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Abstract

Nanotheranostics, an emerging field which encompasses nanotechnology used
theranostically, is the combination of diagnostics and therapeutic techniques. It exploits the
unique properties of nanoparticles, particularly large surface area to volume ratio, optical and
magnetic properties, low melting point and mechanical strength. Theranostic strategies have
shown potential in monitoring targeted delivery of drugs. In this thesis, carbon dots were
combined with the layer-by-layer (LBL) technique to create a platform for drug delivery that
could be easily tracked via fluorescent imaging. This type of treatment has the potential to be
less harsh and more effective than current treatments, such as chemo and radiotherapy which
have very extreme side effects including pain, nausea, and hair loss. Specifically, carbon dots
(synthesised from renewable and sustainable sources e.g. spent coffee ground, a food waste)
are nanoparticles that have interesting physical and optical properties that make them a good
candidate for fluorescent bioimaging, replacing conventional toxic, metal-based
nanomaterials, whereas the LBL technique applies layers of alternately charged
polyelectrolytes by self-assembly to create a thin film or nanocapsules. The technique is

cheap, simple and has a high degree of control over layer size.

Carbon dot (CD) syntheses were performed using hydrothermal processes with conventional
and microwave assisted heating approaches. Hydrothermal processes are simple and non-
hazardous using water as a process medium at subcritical conditions (180 and 300 °C, with
corresponding pressures 10-88 bar) to synthesise CDs as they are simple to operate and do
not require further modification steps. The effects of synthesising conditions such as pH, types
of catalysts, ratio of feedstock material and water, reaction time and temperature on
properties of CDs were examined. The surface properties of CDs were characterised with
Fourier transform infrared (FT-IR) spectroscopy and X-Ray photoelectron spectroscopy (XPS).
The results showed that the CDs had an increased ratio of oxygen (40-70%) against carbon and
nitrogen, when compared to starting spent coffee grounds (~10%). This is due to the
introduction of oxygen-containing functional groups to the surface of the carbon dots such as
carboxylic acid and alcohol. The size of the CDs was between 1 and 14nm and was correlated
with reaction conditions such as retention time and catalyst choice. Regardless of synthesising
conditions, the CDs showed blue emissions between 300 and 450nm with UV (ultraviolet)
excitation energies 250-300nm and quantum yields up to 13%. The CDs that were synthesised

in tannic acid and aqueous conditions were chosen for biocompatibility testing (PrestoBlue),



using fibroblast cells. The dots synthesised using aqueous conditions showed at least 80% cell
viability with the highest concentration of 1mg/ml. These CDs are suitable for application in

this work as imaging agents due to their optical properties and biocompatibility.

For the development of the nanocapsule, calcium phosphate nanoparticles were chosen as a
template because they are simple to synthesise and have a charged surface, meaning that
they are easy to functionalise with a LBL technique (involving stacking layers of
polyelectrolytes with alternating charges). This technique can be done in aqueous conditions
at atmospheric temperature and pressure. The dipping technique was applied because it is
fast and requires no specialised equipment. Initially LBL capsules were created using
polyethyleneimine as the first layer followed by the main polyelectrolytes using renewable,
non-toxic chitosan and alginate. The transmission electron microscopy (TEM), FT-IR and XPS
showed the use of sodium acetate buffer partially dissolved the calcium phosphate core and
destabilised the layers. Cell tests against Saos-2 and U20S cell lines showed little therapeutic
effect and encapsulation efficiency tests showed that drug encapsulation was unsuccessful,
however incorporation of carbon dots into the layers showed potential in photoluminescence
spectroscopy with a 380% increase in photoluminescence intensity when compared against
nanoparticles with no carbon dots. A second LBL synthesis was attempted on poly(allylamine
hydrochloride) (PAH) functionalised calcium phosphate nanoparticles using aqueous
conditions and chitosan and chondroitin sulphate as the polyelectrolyte layers. These devices
performed well in terms of drug encapsulation, release, and in-vitro cell tests against Saos-2
and U20S cell lines where the nanoparticles showed particular therapeutic effect against
Saos-2 cells. Incorporation of carbon dots had little detrimental effect on the performance of
the particles further suggesting that the combination of carbon dots and the LBL technique

should be a candidate for future research for the nanotheranostic treatment of osteosarcoma.
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Chapter 1. Introduction
1.1 Background

Osteosarcoma is a type of bone cancer that most commonly effects children and teenagers.
Prognosis and treatment options of osteosarcoma depends upon the timeframe of diagnosis,
tumour placement and age of patient (ACS, 2020). The main treatment options include
surgery, radiotherapy and chemotherapy. Most treatments are used in combination and have
significant side effects and life altering consequences, for example surgery can include
amputation (MayoClinic, 2023). The biggest challenges in treating osteosarcoma are
resistance to chemotherapy and lung metastasis (Gaspar et al., 2018; Mohr et al., 2024). New
and more targeted treatments may help to address these issues. Such as, immunotherapy
which uses the body’s immune system to fight primary osteosarcoma and its metastasis (Yifan
et al., 2020) that can work alongside or without chemotherapy, examples of which are

immunomodaulation, vaccination, and precision medicine (Rajiv Supra, 2023).

Nanotheranostics is relatively new research area that has potential for developing treatments
for cancer. Nanotheranostics involves the use of nanoparticles to deliver imaging and
therapeutic agents directly to cancer cells (Ladju RB, 2022). This allows for earlier and more
accurate diagnosis of cancer and allows treatments to be targeted to specific cancer cells and
could minimise the side effects on healthy tissues (Chavda et al., 2023). One major challenge
in the field of nanotheranostics is the development of nanoparticles that can be safely used in
humans. These nanoparticles need to be non-toxic and bypass biological barriers, so they
aren’t cleared from the body before they have had a therapeutic effect. (Kievit and Zhang
2011). Some of the most promising nanoparticles being developed for cancer
nanotheranostics include liposomes, dendrimers, gold nanoparticles, and iron oxide

nanoparticles (Mitchell et al., 2021).

There a few examples of research being conducted for the treatment of osteosarcoma using
nanotheranostic methods. For example, Kong et al (Kong et al., 2022) developed
multifunctional nanotheranostic device for diagnosing and treating osteosarcoma and
associated osteolysis. The device was a dual peptide-engineered gadolinium-doped
polydopamine particle. The peptides used were the D8 peptide, which facilitated bone
targeting, and the RGD2 peptide which enabled inhibition of osteoclasts and tumour

targeting. Additionally, the Gd doped polydopamine particle scaffold allowed for tumour



imaging via a combination of magnetic resonance and photo acoustic imaging modalities.
The device effectively suppressed the growth of bone tumours and associated osteolysis in
an osteosarcoma model. These findings present a promising nanoplatform for the treatment
of malignant bone tumours and tumour-induced osteolysis. However, the use of gadolinium
ions is concerning since they are highly toxic within mammals (Davies et al., 2022). It was
shown in this research that the device and some larger components are biocompatible and
do not show a toxic effect in mice models. This is positive; however, it is not outlined by the
researchers how this system is expected to be metabolised and cleared from the body, or
how stable these nanoparticles are. These concerns would need to be fully addressed before
clinical use as release of gadolinium ions into the body could cause toxicity and other health
problems. Creating a device from non-toxic and biocompatible materials would mitigate

these kinds of issues.

Stability and release of metal ions was analysed by Cipreste et al. (Cipreste et al., 2018)
when they developed hydroxyapatite/tenorite (CuO) nanocomposites as a potential
theranostic system for osteosarcoma. They found that CuO crystallites can grow with
hydroxyapatite crystallites to form a bi-phase nanocomposite with theranostic properties.
XPS analysis and stability assays revealed that hydroxyapatite-CuO is stable, with no release
of copper or CuO from the matrix. Functionalisation with folic acid resulted in a stable
interaction, enhancing its potential for targeted osteosarcoma treatment. It was shown that
neutron activation enabled production of ®*Cu suggesting that the activated and folic acid
functionalised device could be used for the theranostic treatment of osteosarcoma and
diagnosis through the release of radiation and drugs. This is a good premise for a
nanotheranostic device to treat osteosarcoma, however this paper does not outline any
evaluation of this, just a detailed suggestion of application for the material. To validate this
potential, cell tests, evaluating the effectiveness of both the drug and radiation release for

imaging and therapeutic effect need to be conducted.

A more thorough investigation was conducted by Martins et al. (Martins et al., 2024), they
outlined the synthesis of multifunctional platforms that combined polymetric nanoparticles
with a superparamagnetic iron oxide nanoparticles and curcumin. The synthesised devices
exhibited superparamagnetic behaviour at room temperature and were capable of magnetic

hyperthermia applications. These devices also demonstrated a high fluorescence intensity in



the blue/green region, which persisted with internalisation in human osteosarcoma cells
(OSAS2). They also show remarkable biocompatibility, with no observed cell toxicity. Given
their demonstrated superparamagnetic behaviour, high fluorescence intensity, and excellent
biocompatibility, the devices hold promising potential as versatile tools for cell tracking and
as platforms in nanotheranostics. This paper is a great example of a nanotheranostic device
to treat and diagnose osteosarcoma. The authors were very thorough in analysing both the
optical and magnetic properties of the device, both are which are needed to properly
investigate the potential for use in application, this is the sort of investigation that will be
conducted in this thesis. However, some of materials used in fabrication have some toxicity
and could potentially cause harm once the device is metabolised by the body. For example,
it was found that superparamagnetic iron oxide nanoparticles have the potential for toxicity
(Singh et al., 2010). To properly negotiate the limitations of nanotheranostics in relation to

potential toxicity, it is best to use components that are biocompatible to minimise this risk.

This project investigates the use of carbon dots produced from biomass, e.g. from spent
coffee grounds, in conjunction with a LBL capsule fabricated from natural polymers and
calcium phosphate nanoparticle templates chosen for their biocompatibility (Elizarova &
Luckham, 2016; Urch et al., 2009). Synthesised CDs will be incorporated into the
nanocapsules along with anticancer drugs to create a device which will be tested against
osteosarcoma cell lines to investigate its efficiency as a nanotheranostic agent. Currently
there is no literature on using CDs in conjunction with the LBL technique to create a

nanotheranostic device for cancer imaging and treatment.

Carbon dots (CDs) have potential in nanotheranostics as an imaging agent. They are carbon
nanoparticles that are smaller than 10nm and have either a graphitic or amorphous structure
(Das et al., 2018). They have strong photoluminescence, tuneable emission wavelength, high
solubility, and biocompatibility, making them suitable for application in bioimaging (Namdari
et al., 2017; Zuo et al., 2016). The mechanism for their photoluminescence is not fully
understood but it has been suggested that it originates from the quantum confinement effect,

edge effects, surface defects and passivation of emissive traps (Namdari et al., 2017).

CDs can be synthesised via "top-down" and "bottom-up" approaches. Top-down methods

involve reducing a larger material down to a nanoparticle using harsh chemicals but result in



higher yield, while bottom-up methods use smaller building blocks to create a nanoparticle
(Zuo et al., 2016) and offer more control over size and morphology but can be more complex
and time-consuming (Abbas et al., 2018). There have been numerous studies outlining the
synthesis of CDs using biomass as a carbon source because of its advantages over lab bought
chemicals such as reduced cost, greener synthesis, and increased biocompatibility (Tejwan et
al., 2019) (Radnia et al., 2020). Although CDs have great potential for application in imaging
there are still limitations to address including low quantum yield (QY) (Song et al., 2019) low
production yield (Park et al.,, 2014) and lack of understanding of photoluminescent

mechanisms (Namdari et al., 2017).

