours, the NaBH4 micelle solution was added at 150 ml/hr into the FeCls;
micelle solution. The iron solution changed from yellow/orange to black, indicating the
formation of Fe NPs. The solution was left for two hours to ensure the complete reaction
between the Fe and borohydride ions. A third micelle solution containing 1.8 ml of 0.44
M aqueous HAuCls was mixed with 3 g of CTAB, 3 ml n-butanol, and 14.28 ml of n-
octane. This solution was left to form for two hours, and the colour was reddish/orange.
The W ratio was set to 12 to slightly expand the micelle. The gold solution was added to
the Fe-B core solution at a 50 ml/hr. Upon the addition of the gold, the solution stayed a
black colour. After the gold solution addition, 1.8 ml of 1.6 M aqueous NaBHsmicelle

solution with the same amount of CTAB (3 g), butanol (3 ml) and octane (14.28 ml) as
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the gold solution was added at 150 ml/hr 7 minutes after the gold addition to reduce the
gold to form a shell on the core. The colour of the solution would initially have a
burgundy colour to it suggesting gold NP synthesis, but once left for two hours for the
shell formation, the solution appeared to be black with a slight blue/purple tinge. After
the synthesis, the sample was centrifuged to pellet the NPs formed during the synthesis
process at 10°000 RCF for five minutes. The solvent was removed and the sample was
washed several times using 25 ml of a 1:1 mixture of chloroform/methanol to remove all
surfactants. Between each centrifugation, the solvent was removed and fresh solvent
added followed by sonication for five minutes to resuspend the particles. A magnet
separation and a 10 % nitric acid wash were completed to purify the sample. The
sample was placed next to a magnet to pull across all magnetic material overnight. The
solvent was removed it remove any non-magnetic material. Magnet separation would
remove monometallic gold particles. 5 ml of 10 % nitric acid was added to the sample to
remove any uncapped Fe-B core particles. The samples were washed three times with
methanol and stored in methanol for further analysis. The process can be seen in Figure
4.4,

Reverse Micelle and redox-transmetalation method

For the reverse micelle and redox-transmetalation process, the same procedure from
above was followed except, rather than adding in the second solution of sodium
borohydride that would usually reduce the gold ions, the gold solution (1.8 ml of 0.44 M
aqueous HAuCls was mixed with 3 g of CTAB, 3 ml n-butanol, and 14.28 ml of n-octane)
was added in slowly again and left for one hour before being heated up to 75 °C for 30
minutes to initiate the redox-transmetalation process where the iron is used as the
reducing agent for the gold ions to promote the formation of a shell around the core.
Due to the redox-transmetalation occurring within the micelle, the size of the shell can
be tightly controlled via the size of the gold micelle solution ratio. No additional reducing

agent was added to reduce the gold ions.

98

B.Coward, PhD Thesis, Aston University, 2024



2.4ml FeCl3 0.5M aq
6g CTAB, 6.25ml 1-butanaol,
21.42ml n-octane

2.4ml NaBH4 1.5M
6g CTAB, 6.25ml 1-butanol,
21.42ml n-octane

Mix,
2hrs

Fe-B Nanoparticles

1.8ml HAuCl4 0.44M aq
3g CTAB, 3ml 1-butanol,
14.28ml n-octane

1.8m| NaBH4 1.6M aq
3g CTAB, 3ml 1-butanol,
14.28ml n-octane

4.3
431

4.3.2

‘ Fe-B@Au Nanoparticles

Figure 4.4: Flowchart of synthesis procedure to form core-shell Fe-B@Au NPs. Adapted
from (Jafari et al. 2010).

Characterisation
SEM / EDX

Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDX)
analyses were conducted using a Quattro SEM (Thermo Fisher Scientific, USA) coupled
with an EDS UltraDry 60M (129 eV) detector. STEM mode was used and copper /
polycarbon grids with a mesh size of 300 squares per inch was used for this analysis. The
operating parameters used for the analysis were high vacuum mode with an acceleration
voltage of 15 kV with a spot size of 3 microns. To gain a high resolution image and obtain
a signal during EDX for both gold and iron. A resolution of 1536x1094 pixels was chosen
for the photos at 45 ys dwell time, to strike a balance between time acquisition and image
clarity. Both Bright Field and High Annular Angular Dark Filed images were obtained from

this analysis.

15 kV was used as the acceleration voltage to excite the electrons in the material enough
to remove an electron from one of the inner shells. A voltage above its relative X-ray
intensities is required. Iron (Ka shell) is 6.4 keV, and gold (La1 shell) is 9.71 keV. Ideally,
to ensure excitation and a strong signal for the material, 1.5 x the values above are used,
and 15 kV is a good value that reaches these requirements. Boron was checked for by
EDX; however, boron is a very light element with only five electrons, one inner shell

containing two electrons that can be ejected from the shell to give a signal and detection.

DLS
DLS was carried out with a Nanolive Zetasizer using methanol as the solvent. The

operating parameters of refractive index (1.33) and viscosity (0.56 cP) were set to

99

B.Coward, PhD Thesis, Aston University, 2024



methanol values which were already stored in the Malvern software. For each sample,
five runs were carried out to compare the stability within the sample from each run. The
equilibrium time between each run was set at 2 minutes. The refractive index of the

material was set at irons Rl of 2.9304.

4.3.3 XPS

434

435

4.4

XPS analysis was conducted in a Thermofisher ESCALAB 250 electron spectrometer
equipped with a hemispherical sector energy analyser at source excitation energy of 15
KeV and emission current of 6 mA; analyser pass energy of 20 eV with step size of 0.1
eV and dwell time of 50 ms were used throughout the experiments. The base pressure
within the spectrometer during examinations was always better than 5 x 107" mbar and
this ensured that all signals recorded were from the sample surface. In all samples the

analysed area was 500 mm diameter.

UV-Vis
Ultraviolet—visible spectroscopy (UV/VIS) spectra of the nanoparticles were recorded
using a UV=VIS spectrophotometer (Jenway 7615). 2 ml of the sample was loaded into a

quartz cuvette with the path length set to 10 mm with increments in wavelength of 1 nm.

ICP-OES
ICP-OES was carried out on a Thermo Fisher iCAP 7000 series ICP-OES Spectrometer.

A concentration curve was set up gold, iron and boron using standards purchased from
Fisher Scientific. The concentration curve was set up from 0.1ppm going up in
increments of 10 x to 10,000 ppm. For the preparation of the samples, 500 milligrams of
the sample were digested in 0.5 ml aqua regia to digest all three metals present. Upon
the samples being completely digested and solution turning colourless, the solutions
were diluted with 4.5 ml of deionised water and analysed to give exact bulk

concentrations of all three materials present.

Results

The reverse micelle technique for forming NPs is very well researched (D. Chen et al.
2009), (Kvitek et al. 2019), (Khan et al. 2013) (Ma et al. 2022). A critical step is
degassing the solvents to avoid oxidation. When the iron-boron core becomes oxidised,
the magnetic properties and the stability become effected (Devi et al. 2019), (Glavee et
al. 1995), leading to further challenges of adding a gold shell. When redox-
transmetalation is coupled with the micelle methods and the core becomes oxidised, the
redox reactions are affected due to the reduction potentials not being favourable to form
a gold shell. It is hypothesised that this means the redox-transmetalation method of

using Fe as the reducing agent and sacrificial layer for gold reduction would not occur.
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When the solvents were being degassed for the process, the gas bubblers are set up
sequentially, the nitrogen flows from octane to butanol to water. Throughout
deoxygenation process, the solvents would slowly evaporate from the gas flow and
contaminate the solvents being degassed further down the chain. Hence, the butanol
would be contaminated with octane, and the water would become contaminated with
butanol and a smaller amount of octane. The measured values of each solvent used for
the experiment would not match the desired values and lead to the detrimental effect in
micelle formation. In some cases, as the butanol was used to increase the polarity of the
CTAB, too little butanol was being added to the micelle solution leading to an increased
amount of water being locked up in the head group and an increased viscosity of the
solution. To avoid this problem and more effectively degas the solvents without
contamination, each solvent was degassed individually on separate nitrogen lines to

prevent any contamination.

D. Chen et al. 2009 and Kvitek et al. 2019do not detail all necessary steps for the
synthesis of the core-shell NPs. Such variables as the period of time left for the
complete reduction of the core, after what period of time the gold solution was added,
the length of time before adding the second borohydride solution and the period of time
for the shell formation to be completed. This leads to challenges in reproducing and
building upon published data to advance the science further. Extensive testing is

required to find the optimal conditions.

Micelle size measurements

DLS was used as an indication of the stability and size of the micelle as shown in
Malvern Panalytical, 2010. This was done by setting the parameters within the DLS
software the solvent as octane with a viscosity and refractive index of 0.543 mPa.s and
1.41 respectively and the particle parameters as water with a viscosity and refractive
index of 1.0 mPa.s and 1.33 respectively which is built into the malvern DLS software.
Different concentrations of CTAB and butanol were trialled against the procedure above
to confirm that changing the W value leads to an increase of decrease in the micelle

size. Using DLS can give an indication where the CMC is.

The micelle formation may not occur due to the butanol affecting the amount of free
water for the formation. In Table 4.1, the CTAB and butanol concentrations have been
adjusted, and the water and octane concentrations were kept constant in each
experiment. The butanol and CTAB values have been adjusted and compared to the
experimental procedure in exp 1. In each case, the CTAB was increased, butanol was

kept constant or vice versa to see the effect on the micelles.
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Table 4.1: Experimental values tested for micelle formation.

Exp CTAB mass n-butanol volume Water volume n-octane volume
Q) (ml) (ml) (mi)
1 6.00 6.25 2.40 21.42
2 3.00 6.25 2.40 21.42
3 1.50 6.25 2.40 21.42
4 9.00 6.25 2.40 21.42
5 6.00 3.15 2.40 21.42
6 6.00 9.39 2.40 21.42

The DLS measurements corresponding to the values in Table 4.1 can be seen in Figure
4.5. Exp 1 DLS results show a range of sizes, which suggest that the stability of the
micelles is low due to the range of sizes being produced with two significant distributions
at 1.89 nm and 6.10 nm of smaller-sized micelles being formed and then a small
intensity of larger sized micelles of 272 nm. Although there is a range of sizes, most of
the micelles appear to be 6.10 nm or lower and only a small majority that are unstable.
The micelles formed would be small enough to produce NPs that can passthrough the

blood brain barrier.

The DLS results for exp 2, again reducing the amount of CTAB but keeping the n-
butanol and water amount the same leads to more instability in the solution and an
indication that the critical micelle concentration has not been reached. The distribution
suggests that micelles are forming around 10nm, but due to the reduced amount of
CTAB in the solution agglomerating or collapsing due to instability, leading to water

molecules that are uncapped.

Exp 3 DLS data, where the CTAB concentration was decreased again, there is another
shift in the spectrum. It is a slightly larger micelle formation, with the main distribution
having a size of 19.56 nm and a smaller distribution at 227.2 nm. There are
appearances of instability within the micelle solution but exp 1-3 do show an expected
trend that as the W value is increased, there is a general trend of the micelle size

increasing.

In exp 4, when the CTAB concentration was increased compared to exp 1 above the
standard amount, the viscosity of the solution was very high and gel-like rather than a
solution. The increased CTAB concentration led to the water being locked up in the
headgroups of the CTAB, meaning there is very little available for micelle formation for

the reaction to take place. It was not possible to carry out DLS on this solution.
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In exp 5, where the CTAB was kept constant and the N-butanol was halved in
comparison to exp 1, the best stability of micelle solutions was obtained with a size of
10.63 nm that accounts for 96.6% of the counts. Exp 5 has the most uniform distribution
and stable micelle compared to other experiments carried out in Table 4.1. With the n-
butanol value halves suggests that the CTAB head group is optimally polarised to form
micelles without causing a looser structure allowing the n-butanol to penetrate the
headgroup of CTAB.

Exp 6, with an increased amount of butanol, appeared to have a negative effect on the
micelle formation when compared to exp 1. It had a more prominent peak with a size of
5.53 nm but then a much larger distribution at 1112 nm, which shows the instability of
the micelles as the headgroup becomes saturated with n-butanol. Gornji et al. 2016,
reported if the mole ratio of butanol increases above 0.03, then micelles do not form due

to the looser structure and saturation of headgroups with the butanol.

Half butanol appeared more stable and optimal and was used going forward for all other
experimental procedures. These findings suggest that the butanol-to-CTAB ratios are
vital in obtaining a stabilised micelle solution. When the CTAB concentration is
increased and the N-butanol is constant, the CTAB headgroup is not polarised enough
and leads to the water being held by the headgroup. When the CTAB concentration is
low the higher molar ratio of n-butanol leads to the penetration and occupying the head
group of the CTAB.

Exp 1 Size Distribution by intensity
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Exp 2 Size Distribution by Intensity
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Figure 4.5: DLS measurements of different micelle solutions to analyse stability.

Chen et al. 2009 reported using Brij 30 as the stabiliser and surfactant for the micelle

solution rather than CTAB and butanol as cosurfactants. When producing the micelle
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solution, the water/Brij 30 ratio of 7, should lead to NPs with a size range of 15-30 nm.
(Chen et al. 2009). As a comparison, a trial experiment was done to set the micelle
stability using Brij 30 in comparison to CTAB and butanol. The Brij 30 micelle was made
by using 9 ml of Brij 30, 3 ml of water and 27 ml of octane as carried out in Chen et al.
2009. The results for the comparison test are shown in Table 4.2 and the DLS

measurements in Figure 4.6.

The DLS results of the micelle solution appears to be significantly unstable in the
solution with a range of sizes. There is a smaller distribution at 9.31 nm that would
follow a similar trend to what would be expected from the DLS measurements to match

that from the literature. However, there is a much larger distribution at 244 nm.

Table 4.2: Values used for Brij 30 surfactant micelle formation.

Exp Brij 30 volume Water volume n-octane volume
T (mi) (ml)
7 i 3 27
EXp 7 Size Distribution by Intensity
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Figure 4.6: DLS results of Brij 30 surfactant for micelle formation.

Reverse micelle reaction

The solutions were made to the amounts used in exp 5 from the results obtained about
the micelle stability. The first two micelle solutions were made; the iron chloride solution
was orange, and the sodium borohydride solution was colourless. Initially, when the
sodium borohydride was added to the iron chloride, hydrogen gas evolved briefly before
the mixture went from orange to colourless and finally, black. Both mixing patterns were
trialled; NaBH. into FeCls and vice versa. When mixing the iron solution into the
borohydride solution, the colour quickly changed from colourless to black due to an
excess of BH4 for each Fe®" initially. Glavee et al. 1992 discussed when the borohydride

is slowly dropped into the iron solution, the colour of the solution slowly changes from
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orange to yellow to colourless before turning black to reduce the iron ions. When the
BH4 is added to the Fe3* there is an excess of Fes* initially leading to a longer period of

time before the solution turned black.

A reasoning for the slower kinetics is the pH and the redox potentials. The iron chloride
micelle solution has a pH of 4.2. At this pH, hydrogen ions can be reduced due to the
redox potentials in Equations 4.1 to 4.3. As the hydrogen gas evolved, the pH starts to
increase, which leads to the colour of the solution slowly changed from orange to yellow
and to colourless as the pH increased to around 6.8 to 7. The colour started to change
to the typical black colour as elemental iron formed within the micelles. At this pH, both
the iron reduction and the hydrogen evolution are in equilibrium, keeping the pH
relatively constant until the iron ions' reduction has occurred. This is not the case when
the iron solution is added to the borohydride as the pH is already higher at 6.5, so when

the iron solution is added, the reduction can occur immediately, forming the Fe NPs

immediately.

Fe?t + 2e > Fe E° = —0.44V Eq 4.1
BH,” - B+ 2H, + 2e E° = —-1.31V Eq4.2
2H* + 2e - H, E° =0.00 Eq4.3

The reduction of the iron to form the black solution typical of iron NPs does not always
occur, and the solution turns a greenish colour with a dark green precipitate. In this
case, the reduction and formation of the core have been unsuccessful. When the
reduction does not occur, and the pH rises above seven, more hydrogen gas is evolved

as the borohydride hydrolyses in the aqueous solution.

Figure 4.7 displays where the differences between a successful and unsuccessful
reaction can be seen where one appears pure black, suggesting the formation of iron
NPs and magnetic material being present. Meanwhile, when the solution turns green,
with no magnetic particles present within the solution. Over time, the green colour
changes to orange / yellow if the solution encounters the atmospheric conditions. An
unsuccessful reduction occurs because there is still dissolved oxygen (DO) within the
solutions, and the sodium borohydride continues to hydrolyse, meaning that when the

two solutions are mixed, the pH increases and a slower rate of reduction Fe ions.

At a pH of 8.5, the dissolved oxygen within the micelles will cause oxidation of the iron
ions, leading to the greenish colour forming rather than a black Fe particle. This
indicates iron hydroxides are forming initially in the solution corresponding to the

greenish colour. Over time, with air contamination, the greenish colour turns into an
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orangel/yellow precipitate, indicating iron oxides/iron oxyhydroxides. This indicates that

degassing the solvents is critical to minimise unsuccessful reactions occurring.

Figure 4.7: Successful reduction of iron ions (left) vs unsuccessful reduction of iron ions
(right).

In Figure 4.8, pH measurements were carried out on two different experiments; one
successful, and the pH reached equilibrium around pH 7, before increasing once the
solution had turned black. In an unsuccessful reaction, the pH continues to rise
throughout the experiment, with the solution's colour turning green and increasing to a
pH of 9.4. This is an indicator that shows when a reaction is successful and

unsuccessful.
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Figure 4.8: pH measurements of a successful (blue) reaction and unsuccessful (green)

reaction.

Boron content

Upon successful reduction of Fe®*, the boron content is a critical factor to determine the
success of the core synthesis. The main factors impacting the amount of boron
incorporated are the addition rate, the mixing pattern, and the borohydride concentration
(Linderoth et al. 1998). Glavee et al. 1995 discusses the differences between non-
aqueous and aqueous formation of the Fe-B core. Aqueous synthesis led to a lower
amount of boron incorporation (Glavee et al. 1995). Although aqueous conditions leads
to a lower boron content, there are multiple papers published where a successful gold
shell has been placed upon an iron core and overcome the lattice mismatch (D. Chen et
al. 2009), (Kvitek et al. 2019), (Khan et al. 2013) (Ma et al. 2022). In aqueous methods

by trying to sacrifice the boron content for a proven method for core-shell synthesis.

In the non-aqueous method, a 1:1 ratio of boron and iron can be achieved when using a
Fe3* ion solution, as more borohydride is required to reduce the iron, and a complex is
formed containing Fe(BH4)s. Whereas, when using aqueous conditions, the reaction
starts instantaneously via reaction Equations 4.4 and 4.5, where the hydrolysis of
borohydride occurs in the water, which then starts the reduction of the metal ions to form
the bimetallic core of iron and boron. As no complex is formed like in non-aqueous

conditions and immediate reduction starts, the boron incorporation reduces significantly.
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Glavee et al. 1995 experimental work in aqueous conditions led to an iron to boron ratio
of 4.46.

BH; + 2M* + 2H,0 — 2M + BO; + 2H, + 4H* Eq4.4
BH; + H,0 - B + OH™ + 2.5H, Eq 4.5

Table 4.3 displays the ICP-OES analysis from the synthesis of the Fe-B core to measure
the amount of boron incorporated under different reaction conditions. All micelle
solutions were made in the same way with reduced n-butanol as found to give highest

micelle stability.

In exp 1, the reaction was carried out as reported in the methodology. The boron content
of the core under these conditions led to a 10.02 % boron content. The boron content is
much lower when compared to synthesis under non-aqueous conditions but with the
advantage of a tighter control over the core size through the micelle. In exp 8, when the
mixing pattern was reversed, led to a non-significant change in the boron content of 9.28

% and very similar to exp 1.

Linderoth et al. 1998, suggested that the key variables that affected the boron content
are the concentration and addition rate of the borohydride solution. Exp 9 confirmed this
when reducing the addition rate from 150 ml/hr to 50 ml/hr and reducing the
concentration of the borohydride solution by half led to a boron increase to 16.70 % with
an increase when compared to exp 1. With further concentration decreases and slower
addition rates, it is expected that the boron content would increase further. Exp 10
further supported this; adding the borohydride solution rapidly into the iron chloride
solution led to a negligible amount of boron incorporated. Linderoth et al. 1998
suggested the rapid reduction of the iron ions leaves little time for the boron to be
incorporated into the iron particles, leading to a-iron particles being formed with a

crystalline structure rather than amorphous particles.

Table 4.3: ICP-OES results of Fe-B core synthesis under different reaction conditions.

Exp Conditions Boron (molar Iron (molar  Boron %
ppm) ppm)
1 Standard reaction conditions 8.77 78.68 10.02
8 FeCl; added to NaBH4 8.60 84.00 9.28
9 Half concentration of NaBH4 and 10.05 50.13 16.70
addition rate of 50ml/hr
10 Rapid addition of the NaBH,4 1.05 225.80 0.46
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4.4.4 Addition of gold

It is pivotal to have a protective gold layer around the core to eliminate oxidation and to

attach the targeting peptide to help deliver the particles to the glioblastoma for NCT.

Via the reverse micelle process, to add a gold layer, the W value needs to be increased
to incorporate the gold ions around the core, which is subsequently reduced near the
surface of the core and form a thin shell layer as seen in Figure 4.9. No excess
borohydride was used to avoid the gold ions being reduced immediately by excess
borohydride. Once the gold addition is completed a short period of time is left to ensure
the gold ions are surrounding the Fe-B core before the slow addition of the second
borohydride solution. If the addition of the second borohydride solution was left longer,

redox-transmetalation would start which may be beneficial for shell addition.

Figure 4.9: The expansion of the iron-boron micelle to incorporate the gold ions around

the core.

When the chloroauric acid was added to the micelle solution, the yellow colour that
would be expected, turned to an orange / red colour with a similar colour precipitate.
Podporska-Carroll et al. 2015 found a similar finding whereby dependant on the CTAB
and gold concentration, a complex is formed which leads to an adjustment in colour.
With an increase in gold concentration, the colour would turn brownish and with further
increases a turbid yellow colour. The change in colour is attributed to the interaction
between the gold ions and the headgroup of the CTAB that forms a complex of AuCls -
CTA that can partially protect the gold ions from reduction due to the encapsulation. It
has not been reported and unaware in this research whether this interaction causes
instability and effects micelle formation. It is expected to affect the micelle formation and
the reduction of the gold ions at the surface of the core due to the reaction causing a
precipitation of AuCl,—CTA meaning the gold ions are not within the micelle around the
core to promote the shell formation. The concentration of free CTAB to form micelles are

reduced leading to the reduction process via reverse micelle not occurring as expected.
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Although each experiment was carried out in the same manner, in some cases when the
gold solution was added, there was a slight colour change to the solution where the
black colour for Fe would go greenish. The chloroauric acid solution is acidic and could
lead to additional interactions at lower pH or even oxidation occurring from the addition
of the Au solution. Upon successful addition of the Au solution, the second borohydride
is added slowly at 50 ml/hr to control the reduction rate of the gold ions and minimise
the number of monometallic particles formed. This may lead to a mixture of gold

reduction via redox-transmetalation and via NaBH4 to promote the gold shell formation.

After the addition of the second borohydride solution, the colour would change to a
black/blue colour indicating the formation of larger Au particles and left for two hours to
mix. This is not desired and possibly due to the AuCl,—CTA being reduced by the NaBH4
without effective stabilisation. The final colour of the sample was black/purple and

contained magnetic particles indicating that both Fe and Au particles were present.

UV-Vis was carried out on the samples to analyse the optical properties. Exp 1 UV-Vis
spectroscopy has been compared to 50nm gold colloid solution as seen in Figure 4.10.
The gold colloid solution has a red shift with a peak at 527 nm that indicates
monometallic gold. As the particles become larger a blue shift occurs and expected with
the visual colour of the synthesised solution of black / purple. The results for exp 1 have
a very low intensity gold peak that has a blue shift to 557 nm with a relatively broad
peak in comparison to the gold colloid solution. The results suggest that a smaller
concentration of Au NPs were produced that is due to the complex formed between the
chloroauric acid and CTAB. Ban et al. 2005 and Jafari et al. 2010 indicated that UV-Vis
gave a good indication of core-shell NPs by seeing a blue shift in the wavelength and
broadening of the peak. It was also reported that a sharper peak indicates monometallic
Au particles. In experiment one, noisy signals were found between 200-250 nm as the
limits of the equipment are reached. However, iron signal via UV-Vis is between 200-400

nm and the iron peak may be lost in the signal (Bouafia et al. 2021).
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Figure 4.10: UV-Vis of 50 nm gold colloid (blue) and Experiment 1 (orange).

Different analysis techniques were carried out to analyse the oxidative state of the iron
and confirm whether a core-shell structure was formed. Initially, a small sample was
taken and washed in a 10 % nitric acid solution to confirm whether an entire shell had
been formed around the core to protect it from acid digestion. From this quick test, after

the acid addition no magnetic particles were present suggesting no full shell formation.

STEM analysis was carried out focussing on High Annular Angular Dark Field (HAADF)
and bright field (BF) images. HAADF analyses the in Z number. Gold is a heavier
element than iron, and appears brighter than iron; hence, the particles have a brighter
outside compared to the centre of the particles. Boron is a light element, and this
technique is not sensitive towards light elements as boron only has two inner electrons
that can be removed to give a signal. In BF, the analysis gives information on material's
thickness. BF should appear opposite to the HAADF as spherical particles are thicker in

the centre compared to the edges of the material.

Figure 4.11 displays experiment 1 STEM data. HAADF shows contrast between some
particles core and shell which is a positive indication of different materials. However, as
discussed in the previous chapter [chapter 3], false positives have been noticed where
contrasts between monometallic particles are present. If the beam was not penetrating
through the entire particle, a contrast will appear due to limited signal reaching the
detector, although, using an acceleration voltage of 15 kV has a penetration depth of
800 nm which the particles are not greater than this thickness. The BF does not show
any contrast between the core and the shell of the material, which would be expected as

the particles' thickness should be different from the centre to the outside. However, as
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no additional stabiliser was used after washing, agglomeration would occur when the

particles dry on the copper/polycarbonate grid.

High Annular Angular Dark Field (HAADF) Bright field (BF)

E prassure  HY mace det spe 7 prass\ HY macie dat
147 % 1.0DE-3 Pa 15.00 KV HAADF 9.9 mm STEM 3+ 3.0 Uri 1 3 1.001 15.00 kv BF 9.9 mm STEM 3+

WY mode WD det spe e tit 4020/ E press. v made dat spal
15.00 kv HAADF 9.9 mm STEM 3+ 3.0 Ui IX) 00" x 1. . m STEM 3+ 3.0

Figure 4.11: STEM photos of experiment 1.

To obtain a good signal via Energy Dispersive X-Ray (EDX), 1.5 x the energy of the
shell is required to excite the electron to knock them from that shell. Iron (Ka shell) is 6.4
keV, and gold (La1 shell) is 9.71 keV. 15 kV was chosen as the acceleration voltage to

obtain signals from the materials.

To obtain the composition of the material, EDX was carried out as seen in Figure 4.12.
The EDX data for exp 1 shows an overlap of gold and iron in Figure 4.12b and Figure
4.12c. The particles being observed are clustered together leading to difficulty in
distinguishing whether there is core-shell structures or monometallic distributions of both
materials. The EDX data is inconclusive as to whether the reaction is successful. From
the acid wash test of a small portion of the sample suggests that there are two single
distributions of iron and gold NPs. Using the STEM and EDX data, can indicate the size
distribution of the NPs formed in the sample. From the results, a range of sizes is
formed, ranging from 10 nm up to approximately 100 nm NPs. The large size distribution
is due to no stabiliser being used after completing the synthesis process leading to
agglomeration while drying the sample out. However, another reasoning that would
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cause the size distribution is the micelle formation is not occurring in the expected way,
and the stability of the micelles is low. Micelle stability is critical to form a narrow size

distribution. The repeatability of the experiments is challenging leading to the

requirement of reestablishing an optimal procedure.

Figure 4.12; EDX data of experiment 1. A — HAADF image, b — gold mapping, ¢ — iron

mapping, d — overlay of iron ang gold mapping.

TEM analysis is required as a more sensitive technique to obtain lattice information and
more detailed analysis via electron microscopy. Iron and Gold have different lattice
structures and through TEM would be able to distinguish the change in lattice from the
centre to the edges of the material with an amorphous structure in the centre and
crystalline gold lattice on the edges. Figure 4.13 displays STEM mapping coupled with
EDX to analyse the composition of the particles at a higher resolution. STEM carried out
in TEM rather than SEM gives a clearer picture of what has been produced during the
synthesis process. The electron mapping shows two distributions of brighter-appearing
particles and a grey set of amorphous particles. The EDX mapping clearly shows that
the brighter particles are of gold NPs, and the grey amorphous particles are of iron, and
that there are two different distributions of particles rather than any form of core-shell or
partial shell formed. The amorphous structure of the iron indicates that boron has been
incorporated into the iron core. The oxygen mapping is similar to the iron. The mapping
of oxygen indicates that iron is in its oxidative state rather than elemental iron, which is
expected with no protective layer. Figure 4.14 of the TEM images shows the difference
in particle morphology between the gold and iron NPs and the lattice structure. The
particle size from the TEM images is less than 50 nm, meaning each distribution is of

the correct size for NCT but not in the correct formation.

The narrow size distribution via TEM suggests that the micelle formation is occurring
and controlling the size of the NPs but not promoting the formation of a gold shell
around the Fe-B core. With the results obtained, the Fe-B micelle and the Au®* solution

is not combining correctly to form a shell.

The results differ from the published research following the same methodology for

synthesising iron@gold NPs. The presence of a higher percentage of boron within this
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research may lead to the further difficulties in forming a shell around the synthesised
core. As the boron incorporation leads to an amorphous Fe-B particle, this may lead to
higher energetics in forming a gold shell when compared to a crystalline Fe core. All
other experiments carried out using the reverse micelle method continued to give two

separate distributions of iron and gold NPs.
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Figure 4.13: STEM and EDX mapping of experiment 1.
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4.4.5

Figure 4.14: TEM images of experiment 1 at different magnifications (particles

surrounded with a orange circle are monometallic Au, particles highlighted in red box a

monometallic Fe).

Reverse micelle + redox transmetalation synthesis

The synthesis process was adapted to a dual method process where reverse micelle
synthesis was used for the core synthesis and redox-transmetalation was used for the
shell synthesis to obtain the positives of both methods to improve shell formation. Chen
et al. 2009 uses a similar process where reverse micelle was coupled with redox
transmetalation for forming Ni@Au NPs taking advantage of both methods to form the
desired NPs. The advantages are controlling the size of the NP by micelle size and the
overcoming the lattice mismatch by redox-transmetalation is fewer chemical reagents

are required, and less waste produced due to one micelle solution not being required.

After the gold addition, the solution was left for a period with different timings tested: 0,
30,120 minutes and overnight where then the solution was heated up to 75 °C for 30
minutes to promote and speed up the reduction process via redox-transmetalation.
When left overnight, it was also trialled where heating and no heating were carried out.

Over an extended period, the reduction process will occur at room temperature, and the
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heating process is unnecessary. For the reduction process to occur effectively, the core
must contain elemental iron and not iron oxides to ensure that the reduction process can
occur as expected due to the significant difference in the reduction potentials between

iron and gold.

Similar issues can occur for the experiments carried out this way, where the pH drops
more than expected upon the gold addition leading to the solution changing from black,
corresponding to the magnetic core, to a greenish colour with no magnetic particles.
This suggests that the drop in pH value lower than magnetic iron particles can survive
before being digested, there will be no core and reducing agent available to reduce the
gold ions. Another reasoning for this observation is that the iron has already oxidised
upon the addition of the Au ion solution which means no reduction can take place and

no redox-transmetalation.

Table 4.4 displays the XPS data where exp 1 was carried out via the normal reverse
micelle synthesis process and led to a 10 % boron content and 1.3 % gold content.
Magnetic separation was repeated three times to ensure only magnetic material was
being analysed. Only gold material that is pulled along with the magnetic material is

present.

Exp 11 was carried out with the same reaction conditions as exp 1 but immediately
heated up to 75 °C for 30 minutes to encourage redox-transmetalation. The small
change led to a similar boron content of 14 %, which would be expected with similar
conditions. In exp 11, there was over double the amount of gold present in the sample
after magnetic separation of 3 %, suggesting that more core particles are pulling gold
across during magnetic separation indicating more successful shell formation via redox-

transmetalation.

Exp 12 was completed with the slower addition of the initial sodium borohydride and
lower concentration, leading to increased boron incorporation in the core. The solution
was left for 30 minutes before the gold addition and heated to 75 °C for 30 minutes. The
gold atomic concentration again is higher than that of Exp 1, suggesting that there is a
promotion of seeding at the core, allowing the partial gold shells to be pulled across by

the magnet compared to monometallic gold, which would be left behind.

An experiment was carried out where, after the gold addition, the sample was stirred
overnight. However, overnight stirring led to the solution appearing a deep red colour,
indicating small gold NPs and no magnetic particles present at the end of the

experiment. With prolonged exposure to the gold ions leads to over erosion of the core
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via redox-transmetalation and an optimal time is required to promote shell formation and

reduce over erosion.

It appears that coupling the two methods together promotes the formation of the core-
shell NPs and takes advantage of the two reaction processes. Although optimisation is

required to avoid the negatives the core being completely used in the reduction process.

The XPS binding energy for exp 1, the likely chemical state of iron is FeOOH or (FexB:.
x)OOH. Hence, the surface state of Fe is likely to be the hydroxide. The binding energy
for exp 11 and 12 indicates that it is likely to be either Fe.O3 or (FexB1.x)20s. This

indicates that no complete shell has been formed in the experiment due to all the cores

being oxidised at some stage of the process.

Table 4.4: XPS data of both reverse micelle and coupled with redox transmetalation
methods (RM — Reverse micelle, RT — Redox-transmetalation) (B(1) - FexBx-1, B(2) -
(FexB1x)OOH or (FexB1.x)203).

Experiment Atomic concentration (%)
Fe B(1) B(2) Au Na Cl B/Fe
Exp 1 (RM) 16.1 - 1.6 1.3 0.3 0.6 0.1
Exp 11 (RM + RT) 20.7 - 2.9 3.0 0.7 - 0.14
Exp 12 (RM + RT) 15.8 - 5.3 2.8 0.7 1.2 0.34
Exp 13 (RM + RT) 45 1.2 1.1 1.1 1.4 0.7 0.11

However, in Table 4.4, exp 13 showed promising results which was left for 2 hours
before heating to 75 °C for 30 minutes. After washing the sample and magnetic
separation, the sample was also washed in a 10 % nitric acid solution. After the acid
washing, there was still magnetic material in the acidic solution being pulled across to a
magnet, suggesting the core is protected from acid digestion. Over 14 days, the
magnetic material slowly reduced, suggesting that the protection, if a shell of gold, had
defects or cracks that allowed the acid solution to diffuse from the surface of the shell to
the core over time suggesting the stability of the particle needs improving. The XPS data
for Exp 13 has a lower amount of gold in the sample that was pulled across to the
magnet of 1.1 atomic % in comparison to exp 11 and 12 which was 3.0 % and 2.8 %
respectively. However, there was some form of protective layer in exp 13 in comparison
to exp 11 and 12. XPS binding energy peaks for boron are splitin two. The B 1s
consisted of 2 peaks, B (2) a boron hydroxide and B(1) a Fe-B compound of FexBx.1.