The layer-by-layer (LBL) technique has potential for use in nanotheranostics as a drug delivery
method. The technique is a method for building up thin films with precise control over their
thickness and composition by alternately depositing oppositely charged materials onto a
substrate forming a thin film by self-assembly (Lipton et al., 2020). The technique is simple
and inexpensive and can be carried out in ambient temperature and pressure (Diez-Pascual &
Rahdar, 2022). A wide range of materials can be used in LBL films and different materials will
impart different properties onto films and can be tuned by adjusting the number of layers,
concentration of solutions, or other fabrication conditions (Elizarova & Luckham, 2018).
Polyelectrolytes are one of the most used materials in LBL films. They are macromolecules
with charged groups along their chains, making them suitable for electrostatic interactions.
Choosing polyelectrolytes that are derived from nature is advantageous because they are
renewable and biocompatible and have application in biomedical application (Criado-
Gonzalez et al., 2021; Wohl & Engbersen, 2012). However, selection of polymers must be done
carefully, as even though naturally occurring polyelectrolytes are biocompatible, they can still

invoke immune responses from cell systems (Tripathi et al., 2023).

The LBL deposition method offers a diverse range of drug delivery. LBL coatings improve the
colloidal stability of nanoparticles, making them suitable for in-vivo administration. Core-shell
nanocapsules for drug delivery are created by depositing layers onto particulate template
cores (Caruso, 2004; Peyratout & Ddhne, 2004). The choice between templates depends on
the desired properties for loading and releasing cargo in various applications (Parakhonskiy et
al.,, 2014). Although the LBL technique is widely used, there are still gaps that need to be
addressed such as limited scalability, compatibility issues and limited control over therapeutic

release.



1.2 Impact

The impact of this research is wide reaching and touches several areas of research, as outlined
above. This project has significant impact on the field of nanotheranostics because it is such a
rapidly expanding field, and this thesis will be a significant addition to the current research
with a device utilizing the functionalisation of natural polymer LBL capsules with biomass-

based CDs. A combination of materials that has not been extensively researched previously.

The project overall will have an impact on scientists working within the fields of CDs and the
LBL technique as this project provides perspectives and valuable insight in the suitability and

refinement of these techniques for the purposes of nanotheranostics.

This project is intended to assist future scientists develop carbon dots that are more easily
tuned to application by investigating the effect of changing synthesis parameters on the
properties of the resulting CD. This type of investigation is not always outlined in literature, as
teams usually focus on the application of the carbon dots produced by using specific

conditions.

Lastly, this project could indirectly impact the public, especially cancer patients and doctors,
because this research provides a starting point that can be further investigated in the future.
The result of this future research may allow the simultaneous diagnosis and treatment of
different tumours using nanoparticles, which would be another weapon in the arsenal that we

can use to fight cancer.

1.3 Aims and objectives.

This PhD project aims to produce a nanotheranostic device capable of drug delivery and
imaging of osteosarcoma with the combination of biomass-based CDs and the LBL technique.

The following objectives are to be carried out to achieve this goal:

1. To synthesise biomass-based CDs and investigate how changing synthesis parameters
affects the properties of CDs.
2. To investigate the fabrication of a LBL capsule using different combinations of

biocompatible polymers.



3. To create a device, using the combination of CD and the LBL technique, specifically

tailored to deliver drugs to, and image, osteosarcoma.

1.4 Thesis layout

Chapter 1 - Presents a brief background and the motivation behind this research. This chapter

also outlines the aims and impact of the research.

Chapter 2 — An in-depth review of the background literature; Osteosarcoma, the treatment of
cancer using nanotheranostics, synthesis methods, properties, and applications of CDs and

the LBL process.

Chapter 3 — The methodology related to the synthesis of CDs, LBL capsules and the analysis of

the products.
Chapter 4 — Results and discussion of the investigation of CD synthesis.

Chapter 5 — Results and discussion of the investigation of the LBL capsule synthesis on calcium

phosphate nanoparticle templates.

Chapter 6 — General discussion, conclusions of the findings of this work and a proposal of

future work related to this project.



Chapter 2. Literature review

Osteosarcoma (0S) poses a significant challenge in the realm of oncology. As researchers
strive to enhance therapeutic strategies, the intersection of nanotechnology and medicine has
paved the way for innovative approaches in the form of nanotheranostics. This burgeoning
field focuses on the development of nanoscale therapeutic and diagnostic agents, allowing for
targeted drug delivery and real-time monitoring of treatment responses. In the context of OS,
nanotheranostics holds promise for improving treatment outcomes by providing a platform

for precision medicine and minimising off-target effects.

This review introduces osteosarcoma and the current treatment methods. Then, it outlines
the field of nanotheranostics delving into how both the drug delivery and imaging sides of the
field are currently pursued paying close attention to cancer therapeutics and diagnosis, after
which the combination of techniques is investigated, and several examples are outlined and

reviewed.

Next the field of CDs is outlined. This section focuses on their photoluminescent mechanisms,
synthesis methods, functionalisation and application, paying close attention to how biomass-
based carbon dots might address some limitations currently seen in the field especially with

application of bioimaging with potential future work.

This review then focuses on the field of the LBL technique, exploring different fabrication
methods, materials and the application of the LBL technique in the context of drug delivery

with micro and nanocapsules.

Finally, this review investigates the potential for a combination of the techniques as seen in
current literature to show that there is a gap for a nanotheranostic device based on a biomass

CD functionalised LBL nanocapsule.

2.1 Background of Osteosarcoma and the current treatment strategies

Each year, 3.4 million people are diagnosed with OS (Misaghi et al., 2018) (Figure 2.1). OSis a
form of bone cancer that is particularly common in young people (NHS, 2021). Prognosis of an
OS diagnosis depends on factors such as tumour placement, stage, and the age of the patient

(ACS, 2020). The development of bone cancer is still unknown. However risk factors include;



previous exposure to radiotherapy, Paget’s bone disease (which disrupts the normal cycle of
bone renewal) and Li-Fraumeni (A rare genetic condition which presents as a fault in a gene

that prevents cancerous cell growth) (NHS, 2021).

Figure 2.1 - A) MRI Image of osteosarcoma in a knee - Case courtesy of Dr Frank
Gaillard, Radiopaedia.org, rID: 7527 (Gaillard, 2023), B) Image of a knee with

osteosarcoma digitally removed to simulate “healthy knee” for comparison.

Treatment options for bone cancer depend on the type and stage of the cancer and other

factors such as age and health. The main treatment options include (MayoClinic, 2023);

e Surgery is used to remove the entire tumour; amputation is sometimes required since
the fact that bone cancers can get very large or are in a complicated area. Surgery can
cause pain, swelling, and numbness in the affected area, and may require a long recovery

period.

e Radiation therapy uses high-powered beams of energy, such as X-rays, to kill cancer cells
prior to, after, or instead of surgery. For people with advanced bone cancer, radiation

therapy may help control signs and symptoms, such as pain.

e Chemotherapy uses strong anti-cancer drugs to kill cancer cells. It is generally not very
effective for chondrosarcoma, but it is an important part of treatment for OS and Ewing

sarcoma.

Treatment options often include a combination of techniques. Although, while effective, they
can also have significant side effects. Research is ongoing to develop new and more targeted

treatments e.g. immunotherapy (immunomodulation, vaccination and precision medicine),


https://radiopaedia.org/?lang=gb
https://radiopaedia.org/cases/osteosarcoma-distal-femur?lang=gb

which uses the body's immune system to fight cancer (Rajiv Supra, 2023). Immunomodulation
involves activating components of the innate immune system, leading to the enhancement of
natural killer cells, monocytes, and macrophages to target tumour cells , which have been
clinically trialled (Yoshida et al., 2020). The utilisation of cancer vaccines (peptides,
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and tumour antigens) has been explored
extensively to induce anti-tumour effects by stimulating the immune response within patients.
(Pollack et al., 2017). However, the effectiveness of this therapy is low due to the presence of
immunosuppressive molecules within the tumour microenvironment. Multiple approaches

need to be developed to overcome this resistance (Liu et al., 2022).

Precision medicine uses sequencing techniques to improve the understanding of OS, allowing
for comprehensive genomic analysis that can reveal crucial prognostic biomarkers and inform
personalised treatment strategies. (Morganti et al., 2019; Tirtei E, 2021). The application of
this approach to rare cancers like OS is still in its early stages with many challenges to
overcome, such as the rarity of the disease, unique technical issues related to bone tissue,

complex genomic landscape, and age distribution (Tirtei E, 2021).

Bone cancer is rare but affects children more than adults with potentially life changing or
deadly consequences. While these treatments can have significant side effects, they are
generally well-tolerated and can be effective in treating bone cancer. Ongoing research is
focused on developing new and more targeted treatments, which may further improve
outcomes for patients. One such field that may help in the treatment and diagnosis of OS is

nanotheranostics (Ravichandran & Rengan, 2020).

2.2 Nanotheranostics and cancer treatment

Nanotheranostics is an emerging field of medicine that combines the use of NPs (delivering
imaging agents) with diagnostic and therapeutic drugs for the simultaneous diagnosis and
treatment of diseases (Ladju RB, 2022). It is important in cancer treatment because (i) it allows
for earlier and more accurate diagnosis of cancer; (ii) it can improve the effectiveness of
current cancer treatments while minimizing side effects and drug usage and (iii) it can be used
to monitor the response of cancer cells to treatment (Chavda et al.,, 2023). The field of
nanotheranostics has been rapidly growing in recent years focusing on the development of

new NP-based diagnostic and therapeutic agents for a wide range of diseases including cancer



(Alshehri S, 2021). Some of the most promising NPs being developed for cancer
nanotheranostics include liposomes, dendrimers, gold NPs, and iron oxide NPs (Mitchell et al.,

2021).

2.2.1 Nanoparticle-based imaging

The utilisation of NPs in imaging applications holds significant promise for advancing cancer
diagnostics, therapeutics, and treatment management. In both biomedical research and
clinical settings, NPs can function as labels or carriers, facilitating the monitoring of drug
delivery and serving as imaging agents to enhance contrast. They contribute to improved
signal sensitivity and specificity for in-vivo imaging of molecular and cellular processes (Liu &
Grodzinski, 2021). Figure 2.2 demonstrates some imaging techniques that can utilise NPs for

the imaging of cancer. Table 2.1 compares the advantages and disadvantages.

B) Fluorescence imaging

570000
I‘ tevc0

A) Magnetic resonance imaging

L

Nanoparticle based

C) Ultrasound imaging

E) Photoacousticimaging

; imaging techniques -
. imaging niqu

D) Computed tomography

Figure 2.2 - Examples of nanoparticle-based imaging for osteosarcoma and other cancers in
tissues. Adapted from references A) - Case courtesy of Dr Frank Gaillard, Radiopaedia.org,
rID: 7527 (Gaillard, 2023), B) - (Zhou et al., 2020), C) - Case courtesy of Dr Maulik Patel,
Radiopaedia.org, rID: 67572 (Patel, 2019), D) - (Kantzos et al., 2024), E) - (Jun et al., 2011).

Fluorescence imaging is a popular technique used for imaging cells and tissues. Fluorescent

NPs such as quantum dots are often used for fluorescence imaging as they emit bright and
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stable fluorescence when excited with light. The fluorescence can be detected using a
fluorescence microscope or a confocal microscope. Fluorescence imaging is widely used in
biology and medicine for applications such as tracking cells, monitoring drug delivery, and
studying biological processes (Wolfbeis, 2015). NPs offer valuable advantages in overcoming
the potential limitations of fluorescence imaging, both by improving the properties of
currently used fluorescent dye molecules such as boosting local concentrations or fully
replacing the dyes by being engineered to minimise issues like blinking and photobleaching
effects. Consequently, there has been considerable effort invested in developing fluorescent

NP platforms (Han et al., 2019).

Magnetic resonance imaging (MRI) is a non-invasive imaging technique that provides high-
resolution images of internal structures (Dominguez, 2021) using iron oxide NPs as contrast
agents for MRI. MRI is a powerful tool in clinical medicine for diagnosing various diseases,

including cancer, cardiovascular diseases, and neurological disorders (Haris et al., 2015).

Ultrasound (US) imaging utilises sound wave to produce images of structures within the body
(Mayo-Clinic, 2023). Nano and microparticle contrast agents have enabled the diagnosis and
monitoring of pathological processes at the molecular level. Common contrast agents include
micron-sized, gas-containing microbubbles that are functionalised to selectively bind to
molecules expressed on inflamed or angiogenic vascular endothelial cells (Abou-Elkacem et

al., 2015).