The energy of B(1) indicated that no oxygen was associated with this peak. B(2) was
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likely to be (FexBx-1)2O0H corresponding to the FEOOH. The B1 peak indicating no
oxygen presence after several washes, an acid wash, and the sample being dried out in
an oven ready for the analysis, suggests that a small amount of these particles have a

protective shell around the core material.

STEM and EDX analysis were carried out on exp 13 as seen in Figure 4.15 to identify
any clear core-shell structures in the sample, to support the XPS data. There is no clear
indication of the core-shell structures. A contrast in the HAADF between the core and
the shell of the material, which would indicate a core-shell structure, but as previously
understood the analysis equipment gives false positive results of this nature. Most of the
particles are less than 100 nm and a proportion around 50 nm which is ideal for the end
use. The EDX data shows an overlap of both Fe and Au but no clear core-shell structure
can be identified from the data. The oxygen mapping closely follows that of the particles,
which suggests that the cluster of particles where iron is present is most likely in the

form of iron oxides and oxyhydroxides.
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Figure 4.15: STEM and EDX data for experiment 13.

TEM couple with EDX was carried out on exp 13 to understand if any core-shell
structures were present. In Figure 4.16, the TEM data seems to show a monometallic
distribution with no clear difference in lattice structure between the core and shell of the
particles. It is unclear what protection was been offered to the magnetic core from the
acid wash with no indication of core-shell structure. The EDX data further suggests that

there are no core-shell structures formed.
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Fe mapping Au mapping

Figure 4.16: TEM and EDX data of experiment 13.

In exp 11, there appeared to be interesting STEM results, as seen in Figure 4.17. In low

concentration, some form of shell appears to be covering the core but incomplete.

The particle appears to be over 200 nm in diameter, suggesting the micelle formation
was unstable and particle growth continued with no inhibition from the micelle. Darker
particles started to surround the brighter particle in the centre, which was seen similarly
in the non-aqueous method. In the BF image, there is a contract in the outside partial
shell particles compared to the core, which has not been seen in any other BF images,
which is a positive indication of two different materials being present at the core and
shell. The low concentration of particles in this format suggests only a small amount led

to this partial core-shell structure.

There combination of the reverse micelle and redox-transmetalation method appear to
give more positive results than just using reverse micelle alone indicating that the dual

method can overcome some of the limitations of reverse-micelle.
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Figure 4.17: STEM images of experiment 11.

Addition of water gold sol

Due to the possible instability of the micelles of iron-boron core and the gold solution
and the micelles not combining to form a shell layer, a trial experiment was carried out
where the gold solution was added in aqueous form where the gold is dissolved in 1.8
ml of water only. By removing the micelle solution of gold and adding the gold solution
directly to the Fe-B would expand the core micelle solution by itself and better force the
gold ions to be incorporated into the Fe-B micelle. This process was trialled with the
reverse micelle method coupled with the redox-transmetalation process since it
appeared to promote more shelling on the core NPs. However, a lack of gold signal and
gold NPs was produced as seen from Figure 4.18. In the STEM and EDX data, there
appear to be fewer gold NPs in the sample. One reasoning is that the Au ions react
directly with the CTAB in the solution and destabilise the micelle which contain the Fe-B.
This leads to the redox-transmetalation reaction not occurring due to no incorporation of
the gold ions into the micelle. Another reason is the gold ions react with the CTAB to
produce a precipitate which means the ions cannot be incorporated into the Fe-B

micelle as the precipitate is larger than the micelle.
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4.6

Figure 4.18: STEM and EDX data of results of the gold solution added directly to core

micelle solution.

Conclusion

Overall, several interesting findings on how certain variables can affect the synthesis
process of the NPs has been understood. The process can be split into two major
synthesis procedures: the synthesis of the core and the synthesis of the shell. From the
results obtained, an effective and optimised core with high boron incorporation for
effective cancer treatment for glioblastomas via neutron capture therapy can be
produced. By optimising the reaction pattern, the addition rate, and the concentration of
the chemicals in this process, an increased amount of boron can be incorporated into
the core to make the particle more effective for NCT. However, further advancements

would be required to make it optimal for NCT.

This was similar to the Chapter 3, non-aqueous techniques, where enough boron could
be incorporated for its final use. However, trying to form a shell was less successful and
appeared to form partial shells or two distributions of magnetic core and gold NPs. It
was exp 13, which appeared to be the most successful, with it being able to resist acid
washing for some time before the diffusion of the acidic solution to the core led to
dissolution. Some form of core protection was present to avoid damage to the core as
the XPS data for exp 13 suggested that a Fe-B was exhibiting no oxygen, after all the

washing procedures and drying in an oven in atmospheric conditions that some
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protection is present. The concentration of the particles may be low that it is challenging
to visualise them in all the other partial shells. In STEM and EDX, no such protective
layer was observed which led to unknown reasons as to why the acid wash did not

digest the core.

The synthesis method was adapted from several papers (D. Chen et al. 2009),
(Zelenakova et al. 2023), (Jafari et al. 2010) and (Kvitek et al. 2019) to understand and
use already published methods to adapt and improve for the desired use of NCT and
enhance gold shell formation. In the published work, successful results were achieved
using similar reaction conditions where an iron core and a gold shell or nickel core and
gold shell were synthesised very effectively. However, within this research, the micelle
stability was low, and changing the water to CTAB ratio did not alter the size of the

micelle in the same highly controllable way as suggested in the literature.

Following these reaction conditions, no core-shell particles were formed. Reproducing
the publications was challenging, and the process variables that could significantly affect
the reaction have not been reported. For example, the pH of the solutions; in a few
cases, the pH changed significantly in the process and significantly affected the core
material, leading to acidic digestions. The gold ions reacting with CTAB to change colour
from yellow to an orange/red colour with a similar colour precipitate was noticed.
However, this reaction was not reported in the experimental procedures. It is unclear
whether this is an expected reaction a side reaction is occurring, which affects the shell
formation and stability of the micelle. A much more detailed synthesis procedure needs

to be established to understand the small variables that cause effects on the process.

Future work to advance this research needs to focus on the gold shell formation. The
synthesis of the magnetic core with boron enrichment has been proven but maintaining
inert conditions leads to challenges for shell formation. However, if successful shell
formation occurred then the particles would be optimised for NCT. Rather than carrying
out the process using a Schlenk line, a glovebox would make keeping inert conditions
easier. Focusing the research at the coupled reverse micelle and redox transmetalation
process would be effective as it showed promising results and waste produced lower if

scaled to an industrial scale.

Some results have shown that the particles resisted acidic digestion for some time but
were not stable over long periods. This research has tried to narrow down the process
to a more detailed one and understand which variables have more of a significant effect

on process parameters.
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Chapter 5 — Synthesis and biological analysis of model plastic
nanoparticles.
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5.1

Introduction

There are hundreds of different plastics that are synthesised for the desired use, which
can generally be split into two different categories: general plastics and engineering
plastics. General plastics are typically single use plastics such as coffee cup lids.
Engineering plastics are usually reusable and have improved properties for a desired
use, such as acrylonitrile butadiene styrene (ABS) which is used in 3D printing (Ai et al.
2022) These commonly used plastics have led to growing concerns about the impact on
the environment (Nielsen et al. 2020). For example, Polyethylene (PE), polypropylene
(PP), polystyrene (PS) and polyurethane (PU) are some of the common general plastics
used for plastic packaging and single-use products such as drinks bottles and lids. The
demand for single-use plastics has been ever-growing, with the demand for these
plastic products reaching 390 metric tonnes in 2021 (Plastics Europe, 2022). This
accounted for 50 % of the total production of plastics. A primary concern with these
figures is that only 9 % of single-use plastics are recycled and the rest sent to landfills or
incinerated, leading to a waste of valuable resources in a circular economy (MacLeod et
al. 2021).

These polymer plastics are made from non-renewable resources such as crude oil and
natural gas, which is a finite resource (Koczon et al. 2022). This is concerning due to the
pollution caused during the synthesis of the plastics when using petroleum sources, but
also the pollution caused to the environment due to improper disposal of the plastics to
the environment. Plastic waste has been found in the ocean over 50 years ago
(Carpenter et al. 1972). Due to the rise in population and the demand for plastics, waste
plastics are found ever more regularly due to the slow degradation. Media reports and
literature suggest that plastics bags can take anywhere between 10-20 years to degrade
(The Ocean Concervency, 2006), (Ali et al. 2021) and according to the World Wildlife
Fund (WWF), takeaway coffee cups take 30 years, plastic bottles 450 years and plastic
straws 200 years (WWF, 2021) degrade (Gosalvitr et al. 2023). Therefore, there is a
significant need exists to move to biodegradable environmental alternatives to combat
these petroleum single-use plastics and analyse the impact of plastic waste products on

the environment and human health.

When considering the degradation of petroleum-based plastics into NPs and their
impact on the above, it's important to take a comprehensive approach. This includes
examining any additives that are incorporated into the plastic that will also degrade into
NPs for its intended use. Simply using the raw material may not be sufficient. For
instance, in the case of coffee cup lids, plasticisers like phthalates or phthalic acid esters

are often added to increase flexibility, making the plastic more suitable for its purpose
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(Chen et al. 2021). These phthalic acid esters have been found in popular drinks plastic
bottles such as, lemonade, cola and mineral water in Turkey (Ustun et al. 2015). The
concern with these additives and the expansion in the production of antimicrobial
plastics is that the toxicity of plastic particles is elevated due to the toxicity of the
additives. After the outbreak of COVID-19, there have been more concerns about the
spread of bacteria and viruses, leading to increased use of antibiotics. The concern
around increase in microbial resistance could have a detrimental effect on human health
due to general resistance / robustness to deal with toxic compounds (Kumar et al.
2023). A series of inorganic and organic materials can be accountable for increased
microbial resistance. For example, Cd, Cr, Pb, Ag, Cu, Sb, Hg, Fe and Mn have all been
used as additives in different petroleum-based plastics PE, PP, PS, PA, and PVC in a
case study in China from three different soil sites (Tang et al. 2010). Another additive
which has been found in white and black plastic film is dibutyl phthalate which has been
found to kill 50 % of human blood lymphocytes after 12 hours of exposure.(Kumar et al.
2023) (Zarei, 2024).

The need for bioplastics is increasing that are environmentally friendly and degrade
readily when disposed of and a much better understanding of the impact of the plastic
degradation products on the environment and human health. To address the “enviro
friendliness, a detailed study on the synthesis and biodegradation of bioplastics was
carried out, which can then be compared to petroleum-based plastics to see the impact
of switching to an environmentally friendly plastic. Wahyuningtyas et al. 2017 produced
bioplastics from waste cassava with alternative amounts of glycerol to aid
decomposition. The plastics were buried in soil to replicate the effect of landfill. With
glycerol contents 2% and above, the bioplastic was decomposed entirely in nine days,
and for 1% glycerol was completely decomposed in 12 days, showing the ease for the
bioplastics to be broken down by microbes in the soil. This has been analysed by the
visual eye and does not examine whether the plastic has decomposed into micro or
nanoplastics before complete degredation. When compared to the WWF, 2021 which
suggests that a plastic bag can take between 10-20 years to decompose, there is a
significant difference between the two. The biodegradability of plastics is heavily
influenced by the water/moisture content, oxygen levels, and other additives to the
plastic, such as plasticizers, that can affect the degradation of the plastic. Nachod et al.
2021 compared bioplastics and petroleum plastics degradation in anaerobic conditions.
polyhydroxybutyrate-valerate (PHBV), polylactide (PLA), and cellulose-based bioplastic
(CBB) are common bioplastics which were tested against polyethylene terephthalate

(PET) as the petroleum-based plastic. The amount of methane (CH4) was measured to
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evaluate the decomposition via anaerobic digestion. In all cases, bioplastics produced
more CH4 than PET, showing a better circular economy in recycling bioplastics as an
energy source compared with petroleum-based plastics. However, if these bioplastics
are not recycled and controlled, there is a possibility of a dangerous amount of methane

being released into the environment that will increase global warming.

From the human (and animal) health perspective, a primary concern of plastic pollution
in the environment is the inevitable breakdown into micro and nanoplastics, followed by
oligomers and finally soluble or volatile chemicals. Studies are underway as these
plastics of varying sizes have been found in soil (Yu et al. 2021), in marine environment
(Peng et al. 2020) and the food chain (Wang et al. 2022). Only recently have the
possible hazards and risks of plastic waste been considered. Damage to marine life has
been going on for many years (Peng et al. 2020), but now the possibility of human life
being affected via consuming these micro and nano plastics through the food chain and
contaminated water sources has sparked a vast amount of research into what damage
could be caused to human cells. Rubio et al. 2020 carried out a study using 50 nm PS
nanoparticles on human hematopoietic cell lines. It was found that the biological effects
of the PS NPs depend on the cell line used and the endpoints analysed. The phagocytic
cellular function with the THP-1 cell line offers some resistance to the PS NPs.
However, in Raji-B and TKG6 toxicity, reactive oxygen species (ROS) production and
genotoxicity were detected. Testing plastic nanoparticles and understanding the effects
that are caused to an array of cell lines is required. Guzman et al. 2022 tested PET NPs
less than 250 nm on RAW 264.7 macrophage cells. The results display that the NPs are
easily internalised by the cells, exhibiting effects in cell proliferation and slightly
increasing ROS production. These preliminary tests show plastic pollution's toxicity, and
the extent of potential damage is still not completely understood. It may be that
concentrations must be very high to see any effect on the cells, which would not be
expected in the environment but an accumulation over a longer period could lead to
significant effects. Alternatively, specific cell lines may show immediate damage at low
concentrations or due to additives within the plastic. Pérez-albaladejo et al. 2020,
studied what damage plastic particles and additives caused to human and aquatic life.
Both plastic and additives induce oxidative stress. Bisphenol A (BPA), a plasticiser, has
been reported to induce ROS in human erythrocytes, such as JEG-3 human placental
cells (Pérez-albaladejo et al. 2017). In Soo et al. 2018, PE microspheres between 150-
180 um were found that in sheepshead minnow [Cyprinodon variegatus], and altered
ROS key-related genes Cat and Sod3 were found, suggesting that the genes were

being damaged due to the presence of these plastic particles. Soo et al. 2018 also
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studied the difference in effects between spherical particles and irregular plastic
particles. Both microplastics caused ROS. However, the irregular microplastics
decreased the total distance travelled and maximum velocity of sheepshead minnows.
Both plastics accumulated in the in digestive system causing intestinal distension but
the irregular plastics caused a more significant effect. This suggests that the plastic NPs
produced in the environment are more damaging that model spherical plastic
NPs.Roursgaard et al. 2022 displayed that PP and PET with sizes between 100-600nm
and 100-300nm respectively did not cause a significant cytotoxic effect towards Caco-2
and HepG2 cell lines but a moderate amount of DNA damage was measured through
DNA strand breaks within the cells after exposure. Brandts et al. 2022 Showed DNA
damage after longer exposure of PS NPs with an average size of 44nm over 30 days.
PS NPs were detected in goldfish liver and muscle with higher concentrations in liver
than in muscle. There were no changes to the haematology parameters, cortisol and
glucose levels in plasma. However, DNA damage was caused showing after long

exposure the NPs can reach the nucleus and cause genotoxic effects.

This chapter will focus on the synthesis and testing of the potential biological hazards of
these nanoplastics that are found in the environment due to plastic degradation by
preparing model chemically and geometrically well-defined nanoparticle models for
biological studies from commercially available plastic materials. Most studies look at
polystyrene micron and nanoplastics and the damage caused to different cells.
However, in this research, polystyrene nanoparticles will be synthesised from different
sources to test for any additives within the plastics, such as organic and inorganic
material, to improve the properties for the intended use. Some of the most common
waste plastics found in the environment will be tested to gain a deeper understanding of
the possible concerns raised by the public. The plastics which will be tested are
polystyrene (PS) from beanbag filling and coffee cup lids, Polymethyl methacrylate
(PMMA), which is commonly known as plexiglass, polyethylene (PE) and polypropylene
(PP), which again account for a large amount of plastic waste found in the environment.
Creating these model NPs will hopefully enable more precise biological analysis to
understand the environmental and health impacts in well-controlled experiments. So far,
extremely limited testing has been done on PMMA (Mahadevan et al. 2021) , PE (Wang
et al. 2022) and PP (Roursgaard et al. 2022) for cell toxicity and wider biological
responses and moreover only on one type of cell line, adding to the current research
being carried out for a deeper understanding. The model plastic nanoparticles will be
chemically synthesised through a dissolution and reprecipitation process, whereby a
stabiliser will control the size of the plastic particles.
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Plastic synthesis methodology

All plastics used in the synthesis were from common materials used in everyday life or
commonly found as waste pollutants in the environment. Raw polystyrene (PS) was
sourced from foam bean bag filling, and processed PS was sourced from commercial
coffee cup lids to synthesise PS NPs. Polymethyl methacrylate (PMMA), also known as
plexiglass, was sourced from cuvettes within the university. Polyethylene (PE) and
Polypropylene (PP) were purchased from CD Bioparticles with the size range of 50-100

nm and dispersed in 0.1 % Tween 20 and the concentration of 1x10™ particles per ml.