Computed tomography (CT) imaging is a medical imaging technique that uses X-rays to
produce high-resolution images of internal structures using gold NPs due to their high X-ray
absorption. CT imaging is widely used in clinical medicine for diagnosing diseases such as
cancer, cardiovascular diseases, and neurological disorders (Cormode et al., 2014; Griffeth,

2005).

Photoacoustic (PA) imaging is a non-invasive imaging technique that combines the benefits
of optical and US imaging using a laser to illuminate nanoparticles, such as gold NP and carbon
nano tubes (CNTSs), inside tissue, which causes the tissue to emit US waves. These waves can
be detected by an US detector and used to create an image (Lemaster & Jokerst, 2017; L. Li et

al., 2020).
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Table 2.1 - Advantages and disadvantages of different imaging techniques (Arms et al., 2018;

Chang Xu, 2021; Pham et al., 2015)

Imaging Magnetic Fluorescence | Ultrasound Photoacoust | Computed

Modality Resonance Imaging Imaging ic Imaging Tomography
Imaging

Advantages Deep High Safe, High High contrast
penetration, sensitivity/ resolution, resolution,

resolution, Deep
High spatial penetration, | 3D imaging 3D dataset,
resolution, Non-invasive
Real-time Fast
Safety Low cost dynamic
imaging

Disadvantages | Signal decays as Light Short life and | Interference | Patient
the material bleaching, large size of | from signals | exposed to
degrades, contrast in the blood, | ionising

Limited agents radiation,
Signal intensity optical Imaging only
not linearly penetration - available Expensive
proportional to Superficial where the equipment
its concentration. | imaging, laser can required,
penetrate

Long acquisition lodinated
time and contrast
claustrophobic material

NPs (size ranging from 1 to 100 nm), have unique physical, chemical, and optical properties
that make them attractive for various biomedical applications including imaging (Nune et al.,

2009). There have been many examples of NPs used in the diagnosis of cancer:

Quantum Dots (QDs) are semiconductor metal (CdSe, CdTe, ZnSe and InAs (Chan et al., 2002))
based nanomaterials that emit bright and stable fluorescence when excited with light with a
narrow emission spectrum, lending them ideally for multiplex imaging (Singh et al., 2020). An
example of QDs used in cancer detection was outlined by Yang et al. (Yang et al.,, 2011). QDs
were incorporated with epidermal growth factor receptor monoclonal antibodies (EGFR Ab)
to develop a probe (QD800-EGFR Ab) for in-situ and in-vivo imaging of head and neck cancer
using this QD800-EGFR Ab probe. Quantum dots have limitations in terms of both solubility
and toxicity (Gidwani et al., 2021), to address this Mansur et al (Mansur et al., 2017) used a
carboxymethylcelluose surface modifier on ZnCdS quantum dots to improve biocompatibility

and solubility. These nanoconjugates were used to bioimage OS cancer cells.
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Quantum dots offer numerous advantages over conventional fluorophores like organic dyes,
fluorescent proteins, and lanthanide chelates. One major advantage is their wide excitation
spectrum, allowing excitation to occur over a broad range of wavelengths. Additionally,
quantum dots exhibit a narrow emission spectrum, and their emission wavelength can be
precisely controlled by adjusting the size, composition, and surface coating of the NPs. This
control allows for tuneable emission wavelengths across a wide range, from ultraviolet to

infrared (Naseri et al., 2018).

Magnetic nanoparticles are nanoparticles which can be manipulated by a magnetic field. Iron
oxide NP, which have a size between 1 and 100nm (Buzea et al., 2007), are used for MRI, which
is a non-invasive imaging technique that provides high-resolution images of tissues. They are
commonly coated with biocompatible materials such as dextran or polyethylene glycol (PEG)
to make them stable and reduce toxicity (Gul et al., 2019). Iron oxide NPs coated with PEG
were used intravenously for iron deficiency treatment while possessing contrast agent
properties for MRI by Lazaro-Carrillo et al. (Lazaro-Carrillo et al., 2020). Iron oxide NPs coated
with PEG are suitable for biomedical application due to their biocompatibility. The effective
uptake of these NPs by tumour cells and mouse leukaemia virus transformed macrophages
confirms their potential as valuable tools for cancer treatment, including magnetic
hyperthermia and drug delivery, as well as for longitudinal imaging studies. Considering the
growing interest in non-invasive diagnostic assays that rely on real-time and long-term
tracking and monitoring of labelled cells such as tumour-associated macrophages, these
biocompatible NPs serve as a powerful tool for various biomedical applications. Chen et al. (L.
Chen et al., 2019) developed a bispecific molecular nanoprobe with a magnetic iron oxide core
(22.17 nm) and a biocompatible shell. The nanoprobe exhibited favourable magnetic
properties and demonstrated long-term stability during use and in storage. This combined
strategy led to remarkable contrast enhancement, highlighting its potential for enhanced

cancer diagnosis and treatment.

In comparison to current contrast agents such as gadolinium ions, superparamagnetic iron
oxide (SPIO) NPs offer several advantages, such as tuneable size and shape, potential for
surface modification, and high sensitivity and effectiveness at low concentrations due to their

superparamagnetic property. (Naseri et al., 2018).

Gold Nanoparticles have unique optical properties that make them ideal for imaging

applications. They can absorb and scatter light very efficiently, making them useful for various
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imaging modalities, such as PA imaging and CT. Gold NPs can also be functionalised with
biomolecules such as antibodies or peptides, which allow them to target specific cells or
tissues (Wu et al., 2019). Gold NPs have specific advantages owing to their excellent
photothermal conversion efficiency, stable imaging ability, and biosafety. The inert

characteristic of gold NPs has a minimal side-effect on cell function (Chang Xu, 2021).

Doxorubicin (DOXO0) conjugated radiolabelled gold NPs using citraconic anhydride were used
for positron emission tomography (PET) tumour imaging. Under the acidic conditions found in
tumour cells, the citraconic anhydride linkage in DOXO-AuNP was cleaved releasing DOXO.
This research offers valuable insights for the development of drug delivery systems and sheds
light on the potential use of radioligands for tumour detection through PET imaging (Yim et
al., 2021). Zhang et al. (Zhang et al., 2009) evaluated the ability of systemically administered
PEGylated gold NPs as a contrast agent for in-vivo tumour imaging with PA imaging. This
treatment has potential applications in the image guided therapy of superficial tumours such

as breast cancer, melanoma, and Merkel cell carcinoma.

Carbon Nanotubes are tubular structures synthesised from a graphite source using synthesis
techniques such as laser ablation (Jha et al., 2020) and arc discharge (Kaur et al., 2019). They
have diameters between 0.7 and 3nm and have lengths of up to several centimetres (Naief et
al.,, 2024). They have high surface area to volume ratio and unique electrical and optical
properties that make them suitable for various imaging applications. CNTs can be
functionalised with biomolecules to target specific cells or tissues, and they can also be used
for fluorescence imaging and PA imaging (Secchi et al., 2016). Avti et al. (Avti PK, 2012)
investigated the efficiency of multiscale PA microscopy of tissues using single walled carbon
nanotubes (SWCNTs). It was found to be an effective method with a detection sensitivity of
picogram levels of SWCNTs with scalable penetration and resolution. In 2019 Ceppi et al.
(Ceppi et al., 2019) reported the real time fluorescent imaging of ovarian tumours in mice
during resection surgery using SWCNTs, which increased post operative survival rates which
shows potential future application in humans. In 2020 Moreno-lanceta et al. (Moreno-Lanceta
et al., 2020) reported single walled carbon nanohorns-based (SWNH) smart nanotheranostic:
From phototherapy to enzyme-activated fluorescence imaging-guided photodynamic therapy.
Single walled nanohorns are conelike graphene sheets similar to other carbon NPs such as
nanotubes and fullerenes (lijima et al., 1999). The nanosystem is SWNH loaded with the

fluorescent dye (IR-808) conjugated with Hyaluronic acid (HA) (HA-IR808). It takes advantage
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of the mediated endocytosis of a multifunctional cell surface adhesion receptor (CD44), that
is a regulator of progression and metastasis of cancer cells (Senbanjo & Chellaiah, 2017), and
the enhanced permeability and retention (EPR) effect, resulting in the accumulation of the
SWNHSs predominantly in tumour tissue. Within cancer cells, the overexpressed endogenous
hyaluronidase disassembles the device release the dye which exhibits a strong fluorescent
signal, serving as an indicator of viable tumour cells. Subsequent laser exposure effectively
kills the remaining tumour cells. This research is a great use of the intracellular enzyme
response to create a nanotheranostic system using fluorescence imaging guided
photodynamic therapy, the findings lay the groundwork for the future development of smart

and highly efficient nanotheranostics for tumour ablation.

Upconversion Nanoparticles (UCNPs) are made of rare-earth elements such as ytterbium and
erbium, which can convert low-energy photons into high-energy photons. This property allows
them to emit light in the visible and near-infrared regions of the electromagnetic spectrum,
which makes them ideal for imaging applications. UCNPs can also be functionalised with
biomolecules to target specific cells or tissues (Chen et al., 2014). Core-shell structured UCNPs
were used to guide cancer treatment by converting near-infrared (NIR) light into UV light to
activate a trans-platinum (IV) pro-drug with simultaneous trimodality imaging (Dai et al.,

2013).

NP-based imaging has emerged as a promising approach for various biomedical applications.
Table 2.2. summarises the advantages and limitations of each NP listed above. The efficacy of
NP-assisted imaging is contingent on factors such as penetration depth and the photothermal
conversion efficiency of contrast nanoagents. Therefore, advancing the development of
nanomaterials with improved near-infrared responsiveness and enhanced biocompatibility
represents a prospective avenue for NP-based imaging (Alrushaid et al., 2023; Chang Xu, 2021;
Chapman et al., 2013; Naseri et al., 2018).
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Table 2.2 - Summary of the advantages and disadvantages to nanoparticles used in imaging.

Nanoparticle Imaging type | Advantages Limitations refs
used
Semiconductor | Fluorescence | - highly sensitive - Slow elimination | (Mohammadi
Quantum Dots - excellent contrast from the body et al., 2022;
- in-vitro and in-vivo causes Radenkovic
- convenience of use accumulation et al., 2016)

- photostable
- deep tissue
penetration

- heavy metals are
cytotoxic

Magnetic NPs | MRI - chemical inertness - high surface (Dongsar et
- high compatibility to | energy causes al., 2023)
living tissues aggregation
- excellent stability - interact with
- ease of surface serum proteins
modification
- physiochemical and
magnetic
characteristics

Gold NPs PA - provide - retention of the | (Dheyab et

Fluorescent | bioconjugation AuNPs in al., 2023)
CT chemistry important organs
- tuneable NIR region
resonances
- high
biocompatibility
- used for photo
thermal therapy
Carbon Fluorescence | - strong Raman -150um (Chary et al.,
nanotubes PA scattering resonance | penetration depth | 2023; Hong
Raman - semiconducting due | -low QY et al., 2015)
imaging to their small band
gap
- high-resolution
intravital microscopic
image
Up conversion | Fluorescence | - extremely high - synthesised in (Dubey &
NPs MRI imaging contrast organic solvents Chandra,
CcT - deep tissue - unstable without | 2022; Naher
PET fluorescence imaging | surface et al., 2023)

- NIR
photoluminescence

modification
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2.2.2 Nanoparticle-based therapy.

NP-based therapy is a promising approach for cancer treatment due to its ability to deliver
drugs, radiation, or other therapeutic agents to targeted cells or tissues. Here are some of the

mechanisms of NP-based therapy (Yao et al., 2020):

Passive targeting involves the accumulation of NPs in tumour tissues due to the EPR effect.
Tumour tissues have leaky blood vessels and impaired lymphatic drainage, leading to the
accumulation of NPs in tumour tissues. Passive targeting can improve the efficacy of
chemotherapy or radiotherapy by increasing the concentration of therapeutic agents in

tumour tissues and reducing systemic toxicity (Bazak et al., 2014).

Active targeting involves the functionalisation of NPs with targeting ligands such as
antibodies, peptides, or aptamers. These ligands can bind to specific receptors or antigens
overexpressed on cancer cells, leading to the accumulation of NPs in cancer cells. (Bazak et
al., 2015). Active targeting plays a crucial role in delivering theranostics to specific locations of
interest while minimizing exposure to normal tissues, thus enhancing therapeutic efficacy, and
reducing side effects. By actively targeting specific cells or tissues, the amount of drug
delivered can be significantly increased compared to free drug or passively targeted

nanosystems (Attia et al., 2019).

Controlled release: NPs can be engineered to release therapeutic agents in a controlled
manner. This can improve the pharmacokinetics and pharmacodynamics of therapeutic
agents, reducing the frequency of administration and enhancing drug efficacy. Controlled
release can be achieved through various combinations of mechanisms such as pH-responsive,

temperature-responsive, or enzyme-responsive drug release (Dang & Guan, 2020).

Phototherapy: Is a non-invasive, and highly effective method for the treatment of cancer and
includes both photodynamic therapy (PDT) and photothermal therapy (PTT)(J. Yang et al.,
2022). PTT involves the use of NPs that can absorb near-infrared (NIR) light and convert it into
heat. This can cause hyperthermia in tumour tissues, leading to cancer cell death. PTT can be
used as a standalone therapy or in combination with chemotherapy or radiotherapy to
enhance therapeutic efficacy (Alamdari et al., 2022). PDT relies on the use of photosensitizers
which, excited by light at a specific wavelength, react with molecular oxygen to generate
reactive oxygen species in target tissues, ultimately leading to cancer cell death (Zhi et al.,

2024).
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Immunotherapy: NPs can be functionalised with immunostimulatory molecules such as toll-
like receptor agonists, cytokines, or antigens. These NPs can activate the immune system and
enhance the anti-tumour immune response. Immunotherapy can be used as a standalone
therapy or in combination with chemotherapy or radiotherapy to enhance therapeutic

efficacy (Debele et al., 2020).

NPs have been used as a promising approach for cancer therapy due to their unique properties
such as high surface area to volume ratio, biocompatibility, and the ability to target specific
cells or tissues with functionalisation. Here are some of the types of NPs used for cancer

therapy (Gavas et al., 2021):

Liposomes are spherical NPs composed of a phospholipid bilayer. They can encapsulate
hydrophilic or hydrophobic drugs and target cancer cells through surface modifications.
Liposomes have been used in cancer therapy to improve drug delivery, reduce toxicity, and
enhance drug efficacy (Park, 2002; Tian et al., 2022). In 2001, A study was conducted by
Harrington et al. (Harrington et al., 2001) on 17 patients with locally advanced cancers to
investigate the biodistribution and pharmacokinetics of Indium-
diethylenetriaminepentaacetic acid-d-phenylalanine-labelled pegylated liposomes. Positive
tumour images were obtained in 15 out of 17 studies, with breast, head and neck, bronchus,
glioma, and cervix cancer showing nanoparticle uptake and correlated with the estimated
tumour volumes for each tumour type. Furthermore, significant localisation of the liposomes
was observed in the tissues of the reticuloendothelial system, including the liver, spleen, and
bone marrow. These findings strongly support the potential of pegylated liposomal agents for
the treatment of solid tumours and highlighted the promising role of pegylated liposomes as

a targeted therapeutic approach for cancer treatment.

Gold nanoparticles have unique optical properties that can be exploited for cancer therapy.
They can absorb and scatter light, allowing for PTT or PDT. Gold NPs can also be functionalised
with drugs or antibodies for targeted drug delivery orimmunotherapy (Jain et al., 2012). Yeom
et al. (Yeom et al., 2023) present an intracellular antibody delivery system based on gold NPs
conjugated with DNA aptamers against the crystallisable constant fragment region of
immunoglobulin G. The resulting platform demonstrated a remarkable ability to load various
antibodies and effectively deliver them to the cytosol of different human cancer cell types.

Furthermore, the researchers demonstrated the platform’s capability to specifically target and

18



selectively inhibit disease-associated mutant proteins, thereby showing its potential for
therapeutic applications for various diseases. A great example of gold NPs combined with
lipids was demonstrated by Granja et al. (Granja et al., 2023) where they produced solid lipid
NPs co-loaded with gold nanorods and mitoxantrone using an economical method. The
particles demonstrated non-haemolytic properties and were not cytotoxic to healthy cells at
high concentrations. It was shown that the active targeting strategy using folic acid was
successful and the chemotherapy, light-induced drug release, and photothermal therapy

significantly enhanced cell death in breast cancer cells.

Iron oxide nanoparticles have magnetic properties that can be exploited for cancer therapy.
They can be guided to tumour sites using a magnetic field for the application of magnetic
hyperthermia therapy or MRI. Magnetic hyperthermia therapy uses magnetic NPs to generate
heat in tumours, killing cancer cells. MRI using iron oxide NPs as contrast agents can also help
diagnose and monitor cancer (Alphandéry, 2020). Quinto et al. (Quinto et al., 2015) used PEG
SPIO NPs to generating heat and deliver DOXO to cancer cells. The phospholipid-PEG coated
SPIOs effectively raised the local temperature to apoptotic levels and showed sustained DOXO
release without affecting drug activity. Combining hyperthermia and DOXO treatment
resulted in more effective cell death compared to individual modalities. These particles also
offer imaging capabilities by providing T2 contrast for MRI, or can be used in fluorescence

imaging by loading a lipophilic dye in the coating layer.

Carbon-based nanoparticles, such as carbon nanotubes and graphene oxide, have been used
for cancer therapy due to their unique properties. They can be functionalised with drugs or
antibodies for targeted drug delivery or immunotherapy. Carbon nanotubes can also be used
for PTT and/or drug release under laser irradiation. Graphene oxide can also be used for PDT,
drug delivery, and cancer imaging (Seyed Mohammad Hosseini et al., 2023). Khoshoei et al.
(Khoshoei et al., 2020) developed a smart and responsive drug carrier capable of delivering
DOXO and Paclitaxel for effective therapeutic application by utilising pH-sensitive
functionalised single-walled carbon nanotube (SWCNTs) and graphene carriers with chitosan
and carboxyl groups. This proved to be a smart drug system with pH responsive behaviour and

controllable drug release, making it promising for cancer therapy.

Polymeric nanoparticles are often biodegradable and can be engineered to have various
properties for cancer therapy. They can be functionalised with drugs or antibodies for targeted

drug delivery or immunotherapy. Polymeric NPs can also be used for sustained drug release,
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reducing the frequency of drug administration, and improving drug efficacy (Xiao et al., 2022).
Peng et al. (Peng et al., 2016) investigated a novel polymer-based drug delivery system called
poly (l-y-glutamylglutamine)-DOXO (PGG-DOXO) conjugate. The study showed that the
nanoparticle entered tumour cells primarily through the pinocytosis pathway, forming vesicles
that entered the cells. The study highlights the potential of both polymer-drug conjugates and
unconjugated complexes as promising strategies to overcome drug resistance in anti-tumour
treatments. The findings suggest that PGG-DOXO conjugate holds promise for enhancing drug

efficacy in multidrug-resistant cancer cells.

Azimijou et al. (Azimijou et al., 2023) created tumour-targeting nanodevices through the self-
assembly of amphiphilic chondroitin sulphate-palmitoyl copolymers with varying amounts of
hydrophobic groups. These redox-sensitive NPs demonstrated promising potential as efficient
chemotherapeutic drug carriers for combating breast cancer using tamoxifen, exhibiting

favourable behaviour both in-vitro and in-vivo.

Asghar et al. (Asghar et al., 2023) developed a controllable release device be exploring the
potential of cross-linked quaternised chitosan NPs and applied it to the delivery, and pH-
dependent release of olive phenolic extract in liver and colon cancers as an effective and safe
approach for the controlled delivery of natural bioactive extracts in long-term cancer therapy.
However, the researchers indicated that further research is needed to investigate the efficacy

and safety of these nanoplatforms for various cancer treatments.

Jiang et al. (Jiang et al., 2023) presented a pH-responsive NP to deliver programmed death
ligand 1 silence gene combined with a natural polycationic macromolecule called protamine
which is used as the carrier to construct an antigen and adjuvant co-packaged nano-vaccine.
This novel combinational approach enhances oncotherapy efficiency by simultaneously
stimulating antitumor immune responses and reducing immune escape. This study offers

promising insights into the future of cancer immunotherapy research.

NP-based cancer therapy can offer several advantages over currently used therapeutic
methods such as targeted delivery to specific cells, improved pharmacokinetics, and
pharmacodynamics, reduced systemic toxicity, versatility in combination therapy, and
potential for personalised medicine based on individual needs. However, their use faces

challenges such as manufacturing complexities, regulatory approval hurdles, potential toxicity
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concerns, slow clearance leading to accumulation in vital organs, and limited efficacy across
all cancer types and patients. These considerations highlight the need for careful evaluation
and further research to harness the full potential of NP-based therapies in clinical settings (Xin

et al., 2017). Some of the advantages and limitations of each NP listed above are outlined in

Table 2.3.

Table 2.3 - The advantages and disadvantages of different nanoparticles used in

therapeutics.
Nanoparticle [Therapy IAdvantages Limitations refs
modalities
Liposomes |Drug delivery |- biocompatibility [ low reliability with (Nel et al., 2023)
- reduced drug batch to
clearance batch synthesis
- several clinically |variation
approved - complex large-scale
examples manufacturing
- easily - high fabrication costs
functionalised
Gold Photothermal, [ easily - toxicity (Nejabat et al.,
Photodynamic, [functionalised for |- Limited diffusion 2023)
Drug delivery, |biocompatibility |within tissues
Gene therapy, [and targeting
- multimodal
therapy
Iron oxide  [Photothermal, [ multimodal - agglomeration, (Yang et al.,
Drug delivery [therapy - toxicity concerns 2023)
- high variety and [ bioaccumulation
research for
overcoming
limitations
Carbon Drug delivery, |- high chemical - agglomeration (Nitheesh et al.,
based Photodynamic [stability - low solubility 2021)
therapy - tuneable surface [ bioaccumulation
- unique thermal
and electrical
properties
Polymeric Drug delivery |- naturally derived | mostly in-vitro (S. M. Hosseini et
- biocompatible studies al., 2023;
- highly soluble - early stage research [Nitheesh et al.,
- high drug loading 2021)
capabilities
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2.2.3 Examples of nanotheranostics for cancer treatment

Below are some examples of how these imaging and therapeutic techniques are combined

into a single system for the purposes of nanotheranostics.

Circulating tumour clusters (CTC) disseminating from the primary tumour are responsible for
secondary tumour formation. Conventional treatments such as chemotherapy and
radiotherapy do not prevent the metastasis at locally advanced stage of breast cancer
(Paoletti et al., 2019). Dhandapani et al. (Dhandapani et al.,, 2023) developed a
nanotheranostic system to track and eliminate the CTCs before they can colonise at a new
site. The team used targeted multi-responsive nanomicelles incorporated with NIR fluorescent
self-assembly superparamagnetic iron oxide NPs for dual modal imaging (NIR and MRI) and
dual therapeutics for spontaneous killing of CTCs by the release of DOXO and magnetic
hyperthermia. It was shown that the treatment was biocompatible and reduced CTCs in blood
stream and distant organ metastasis demonstrating its potential to attach to, and kill, the CTCs

that minimise the secondary tumour formation at distant sites.

In 2014 Ferber et al. (Ferber et al., 2014) presented the design, synthesis, and characterisation
of a theranostic nanomedicine based on N-(2-hydroxypropyl) methacrylamide copolymer for
PTX release. The nanomedicine incorporates a self-quenched near-infrared fluorescence
(NIRF) probe, enabling fluorescence-based monitoring of site-specific drug release. In animal
experiments using mice with cathepsin B-overexpressing mammary adenocarcinoma, the N-
(2-hydroxypropyl) methacrylamide copolymer-SQ-Cy5 exhibited preferable body distribution
and drug release compared to the free drug and probe when administered. This co-delivery
approach of two complementary systems serves as a proof-of-concept for real-time deep
tissue intravital orthotopic monitoring and may hold potential for clinical applications as a

theranostic nanomedicine.