Chemical synthesis of raw PS, PS coffee lid and PMMA nanoparticles

Dichloromethane (DCM) causes immediate damage to the plastics and DCM acts as a
plasticiser to dissolve the polystyrene and PMMA. To dissolve the plastics in DCM, 25
mg of the plastics were added to 5 ml flask. 0.5 ml of DCM was then added to the plastic
and it was magnetically stirred at 1200 rpm for 30 minutes until completely dissolved in
the solution. After 30 minutes, 1 ml of a 5 % sodium dodecyl sulphate (SDS) solution
was added dropwise and allowed to stir for one minute to form an emulsion. After one
minute, the emulsion mixture is sonicated with a sonicating probe for two minutes to
disrupt the emulsion and break any clusters of plastic particles to ensure a uniform
distribution. During the reprecipitation and sonication, the DCM with a low boiling point
of 39.6 °C will evaporate quickly at room temperature compared to water leaving

residual amount of DCM in the solution.

The solution is then centrifuged at 12500 G for 10 minutes to collect a pellet of plastic
NPs and redispersed in a 0.1 % Tween 20 solution. This process is repeated three times
to ensure that all DCM and SDS is removed from the solution to a negligible amount.
The washed plastics were then filtered through a 200 nm filter to obtain the smallest and

narrow distribution of the nanoplastic.

Biological testing methodology
The model cell line used for the biological experimentation were MRC-5 cells. This is a

diploid cell line made up of fibroblasts isolated from lung tissue that derived from a 14-
week-old embryo in 1966 (Voicu et al. 2015). These cells were obtained from American
Type Culture Collection (ATCC). The cells were maintained routinely in Dulbecco's
Modified Eagle's Medium (DMEM) media for cellular maintenance as seen Table 5.1. In
each biological experiment, biological triplicates were carried out whereby the
experiment was carried out three times to ensure that data is reliable and that there is

no anomalies. This cell line is a widely used human model system for cytotoxicity and
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genotoxicity studies tested previously with multiple experimental and environmental

agents (Uemura et al. 2021).

Table 5.1: Cell Culture Media used for MRC-5 cell line.

Medium  Culture Purpose Medium Type Medium Medium
Content Supplement
DMEM Cellular Growth Dulbecco's high glucose, FBS up to a final
Modified Eagle's L-glutamine,  concentration of
Medium sodium 10% (v/v) and

bicarbonate penicillin (100
and without pg/ml)/ streptomycin

sodium (100 pg/ml) solution
pyruvate to a 1% (v/v) final
concentration

Cell Culture maintenance

MRC-5 cells were routinely cultured in 25 cm? (T25) flasks in a humidified environment
at 37 °C with 5 % carbon dioxide (CO3) as standard conditions. The cells were
incubated until they reached 90 % confluence (Where 90 % of the surface area of the 25
cm? flask is occupied by cells) , at which point they were passaged (whereby the cells
are processed to occupy only 20 % of the flask surface area) inside a laminar flow hood
[Envair Lab-VCS2-4, Lancashire, UK] under sterile conditions. For experimental
settings, cells were used up to passage 40.

Seeding or passaging actions were performed after cells were detached by adding 2 ml
of 1 % trypsin [Sigma-Aldrich, Gillingham, UK] and incubated for 5 minutes at 37 °C with
5 % CO,. Neutralisation of trypsin was carried out with the cDMEM media. Briefly, 5 ml
of fresh pre-warm cDMEM were added to the MRC-5 cells. The content was transferred
into a 15 ml Falcon cell culture tube [Eppendorf #5702, Hamburg, Germany] and
centrifuged at 200 g for 5 minutes. The supernatant was discarded, and the cell pellet
was resuspended into fresh warm cDMEM medium to obtain the desired cell
concentration per ml. 150’000 cells were seeded in each T25 for general maintenance.

5 ml of warmed cDMEM was then added to a T25 flask for maintenance.

Testing cell viability after plastic NPs exposure

To test the effects of the plastics on the MRC-5 cells, 75000 cells were seeded in a 24
well plate with 0.5 ml of cDMEM and incubated overnight at 37 °C and a CO:
concentration of 5 %. The next day, the media was removed, and fresh media was
added with a plastic treatment making up 10 % of the media solution and again
incubated overnight. Initially each plastic was tested at 100 % (2.79 x 10'? particles per

cell) of its concentration as seen in Table 5.2 to identify if there are any effects at all in
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terms of cell death or decrease in cell growth from the treatment. In this experiment
using 100 % of the concentration of the plastic solutions, a concentration of 2.79 x 102
particles per cell were loaded onto the cells. The cells were then incubated overnight
again using the same conditions. The next day, each well was counted. This was done
by removing the media and washing the cells with 0.5 ml of PBS. The cells were then
trypsinised with 0.2 ml of 1 % Trypsin (uplifting the cells from the surface of the flask)
and incubating for 5 minutes. The Trypsin was then neutralised with 0.8 ml of cDMEM
media. 20 pl of this solution was taken and a 1:1 dilution was carried out with a 1 %
Trypan blue solution which would identify whether the cells were dead or alive. Healthy
cells would not uptake the dye due to an intact cell membrane, but a dead cell would
absorb the dye. A healthy cell has an intact cell membrane and stops the typan blue
from entering the cell. However, a dead cell has damaged membrane which the trypan
blue is absorbed by. The cells were counted using a haemocytometer and then
calculated to identify quantity of living and dead cells. Within the haemocytometer, there
are nine grids as seen from Figure 5.1. Sections A, B, C, D and E were counted for the
cells that were dead and alive. To calculate the concentration in cells per ml, the
equation 5.1 was used. The dilution factor was two as a 1:1 ratio of cells and trypan blue

were mixed.Each test was compared to the control to identify cell viability under plastic

treatment.
B C
()
O
A
D E

Figure 5.1: Diagram of a haemocytometer. (In quadrant B, an example of an alive cell

(white) and a dead cell (blue) have been shown)

cell Total cells countedxdilution factor x 10’000w”5
- ml Eq 5.1

ml Number of squares counted
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Table 5.2: Treatments carried out for cell toxicity (concentration of 2.79 x 1012 particles

per cell for plastic treatment and 10% dilution for 0.1 % Tween 20 solution).

Treatment - 2.79 x 102 particles per cell

Control — no treatment
0.1 % Tween 20

1. 5. Polystyrene coffee cup lid
2

3. Raw Polystyrene

4

6. Polypropylene
7. Polyethylene
Poly(methyl methacrylate)

5.3.3 Concentration curve for plastic treatment

From the preliminary cell viability test with the different plastic treatments, it was found
that the polystyrene coffee cup lid leads to significant cell damage / cell death with a
single, relatively high, NP concentration so a dose-response experiments were set up to
establish the concentration curve of the effect. The different ratios of NP per cell used in
these tests are described in Table 5.3. The same experimental procedure was used as

in 5.2.2 for the preliminary cell viability testing.

Table 5.3: Concentration curve plastic treatment on MRC-5 cells.

Treatment Concentration (particles per cell)
Control No treatment
Raw polystyrene 2.79 x 10"?
Poly(methyl methacrylate) 2.79 x 10"
Polypropylene 2.79 x 10"
Polyethylene 2.79 x 10"
Polystyrene coffee cup lid 100% 2.79 x 10"?
Polystyrene coffee cup lid 50.00% 1.40 x 10"?
Polystyrene coffee cup lid 25.00% 6.98 x 10"
Polystyrene coffee cup lid 12.50% 3.49 x 10"
Polystyrene coffee cup lid 6.25% 1.75 x 10"
Polystyrene coffee cup lid 3.13% 8.72 x 10"
Polystyrene coffee cup lid 1.56% 4.36 x 10"
Polystyrene coffee cup lid 0.78% 2.18 x 10"

5.3.4 yH2AX foci Immunofluorescence analysis

The foci experiment is a immunostaining of a specific protein (y-H2AX) that finds the

break on DNA and because there are many thousands of the copies of the protein sitting
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on the break it is possible visualise the breaks through foci. The yH2AX foci
Immunofluorescence specifically looks for double-strand breaks in the DNA. These are
key to analyse as double-strand breaks are the most difficult for the cells to repair (Jeon
et al. 2024). The following methodology was used to analyse the yH2AX foci

Immunofluorescence:

For each experiment being carried out a 16 mm round glass coverslip was added to
each well of a 24 well plate for the cells to grow on. To set up the experiment, 75’000
cells were seeded into 10 different wells of a 24-well plate with 1 ml of DMEM to test the

plastics. The treatments carried out can be seen from Table 5.4.

Table 5.4: Treatments carried out for foci experiments.

Experiment Treatment

1. Control No

2. Positive Control 1Gy irradiation

3. RawPS 2.79 x 10" particles/cell
4. PMMA 2.79 x 10'? particles/cell
5. PE 2.79 x 10" particles/cell
6. PP 2.79 x 10'? particles/cell
7. Coffee Lid 25 % 6.98 x 10" particles/cell
8. Coffee Lid 12.5 % 3.49 x 10" particles/cell
9. Coffee Lid 6.25 % 1.75 x 10" particles/cell
10. Coffee Lid 3.125 % 8.72 x 10" particles/cell
11. Coffee Lid 1.5 % 4.36 x 10" particles/cell
12. Coffee Lid 0.75 % 2.18 x 10" particles/cell

Once the cells had been seeded in the respective wells, the cells were left overnight to
proliferate. This procedure requires the cells to be confluent to achieve the best results.
The next day, treatments, other than the positive control were added to the cells. This
was done by doing a 10 % dilution in the media. For example, for 1 ml of media, 0.1 ml
of the plastic solution and 0.9 ml of the DMEM media to total 1 ml of solution. The cells
were left overnight. The following day, photos were taken on the microscope to compare
the differences between the treated and untreated cells.

The positive control was then irradiated with 1 Gy of radiation and all cells were kept on
ice to minimise the amount of repair the cells do. In order to fix the cells to the coverslip,
1 ml of ice cold 1:1 acetone:methanol mixture was added to the cells and left on ice for

15 minutes. After 15 minutes, the cells were gently washed with 1 ml of PBS three
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times. To extract the DNA for analysis, 1 ml of chilled pre-extraction buffer was added to
each well for 7 minutes and incubated on ice. After this step the ice was discarded and
all steps here on are done at room temperature. The cells are then washed with 1 ml of
PBS three times to ensure all pre-extraction buffer is removed. 1 ml of 10 % protein
blocking solution (0.1 ml of fetal bovine serum (FBS) and 0.9 ml PBS) was added to
each well and placed on the rocking platform at speed 25 rpm for one hour at room
temperature. The cells are then washed again three times with 1 ml of PBS.

0.15 ml of the primary antibody solution containing 2 puL of mouse antibody, 980 uL of
PBS and 18 uL of FBS, was added to each well and incubated again on the rocker
platform at speed 25 RPM overnight in a cold room at 4 °C. The cells were washed
three times with 1 ml of PBS. Between each wash the plate was put on the rocker at a
speed of 25 rpm at room temperature for 5 minutes. 0.15 ml of the secondary antibody
solution containing 2 pL of goat anti mouse antibody, 980 uL of PBS and 18 uL of
FBS,was added to the cells for one hour and kept in the dark on the rocker plate at
speed 25 rpm. The cells were kept in the dark after adding the secondary antibody as
the fluorescence diminishes in the light. The cells were then washed three times with 1
ml of PBS with 5 minutes between each wash on the rocker plate at speed 25 rpm. The
PBS was also removed in the dark.

The cells were then mounted onto a microscope cover slide by 10 uL of Vectashield
which mounts the cover slip to the slide and introduced a blue 4',6-diamidino-2-
phenylindole (DAPI) staining. The cover slips are then left in the dark for 1 hour for the
Vectashield to dry. The slips are sealed around the edges with clear nail varnish and left
for 15 minutes to dry. Afterwards, images were taken on a fluorescent microscope and

the number of Foci were counted and analysed.

Cell cycle experiment

The cell cycle is a complex process that cells go through to grow, proliferate, regulate
DNA damage (regulate the repair of DNA damage), and deal with diseases like cancer.
For the cells to go through the cell cycle phases, numerous proteins are required to
direct the cells through the specified sequence, as seen in Figure 5.2 (Schafer, 1998).
The critical proteins that guide the cells through the cycle are the cyclin proteins that
regulate the cells through the different phases of G1/GO0, S, G2 and M phase (Williams
et al. 2012). G1 and G2 are predominantly growth phases for the main two stages of the
S phase, where a second copy of the DNA is synthesised and then mitosis, where the
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two daughter cells are produced.

A- Proph
* G1-Growth MR

* B —Metaphase

* GO - Resting Phase B s
¢« S—DNA Synthesis * D —Telophase

* G2 — Growth and * ExCiskinests

preparation for Mitosis

* M — Mitosis (cell division)

Figure 5.2: Phases of the Cell cycle. Adapted from (Leal-Esteban et al. 2020)

If the cells are damaged by a treatment carried out, the cells repair the damage before
moving to the next stage of the cell cycle. The two main phases, S and M would be
delayed and lead to a delay in moving into G1 and G2 respectively. Whereas the healthy
control cells would progress through the cell cycle normally with no delays. Multiple
timepoints are required to see when the delay begins and when the repair is fixed and
the cells start to cycle again. However, in this experiment, one time point was used to
see the differences after 6 hours from treatment. In order to analyse the phase of the

cell cycle the cells are in after plastic treatment, the following method was used:

In this experiment, cells are required to be exponentially growing to ensure that most of
the cells are actively cycling whereby the cells are moving through the different phases
of the cell cycle (G1, S, G2, M) to proliferate. Initially 400’000 cells were seeded in a T25
flask with 4 ml of DMEM and left overnight to incubate. The next day, the cells
approximately double to 800’000 cells and the necessary treatments were added to
each flask and left for 6 hours as seen from Table 5.5. The treatment was added in a 10
% dilution to 3 ml of media. The cells are incubated at 37 °C and 5 % CO..
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Table 5.5: Treatments carried out for cell cycle experimentation.

Experiment Treatment (particles / cell)
Control N/A
Coffee lid 12.5% 4.36 x 10°
Coffee lid 6.25% 2.18 x 10°
Coffee lid 3.125% 1.09 x 10°
Coffee lid 1.5% 0.55x 10°
Coffee lid 0.75% 0.27 x 10°
PS 3.49 x 108
PMMA 3.49 x 106
PE 3.49 x 108
PP 3.49 x 106

After 6 hours, the DMEM is removed and 3 ml of fresh DMEM containing 20 mM of
bromodeoxyuridine (BrdU) is added to each flask and left for 20 minutes in a humidified
chamber. The cells are then uplifted from the T25 flask by adding 2 ml of trypsin for five
minutes in a humidified chamber. The trypsin is then neutralised by adding 5 ml of
DMEM and the cells are spun down at 200 RCF for five minutes and the media
discarded to leave the pellet of cells at the bottom of the Eppendorf tube. 1 ml of PBS
was added to the pellet and resuspended and moved into a 1.5 ml tube and spun down
again at 200 RCF. The PBS is then discarded and 40 ul of fresh PBS is added and
resuspended. To this, 1 ml of ice-cold ethanol is added dropwise while gently vortexing

the cells to avoid clumping. The cells are then stored at -20 °C.

After the 48 hours, the cells are centrifuged at 200 relative centrifugal force (RCF) for 5
minutes and the ethanol is removed, and the cells resuspended with 1 ml of PBS to
wash and remove all the ethanol. The cells are centrifuged again and resuspended in 1
ml 2 M HCI containing 0.1 % pepsin and left at room temperature for 20 minutes. After
20 minutes, 0.5 ml of PBS is added to the mixture and centrifuged again at 200 RCF for
5 minutes. The solution is discarded and cells resuspended in 0.5 ml of PBS and
centrifuged again. The PBS is discarded and cells resuspended in 0.1 ml of PNT [PBS
containing 0.5 % normal goat serum and 0.5 % tween 20] and anti-BrdU antibody [1:50
ratio of PNT to antibody]. Leave at room temperature for 60 minutes, after which 1 ml of
PBS was added and mixture gently vortexed. The cells are then centrifuged at 200 RCF
for 5 minutes. The solution is discarded and cells resuspended in 1 ml of PBS after
which the cells are centrifuged again. The cells are resuspended in 0.1 ml of PNT
containing the secondary antibody [1:50], AlexaFluor 488 conjugated goat-anti-mouse
secondary antibody and leave in the dark for 60 minutes. The cells are centrifuged and
then washed twice with 1 ml of PBS before being resuspended in in 0.5 ml of PBS
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5.3.6

containing 20 ul /ml propidium iodide and then analysed using a Coulter Elite flow
cytometer using UV and 488 nm lasers for excitation in order to measure the
fluorescence of the cells which are in different phases. Gating is used to analyse the
cells of interest and remove the debris signals. In Figure 5.3A, the area below the red
line are the debris of cells or other contaminants that do not need to be analysed and
been removed from the analysis. Above the red line is the nuclei generated signals. In
Figure 5.3B, within the red area are the singlet cells that have passed the flow cytometer
laser as single cells and not clumps which could effect the analysis. This ensures the
cells being analysed represent a single cell population. From excluding the unwanted
cells in Figure 5.3A and B, the Figure 5.3C can be produced which analyses the cells in
each of the cell cycle phases. R1 is all the cells that have been positively stained, R2 is
all the cells in the G1 phase, R3 are the cells in the S phase and R4 are the cells in the
G2/M phase.
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Figure 5.3: Example gating of A — Cells from Debris (debris below red line), B — Singlets
from doublets (singlets within red area) and C — Cell Cycle data obtained from gating
(R1 — all positively stained cells, R2 — G1 cells, R3 — S phase cells, R4 — G2/M cells) .