Afraz et al. (Afraz et al., 2022) described a novel nanomagnetic hydrogel (NMH) platform with
dual functionality as a nanomedicine and MRI contrast agent. The pH-responsive hydrogel was
created by crosslinking chitosan (CH) with hyaluronic acid (HA) using carbodiimide
hydrochloride and N-Hydroxysuccinimide. Simultaneously, glucose oxidase (GOx) was
immobilised within the hydrogel matrix. Fes04 NPs were incorporated into the GOx-loaded
hydrogel using the co-precipitation method. It was found that the NMH-CHHA-GOx system

had low cytotoxicity and was biocompatible due to the presence of biopolymers. The device
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also had a significant therapeutic effect with the controlled release of hydroxyl radical in a
tumour microenvironment. These results indicated the high potential of the designed

platform for application as a nanotheranostic platform in cancer therapy.

Zhang et al. (Zhang et al., 2020) proposed a programmable method for the plasmonic
modulation of gold nanotheranostics in the NIR-Il window. The team prepared gold
nanodumbbells (AuNDs) which possessed good thermal stability, strong PA signals as well as
high photothermal conversion efficiency (84.9 %). The AuNDs were then conjugated with
nucleolin-targeted DNA aptamer AS1411. The obtained AP-AuN could perform effective NIR-
[l PA imaging-guided PTT for subcutaneous 4T1 tumours. When combined with an anti-
programmed death ligand 1 antibody, the AP-AuNDs significantly suppressed tumour growth
and stimulated potent host anti-tumour immunity, resulting in significant inhibition of both

distant tumour growth and whole-body spreading of tumour cells.

Yue et al. (Yue et al., 2017) developed a pH-responsive, self-sacrificial nanotheranostic agent
for potential multimodal imaging and real-time MRI and CT monitoring of cancer therapy and
tested it both in-vivo and in-vitro. FePt NPs were synthesised and loaded onto PEGylated
graphene oxide (GO) sheets. In therapy experiments on tumour cells, the FePt/GO
nanocomposites demonstrated promising potential as a theranostic agent for cancer

inhibition.

2.2.4 Challenges and future directions

The development of nanotheranostics for cancer treatment faces several challenges that need
to be addressed for successful clinical translation (Aminolroayaei et al., 2021; Ang et al., 2021;
Chen et al., 2017; Kievit & Zhang, 2011; Melancon et al., 2012; Sonali et al., 2018). Some of

the major challenges are:

1. Biocompatibility and toxicity: NPs used for cancer treatment should be biocompatible
and non-toxic to avoid adverse effects on healthy cells and tissues. The toxicity of NPs
depends on their size, shape, surface charge, and composition, which can affect their
pharmacokinetics and pharmacodynamics. Therefore, it is essential to evaluate the
toxicity of NPs in-vitro and in-vivo before their clinical use (Kievit & Zhang, 2011). This

can be done by focusing on the rational design of NPs which involves optimizing the
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properties of NPs to improve their biocompatibility. This can be further enhanced by
focusing on personalised nanotheranostics, which involves tailoring the design and
formulation of NPs based on the individual's tumour characteristics, such as the

genetic profile and the tumour microenvironment (Mura & Couvreur, 2012).

Specificity and efficacy: NPs used for cancer treatment should be specific and
efficacious in targeting cancer cells and delivering drugs or contrast agents. The
specificity of NPs can be improved by functionalising them with targeting ligands such
as antibodies, peptides, or aptamers. The use of stimuli-responsive materials such as
pH-sensitive polymers or temperature-responsive hydrogels can enhance the release
of drugs in response to specific stimuli (Wicki et al., 2015). However, the efficacy of
NPs can be affected by various factors such as tumour heterogeneity, drug resistance,
and the tumour microenvironment (Chen et al., 2017; Mendes et al., 2018). Further
improvements can be made by utilising a combination of therapies by targeting cancer
cells from multiple angles, reducing the likelihood of resistance and improving
treatment outcomes (Peng et al., 2020), using nanotheranostics alongside other
techniques such as chemotherapy, radiation therapy, and immunotherapy to enhance
their efficacy and reduce toxicity. The integration of different imaging modalities such
as MRI, PET, and optical imaging can improve the sensitivity and specificity of

nanotheranostics.

Regulatory approval: Nanotheranostics for cancer treatment must undergo rigorous
preclinical and clinical testing, The approval process involves evaluating the safety,
efficacy, and quality of nanotheranostics, which can be time-consuming and expensive.
Therefore, it is essential to develop standardised protocols for the preclinical and
clinical evaluation of different nanotheranostic method and treatments to facilitate
their regulatory approval (Chen et al., 2017). Clinic translation is becoming more
feasible as clinical trials continue to demonstrate the safety and efficacy of
nanotheranostics, and their application in cancer treatment will likely become more

widespread (Hua et al., 2018).

Scalability and reproducibility: Is needed for the large-scale production of NPs for
clinical use. The synthesis of NPs is often complex and involves several steps, which
can affect the reproducibility and cost of nanoparticles (Kievit & Zhang, 2011). The

high cost of nanotheranostics can limit their accessibility and affordability for patients,
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particularly in developing countries. Therefore, it is essential to develop cost-effective
and scalable methods for the synthesis and production of NPs by focusing on the use
of microfluidic techniques, continuous-flow synthesis, and high-throughput screening
that could facilitate the large-scale production of NPs (Chen et al., 2017; Roy et al.,
2023).

Overall, the prospects for the field of nanotheranostics in cancer treatment are promising. As
technology continues to advance and clinical trials demonstrate their efficacy,
nanotheranostics have the potential to revolutionise cancer treatment by enabling more

precise, effective, and personalised therapies.

2.3 Carbon dots

This section has been adapted from the literature review; Biomass-Based Carbon Dots:
Current Development and Future Perspectives with permission from (Wareing et al., 2021)

Copyright 2021, American Chemical Society.

Carbon dots (CDs) are carbon NPs that can have either a graphitic or amorphous structure, are
smaller than 10nm (Das et al., 2018) and have many attractive properties, including strong
photoluminescence emission and optical properties, good conductivity, broadband optical
absorption, high chemical stability, and broad excitation wavelength. They also have a
tuneable emission wavelength through modification of synthesis parameters such as size,
shape, composition, internal structure, and surface chemistry. They are also environmentally
friendly, non-toxic, non-blinking, and resistant to photobleaching (Namdari et al., 2017; Zuo
et al., 2016). The mechanisms behind the photoluminescent properties of CDs are not yet fully
understood, (Namdari et al., 2017) but the main hypotheses are the quantum confinement

effect and surface structure.

CDs were discovered by accident in 2004 during a purification of single-walled carbon
nanotubes by electrophoresis, (Xu et al., 2004) and since then, they have received a lot of
attention as a potential replacement for conventional semiconductor quantum dots in various
applications (Lim et al., 2015). Briefly, semiconductor quantum dots (SCQDs) are fluorescent

nanocrystals made up of a semiconductor material with unique optical and electrical
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properties that are determined by their size and structure, typically ranging from 1 to 20nm
and containing 200 to 10,000 atoms (Geszke-Moritz & Moritz, 2013; Lommens et al., 2007).
SCQDs are usually composed of a core and a shell, with the core semiconductor having a
narrow bandgap, which represents the minimum energy required to excite an electron from
its ground state to the next energy level. The core is enclosed by a shell semiconductor with a
higher bandgap, which confines emission and excitation to the core and protects it from photo
bleaching while improving its QY (Walling et al., 2009). The performance of SCQDs is evaluated
based on their QY, which is the efficiency of photon emission relative to the number of
photons absorbed and is commonly used in reactive species detection in biology. SCQDs have
many applications including quantum dot light emitting diodes (QLEDs) (He et al., 2019), and
fluorescence cellular imaging (Caires et al., 2020; Sarma & Mohanta, 2015; N. Xu et al., 2019).
However, there are several drawbacks to using SCQDs that hinder their suitability for
application such as their strong blinking effect which may limit use in single molecule
fluorescence (Rombach-Riegraf et al., 2013), cytoxicity (Reshma & Mohanan, 2019) of their
component heavy metals, bioaccumulation in the liver, to which they are particularly toxic
(Reshma & Mohanan, 2019), poor solubility (Tian et al., 2017) and environmental impacts (Lim
et al., 2015; Wang & Tang, 2021).

CDs can be synthesised through large-scale, one-step processes at a lower cost compared to
SCQDs. They are highly suitable for biomedical applications due to their chemical inertness,
high biocompatibility, and low cytotoxicity. The precursor materials used to make CDs, such
as chemicals (i.e., ethanol, citrate, glucosamine, and ascorbic acid) or biomass (i.e., pomelo
peels, orange juice, and strawberry juice) (Lim et al., 2015) contribute to these desirable
properties. CDs are easy to functionalise and highly soluble in water because they have
multiple and varied functional groups, such as amine or carboxylic groups and polar moieties,

on their surface (Zuo et al., 2016).

2.3.1 Photoluminescence mechanisms

As mentioned above a complete theory of the mechanisms behind the photoluminescence of
these particles has not fully described, but attempts have been made to suggest the origin for
some of the particles and the mechanisms change depending on the structure of the CDs.

Graphene CDs (GCDs) are thought to express their photoluminescence due to the quantum
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confinement effect and edge effects. While amorphous CDs (ACDs) photoluminescence

originates from surface defects and the passivation of emissive traps (Abbas et al., 2018).

The quantum confinement effect (Figure 2.3) occurs when energy from light is absorbed and
causes an electron in the valence band to move to the conductance band, leaving behind a
positive “hole” in the valence band. When the electron recombines with the hole, a photon is
emitted. In bulk materials, electrons and holes move around in the material within the
timescale of light absorption, forming an “exciton” pairing. The distance between the electron
and the hole within the exciton is called the Bohr radius (Reshma & Mohanan, 2019). In
quantum dots, the dimensions are reduced to the nanometre scale, smaller than the Bohr
radius, causing quantum confinement and squeezing of the excitons. The smaller the quantum
dot, the greater the quantum confinement and the more energy it takes to excite an electron

away from the positively charged hole. When the hole and electron recombine, the energy is
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emitted as a photon. The smaller the QD, the larger the band gap and the higher the energy

of light emitted when the QD is deactivated (Rosenthal et al., 2011).

Figure 2.3 - Quantum confinement effect photoluminescence mechanism in quantum
dots — Reprinted with permission from (Wareing et al., 2021). Copyright 2025
American Chemical Society.
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Photoluminescence can originate from the band gap zig zag edge effects on GCDs. The
emission can be controlled with pyrrolic doping and chemical functionalities (Sk et al., 2014).
Surface modification can also provide fluorescence (Liu et al., 2019), for example a triplet
excited state of aromatic carbonyls (Deng et al., 2013) or fluorophores such as citrazinic acids

derivatives on the surface of CDs (Ehrat et al., 2017).

2.3.2 Synthesis methods

CD synthesis methods can be classified into two groups: “top-down” and “bottom-up”. Top-
down methods involve reducing a larger material down to a NP, while bottom-up methods
use smaller building blocks to create a NP (Zuo et al., 2016). Top-down methods often result
in higher yields but may use harsh chemicals like H,SO4 for oxidation. On the other hand,
bottom-up methods allow for more control over the size and morphology but can be more

complex and time-consuming (Abbas et al., 2018).

Below are some protocols for CD synthesis that use both top-down and bottom-up
approaches. Examples are provided that report technical details of each process as well as the
advantages and disadvantages of each method. The most environmentally friendly method
described is the hydrothermal method, the microwave method is included within this. The
least green method is chemical ablation due to the use of strong acids. Chemical ablation is
like the hydrothermal method because it uses similar equipment, and heat, to carbonise the

carbon source.

The hydrothermal method is a cost-effective, convenient, and eco-friendly approach to
produce quantum dots under high temperature and pressure in aqueous conditions. This
method offers simplicity, controllability, and non-toxicity due to the materials used,
eliminating the need for passivation for photoluminescence. However, it suffers from limited
control over size and the presence of impurities (Atchudan et al., 2016; Liu et al., 2012; Sahu
etal., 2012; N. Wanget al., 2016). In a 2016 study by Wang et al. (N. Wang et al., 2016) a green
synthesis of CDs was achieved through hydrothermal carbonisation of papaya. These dots
were used in the imaging of Hela cells and fluorescence sensing of E. coli bacterial strain.
Atchudan et al. (Atchudan et al., 2016) described a hydrothermal method for producing

nitrogen-doped dots from unripe peach using agueous ammonia as a nitrogen source. While
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this method vyields dots with favourable properties such as bright fluorescence emission,
excellent biocompatibility and good water dispersity, the use of ammonia as a nitrogen source
is environmentally harmful, and alternative auto-doping biomass selection is recommended.
The microwave method is an efficient and environmentally friendly approach to synthesising
CDs, which can be applied to both small molecules and biomass without acid catalysts. Water
can be used as a reaction medium, and the method is fast, economic, and scalable. However,
the size control of the resulting CDs may be poor (Guan et al., 2014; Liu et al., 2018; Namdari
et al., 2017; Pajewska-Szmyt et al., 2020). Pajewska-Szmyt et al. (Pajewska-Szmyt et al., 2020)
reported a microwave-assisted method for synthesising of high QY (26%) sulphur and nitrogen
doped dots using citric acid as the main carbon source, and L-glutathione and thiourea as the
nitrogen and sulphur source respectively. Liu et al. (Liu et al., 2018) also demonstrated a one-
step microwave method for synthesising CDs from citric acid, L-cysteine and dextrin
precursors in water. Bajpai et al. (Bajpai et al., 2019) presented another example of a
microwave reaction, utilizing the milk protein casein as the carbon source. This method stands
out for its eco-friendliness, as it avoids the use of harsh chemicals and involves only a few
steps. Notably, these casein-derived dots displayed a high QY of 18.7% and exhibited blue

photoluminescence.

Pyrolysis, a bottom-up process, involves carbonizing organic substances at elevated
temperatures (350-750°C) in inert atmospheric conditions, such as nitrogen, offering a simple
and eco-friendly approach to produce CDs. However, this method requires further passivation
for photoluminescence (Sun et al., 2013) (Teng et al., 2014; Y.-P. Zhang et al., 2019). In a study
by Teng et al. (Teng et al., 2014) 1 g of konjac flour was pyrolyzed in air at 470°C for 90 minutes
to produce nitrogen-doped CDs. To achieve photoluminescence, further passivation with PEG
was required for photoluminescence. Zhang et al. (Y.-P. Zhang et al., 2019) also outlined a
pyrolysis synthesis for CDs for Fe3* sensing, using marigold as a carbon source. This method
involved compression, fermentation, pyrolysis, and subsequent reduction with sulphuric and
nitric acid, followed by nitrogen doping using ethylenediamine. Compared to the previous
method, this approach requires more steps involving harsh chemicals, making it less eco-

friendly.

The chemical ablation method relies on strong acids to carbonise small organic molecules,

resulting in the need for purification, neutralisation steps, and wastewater treatment. This

29



method also provides poor control over the size of the produced dots (Amer Ridha et al., 2020;
Fang et al., 2012; Shen et al., 2013). In 2012, Fang et al. (Fang et al., 2012) utilised acetic acid,
water, and a phosphorus pentoxide (P20Os) catalyst to synthesise fluorescent CDs without the
need for an external heat source due to an exothermic reaction. Although the self-heating
aspect of this method makes it cost-effective for further scale-up, the use of P,Os incurs a high
processing cost. Additional drawbacks include large particle size 105nm and low reaction yield
(0.06%). Shen et al. (Shen et al, 2013) synthesised CDs by chemically ablating
polyethylenimine (PEI) with the reflux of PEI and nitric acid at 120°C. Although the dots had
an excitation-dependent emission, their QY was low at 2%, and they were relatively large
(12nm). This synthesis exemplifies why chemical ablation is used less frequently in recent
years. The best methods for size control are template and reverse micelle, which, while less
harsh, add complexity to the process due to increased number of steps and increased number

of materials.

The template method involves using a mesoporous structure as a template, with the CDs
synthesised through calcination inside the structure and then removing the template to obtain
the dots. This approach eliminates the need for passivation, and the dots produced have a
narrow size distribution. However, the method is complex due to the number of steps and
challenging to purify (Amer Ridha et al., 2020; Y. Yang et al., 2013; Zong et al., 2011). One
example of the template method is described by Liu et al. (Liu et al., 2009) who used silica
spheres as carriers for the aqueous synthesis of CDs. Acid treatment was used to passivate the
surface, yielding water-soluble, multicolour photoluminescent CDs with a QY of around 14.7%.
The photoluminescence is suggested to be due to the presence of surface energy traps that
become emissive upon stabilisation as a result of surface passivation. Another example of the
template method is provided by Wang et al., (Wang et al., 2019) who prepared CDs@zeolites
in hydrothermal conditions using three templates: Mn-Levyne, Zn-Chabazite, and Zn-Levyne.
These systems displayed different photoluminescence properties, with the CDs@Zn-
Chabazite exhibiting green photoluminescence and CDs@Zn-Levyne and CDs@Mn-Levyne

exhibiting red photoluminescence.

The reverse micelle method involves using a reverse micelle as a nano-reactor to carbonise
carbon sources, resulting in dots with a narrow size distribution. The dots can be adjusted in

size by modifying the water-surfactant molar ratio, and the method prevents aggregation,
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allowing for large-scale production with a high product yield (Amer Ridha et al., 2020; Kwon
& Rhee, 2012). However, this method is complicated due to the number of steps. Kwon et al.
(Kwon & Rhee, 2012) used the reverse micelle method to create graphene CDs with sugar as
the carbon source. The method was highly customisable in terms of size, with water-
surfactant molar ratios used to control the size. The use of micelles prevented particle

aggregation and resulting in high product yields.

Laser ablation is a method that utilises a laser to irradiate a carbon target to produce CDs.
Although it is fast, efficient, and highly customisable, it has drawbacks such as low production
yield, poor size control, low QY and passivation may be necessary for photoluminescence
(Abbas et al., 2018; Calabro et al., 2018). In a study by Calabro et al. (Calabro et al., 2018),
liquid-phase laser ablation was used to generate graphene quantum dots from carbon nano-
onions, and the results were compared to those of a chemical oxidation approach. The
researchers demonstrated that their liquid-phase laser ablation method was a fast, clean, and
straightforward single-step process. In another study, Kang et al. (Kang et al., 2020) described
a technique for synthesising nitrogen-doped graphene dots from graphene flakes using pulsed
laser ablation. Diethylenetriamine was used as the nitrogen source, and high-power

sonication was applied during the laser ablation process.

To produce CDs using the arc discharge method, a positive anode is placed a few millimetres
away from a graphite rod, which is then evaporated by an electric arc. The resulting products
are deposited on the chamber walls as a soot, which can be purified to obtain CDs. However,
this method suffers from the presence of impurities in the soot, which are difficult to remove,
and the requirement for expensive equipment (Amer Ridha et al., 2020; Dey et al., 2014; Yang,
2015). Dey et al. (Dey et al., 2014) used a two-step chemical route to synthesise B- and N-
doped graphene quantum dots (GQD). In the first step, gas phase arc discharge was used in
the presence of a Boron/Nitrogen source to prepare B- and N-doped graphene. In the second
step, the B/N-doped graphene was chemically scissored to yield B/N-GQDs using the
Hummers method, and then thermally deoxidised by heating at 300°C for 3 hours in a nitrogen
atmosphere. The resulting dots had great properties; however, this protocol has several
drawbacks, including the use of several different gases and expensive equipment making it

difficult to scale up production.
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The electrochemical method involves the use of high purity graphite anodes and electrolysis
to produce CDs. The size and nanostructure of the dots can be controlled by adjusting the
water content in the ionic liquid electrolyte. While this approach has a low cost and high
output, it has limitations in terms of carbon source choice and doping options (Amer Ridha et
al., 2020; Zuo et al., 2016). An et al. (An et al.,, 2021) synthesised dots using o-
phenylenediamine via electrolysis for the sensing of Fe3* and ascorbic acid. The simplicity and
absence of harsh chemicals are the advantages of this method, but the dots have a very low
QY of 0.47%. Higher QY dots were produced by Hou et al. (Hou et al., 2015) using an electrolyte
of sodium citrate and urea in aqueous solution with platinum sheets as electrodes. However,

the cost of platinum electrodes limits the scalability of this synthesis.

Ultrasonication is a top-down process that involves biomass undergoing dehydration
reactions, polymerisation, and carbonisation to synthesise CDs. This method fully synthesises
the CDs through a short single nuclear burst, eliminating the need for passivation. While the
process is straightforward and promotes crystal structure, it suffers from poor control over
size (Liu et al., 2019; Park et al.,, 2014). An example of ultrasonication synthesis was
demonstrated by Huang et al. (H. Huang et al., 2018) using cigarette ash as the biomass source
with Dimethylformamide and PEG-Thiol. This method is intriguing as the dots are
automatically functionalised with PEG, requiring no further reaction. The dots demonstrated
potential application in cell imaging. Notably, this method is environmentally friendly, as the

precursor of cigarette ash is a recycled material easily obtainable for scale-up.

The extraction method does not involve the synthesis of dots itself; rather, it utilises simple
centrifugation and filtration to extract CDs produced in nature or through processes like
cooking or brewing. The advantage of this approach is the avoidance of complicated treatment
methods and synthesis processes, resulting in a low-cost method. However, it comes with the
drawback of poor control over the properties of the extracted CDs (Dhandapani et al., 2022;
Jiang et al., 2014; Z. Wang et al., 2015). Wang et al. (Z. Wang et al., 2015) reported the
extraction of CDs from beer for imaging and drug delivery purposes. The process involved
stirring, rotary evaporation, filtration, and chromatography. The dots were functionalised with
DOXO for potential applications as imaging and anti-cancer agents in nanotheranostics.
Similarly, Dhandapani et al. (Dhandapani et al., 2022) also described the extraction of green

CDs from fried food waste residue. The method involved stirring, filtration, centrifugation.
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These extracted dots were found to emit green wavelength emission, exhibit outstanding
dispersibility, constant emission, and relative long-life emission time, and up-converted
emission. However, crucial properties such as size, QY, and production yield were not reported
in the paper, leaving important information missing for scale-up and application purposes.

Including these details could significantly enhance the paper's findings.

The methods above show the large number of materials that can be used but they can usually
be separated into two broad categories: purified chemicals that are often bought from a
laboratory, or biomass, usually gained from a waste stream. There are advantages and
disadvantages for both; biomass derived carbon sources contain impurities that could
influence the synthesis in terms of both reproducibility and purification methods used, which
would affect the economics and scalability of the synthesis. Lab bought chemicals are usually
pure, do not contain impurities and are unaffected by these disadvantages. However,
biomass-based CDs have clear advantages in the fact that they are obtained from waste
streams at zero/limited cost and provide a use for material that could have ended up in landfill
or as pollution, making their synthesis very green. Their synthesis methods tend to be simpler
without the use of expensive equipment and extreme conditions which increases the
likelihood of a scalable and economical synthesis. Because they are derived from biomass,
which tends to be biocompatible by their very nature, and more likely to be biocompatible
than their chemically derived counterparts. This means they have greater potential for

application in biomedical applications such as imaging and drug delivery.

2.3.3 Functionalisation

Modifying the properties of CDs through functionalisation is crucial for their application. This

can be achieved through either surface modification or doping.