Apoptosis analysis

The kit used for this experiment was an Annexin V (AV)/Propidium lodide (PI) kit.
(Biolegend). This kit contains the Annexin V and Propidium lodide required for the
experiment to get positive results on apoptosis. AV binds to negatively charged
phospholipids which are produced by cells that are in apoptosis and Pl binds to the DNA
but can traverse into cells with intact cell membranes.

The MRC-5 cells were seeded in a 6 well plate at a seeding density of 300’000 cells per
well with 2 ml of DMEM and incubated overnight. The next day, the treatments were
added to the cells where the DMEM was diluted by 10 % and then incubated overnight.
Initially to test that the kit and dyes used are working correctly several controls were

carried out. The tests carried out can be seen from Table 5.6.
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Table 5.6: Treatments carried out for Apoptosis experiment.

Experiment Treatment

Control 1 No staining

Control 2 AV only stained

Control 3 Pl only stained

Control 4 AV and Pl stained

Positive control Ethanol

Control No Treatment

PS 1.5 x 107 particles per cell
PMMA 1.5 x 107 particles per cell
PE 1.5 x 107 particles per cell
PP 1.5 x 107 particles per cell
Coffee lid 25 % 1.89 x 108 particles per cell
Coffee lid 12.5 % 9.43 x 10° particles per cell
Coffee lid 6.25 % 4 .71 x 10° particles per cell
Coffee lid 3.125 % 2.36 x 10° particles per cell
Coffee lid 1.5 % 1.18 x 10° particles per cell
Coffee lid 0.75 % 5.89 x 10* particles per cell

After the treatment the DMEM was discarded and cells washed with 1 ml of PBS
followed by incubation with 1 ml of trypsin for 5 minutes until the cells have been
uplifted. The trypsin is then neutralised with 3 ml of DMEM and centrifuged at 200 RCF
for 5 minutes. The media is discarded and the pellet is resuspended in 1 ml of PBS to
wash the cells before centrifuging again at 200 RCF. The PBS is discarded and the cells
are resuspended in 1 ml of binding buffer and centrifuged once again. The cells are then
resuspended in cold binding buffer and counted to ensure the concentration is at least 1
x 10° cells/ml. Enough of the suspension was taken so that 250'000 cells were collected
and transferred to the to a different tube for staining.

5 ul of AV and Pl were added to the cells and then vortexed gently for 2 seconds. The
cells were then incubated for 15 minutes in the dark. To the solution, add fresh binding
buffer to top up the tube to a total of 500 ul and mix up and down to get a uniform
distribution. The samples can then be run on the flow cytometer to obtain a minimum of
10’000 events.
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The initial gating strategy involves plotting all events according tothe singlets vs the
debris.. Events are then sorted as Annexin V-FITC vs PerCPcy5-5 for Pl stain which are
the signals used for the specific kits dyes provided for the florescence. To generate a
cell population without debris, Figure 5.3A shows that gating required. The red area is
the selection of singlet cells that have passed through the laser beam as singlets. The
area outside the red zone are of debris which would give negative results for apoptosis.
In Figure 5.3B, four different gating boundaries were applied: necrotic cells, late
apoptosis, live cells and early apoptosis. On the X-axis, which displays the annexin-V
shows when there is an increase in apoptosis, there is more binding of the annexin-V to
negatively charged Phospholipids like phosphatidylserine which is induced when the
cells start to enter apoptosis. Propidium iodide binds to DNA. However, it cannot
traverse into the cells. Healthy alive cells will not uptake the fluorescent molecule due to
having an intake membrane. But, as the cells enter late apoptosis and necrosis, there is
damage to the membrane wall leading to the propidium iodide binding to the DNA giving
a signal. A representative gating and analysis of the four different boundaries is

displayed in Figure 5.4.
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Figure 5.4: Example gating of A — to select singlet cells (within the red area is the
singlets, outside is debris), B - Representative diagram of annexin V staining vs PI
quadrants. (Events were plotted according to AV vs PI to exclude debris. Cells that are
in apoptosis will give a positive result for AV. Cells that are healthy will give negative
results for both AV and Pl.).
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54

54.1

54.2

5.4.3

54.4

Characterisation

SEM / EDX

Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDX)
analyses were conducted using a Quattro SEM (Thermo Fisher Scientific, USA). As the
plastic materials being analysed are non-conductive, the samples were loaded onto an
aluminium stub with copper tape to help dissipate the charge buildup. To avoid damage
to the sample and higher focus upon capturing an image high vacuum was used with a
5 kV acceleration voltage to balance resolution with charge buildup. The spot size used
was 3 um while using an Everhart—Thornley detector (ETD) and looking at SE which

have been ejected from the material.

DLS
DLS was carried out with a Nanolive Zetasizer using water as the solvent. The operating

parameters of refractive index (1.33) and viscosity (1.0) were set to water values which
were already stored in the Malvern software. For each sample, five runs were carried
out to compare the stability within the sample from each run. The equilibrium time
between each run was set at 2 minutes. The refractive index of the material was set at

polystyrenes Rl of 1.59.

XRF
Wavelength-Dispersive X-ray Fluorescence (WD-XRF) spectroscopy was conducted at

the University of Warwick X-Ray Diffraction Research Technology Platform (RTP) using
a Rigaku Primus IV system, equipped with a 4 kW Rh tube. Samples were analysed as
solids under a 10mm mask, using an ‘EZ Scan’ protocol which performs an element
sweep from B-Cm. Elemental compositions were calculated in a semi-quantitative
manner via the Fundamental Parameters (FP) method using intensity libraries derived
from standards analysed by the instrument manufacturer. The elemental compositions
are reported as mass % for major components and ppm for minor ones, with a relative

error of approximately 5 % between samples.

Access was granted through the Warwick Analytical Science Centre (WASC) Seedcorn
Access Program, funded under grant EP/V007688/1.

XRD
The crystallographic information of the plastics was obtained via X-ray diffraction (XRD)

using a Rigaku Miniflex X-ray diffractometer. The XRD patterns were acquired using Cu
radiation at 40 kV and 15 mA in the range 3-90 26°. The XRD patterns were used to
relate to elemental composition but not used to identify the materials present. Many

materials have very similar XRD patters due to having similar lattice structures. Each
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54.6

54.7

sample was cryogenically milled to form a powder and loaded into a holder and levelled.
During the analysis, the software identified compounds that most likely match the
spectra produced. The data was related back to the SEM and XRF to identify which

peaks are most likely caused by the compounds present.

NMR
Proton Neutron Magnetic Resonance ('"H NMR) was carried out on a Magritek Spinsolve

60 MHz device using the proton protocol which is built into the spinsolve software.
Before running the samples a check shim was carried out, followed by a shim using a
deuterated water sample to eliminate inhomogeneities in the magnetic field. All the
samples were analysed in non-deuterated H2O due to the analysis being carried was for
the purpose of identifying if waste products were present in the final product whose
peaks did not overlap with the water peak. A fast scan was used for the analysis as it

provided high enough resolution for the intended use.

Solid-state NMR experiments were carried out at room temperature using a Bruker
Avance Neo spectrometer. '3C cross polarisation (CP) MAS was achieved by using a
90-100% amplitude ramp34 on 1H. SPINAL-6435 1H decoupling at a nutation frequency
of 100 kHz was applied during an acquisition time of 30 ms. '*C chemical shifts are
referenced with respect to tetramethylsilane (TMS) via L-alanine at natural abundance
as a secondary reference (177.8 ppm for the CO "3C resonance) corresponding to

adamantane at 38.5 ppm (13C).

Access was granted through the Warwick Analytical Science Centre (WASC) Seedcorn
Access Program, funded under grant EP/V007688/1.

FTIR
Fourier-transform infrared spectroscopy (FTIR) was carried out on a Perkin EImer

Frontier FTIR using an ATR accessory which was a GoldenGate ATR with a ZnSe
crystal. A background was taken with no sample present to ensure as much noise is
removed from the spectra. For this analysis the number of scans used was 8. All data

collected was normalised for comparison.

NFCM
The Nanoanalyzer flow cytometer (NanoFCM) is equipped with 488 nm and 640 nm

lasers, along with single-photon counting avalanche photodiode detectors.
Manufacturer-recommended laser settings and bandpass filters (SSC-488/10) were
implemented. Side scatter-based triggering enabled the detection of nanoparticles larger
than 40 nm in diameter. Each sample was analysed for 1 minute, collecting

approximately 10’000 events at a sampling pressure of 1.0 kPa to maintain an optimal
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event rate. To determine particle concentration, a 250 nm silica bead standard
(NanoFCM Inc., 250 nm Std FL SiNP) was used to calibrate the flow rate.

XPS
The examination was conducted by means of X-ray Photoelectron Spectroscopy (XPS).

This involves irradiating a sample with X-rays of a characteristic energy causing photo
electrons to be ejected with a range of energies depending on the element from which
they are emitted and the chemical state of that element. The emitted electrons are then
collected and transferred through apertures and focused onto an energy analyser
entrance to be sorted by their energies. From this electron energy identification, XPS
provides information on the elements present at a sample surface and their chemical
and bonding states. Under the conditions of this analysis, XPS gives quantitative

information on all elements excluding H and He at a detection limit of 0.1%.

XPS analysis was conducted in a Thermofisher ESCALAB 250 electron spectrometer
equipped with a hemispherical sector energy analyser at source excitation energy of 15
KeV and emission current of 6 mA; analyser pass energy of 20 eV with step size of 0.1
eV and dwell time of 50 ms were used throughout the experiments. The base pressure
within the spectrometer during examinations was always better than 5 x 10-'° mbar and
this ensured that all signals recorded were from the sample surface. In all samples the

analysed area was 500 mm diameter.

Thermogravimetric Analysis

TGA analyses were carried out in a Mettler Toledo TGA/DSC 2 STA system using
nitrogen as an inert atmosphere with a flow rate of 40 mL min™". 0.5 g of each sample
were used for the analysis. Under nitrogen conditions, the temperature of the furnace
was held at 30 °C for 5 minutes before increasing the temperature to 600 °C at a rate of
10 °C / minute. The temperature was then held at 600 °C for 2 minutes to ensure
stabilisation of the scales. The sample was then further heated from 600 °C to 950 °C at
a rate of of 40 °C / minute and then held there for 5 minutes before allowing to slowly
cool down. Measurements were recorded and compared for any drops in weight at

specific temperatures to identify compounds within the plastics.

Results & Discussion

Synthesis and particle size

A more detailed study was carried out to understand the effects of SDS concentration on
plastic particle size. Several different concentrations of SDS were used. Table 5.7
displays that in general as the surfactant's concentration increased, the PS NPs' size

decreased, and the standard deviation of the particles also decreased in general. It is
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hypothesised that if the surfactant was continually increased, this would start to have a
detrimental effect on the particle size due to the viscosity inhibiting the movement or the
particles and a higher chance of coalescence meaning there is an optimal amount of
stabiliser for particle size. With the higher amount of surfactant, there is more stabiliser
to cap and protect the plastic particles from aggregation. Reprecipitation of the particles
took place by increasing the water content of the solution, which the plastics are not
soluble in, to reduce the concentration of the DCM leading to the reprecipitation with

SDS stabiliser present.

Table 5.7: Polystyrene experimental data at different SDS concentrations.

Experiment Plastic SDS Concentration (%) Particle size (nm)
PS-1 Polystyrene 5.00 52.62 £ 18.71
PS-2 Polystyrene 2.50 115.0 £ 42.43
PS-3 Polystyrene 1.25 168.4 + 74.45
PS-4 Polystyrene 0.75 139.4 + 54.85
PS-5 Polystyrene 0.25 187.2 + 66.49

Figure 5.5 displays the DLS graphs where the shift in size distribution and the standard
deviation of the peak is increased as the SDS concentration decreased. In all cases, the
polydispersity index (PDI) for the DLS data was less than 0.1, suggesting a narrow
distribution and more reliable data.
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Size Distribution by Intensity
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Figure 5.5: DLS size distribution of PS NPs synthesised with different amount of SDS. A
-0.25%,B-0.75%,C—-1.25%,D-2.5%,E -5 %.
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The data obtained from the DLS data was plotted in Figure 5.6 to visualise the trend of
the SDS concentration on plastic particle size. A trend is clear in the size of the particle
synthesised with different amounts of SDS stabiliser. The size of the particles reduces
with the amount of stabiliser used. A key observation is that the more stabiliser used, the
narrower size distribution acheived. From the data obtained from the concentration

curve, all synthesis experiments were carried out with an SDS concentration of 5 %.
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Figure 5.6: Particle size trend with changing SDS concentration.

The PS NPs from the coffee lid and the PMMA NPs from the cuvettes were synthesised
using 5 % SDS. Table 5.8 displays the conditions used and particle size distribution of
these two samples. The PS NPs from Coffee lids have a small size distribution and size
less than 100 nm. Using the same reaction conditions for PMMA, a larger plastic NP is
produced with a wider size distribution as seen in Figure 5.7. A reasoning for this is that
the PMMA chemical structure does not bind as effectively with the SDS offering poor

stabilisation when compared to PS leading to a greater amount of agglomeration.

Table 5.8: Reaction conditions and particle size distribution of PS coffee lids and
PMMA.

Experiment Plastic SDS Concentration (%) Particle size (nm)
Coffee-1 Polystyrene 5.00 85.81 £ 27.77
PMMA-1 PMMA 5.00 233.4 £ 94.28
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Figure 5.7: DLS Graphs of A —Coffee cup lids, B — PMMA.

For biologial testing, it is necessary to know the concentration of particles per cell to
understand whether the particle concentration per cell causes different responses.
Nanoflow cytometry (NFCM), was carried out on the samples to find the concentration
per ml and compare size distribution data to the DLS. Spherical silica nanoparticles with
a size up to 200 nm was used as the standard. As the standard sample is up to 200 nm,

the equipment cannot read any sizes larger than 200 nm.

In Figure 5.8, the size distributions and particle concentration can be seen. From the
synthesised plastics, the raw PS and the coffee lid have a similar size distribution of
93.2 nm and 85.8 nm respectively, with only a small percentage greater than the limit of
200 nm. This data closely resembles the data obtained via DLS. The sizing data
obtained across multiple analytical techniques is reliable. The PMMA appears to have
two size distributions from the data. One at 70 nm, and then one which starts at the limit
of the equipment at 200 nm, which is expected to continue to approximately 400 nm. In
this case, the DLS and NFCM data align with the results. The two plastics purchased,
PP and PE, have a narrow distribution, with an average particle size of 42.9 and 53.2

nm, respectively.
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Figure 5.8: NFCM data for A — Raw PS, B — Coffee lid, C - PMMA, D — PE, E- PP.

The concentration of particles per ml is an essential data set for understanding how

many particles are loaded per cell. The raw PS, PMMA, and coffee lid samples, the

Size Information:
Median: 50.8 nm
Mean: 53.2 + 10.1 nm

Concentration
Information:

2.07 x 10 particles / ml

Size Information:
Median: 50.8 nm
Mean: 42.9 + 12.3 nm

Concentration
Information:

8.29 x 10" particles / ml

particle concentration above 1 x 10" particles per ml. which can be used for cell biology

to test for toxicity damage. The particle concentration of PP and PE extremely high of

8.29 x 10™ and 2.07 x 10" particles per ml respectively. Both sets of data align closely

with the supplier’s datasheet. The coffee lid has the lowest concentration of 2.79 x 10"

particles per ml, all other samples for preliminary cytotoxicity testing will be diluted to the

same concentration to maintain uniformity.

SEM was carried out on the plastics to compare the results from DLS and NFCM. The

SEM images can be found in Figure 5.9. From Figure 5.9A, the size distribution of the

raw polystyrene shows a size distribution from 500 nm to 50 nm, closely resembling the

DLS data obtained in Figure 5.5E. During the SEM imaging, a small amount of sample

was distributed on copper tape to minimise the charge buildup from the electron beam.
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Drying the sample out will lead to agglomeration and the size of the particles in the

solution would be more uniform compared to the dried-out sample.

Figure 5.9B and C of the coffee lid and PMMA show a more uniform distribution of
particle sizes, which appear between 100 and 200 nm. This follows the DLS data in
Figure 5.5 for the two plastics. However, the PMMA in both the DLS and NFCM there is
a broader range of sizes. This is not apparent in the SEM imaging and a narrow size
distribution. This difference in sizes can be accounted to the DLS using light to scatter
the particles. In cases where the several small NPs have agglomerated together would

give a signal in DLS for the agglomerate rather than the individual particles.

Since the particles were synthesised chemically via dissolution and reprecipitation, the
particles are uniformly spherical. This is a difference that is noted from plastics which
have degraded in the enivronment that would have an amorphous structure from
shearing effects. This needs to be taken into consideration as shape effects may play a

significant role cell damage.
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B - Coffee Lid
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Figure 5.9: SEM photos of Plastic NPs. A — Raw PS, B — Coffee lid, C — PMMA.
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Some coffee cup lids were cryogenically milled to obtain a powder without any chemical
alteration. A comparison in biological testing between chemical and mechanical
synthesised particles will be tested for cytotoxicity. The plastic has been produced
mechanically, which leads to a larger size distribution than the chemically synthesised
method. Figure 5.10 shows a broader and more irregular size distribution. The average
size distribution was 236.6 nm + 53.7 nm. Small NPs can still be formed via mechanical
synthesis but with a larger size distribution. Due to the irregular size and particles being
above 200nm, it is not possible to use nanoflow cytometry to obtain a particle

concentration per ml.
Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

Figure 5.10: Size distribution of cryomilled polystyrene coffee lid.