Doping refers to the incorporation of heteroatoms into the structure of CDs, (Hu et al., 2017;
Shan et al., 2014; Zhou et al., 2014) and it is a common practice to enhance their emissions.
Doping with heteroatoms has been demonstrated to improve the properties and surface
defects of CDs, which can eliminate or inhibit original O-states and promote radiative
recombination, resulting in higher QYs and emissions that are independent of excitation,

making the CDs suitable for different applications. Heteroatoms embedded into the carbon
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structure of CDs can regulate the initial band gap and form new energy levels. For instance,
nitrogen doping is a prevalent method to alter the fluorescent properties of CDs due to its 5
valence electrons and similar size to carbon. Similarly, boron, which has fewer valence
electrons than carbon but has a similar radius, can introduce some chemical disorder since
the bond between carbon and boron is slightly longer (0.5%) than a carbon-carbon bond (Liu

et al., 2019; L. Zhang et al., 2014).

When high electronegative atoms such as nitrogen and sulphur are used for doping, a blue-
shifted emission is usually observed. Conversely, doping with low electronegative atoms such
as phosphorus and boron results in a red-shifted emission (L. Zhang et al., 2014). Compared
to nitrogen doped CDs (N-CD), sulphur doped CDs (S-CD) are more challenging to synthesise
due to the difficulty in forming C—S bonds. S and C have similar electronegativities and the
bond does not significantly transfer charge. S-doping can modify the chemical properties of
CDs and lead to an uneven distribution of the spin density, increase surface reactivity, catalytic
effects (Kou et al., 2020), and cause a blue shift in emission (Y. Hu et al., 2014). These
properties could make S-CDs useful for various applications such as catalysis or surface

functionalisation (L. Zhang et al., 2014).

One approach involves a microplasma process using citric acid and ethylene diamine for
nitrogen-doped CDs (N-CDs) (Ma et al., 2020). Another method utilises phosphoric acid and
formamide as dopants for phosphorus and nitrogen, respectively, in a solvothermal process
(N. Li et al., 2021). Additionally, a hydrothermal synthesis protocol has been developed for N
and S self-doped CDs using fungus fibres as a biomass source rich in nitrogen and sulphur. This
biomass-derived approach eliminates the need for an additional doping source (C. Shi et al.,

2019).

The advantages of the biomass-derived method include its self-doping nature, high QY,
biocompatibility, and photostability. The hydrothermal technique offers mild conditions and
a simple work-up process without dialysis, making it advantageous for large-scale production.
Another example involves a green synthesis for phosphorus-doped CDs using dextrose as the
carbon source and disodium hydrogen phosphate as the phosphorus source (Molkenova &
Atabaev, 2019). These phosphorus-doped CDs show promise for selective monitoring of ferric

ions in drinking water, suggesting potential environmental applications.
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Surface modification can alter the properties of CDs by functionalising their surface with a
variety of materials including ions, organic molecules, polymers, DNA, and proteins. Due to
the abundance of surface groups on CDs, functional ligands can easily bind to them (B. B. Chen
et al.,, 2019). Functionalisation reactions can be categorised as covalent and non-covalent
bonding. Covalent modification involves the reduction of functional molecules and groups on
the surface, allowing for better control of the size, shape, and physical properties of CDs. The
introduction of groups to the surface of CDs can increase the electron cloud density. On the
other hand, non-covalent modification utilises 1 interaction or Van Der Walls forces and has
less of an impact on the structure of CDs compared to covalent modification since the surface
is not chemically altered (Yan et al., 2018). Additional details on these reactions are briefly

discussed in the following paragraphs, and Figure 2.4 provides a visualisation of each method.
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Figure 2.4 - Examples of carbon dot functionalisation - Adapted from (Yan et al., 2018)

Amide coupling is a method of functionalisation that involves the reaction of amino
compounds with acylating reagents such as acyl chloride or carboxylic acid. This isa commonly
used technique to modify the surface of CDs since they are rich in amino or carboxyl groups.

The benefits of amide functionalisation include an increase in the CDs' selectivity and QY, as
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well as the introduction of hydrophobicity to make them more accessible in a solvent
environment. The amide bond's lack of rotational freedom imparts a partial double character
and causes a kink in the CD, resulting in a hydrophobic nature known as a "beta-turn" (Dong

et al.,, 2015).

Esterification is a chemical reaction that involves a carboxylic acid and an alcohol in the
presence of an acid catalyst to produce an ester and water. This method is commonly used to
functionalise CDs that possess numerous carboxyl or hydroxyl groups on their surface,
allowing for the introduction of diverse functional groups to interact with these sites. CDs
modified through esterification exhibit remarkable selectivity and reversibility towards
targets, which is particularly significant for applications in detection and cell imaging fields.
Furthermore, esterification can alter the hydrophilic and oleophobic properties of CDs to

impart lipophilic hydrophobicity (Algarra et al., 2014).

Sulphonylation reaction can be used to functionalise CDs that contain amino groups by
reacting them with sulfonyl chloride compounds. This introduces sulphur atoms and ligands
to the surface of the CDs, which results in increased energy or emissive trap states.
Consequently, the rate of photoexcited electron capture is improved, leading to enhanced

photoluminescence (Ye et al., 2014).

Copolymerisation - functional groups on the surface of CDs that contain active hydrogen can
undergo copolymerisation reactions with cyclic or double bond compounds to create large

molecular weight CDs suitable for biological applications (Li et al., 2017).

Similar to copolymerisation, silylation reactions utilise the active hydrogen present within
functional groups on surface of CDs for functionalisation with silane groups. CDs
functionalised with silane are commonly used in sensors and probes due to the ease of
chemical modification enabled by the two types of silane functional groups. Silane is also non-
toxic and biocompatible, improves dispersion and water solubility, and reduces the
cytotoxicity of CDs, (Rao et al.,, 2016) making it an ideal material for applications in ion

detection and temperature sensing (Lei et al., 2015).
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n-interactions: CDs possessing extended m systems can undergo modification through n
interactions with small aromatic molecules, which extends conjugation domains and improves

QY, photostability, and biocompatibility (Jiang et al., 2016).

The surface of CDs can be modified by complexation, which involves coordination bonds
formed between the metal ion and functional groups on the CDs surface. Complexation can
be used to functionalise CDs with molecules or ions, which can alter their interfacial properties
and broaden their applications. When an amphiphilic molecule is complexed with the CD
surface, the hydrophobic part can enhance the stability of CDs in organic solvents.
Complexation has been applied in various fields, such as desalination of sea water (Guo et al.,

2014).

Electrostatic interaction: The charge on the surface groups of CDs can make them amenable
to modification through electrostatic interaction with charged reagents. This approach is
commonly employed to functionalise CDs with targeting molecules or other fluorophores (Jin

et al.,, 2017).

2.3.4 Applications

CDs demonstrate physical and optical properties comparable to semiconductor-based
qguantum dots, enabling their use in a wide range of applications. Previous studies have
highlighted their potential in luminescent ink (Ge, Han, et al., 2021), enhancing photosynthesis
(Xiao et al., 2021), ion sensors (Hg?*,(Hou et al., 2015; Lu et al., 2012) Cu?,(Jin et al., 2017; Liu
etal., 2018; Rao et al., 2016; Ye et al., 2014) Fe3*,(Q. Huang et al., 2018; Molkenova & Atabaev,
2019) Ag*(Algarra et al., 2014; Jiang et al., 2016)), bioimaging(Kwon & Rhee, 2012; Li et al.,
2017; N. Li et al., 2021), photoelectronics (Kwon & Rhee, 2012), drug release (Li et al., 2017),

and seawater desalination (Guo et al., 2014).

Chemical CDs and biomass-derived CDs both exhibit promising applications in various fields,
but they differ in some key respects. While both types of CDs possess exceptional
photoluminescent properties that make them valuable for diverse applications, the
superiority of biomass-derived CDs lies in their enhanced biocompatibility and reduced

toxicity, which can be attributed to their source material. This advantage makes them
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particularly well-suited for biomedical applications such as bioimaging, drug delivery, and
sensors, both within and outside the body. Moreover, their straightforward synthesis
methods and environmentally friendly nature make them suitable for large-scale production
with a positive environmental impact.

Although chemical CDs offer diverse functionalities, their biocompatibility and environmental
impact might not be as favourable as those of biomass-derived CDs. Biomass-derived CDs, due
to their low toxicity and eco-friendly synthesis, appear to be more suitable for biomedical
applications and could have a positive impact on healthcare and environmental sustainability.
Examples of applications for chemical and biomass derived CDs are outlined below. Table 2.4
compares the dots made from chemical, biomass and semiconductor sources in general

(Radnia et al., 2020).

Table 2.4 - A comparison between biomass derived carbon dots, chemical carbon dots, and
semiconductor quantum dots - Adapted from Radnia et al., 2020.

Biomass derived carbon Chemical dots Semiconductor quantum dots

dots

Semiconductor sources do not
use recycled materials and are
toxic

Inorganic and metallic
precursors are mainly used.

Use of naturally occurring,
eco-friendly, safe precursors
as a source of carbon for CD
synthesis via biological
techniques

Environmentally friendly, use
of non-toxic and safe reagents,
resulting dots are non-toxic

High use of strong acids such as
HNO3 and H,SO4 and chemical
stabilising agents. The resulting
dots can have unwanted
reactivity and potential toxicity,
uncertainty of composition.

Require long and harsh synthesis
with organic solvents.

Resulting dots are toxic, especially
to the liver

Self-passivated (reducing
chemical exposure)

Extra passivation step required,
often with chemicals

Core-shell relationship requires a
multistep process.

Cost-effective, single-step
synthesis, consume less
energy and is easy to scale-up

Mostly complex synthesis steps while the necessity for special
equipment, costly chemicals, and higher energy consumption

Availability and
affordability/renewable and
facilitate waste management

Generating risky products/by-products for the environment and
human health, made form non-renewable precursors

confinement effect

Photoluminescence requires more research to fully understand.
Thought to originate with surface defects and the quantum

Photoluminescence well
understood and defined by the
quantum confinement effect
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Sensors: Davi et al. (Davi et al., 2021) utilised a hydrothermal technique to synthesise CDs
from dansyl chloride, which were used as a radiometric thermal sensor, pH sensor, and for
reactive oxygen generation. The fluorescence intensity of the dots increased with increasing
temperature, which is opposite to the typical behaviour of CDs and could be used as a "turn-
on" temperature sensor. The fluorescence intensity also increased with an increase in pH and
changed the colour of the emitted light. The team demonstrated that the generation of
reactive oxygen species upon photoexcitation showed a moderate singlet oxygen QY, reaching
11% for excitation intensities above 10 mW/cm?. However, the authors did not provide
specific examples of applications for these CDs. Biomass-derived CD can also serve as sensors
for detecting various materials such as anions, metals, and molecules (Zhang & Yu, 2016). For
instance, Lu et al. (Lu et al., 2012) demonstrated a hydrothermal treatment of pomelo peel to
produce fluorescent CDs for highly sensitive and selective detection of Hg?* These dots act as
effective fluorescent probes with a low detection limit, making them valuable in detecting

even trace amounts of mercury, which can be harmful to human health.

Bioimaging: Li et al. (L.-p. Li et al., 2021) developed near infrared-emitting CDs for bioimaging
by subjecting tetraphenyl porphyrin to solvothermal treatment in sulphuric and hydrochloric
acid. The fluorescence was attributed to aggregated molecular states of the CDs and exhibited
a strong NIR emission at 692nm with a high QY of 23.8%. The CDs had good dispersibility in
water, were biocompatible, showed minimal toxicity, and enhanced labelling capability in
bioimaging. However, the use of tetraphenylporphyrin, sulphuric acid and hydrochloric acid
means that this synthesis cannot be considered environmentally friendly. To increase the
sustainability of this reaction and further decrease the minimal toxicity seen in the resulting
dots, a greener alternative for both the carbon source and reactants should be used. Biomass-
derived CDs exhibit better biocompatibility compared to chemically derived counterparts,
making them ideal for bioimaging applications (Tejwan et al., 2019). For example, CDs
obtained from coffee powder have been shown to be effective in imaging carcinoma cells in
small fish. (Jiang et al., 2014) Moreover, CDs synthesised from ginkgo leaves have been used
to detect salazosulfapyridine in mouse plasma, essential for managing inflammatory bowel
disease. However, further research is needed to improve synthesis efficiency and eliminate

the use of non-green solvents (Jiang et al., 2019).
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Drug Carriers: The properties that make biomass-derived CDs suitable for bioimaging also
render them excellent candidates for drug delivery, including large surface area to volume
ratio, enhanced cellular uptake, and easy conjugation with therapeutics (Radnia et al., 2020).
For instance, CDs derived from milk have been used as drug carriers for DOXO with pH-
dependent release behaviour, demonstrating significant toxicity to carcinoma cells while

being less toxic to healthy cells (Yuan et al., 2017).