Figure 5.11 displays the SEM images of the cryo-milled sample and confirm a broad
size distribution with large micron-size particles but also small amorphous particles less
than 500 nm. In the biological testing, a range of sizes are added to the cells which will
better replicate environmental conditions and give an indication on how morphology

effects cell toxicity.
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Figure 5.11: SEM images of cryomilled polystyrene coffee cup lid. (A — Larger plastic

particle, B — Smaller nanoplastics).

156
B.Coward, PhD Thesis, Aston University, 2024



5.5.2 Elemental analysis

EDX was carried out on both the raw PS and the coffee lid to compare the elemental
composition of the materials. Table 5.9 and Figure 5.12 display the net count and peaks
for each material. From Table 5.9B and Figure 5.12B, the raw PS composition shows
that the main component is carbon, as expected due to being raw polystyrene. The C
atomic percentage is 99.6 %, and Al is 0.3 %. However, the Al signal is from the stub
used to mount the sample. The remaining elements that were detected accumulate less
than 0.1 % and are most probably contaminants. In Table 5.9 and Figure 5.12A, the
main composition of the coffee lid is C, with a anatomic percentage of 96.9 %. Most
other elements are contaminants/errors. However, a Ca atomic percentage of 2.5 % is
present in the material as a colourant and additive to ensure the product appears white.
CaCOs is a common additive to plastic products to make them appear white. Ti atomic
percentage of 0.3 % is likely present in the coffee lid rather than a contaminant due to
the count and the peaks in Figure 5.12A. Titanium dioxide is vastly used in plastic
production as a colourant and as an antimicrobial (Trento et al. 2023). TiO2 would be
present in the coffee lid to improve the colour of the lid, increase heat resistance and as

an antimicrobial (Younis et al. 2023).
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Table 5.9: EDX data for A - coffee lid and B — raw polystyrene at 15 kV acceleration

voltage.
A-C.L Element Net Count Weight % Atom %
CK 838619 90.3 96.9
Mg K 1244 0.2 0.1
Al K 2208 0.2 0.1
Si 1047 0.1 0.1
CIK 1043 0.2 0.1
CaK 37724 7.9 2.5
TiK 3037 1.0 0.3
Ni K 144 0.2 0.0
B-PS Element Net Count Weight % Atom %
CK 728935 90.3 99.6
Na K 0 0.0 0.0
Al K 4704 0.7 0.3
PK 429 0.1 0.0
S K 582 0.1 0.0
CakK 521 0.1 0.0
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Figure 5.12; EDX data for A — Coffee lid, B — raw PS at 15kV acceleration voltage.

XRF was used as another elemental characterisation technique to measure the
fluorescence of the elements in both materials and compare what additives are in the
coffee lid. From Table 5.10, the main element in both materials was C. Several elements
were picked up in the coffee cup lid that can be disregarded due to the low percentage
of material detected. Mg, Al, Si, P, S, Fe and Zn could all be disregarded due to
contamination that is present in glassware. The coffee lid was cryogenically milled, so
the Fe could also be from that process. The most significant results are the Ti and Ca,
which have a mass percentage of 0.444 and 4.33, respectively. This compliments the

EDX data, with both elements present in both analytical techniques.

CaCOs and TiO- are most likely the compounds within the coffee cup lid that have been

used as colourants to improve the properties of the plastic for its desired use. This
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indicates why the coffee lid results have a high O percentage. For the raw polystyrene,

The elements present ae most likely contamination through handling and processing,

such as Si, P, S, Fe, and Zn have a negligible count. The presence of Ca, although a

low mass percentage of 0.0239 %, indicates a small amount of CaCOs; to enhance the

colour of the raw material. There is no presence of Ti in the XRF and EDX with a much

higher C percentage of 99.4 mass % compared to the coffee lid of 89.5 mass %. The

high percentage of Br present was a surprise and an unknown form of contamination

within the raw polystyrene.

Table 5.10: XRF data for A — coffee lid, B — Raw Polystyrene.

A-C.L Element Result

C 89.5 Mass %
O 5.56 Mass %
Mg 0.0259 Mass %
Al 0.0301 Mass %
Si 0.0248 Mass %
P 457 ppm

S 56.3 ppm

Ca 4.33 Mass %
Ti 0.444 Mass %
Fe 0.0126 Mass %
Zn 0.0194 Mass %

B-PS Element Result

C 99.4 Mass %
Si 72.6 ppm
P 58.9 ppm
S 15.9 ppm
Ca 0.0239 Mass %
Fe 92.0 ppm
Zn 0.0120 ppm
Br 0.581 Mass %

XRD was carried out to characterise the materials crystallographic structure to relate to

the elemental analysis. XRD is not effective compared to EDX for elemental analysis as

numerous compounds have similar crystal structures, such as Cubic Close Packed

(CCP) or Hexagonal Close Packed (HCP) structures. This means that different
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compounds have similar peak patterns. XRD is used to supplement other analysis
techniques and provides information on the sturcture of the material which the other
analysis techniques do not. In Figure 5.13 the XRD data for both materials was
normalised to the highest peak for comparison. There are numerous additional peaks in
the coffee lid compared to the raw polystyrene. The majority of the additional peaks in
he coffee lid are from CaCO3; where only a small amount was present in the raw PS
which is further supported by Achour et al. 2017 XRD pattern of CaCO:s.

The XRD pattern for the coffee lid also suggests that rutile (TiO,) is present in the
material (which is further backed up by XRD pattern in Fischer et al. 2017), which is
missing from the raw polystyrene XRD pattern. Many materials have a similar XRD
pattern to rutile, such as AgTis (Shen et al. 2021). However, from the XRF and EDX
data, there is no indication of Ag, therefore, the AgTis is unlikely to be present. Only five
peaks within the raw polystyrene overlap with the peaks in the coffee lid. The material
appears to be iron oxide from the XRD data. This is a likely contaminant from cryogenic
milling, and a small debris from the impactor broken off within the material. XRF data

supports this with a small percentage of Fe present.
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Figure 5.13: XRD pattern for raw polystyrene and the coffee lid.

XPS was carried out on raw polystyrene, the coffee lid, and the two solvent-extracted
unsoluble pellets from the coffee lid to understand what additives are present. Table
5.11 shows raw polystyrene has a high atomic concentration of C-C / C-H bonds of 97

%, which is expected as the polystyrene structure comprises only C and H. A small
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amount of CaCOs is present in the raw polystyrene, which supports the XRF along with

the small signal for C-O, C=0 and the Ca, CO3 and O atomic concentrations.

From the coffee lid, there is a significant reduction in the C-C / C-H bonds to an atomic
concentration of 70.4 %. An increased amount of Ca and COs is present in the coffee
lid. There is a much larger atomic concentration of C-O, C=0 and O if CaCOs3 is the only
compound attributing to the signal. This does not eliminate that other organics may be in
the coffee lid also adding to the C-O, C=0 and O signal. Na, Si, Cl, and S, are expected
contaminants through contact with glassware. A relatively high atomic concentration of
N within the coffee lid of 1.1 % indicates that another organic additive is present in the
coffee lid to improve its properties. There was no Ti signal as the concentration is below

the detectable limit of the equipment.

As there are clear indications of additives within the coffee lid, solvent extraction was
carried out to analyse the additves within the lid. This was done by dissolving the plastic
in the DCM solvent and then centrifuging the sample to separate the materials that were
soluble in DCM, such as the polystyrene from the CaCO3 and any other additives whicg
were present. After centrifugation, there were two pellets present; one on top of the
DCM solvent and one at the botton. This suggests that one insoluble additve is less
dense and one more dense than DCM.The samples were then dried and analysed by
XPS compared to the coffee lid and raw polystyrene. Within the bottom pellet of the
coffee lid, the Ca and COs3; have been purified, and an increase in atomic concentration,
suggesting that the bottom pellet is composed of predominately CaCOs during the
solvent extraction. Within the top pellet, there is a reduction in the amount of CaCO3; but
a purification of the Na and S. As the expected contaminents have been purified during
the extraction suggests that the Na and S are other compounds that are added to the

material or contamination in the coffee lid during the synthesis.

Table 5.11: XPS data for different polystyrene materials.

Sample Atomic concentration (%)

C-C/IC-H C-O C=0 COs O Ca CIl Na N Si S
Raw 97.0 0.3 02 04 1.7 04 - - - - -
polystyrene
Coffee Lid 70.4 5.0 42 08 149 08 02 05 11 17 04
Top Pellet 76.0 3.2 1.3 03 140 03 - 19 04 16 1.0
Bottom Pellet 81.1 1.6 - 25 123 25 - - - 01 041

Carbon-13 ("*C) Solid-State NMR (S.S NMR) was carried out to identify differences

between the raw PS and the coffee lid organic bonding through analysing
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the carbon atoms within the structure. Although carbon-13 makes up 1 % of the
abundance of carbon atoms, a signal can be obtained through NMR due to the nucleus
having a spin in comparison to carbon-12. From Figure 5.14, a spin speed of 12.5
KHz was used , which in S.S NMR causes spinning sidebands that are not peaks
caused by the material itself. Spinning sidebands are separated from the isotropic
frequency by a multiple of the spinning rate, which in this case is 12.5 KHz. The peaks

marked with an astriks are the spinning sidebands.

The peak at 129 ppm is representitive of the aromatic ring of the polystyrene polymer
and would represent carbons 3 to 8 labelled in Figure 5.14. In the raw PS, there is an
additional peak at 196 ppm indicating aldehyde bondingwhen compared to the coffee
lid. The peak at 60 ppm is in correspondence with the two carbon atoms along the

straight chain of the polymer labelled 1 and 2 in Figure 5.14.

There are two additional peaks in the coffee lid at 28 and 32 ppm that corrospond to
additional alkyl chains or an alkyl halide. The slight shift in some peaks may be
accounted due to different polymer chain lengths. Overall, the spectra for both raw PS
and the coffee lid are very similar with some small differences in the organic material

present.
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Figure 5.14: Solid-State NMR data for Raw polystyrene and Coffee Lid (* - Spinning sideband caused by S.S NMR).
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FTIR was carried out on both materials and the solvent-separated pellets from the
coffee lid to identify differences in bonding between the materials. From Figure 5.15, the
spectra for the four materials are predominately matching with the main component still
polystyrene. Differences at 1300 cm™ and 850 cm™' are highlighted in Figure 5.15 and
focused upon in Figure 5.16. The peak at 1300 cm™ and 850 cm™ are from the high
content of CaCOs3 within the coffee lid as a white colourant to the material. The peak at
1300 cm™ for C=0, and at 850 cm" for C-O within the CO3. The data aligns with
standard spectra for the CaCOs; peaks (NIST, 2023). The presence of this material in
the raw polystyrene is negligible or at a low concentration below the detection limit of the

equipment.
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Figure 5.15: FTIR Spectra for samples raw polystyrene compared to the coffee lid and

solvent separated samples.
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Figure 5.16: FTIR Spectra highlighting differences between the raw polystyrene and the

coffee lid.

When these plastics break down in the environment, the plastic pollution and the
additives cause the toxicity to marine life and elevate the impact plastic pollution has.
Thermogravimetric analysis (TGA) was carried out to compare the raw polystyrene to
the polystyrene coffee cup lid to confirm the presence of the additives within the coffee
lid. In Figure 5.17, the graph shows a difference between the two materials. The raw
polystyrene shows a smooth curve where the sample is completely decomposed at 400
°C, which aligns with research that has also been carried out TGA on polystyrene (Rawi,
2017). There are no changes in the derived weight after this temperature and reached 0
weight %. The coffee cup lid shows multiple decompositions, with 87.58 % occurring at
around 420 °C. However, between 620 °C and 740 °C, another 7.32 % of the material is
decomposed and at the end of the heating to 950 °C, there is still a 5.10 % weight left,
suggesting inorganic material within the sample. The decomposition between 620 °C
and 740 °C would be the start of the decomposition of CaCOs3 as thermal decomposition
is initiated slowly and then rapidly above 750 °C to CaO and CO: (Karunadasa et al.
2019).
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Figure 5.17: TGA of raw polystyrene compared to polystyrene coffee lid.

From all the characterisation, there are additives within the coffee lid. While synthesising
the raw polystyrene and coffee cup lid, the raw polystyrene solution went colourless
from the complete dissolution of the material in the DCM solvent. However, the coffee
cup lid was a milky white solution, suggesting that not everything had dissolved in the
DCM. At this stage, solvent extraction was carried out via centrifugation. The biological
study will confirm whether the polystyrene plastic is inherently toxic to the cells or if the

additives are.

Biological results and discussion

Preparation of samples for biological testing

It is critical to remove any residual DCM and SDS that cause damage to the cells and
increase the difficulty in analysing the plastics damage caused. NMR was used to
ensure all unwanted peaks [DCM and SDS] are removed from the material before cell
testing. A concentration curve for SDS was analysed to find the lowest detection point.
In doing so, the washing procedure can be evaluated for its effectiveness and ensure

the lowest detectable limit causes negligible effects to the cells.

Figure 5.18 shows the tested SDS concentration NMR data. The prominent peak
representing the SDS presence is the large peak at 1.3 ppm from the R-C-H bonds (R =
C), with two other minor peaks at 0.8 ppm and 3.6 ppm, accountable for the C-H and C-
O bonds, respectively. Figure 5.18A and Figure 5.18B, the amplitude of the main peak

167

B.Coward, PhD Thesis, Aston University, 2024



reduces from 825 to 190. As the concentration decreases the signal decreases at the
same rate. In Figure 5.18D, it is challenging to identify the SDS peaks from the noise.
The detectable limit for the SDS is less than 0.01 %. This concentration requires testing

on the MRC-5 cell line to ensure no diverse effects are noticed.
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Figure 5.18: NMR data of different SDS concentrations. A — 2.5 %, B - 0.5 %, C — 0.05
%, D —0.01 %.

Figure 5.19, the amplitude data have been plotted on a graph to see how the changing
concentration of SDS affects the amplitude of the peak at 1.25 ppm for the repeating C-
C bond within the SDS structure. The results are relatively linear, as expected when the

concentration of the SDS is reduced, there are fewer bonds that resonate during the

analysis.
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Figure 5.19: Amplitudes of SDS concentrations in NMR analysis.

The plastic samples are stored in a 0.1 % Tween 20 solution to stabilise the particles
and minimise the amount of agglomeration and aggregation that occurs during storage.
NMR was carried out on a 0.1 % Tween 20 solution to identify the necessary peaks
expected in the plastic sample solutions. Figure 5.20 shows the NMR data for 0.1 %

Tween 20 at 3.7 ppm.

169
B.Coward, PhD Thesis, Aston University, 2024



| | |

100 /

Mw/ et

PP b s P T s Y

T
10 5
ppm

Amplitude

Figure 5.20: NMR data for 0.1 % Tween 20.

The final peak, which is pivotal to remove after washing, is the DCM peak. The
halogenated solvent would be toxic to the cells and misrepresent the results obtained
from cell testing. In Figure 5.21, the NMR data for DCM shows a sharp peak at 5.3 ppm.

It is key to ensure that both the DCM peaks and SDS peaks have been removed in all

washed products, ready for cell testing.
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Figure 5.21: NMR data for DCM.

For the raw PS, coffee lid and PMMA, NMR was carried out to ensure that these key
chemicals were removed from the plastic solutions. In Figure 5.22, all three plastics
show the removal of DCM and the SDS to an undetectable and negligible amount.
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Figure 5.22: NMR data for A — Raw PS, B — Coffee lid, C — PMMA to show removal on
contaminants. (Broad peak at 5 ppm is for H,O as deuterated water was not used for

this experiment and at 4.6 ppm is the presence of Tween 20).

171
B.Coward, PhD Thesis, Aston University, 2024



5.6.2 Cell viability after exposure to nanoplastic NPs

As no previous data were available in the published literature for our experimental
system a methodology was developed for a cell toxicity experiment. We have performed
our initial cell toxicity screening with the highest concentration of NP - the NP
suspension as achieved by the synthesis diluted 1 in 10 into the cell culture medium).
For the preliminary experiment, 2.79 x 10'? particles per cell was the concentration used
for the test. The total number of cells the particles were loaded onto was approximately
150’000 cells.

Figure 5.23 displays the cell viability graph. The 0.1 % solution of Tween 20 did not
significantly affect the cells. Tween 20 was tested for its toxicity towards MRC-5 cells as
the plastic NPs were stabilised in a 0.1 % Tween 20 solution. This confirms that the
Tween 20 does not cause any adverse effects that would give misleading results. The
raw PS and PMMA have a nonsignificant effect on cell viability and did not differ
drastically from the control. With the PE, there is a drop in cell viability to 82 % alive
cells after 24 hours of treatment but statistically nonsignificant. Significance was
determined by ANOVA test followed by Sidak’s post-hoc test comparing treatments to
control (untreated cells) whereby (***) represents significant statistical significance
p<0.0001), (*) p<0.05 and ns non-significant). The ANOVA test is used to compare the
results to the control and indicate whether any results are significanly different. The
post-hoc analysis then compares between all groups to each other and not just the
control. A further drop when using PP NPs to below 75 % viability, leading to an
increase in cytotoxicity and inhibition in proliferation, this was a significant drop in the

cell viability.

However, in both the cryo-milled and chemically synthesised coffee lid NPs, there is a
significant drop in cell viability to 34.8 % and 10.3 %, respectively. The cryo-milled
sample was mainly used to confirm whether the chemical synthesis process brought
toxic chemicals into the sample, leading to an increased positive cell toxicity. An
unknown concentration and size distribution was loaded onto the cells for the cryo-
milled samples but used as an indicator if the plastic was inherently toxic. The
importance of these results appears to show that the coffee lid samples are toxic to the
cells due to the plastic and additives. One possibility is that the toxicity might be coming
from the presence of TiO» within the coffee lid (Gojznikar et al. 2022). In Gojznikar et al.
2022, TiOy Is toxic to Eukaryotic Cells and increases the reactive oxygen species (ROS)
within the cells, leading to cell death. It is unlikely that CaCO3; within the coffee lid

causes significant cell damage, as cells have developed over time to use carbonate-
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based systems as a buffer. For example, in Liendo et al. 2020, CaCOs is highly
biocompatible with zebrafish, which are vertebrate models causing no cell death, no

increase in the levels of ROS, or DNA damage in the cell lines.

125- iR
NS nNs NS nNs * ok
< 197 Cell Death
-‘_? 5] Cell Alive
=
9
:_" 50+
[
Q
25+
0 | | | | 1 1 1 I
» N
P & PU &°
&
dﬂ
<
Conditions

Figure 5.23: Cell Viability graph of MRC-5 cells against different plastic treatments.
(Significance was determined by ANOVA test followed by Sidak’s post-hoc test
comparing treatments to control (untreated cells), whereby (***) represents significant

statistical significance p<0.0001), (*) p<0.05 and ns non-significant.)

From Figure 5.24, images captured on a microscope at 10 x magnification show how the
cells appear after treatment. Figure 5.24A and B for the control and Raw PS, the MRC-5
cells look similar, with a small number of cells entering apoptosis. Figure 5.24 C and D,
for the cryo-milled and chemically synthesised coffee lid, there is a significant difference
where most of the cells are necrotic or in apoptosis due to the treatment. The control
sample shows what healthy MRC-5 cells should look like. From this experiment, the
coffee lid treatment leads to significant damage and a concentration curve is required to

understand the toxicity levels.
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5.6.3
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Figure 5.24: Representative Microscopic images of treated MRCS5 cells at 10 x
magnification of A — Control, B — Raw PS, C — Cryomilled Coffee lid, D — Coffee lid.(The

square represents healthy elongated cells, the circle represents apoptotic cells that are

-

rounded and the triangle represents the plastic debris).
Dose-response cell toxicity assessment of the NPs prepared form the coffee lids.

Due to the initial toxicity found from the coffee cup lid NPs, dose response analysis was
carried out to understand how the increasing range of plastic particle concentration
would affect the viability of the cells. The process was carried out the same way as the
initial toxicity test, in which the plastics were loaded onto 150,000 cells using 1:10
dilution with the cell medium. Figure 5.25 shows a trend in the graph as the
concentration changes. The cell death decreases relatively linearly when the
concentration is reduced by 50 % in each experiment. From the 100 % concentration at
2.79 x 10" particles per cell compared to the 25 % at 6.98 x 10" particles per cell, the
cell viability increased from almost zero to 50 %. When the concentration is reduced to

1.75 x 10" particles per cell, the cell viability is further increased to just above 75 %. At

174

B.Coward, PhD Thesis, Aston University, 2024



a concentration of 4.36 x 10" and 2.18 x 10'°, there is almost no effect on the cells, and
very similar to the control cell viability.
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Figure 5.25: Cell Viability Curve for concentration gradient for coffee lid NPs.
(Significance was determined by ANOVA test followed by Sidak’s post-hoc test
comparing treatments to control (untreated cells), whereby (***) represents significant
statistical significance p<0.0001) and ns is nonsignificant).

Comparing the control from Figure 5.24A to the microscope images in Figure 5.26, the
cell’'s morphology shows the clear signs of distress. The cells are entering into apoptosis

as the morphology changes from elongated to shrunken and spherical.
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Figure 5.26: Microscope images at 10 x magnification from coffee lid treatment at A -
1.40 x 10"%, B-3.49 x 10", C-8.72 x 10", D - 2.18 x 10" particles per cell. (The

square represents healthy elongated cells, the circle represents apoptotic cells)
Apoptosis quantification of MRC-5 cells following plastic NP exposure.

From the biological experiments thus far, and noticeably the indication of toxicity from
coffee lid NPs cause, apoptosis experiments were carried out to measure the number of
cells entering apoptosis due to the treatment. Apoptosis is the process by which a cell
goes from healthy to necrotic. A form of programmed cell death. There are many
reasons that different types of cells enter apoptosis, but one of the critical reasons
related to this research is that cells enter apoptosis when it has been damaged beyond
repair (Reed, 2000). Caspase, a cysteine-aspartic protease, play a significant role in
programmed cell death. Caspases 1 and 3 show the active enzyme is a heterotetramer
that contain two large and two small subunits. During apoptosis and activation of
caspase results in cleavage of the critical cellular substates which leads to the
morphological changes (Cohen, 1997). It is a crucial function that cells have developed
to know when to enter apoptosis. For example, cancerous cells rapidly proliferate, and

the cells know that there is a defect within the cell and decide to enter apoptosis to start
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the cell death cycle. When apoptosis does not occur and uncontrolled proliferation
occurs like in cancerous cells leads to the formation of a tumour(Zhang et al. 2013).
When cells enter apoptosis the shape of the cell changes From Figure 5.24A and Figure
5.24D, a healthy MRC-5 cell is elongated and stretched out, but unhealthy cells in
apoptosis become shrunken and rounded. The triggering of an apoptosis process leads
to a caspase activation. Caspase plays a vital role in regulating cell survival or death
(Ghorbani et al. 2023). As discussed earlier, apoptosis is a form of programmed cell
death due to damage that has been caused to the cell. However, necrosis is the death
of the cell due to adverse conditions which leads to the cell dying. Although both
processes lead to the death of a cell, apoptosis goes through a series of biochemical
reactions to reach death, whereas necrosis is due to adverse conditions Killing the cell.
There are four main stages that the cells can be in: alive, early apoptosis (E.A), late
apoptosis (L.A) and necrotic. The main aim of this experiment is to measure the number

of cells that are in apoptosis and preparing to die. E.A and the L.A have been combined.

From Figure 5.27 and Figure 5.28, the levels of apoptosis between the control and
plastic samples have been compared. Figure 5.27 has been produced from the data
obtained from Figure 5.28 by combining the early and late apoptosis percentages
together to obtain the total amount of cells in apoptosis from the treatment. There is a
significant number of cells in apoptosis for the C.L at 25 % concentration (1.89 x 10°
particles per cell), which is 59 % compared to the control, which only had 22 % on
average. A trend with the C.L samples that as the concentration is reduced, there is a
decrease in the number of cells entering apoptosis to the lowest concentration (0.75 %)
that has similar results to the control. The mechanism causing the cells to enter
apoptosis is unknown. Whether the TiO- is causing damage to the mitochondria or if the
particles are agglomerating around the nucleus, causing DNA damage and leading to
the cells entering apoptosis. For future work, by carrying out a concentration curve with

pure TiO2 NPs would allow the understanding of the extent of damage caused via TiO..

The raw PS concentration used is 1.5 x 107 particles per cell which led to an apoptosis
of 31 % in comparison to the control at 22 %. When the raw PS and the C.L are
compared, there is a significant difference in the number of cells entering apoptosis.
This indicates that the additives within the coffee lid do cause a severe amount of cell

damage in comparison to the PS itself.

For PMMA and PE, there is an elevated apoptosis rate for the plastic in comparison to

the control, which means the plastic is causing some damage. However, for PP, there is
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a higher and more significant increase in the apoptosis rate to 42 %. The PP is not as
inherently toxic as the coffee lid but may cause damage to the DNA that led to the
elevated apoptosis. Other than the C.L 0.75 % treated cells, all other plastics had an
increased apoptosis rate showing that small and large amount of damage are caused by

the plastic treatment.
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Figure 5.27: Apoptosis rates for control and plastic NP treated samples. (Significance
was determined by ANOVA test followed by Sidak’s post-hoc test comparing treatments
to control (untreated cells), whereby (***) represents significant statistical significance
p<0.0001), (*) p<0.05 and ns non-significant. (###) represents a comparison made
between the C.L 25 % and PS with a statistical significance p<0.0001).

In Figure 5.28, the graphs from flow cytometry analysis of apoptosis show how the cells
move from different quadrants (from alive, E.A, L.A and necrotic) depending on the
phase and the treatment being carried out. Each dot on the graphs is an indication of a
cell that has been analysed through the flow cytometer. The control is the baseline for
the standard amount of cells that are in each phase. The treated cells are then
compared to these to understand the effect in apoptosis rate caused from the treatment.
When analysing Figure 5.28B-G, for the C.L, as the concentration is increased, there
are a larger number of cells entering late apoptosis with a higher density of signal. The

harsher the treatment, the more the cells move along the quadrant from alive to E.A and

178
B.Coward, PhD Thesis, Aston University, 2024



L.A. It would be expected to have a high proportion of the cells in necrotic for the harsh
treatments of C.L but as the necrotic cells are removed during the washing stage, only

the apoptotic cells are visible.

In Figure 5.28K, the apoptosis results for PP show a late apoptosis rate of 38.7 % which
is greater than the C.L 12.5 %. This suggests that the PP, with no additives like the
coffee lid causes a high amount of apoptosis in comparison to the other plastic treated
apoptosis levels and is a plastic of concern when considering human health with plastic
degradation. In Figure 5.28 H and J, the raw PS and PE apoptosis rates are slightly
elevated to 23.2 % and 25.8 % in comparison to the control but no significant increase in
comparison to PP and the C.L 25 % samples. This displays a high difference between
the raw PS and C.L which much higher rates of apoptosis in the C.L showing not only
the plastic NPs can increase the damage caused but also the different additives within

the processed plastic C.L.
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Figure 5.28: Flow cytometric primary plots analysis and quantification of apoptosis rate.
(Increased AV shows cells being pushed into apoptosis due to damage caused, increased
Pl, shows cell membranes are damaged leading to dye penetration indicating late
apoptosis or necrotic cells).
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5.6.5 Cell Cycle analysis of MRC-5 cells from plastic NP treatment

In Table 5.13 and Figure 5.29and Figure 5.30, the data for the cell cycle analysis shows
what phase of the cell cycle the cells are in. Figure 5.30 shows the dot plot of cells
stained with propidium iodide (DNA content, horizontal axis) and FITC labelled
secondary antibody (BrdU, vertical axis). Four regions are highlighted on the dot plot.
The red box, R1, contains the BrdU positive cell population. Any cells counted which are
outside the R1 area have not been positively stained with BrdU and are not used for the
analysis of cell phases. The blue box, R2, contains those cells which are BrdU positive
and have a singular DNA content representative of cells in the G1 phase of the cell
cycle. The orange box, R3, contains those cells which are BrdU positive and are
currently synthesising DNA and is representative of those cells in the S phase of the cell
cycle. As there is a second copy of the DNA being synthesised, there is an increased
amount of binding to the Pl leading to the shift. The green box, R4, contains those cells
which are BrdU positive and have twice the DNA content of cells in R2 which represents
those cells in both G2 and M phases of the cell cycle. In the G2/M phase, the cells have
two sets of DNA so a much higher DNA content in comparison which allows to

distinguish between the different cells in different phases.

The primary findings that can be seen from Figure 5.30 is the number of cells which are
being counted within each cell cycle. For example, in C.L. 25 %, fewer cells are in the
cell cycle compared to the control. This is because the treatment being carried out
pushes many of the cells into apoptosis and causes a significant amount of cell death
causing the cells to not cycle. With a harsh treatment, most of the cells will be going
through the programmed cell death cycle and enter apoptosis. This is further supported
from the previous apoptosis experiments in 5.6.4. In the cell cycle data where the
plastics were not inherently toxic to the plastics, there is an increased amount of

positively stained cells that can be analysed.

There is a visible trend from Table 5.12 and Figure 5.29, where the treatments that do
not push the cells to a high amount of apoptosis, leads to a major increase in the cells in
the G2/M phase. The two main phases of the cell cycle are the S phase, DNA synthesis,
and M phase, mitosis cell division. As the treatments may be causing damage to the
DNA, before the cells go into mitosis and split into two daughter cells and move to G1,
the cells are trying to repair the damaged DNA to ensure the damage is not carried into
the daughter cells to avoid a mutation in the DNA and to the cells. There is a trend with
the C.L plastic from 12.5 % to 0.75 % that shows an increase in cells in the G2/M phase.

This is most likely due to less cells being push to necrosis. The plastics could interact
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with specific proteins within the cells, leading to epigenetic changes within the DNA. At
this stage, the exact interactions of the different plastics within the cell are unknown and
the mechanism for DNA damage needs further investigation. With all plastics indicating
DNA damage is caused, the raw PS, which was not toxic to the cells and only increased
apoptosis slightly in comparison to the control has the highest percentage of cell that
were in the G2/M phase. This suggests that polystyrene NPs causes DNA damage and
the processed C.L is toxic and DNA damaging leading to high concerns about plastic
pollution and the damage it will cause to human health. Likewise, PP that also increased
apoptosis rates and has an increased amount of cells in the G2/M suggests that DNA
damage is being caused and that the toxicity and apoptosis rates found during cell
viability and apoptosis quantification are due to the DNA damage being caused. Even
PMMA, which seemed to have little to no effect on cell viability and apoptosis rates had
an increased amount of cells in the G2/M phase. To further analyse how the damage is
being caused to the cells, using fluorescent plastic NPs to analyse where the plastic
NPs localise within the cells to further understand how the damage is caused to propose

a mechanism for the damage.

This preliminary data with the one time point of 6 hours treatment indicates that there is
some form of damage to the DNA caused with an elevated G2/M phase. To identify how
the cells are cycling and repairing from the treatment a 24-48 hour time period is
required, taking measurements every 2 hours. This would provide a significant amount
of detail on the time it takes for the cells to repair the damage before entering mitosis

and if there are any prolong effects from the treatment.

Table 5.12: Average percentage of cells in different phases of cell cycle.

Percentage of gated cells

Control C.L12.5% C.L6.25% C.L3.13% C.L1.5% C.L0.75% RawPS PMMA PE PP

Gl 29.77 30.98 30.99 28.29 28.82 25.50 29.82 34.87 2649 31.10

S 38.10 32.40 31.41 29.68 30.54 33.76 27.09 28.48 36.03 29.74

G2/M 32.13 36.62 37.61 42.02 40.64 40.74 43.09 36.66 37.48 39.17
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Figure 5.29: Percentage distribution of cells in each phase of the cell cycle.

(Percentages taken from Table 5.12 to display the percentages visually for comparison)
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Figure 5.30: Cell cycle analysis of MRC-5 cells with different treatments.
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5.6.6 DNA damage measurement of MRC-5 cells from plastic NP treatment.

DNA comprises four bases: adenine, cytosine, guanine and thymine. One or more of
these bases may undergo mutation due to radiation or chemical exposure (Ackerman et
al. 2018). There are multiple different types of DNA damage from DNA strand breaks,
oxidative damage, alkylation of the bases, base loss and bulky adduct formation
(Carusillo et al. 2020). In this experiment, the focus was based around DNA strand
breaks, and more specifically double strand breaks as these are the most challenging
for the cells to repair. It is essential to know what damage plastic pollution could cause
to living organisms. If plastic NPs lead to DNA damage, most of the time, the cells will
be able to recover due to the proteins within the cell inducing repair. However, if DNA
damage occurs to a gene that is responsible for the DNA repair protein, the cells
capability to recover will be significantly reduced, and the damaged cells will continue to
replicate, which can lead to cancerous cells / tumours forming (Prabhu et al. 2024). The
primary concern when dealing with plastics is the toxic additives that are added to them.
Two of the main potential culprits are bisphenyl A and phthalates which have indicated

causing DNA damage (Ackerman et al. 2018).

Very little research has currently tried to identify the damage that nanoplastics could
cause to the different cell types and if this could increase the chance of cancerous cell
buildup. To study this, plastic treatment is carried out on the MRC-5 cell line and the
number of foci produced due to the treatment are counted. Foci is a signal when double-
strand breaks have occurred within the DNA and the number of the foci reflects the
numbers of the DNA double strand breaks. It can indicate the extent of damage being
caused. When DNA is damaged, leading to double-strand breaks, it releases the protein
y-H2AX.

A foci experiment was carried out to indicate the possible DNA damage caused by
plastics and compared to a control to understand the effects of different plastics. The
foci experiment is only a surrogate measure for DNA damage as DNA damage
signalling and foci dynamics to signify double-strand breaks are entirely different
depending on the chromatin modifiers (Langlois et al. 2015). Therefore, to conclusively
confirm the presence of double-strand breaks and DNA damage, pulse-field gel
experiments are imperative. These experiments will provide the necessary data to
confirm the extent of DNA damage. Nevertheless, even without a pulse field gel analysis
the data provides the evidence that DNA double strand breaks are very likely produced

by plastic NPs and the signalling cascades to detect DNA damage are activated.
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In Figure 5.31, the mean number of foci from three independent experiments was
counted and compared to each other to understand the difference in foci signal. In
Figure 5.32, the foci images were taken to show how the cells appear after the
treatment. The number of foci within higher concentrations of the coffee lid is evident at
25 % down to 1.5 %. At 0.75 %, there is still a small difference, but it is closer to the

control sample. In all plastic-treated samples, double-strand breaks are increased.

Figure 5.31 — Control, there are very few Foci within the cells, with most cells having
between 0-5 foci. A positive control was carried out to ensure the methodology and
process worked as expected. In this case, 1 Gy of radiation was used that should
produce 25-30 double-strand breaks per cell. Within Figure 5.31 — PC, there is a range
of foci in the expected region with most of the cells having between 20-30 foci. There is
a slightly broader range here with cells having 16-20 foci because as soon as the cells
have been radiated, the cells will work immediately to start repairing the damage

caused.

All the plastic treatments lead to an increased number of foci compared to the control,
which suggests that due to the plastics being small enough, they migrate towards the
nucleus, which potentially causes DNA damage. Even the plastics that did not affect the
cell viability and lower apoptosis, such as PMMA and the raw PS, lead to a higher
number of foci in the ranges of 6-15 foci. The more harmful treatments, as seen in
Figure 5.31 — C.L 25 %, there is an increased number of foci again, with a shift in the

histogram to the higher number of foci per cell.

The coffee lid is compared to the raw PS where both the plastic and the additives are
causing the foci signal with the additives further adding to the DNA damage. The NPs
are of a similar size and both the PS NPs and the additives appear to be reaching the
nucleus. This is further supported by the cell cycle data that some form of damage or
inhibition is caused by the plastics, leading to cells stuck in the G2/M phase for longer.
Further investigation and analysis are required to understand and propose a mechanism

for the DNA damage and what is occurring within the cell post-DNA damage.
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Figure 5.32: Microscope images at 20 x magnification to display possible DNA double

PMMA

strand breaks in MRC-5 cells from different plastic NP treatments. (Arrows used to

indicate how the foci appears within a cell)
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5.7

Conclusion

Overall, this chapter has covered a significant amount of detail and characterised
the critical biological response parameters of the exposure to the NPs made from
the raw PS in comparison to the PS coffee lid. It is well known that during the
manufacturing of plastics, different types of additives are incorporated into the
plastic to optimise and improve its properties for the desired use. For instance,
phthalates or phthalic acid esters are often added to increase flexibility, making the
plastic more suitable for its purpose (Chen et al. 2021). TiO2 has been used to
increase the heat resistance and as a colourant to improve its properties in plastics
(Gojznikar et al. 2022).

Recently, there have been concerns about plastic pollution, the degradation of these
plastics into micro and nanoparticles, and the damage caused to all organisms.
However, the additives included within these plastics are of concern due to the high
toxicity, which would also break down and contribute to pollution. A requirement for
manufacturers to look for more bio-friendly additives that can still achieve the same
performance as these toxic additives without the negative impact. This pushes
towards the need for bioplastics, which will degrade much more rapidly in

comparison to petroleum-based plastics.

Adding to the urgency of the situation, there has been a surprising lack of research
into the potential effects of different types of plastic micro and nanoparticles on
various relevant biological models. This is a critical area that requires immediate
attention and further investigation. Rubio et al. 2020 evaluated what 50 nm PS NPs
did to Raji-B, TK6 and THP-1 cells and assessed cytotoxicity, cellular uptake,
reactive oxygen species (ROS) production, and genotoxicity. But, an in-depth study
has yet to evaluate a range of the most common plastic pollution and the damage

caused.

In this case, it has been displayed that PS and PMMA NPs can be synthesised with
narrow size distribution and uniform shape using a dissolution and precipitation
process. There has been exciting preliminary cell biology testing with the PS coffee
lid, which has caused significant damage and toxicity towards MRC-5 cells
compared to raw PS, potentially due to the TiO2 additive. It is unlikely that the
CaCOs, with a high content within the coffee lid, would cause any significant effect
as the cells readily use COg3 as a buffer. The cell viability for the coffee lid is less

than 10 % compared to the raw polystyrene viability of just under 90 %. This is the
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case with the cryogenically milled coffee lid, which has a range of sizes from large
microns to nanoparticles that also significantly affected cell viability. This shows that
there is something within the plastic causing cell toxicity rather than a chemical
byproduct from the synthesis. There is a drop in viability when PP was used as the
treatment to 72 %. The foci experiment to look at DNA damage is of high concern as
all plastic treatments showed an elevated amount of double strand breaks in
comparison to the control suggesting that all plastics, no matter the toxicity, are

internalised and cause damage and inhibition to the DNA.

An in-depth study is required to develop this research further to understand the
mechanism and process of what occurs with the cells when encountering plastic
NPs. Pulse field gel experiment to identify the DNA damage caused should be a
focus of future research and whether other alterations within the cell are occurring.
Whether it is double-strand breaks, single-strand breaks or interactions with the
proteins within the DNA. It would be beneficial to carry out a long-term study on cells
treated with plastic particles and the recovery/changes that occur to the cells over

an extended period to identify long-term health effects.

To further understand the damage caused by cell viability, a seahorse experiment,
which allows the monitoring of oxidative respiration in real time, to look at the
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) would
be interesting to see how the reactive oxygen species (ROS) increases with different
plastic treatments. This could give more information and a further study to be carried
out around the mitochondria and the mechanism of the cell, whether it is damage to
the cell membrane or interactions within the cell between the organic plastic material
and the cells. Another interesting study would entail exclusively using cryogenically
milled samples to understand whether the size is the critical factor in the uptake of
the particles and if the amorphous structure of the cryo-milled particles changes the

cell viability and uptake rate.
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Chapter 6 — Conclusion and Future Work
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6.1

Conclusion

Overall, this study covers two different topics centred around nanoparticles that can
impact human health. Chapters 3 and 4 focuses on how nanoparticles can be used
positively and synthesised for the treatment of radioresistant glioblastomas via the
technique NCT. The research on this topic tries to bridge the gap by synthesising an
effective nanoparticle that can be delivered effectively to the desired tumour. The
research chapters try to develop the current synthesis techniques and improve boron
incorporation significantly to increase the efficacy of the NPs for cancer treatment.
Further research can be carried out to optimise the shell formation and begin biological
testing. There is currently no published research that tries to synthesise a core-shell
structure NP that contains a boron core and gold shell. This is likely due to the
challenges faced during the synthesis to obtain the required structure. This research
was required as upon diagnosis, patients expected to survive longer than one year is
17.7 %. By testing both aqueous and non-aqueous conditions, advancements were
made on the synthesis of an enriched boron core and the key parameters for the
synthesis of a gold shell around focusing around the temperature drop when adding the

gold ion solution into the synthesised core.

The second part of this research focuses on the negative impact of NPs and the effect
plastic NPs could have on living organisms. It was discussed the need to move away
from single-use plastics, and the typical additives that have been found to be highly toxic
towards cells. Many common waste plastics were tested on MRC-5 fibroblast cells,
which could encounter these plastic NPs in the environment such as raw PS and
processed PS, PE, PP and PMMA. Preliminary biological studies were carried out to
examine the possible DNA damage and the cytotoxicity of common waste plastics
towards MRC-5 cells. The research attempts to quantify the damage caused by the
nanoplastics in the range of 50-100 nm that are small enough interact with DNA. It was
found from the testing that the additives used in process plastics to improve the
properties for the desired use may be more harmful than the plastic NPs. All the plastics
which were trialled displayed that DNA damage was being caused even though not all

plastics were inherently toxic to the cells.

Both sets of research try to bridge the gap of using NPs for a positive life changing
cancer treatment and also how NPs can be very detrimental to the environment and
human health. Research into NPs needs to continue to harness the power of NPs for

positive effects to all industries. The work carried out in this thesis only scrapes the
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surface on what can be done and shows further advancements upon this research will
lead to groundbreaking advancements in the field of nanoscience. This research needs
to be continued to further develop the synthesis procedure for the core-shell NPs for
glioblastomas and also further advanced biological experiments to understand the long

term effect of the plastic NP pollution can have to human health.

Final remarks — Synthesis of Fe-B@Au via aqueous and non-agueous techniques

In this thesis, two techniques were tested to synthesise core-shell nanoparticles
composed of an iron-boron core and a gold shell. This research is pivotal as there is a
gap in research to tackle glioblastomas. This very radioresistant cancerous cell, typical
chemotherapy treatments are ineffective and causes more damage to healthy cells
around the tumour than the cancerous cells themselves (Ali et al. 2020). The
advancement in treatments around NCT has not advanced and been at the forefront of
research due to the challenges in synthesising the particles required for the treatment.
This is necessary to combat the deadly disease that is currently a death sentence upon
diagnosis. These trimetallic NPs have the potential to be developed into a very targeted
cancer treatment using a targeting peptide to locate the glioblastoma and deliver the

dose of boron that is needed to kill the cancerous cells.

Research has been carried out to synthesise Fe@Au core-shell NPs for various uses
(lancu et al. 2020), (Kayal et al. 2010) (Li et al. 2019). To turn this commonly used
Fe@Au bimetallic nanoparticle into a particle that can be used for boron neutron capture
therapy (BNCT) nanotherapeutic drug, '®boron needs to be incorporated into the core.
This specific elemental composition has several potential medical applications, the
principal being a vehicle for targeted magnetic delivery of °boron to tumour cells for
using a targeting peptide. The BNCT is a promising experimental radiotherapy
technique for treating non-responsive tumours with inferior prognoses (e.g.
glioblastomas). Nevertheless, a wider application of BNCT has been hampered by a
lack of methodology for sufficiently loading tumour tissues with boron atoms - a critical

prerequisite for a successful therapeutic outcome.

Within this research, we have attempted to tackle this problem and displayed how a vast
amount of boron can be incorporated into the iron core during synthesis by using a
borohydride source, such as sodium borohydride, as a reducing agent and source of
boron. Many critical factors in using non-aqueous techniques and aqueous reverse
micelle methods significantly influence the amount of boron incorporation. The critical

factor found was the irons ionic state. When using FeClz compared to FeCl,, there was
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a boron/iron ratio of 0.91 compared to 0.32. This is due to the need for more
borohydride ions to reduce the iron leading to the synthesis of more boron that can be
incorporated into the core. The rate of addition of the reducing agent also plays a critical
factor in the amount of incorporated boron with rapid addition leading to crystalline iron
particles and slow addition leading to amorphous Fe-B particles. In both the research
chapter 3, non-aqueous techniques, and chapter 4, aqueous techniques, the process
variables were optimised to increase the amount of boron incorporated. However, the
non-aqueous technique was incorporates a significant more boron than the aqueous
technique with 0.91 B/Fe ratio in comparison to 0.34. This was due to absence of water
in the non-aqueous technique, there was not the immediate reduction that occurs with
the presence of water leading to a complex forming of Fe(BH.); that broke down and

reduced the Fe upon heating.

This thesis also tried to tackle the challenges of seeding gold on top of the Fe-B core.
Due to the significant difference in lattice structure, a major energy barrier exists to force
gold shell formation. Two different techniques were trialled: Redox-transmetalation, less
regularly reported in the literature, showed significant promise by using the iron core as
the reducing agent for gold ions, causing the reduction of Au®*to occur at the surface of
the iron surface. As the Fe was not required for NCT, it was used as a sacrificial layer to
reduce the gold and force the gold ions to seed at the surface of the core material to
overcome the lattice mismatch. This research led to partial core-shell structures, which
can be further developed into complete shells. Very interesting STEM analysis coupled
with EDX showed core-shell structure formation but with gaps in the shell. The process
was highly effective in forming a shell around the core when a rapid temperature drop
was used by injecting rapidly a chilled gold solution at 4 °C into a heated core solution at
125 °C that produced gold nanoseeds but supressed homonucleation and promoted
hetronucleation. The reverse micelle process, heavily reported in the literature for
synthesising Fe@Au nanoparticles, did not show successful results. Many process
variables were missing from the methodology so an attempt was made to try and
establish the parameters of the process to have an in depth process that could be used
to progress research further with. The method did not show any clear core-shell
structure and predominately two separate distributions of gold and iron-boron NPs.
However, when coupling the reverse micelle with redox-transmetalation led to more
positive results where one experiment magnetic particles were present after acid
washing suggesting some protection from the gold was present to avoid the core rapidly
digesting in the acid solution. However, TEM, STEM and EDX analysis did not display
any clear core-shell structures that would identify that the process was successful. It
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was challenging to identify whether there was core-shell structures from the STEM
analysis as false positives were found in the HAADF analysis whereby a darker core
and brighter shell was present which would usually indicate that core-shell structures
with a lower Z number core, indicating Fe and B and a higher Z shell such as gold.

However, EDX showed that these particles were just gold NPs.

Future work to be conducted.

This research has made significant advancements in boron incorporation and the
formation of a gold shell around a Fe-B core. Out of the two methods tested, the redox-
transmetalation process has shown more promising results. The future work should be
focused on the seeding of the Au on the Fe-B core. While partial shells have been
achieved, further research is needed to address key factors such as the rapid addition of
Au solution to the Fe-B core solution and the temperature of both solutions upon
addition to promote shell formation. These factors are crucial in achieving a specific
temperature drop that inhibits homonucleation and promotes hetronucleation. Additional
tests are required to use chilled gold solutions and measure the temperature drop to

achieve the desired complete core-shell structure.

Upon this further research and the formation of the complete core-shell structure, cell
biology can commence testing for cell toxicity, which should be low due to the gold shell
around the core material, followed by neutron capture therapy experiments to see if the
dose of radiation released matches what has been found in the literature. Once the
proof of concept has been shown, the targeting peptide can be added to the particles to
test whether the particles can find the necessary cells for the cancer treatment and if
enough radiation is released to kill the cells.

In terms of further optimising around the chemistry, for the BNCT, a source of '°B is
required to deliver the toxic dose of radiation. '°B is only 20 % of the abundance of
naturally occurring B. In this case, optimisation around '°B enrichment would be

required to make the particles more effective for the desired use.

Final remarks — Synthesis of plastic nanoparticles and the damage caused to cells.

Some of the most common plastics were chemically synthesised into nanoparticles to
test the toxicity and DNA damage on MRC-5 cells to mimic the damage that these
plastics cause in the environment to different organisms. Through a comprehensive
analytical study of raw polystyrene and a polystyrene coffee lid, there are further
concerns with common plastic waste, and most significantly with single-use plastics.

Additives are used within plastics to improve the properties of the plastic for the desired
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use. Phthalates or phthalic acid esters are often added to increase flexibility, making the
plastic more suitable for its purpose. (Chen et al. 2021). One of the additives found in
the coffee lid was a small amount of TiO; that is toxic towards cells (Podporska-Carroll
et al. 2015). In most cases, TiO- is added to plastics to improve their thermal properties.
However, in plastic degradation and contamination of the environment, it is not just the
plastic micro and nanoparticles that need to be considered as the additives also break

down and released into the environment.

It was found that the coffee lid was of significant concern. When compared to all other
plastics, PMMA, raw PS, PE and PP, the coffee lid nanoparticles were highly toxic, and
the cell viability of the cells was almost zero. To ensure no chemical waste was left over
that was causing the damage, cryo milling was carried out to mechanical synthesise
micro and nanoplastics that were also tested on cells, and the viability was also

significantly low compared to the other plastics.

The characterisation suggested that the plastic particles contained TiO» which added to
the low cell viability. The most intriguing and of high concern results was the possible
DNA damage that could be caused to the cells from the plastic testing. Although not all
plastics are cytotoxic from the foci experiment, indicated double strand breaks within the
cells. This suggests that the plastics are entering the cells and causing damage within
the nucleus of the cell. This is further indicated within the cell cycle analysis. After 6
hours of treatment, the cells appear to remain in the G2/M phase longer than the control
indicating damage has been caused to the DNA, and the cells are repairing the damage
before entering mitosis.

The data collected from this study underscores the need for a more in-depth
investigation into the effects of plastic particles. This should be the impetus for a shift
from single-use petroleum-based plastics to more environmentally friendly and
biodegradable alternatives. Further research into less toxic additives for plastics is also
warranted to provide a safer solution for both the environment and human health while

maintaining the properties of the plastic.

Future work to be conducted.
With the findings in this chapter, a vast amount of research could be carried out

depending on the target of the study to propose a mechanism for the damage being

caused.

Initially, to find out where the particles aggregate within the cells, it would be beneficial

and practical to fluorescently tag the particles so that when analysing via fluorescent
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microscope, it would be possible to see the distribution of the particles within the cell.
This would indicate how the particles are up taken by the cell. It would be effective to
analyse the cells on a time basis to understand how the particles move with time and

how the damage increases with time.

There is a lot of promising data focusing on DNA damage, and the work carried out in
Chapter 5 has laid the foundations for a more detailed and significant study in this area.
Foci experiments are a surrogate measure for DNA damage. However, to conclusively
determine the DNA damage, further tests are required with a pulse field gel experiment,
which can identify the type of DNA damage caused, whether it is double strand breaks,

single strand breaks or interactions with the bases of the DNA.

A more detailed study of the cell cycle analysis is required. As only one time point has
been chosen, it only shows a small amount of detail around what the plastic
nanoparticles cause to the cells. However, a study over a 24 - 48 hour time period is
required to exactly see how the cells are cycling through the different phases. By doing
it over a longer period, a comparison of which stage of the cell cycle the cells reside in
and for what period after treatment. This would show how long the potential DNA

damage takes to repair before moving into the next phase of the cell cycle.

For further studies not around DNA damage, there is a vast potential for new
discoveries. Research could be carried out around the uptake of the particles across the
mitochondria and what sort of damage is caused across this border. An investigation
around Reactive Oxygen Species (ROS) and if, due to the treatment, there are elevated
levels of ROS is a possible cause for the higher levels of apoptosis or simultaneously
due to uptake but also the DNA damage. Work in this area could lead to exciting new
findings and significantly advance our understanding of cellular biology and

nanotechnology based around nanoplastics.

Repeating the experimentation with mechanically synthesised plastics to simulate
further how organisms would come into contact with these particles in the environment
would be beneficial. The plastics used for these tests have been synthesised chemically
and formed spherical particles. However, the particles will undergo a series of
mechanical processes in the environment, leading to amorphous-shaped plastics. This
would make for an interesting study to see if the toxicity or DNA damage would change
when the morphology of the particles changes and if this would affect the uptake of the

particles by the cells.
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