Electrical Applications: Chang et al. (Chang et al., 2021) developed a solvothermal method
using triammonium citrate to synthesise CDs for cell imaging and white LEDs. The choice of
triammonium citrate was due to its higher nitrogen content for doping, environmental
friendliness, and the lower work up required. The CDs produced were highly stable and had
low toxicity. By adjusting the reaction temperature, the emission colour of the CDs was
tuneable to wavelengths across the visible spectrum. The CDs' emission mechanism was
attributed to the degree of graphitisation, which was controlled by the number of functional
groups on the surface. The red, green, and blue emissive dots had QYs of 24.4%, 17.2%, and
12.1%, respectively. The CDs were successfully used for Hela cell imaging, and CD/polymer
composite films were employed to create white LEDs. However, this synthesis method cannot
be considered green, as urea and triammonium citrate are not green chemicals. Biomass-
derived CDs have shown promise in energy applications, such as photovoltaic devices,
batteries, and supercapacitors, due to their unique properties (Abbas et al., 2018). For
instance, CDs synthesised from waste zucchini were used in supercapacitors, showing good
specific capacitance retention. Additionally, CDs derived from gingko leaves were used as an

alternative to expensive Pt catalysts in electrocatalysis (Hoang & Gomes, 2019).

Catalysis: Li et al. (Y. Li et al., 2020) demonstrated the use of modified CDs with y-Fe;03 as a
catalyst to efficiently degrade sulfamethoxazole (SMX) by activating persulphate. The CDs@y-
Fe,03 were synthesised using glucose as a carbon source through a solvothermal method. The
researchers showed that the formation of heterojunction structure between CDs and y-Fe;03
reduced the catalyst band gap, leading to remarkable efficient SMX degradation compared to
other systems. The breakdown of SMX is particularly useful for municipal wastewater plants,
where residual SMX in waters could potentially cause negative effects on human health and
the environment. While glucose and ethanol are renewable and mild chemicals, using raw

biomass could further improve the greenness of this method.
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2.3.5 Limitations

CDs have a few drawbacks compared to semiconductor quantum dots, as their low QY can
limit their range of applications (Song et al., 2019). While the QY of semiconductor quantum
dots can reach 40-90% (Z. Yang et al., 2019), CDs typically only reach up to 30%. However,
Yang et al. (Yang et al., 2020) achieved a high QY of up to 62.8% by doping the dots with
nitrogen and synthesising them via microwave methods from resorcinol, o-Phenylenediamine,
and hydrochloric acid. The high QY was due to the dots containing many N atoms from
nitrogen doping, few vacancies in the carbon framework, and a large sp?-domain within the
core. The presence of HCl acted as a "promoter" to facilitate the reaction, resulting in a bright
fluorescence and high production yield. Nevertheless, applying this method to waste biomass

instead of raw chemicals could make it more environmentally friendly.

In addition, a significant challenge associated with CDs is their low production yield, which
limits their practical applications. While some studies have reported yields in gram and
kilogram scales, many studies do not provide yield values. To address this limitation, Park et
al. (Park et al., 2014) developed a method for large-scale production of water-soluble, green
CDs from food waste. The researchers used a solution of 10% ethanol with 100 kg of food
waste and treated it with US for 45 minutes. The resulting mixture was then centrifuged and
filtered twice to remove large particles, producing 120 g of CDs from 100 kg of food waste,
representing a yield of 0.12%. The resulting CDs, which were 2-4 nm in size, showed excellent
water solubility and demonstrated potential for biomedical applications, including imaging
HepG2 cells with low cytotoxicity and excellent photostability. The method is environmentally
friendly and cost-effective due to the use of waste biomass as a cheap precursor and the
possibility of selling the by-products as fertiliser. Despite its low efficiency and vyield, the
method is promising for scale-up due to its low cost, use of inexpensive materials, and lack of

expensive chemicals or heating processes.

Li et al. (Li et al., 2019) developed a simple, environmentally friendly, and high-yield method
to synthesise fluorescent CDs using a one-step hydrothermal treatment of poplar leaves. The
technique involved heating 5 kg of poplar leaves with 19 L of deionised water in a 30 L
autoclave for 24 hours at 200°C. The dots were obtained by vacuum filtration and rotary

evaporation. The researchers were able to obtain 1.498 kg of dots with a yield of 30% from
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dry biomass. The dots had a photoluminescent QY of 10.64% and were highly stable in
aqueous media and photostable. The dots' surface was rich with functional groups, and they
showed consistent photoluminescence and low cytotoxicity within a biological pH range. The
dots showed potential applications in electrocatalytic water splitting, Fe3* sensing, and
bioimaging, exhibiting remarkable electrocatalytic activity, Fe3* sensitivity, and good

biocompatibility.

Ge et al. (Ge, Huang, et al., 2021) reported the highest yield of CDs to date, with near 100%
yield obtained through a synthesis method that used dehydroabietic acid and ethanolamine
mixed with deionised water heated to 200°C for 300 mins. However, no explanation was
provided for the high yield, which could be due to the dots being mixed with impurities or the
high purity of the initial reagents used. Further research is needed to investigate the difference
in yield and other properties between dots made from raw biomass and those made from
purified chemicals, as well as the cost-effectiveness of each approach. The methods proposed
by Park, Li, and Ge represent a promising starting point for developing environmentally

friendly, high-yield methods for synthesising CDs from biomass.

2.3.6 Future perspectives

Future perspectives in the field of biomass-derived CDs hold immense potential for
advancements in various applications. However, several challenges need to be addressed to

fully exploit their capabilities.

One significant challenge is the low or unreported production yield, which hinders the
isolation of solid dots. Researchers should diligently report yield data, even if it is very low,
along with the reasons behind it, allowing for improvement in synthesis methods. Increasing
yield will enhance the viability of biomass-derived CDs for various applications. Besides, the
focus should also be on achieving high-quality dots with uniform size and high QY. Uniform
size ensures consistent emission properties, while a high QY boosts the brightness of the dots,

making them more suitable for bioimaging applications.

Another hurdle is the lack of a comprehensive understanding of the optical properties of
different types of CDs, including the effect of size, surface defects, and doping. Periodic

sampling during synthesis and analysis can provide valuable insights into the
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photoluminescence mechanisms, enabling researchers to propose effective mechanisms.
Describing the impact of changing synthesis parameters on physical and optical properties will
further elucidate the relationship between these properties, facilitating the tunability of dots

for specific applications.

In the quest for greener synthesis methods, researchers should strive to incorporate principles
that minimise environmental impact. Utilising biomass from waste streams and employing
efficient and low-waste reactions are crucial steps. Non-hazardous and benign chemistry
should be adopted to ensure safer processes and products. Green synthesis will enhance the

practicality of biomass-derived CDs in various applications over an extended period.

For potential application in nanotheranostics, more in-depth assessment of different
therapeutic agents loaded on CDs and their performance in-vivo is needed. Additionally,
precise, and efficient targeting of cellular organelles, such as the nucleus, Golgi body, and
mitochondria, will expand the feasibility of biomass-derived CDs in various nanomedicine
streams. However, further development and improvement in fluorescent imaging technology

are required for in-vivo human applications.

Moreover, extensive research around photo-catalysis can shed light on the involvement of
CDs in catalytic processes, leading to increased efficiency and positive economic and
environmental impacts. Selectivity of the dots should be emphasised to make them more
viable as sensors in critical areas like global security, radiation prevention, disease detection,

and public utility safety.

While challenges remain, biomass-derived CDs show tremendous promise among carbon
structures and are poised to be the next-generation material in various applications.
Advancements in understanding and engineering these nanomaterials will drive innovation

and bring forth transformative breakthroughs in diverse fields.

2.4 Layer-by-layer

The Layer-by-Layer (LBL) technique is a method for building up thin films layer-by-layer. This
technique involves the alternate deposition of oppositely charged materials onto a substrate
which forms a layer by self-assembly facilitated by electrostatic attraction. The thickness of

the film can be precisely controlled by adjusting the number of deposition cycles (Lipton et al.,
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2020). LBL technique was first introduced in 1991 by Decher et al. (Decher & Hong, 1991).
Since then, it has gained increasing popularity in various fields such as electronics, optics,
sensing, biomedical, and nanotechnology. For example, there are several advantages the LBL

process has over uncoated systems when it comes to drug delivery. (Figure 2.5)
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Figure 2.5 - Advantages of the layer-by-layer technique for drug delivery
adapted from (Shende et al., 2020)

The LBL technique also has several advantages over other thin-film deposition methods. The
technique is also relatively simple and inexpensive and can be carried out in a wide range of
conditions, including ambient temperature and pressure. The technique is also being explored
for its potential in energy storage, catalysis, and tissue engineering (Diez-Pascual & Rahdar,

2022).

The reasons above outline why the LBL technique is a powerful method for building up thin
films; its versatility and simplicity make it an attractive option for a wide range of applications
in various fields, especially biomedical applications such as drug delivery, which is a crucial
aspect of modern medical research that promises to open the door for new and current

pharmaceutical treatments. The development of advanced drug delivery systems with

44



enhanced therapeutic efficacy and reduced toxicity has been a topic of intense research in
recent years. The LBL technique has emerged as a promising method for the development of
advanced drug delivery systems or thin films containing other functional molecules such as

polymers. (Kurapati et al., 2019).

2.4.1 Fabrication methods

There are several variations of the LBL technique (Table 2.5) that can be used for biomedical
applications depending on the materials and the desired properties of the film. The main ones
are dip coating, spin coating and spray coating methods. The basis of these methods is the
same and starts with the preparation of the substrate with cleaning and modification to
increase surface charge density (Li et al., 2012; Shende et al., 2020). The formation of the film

involves the following steps (Figure 2.6)(Guzman et al., 2017):

1. Deposition of the first layer: A dispersion of charged particles is deposited onto the
oppositely charged substrate. The particles adhere to the substrate due to
electrostatic attraction.

2. Rinsing: The substrate is rinsed with a solvent to remove any unbound particles; this
step is very important since unbound material can cause undesirable inter-
polyelectrolyte complexes which can modify the structure and composition of the final
material.

3. Deposition of the second layer: A solution containing oppositely charged to the first
layer’s particles is deposited onto the first layer. The second layer adheres to the first
layer due to electrostatic attraction.

4. Rinsing: The substrate is rinsed with a solvent to remove any unbound particles.

5. Repeat: Steps 4 and 5 are repeated to build up the desired number of layers.
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Figure 2.6 - Outline of the steps of the layer-by-layer process - Adapted from (Guzmdadn et al.,

2017).

Table 2.5 - Outline of the most used LBL fabrication methods along with their advantages

and disadvantages:

Method Outline Advantages Disadvantages refs

Spray a spray gun to Rapid and efficient Limited control over (Li et al.,

method deposit the deposition process. film thickness compared | 2012;
oppositely charged | Suitable for large-area to other LBL methods. Mayilswam
materials onto the | coatings. Potential loss of y etal,,
substrate, Uniform film deposition. | material during the 2022)
resulting in a more | Capable of coating spraying process.
homogeneous film | complex geometries. May require specialised

equipment for large-
scale production.

Dip coating | the deposition of a | Simple and cost- Limited control over (Shiratori
thin layer by effective method. film thickness. et al., 2002)
dipping the Suitable for coating May lead to uneven
substrate into a various substrates, coatings on complex
solution of including porous geometries.
charged material. | materials. The deposition rate may

Capable of producing vary depending on the
uniform films. solution's properties.
Relatively fast

deposition process.

Spin coating | The substrate is Precise control over film | Suitable for planar (Lietal.,
spun rapidly to thickness with sub- substrates only. 2012;
evenly distribute a | nanometer resolution. May lead to edge Mayilswam
charge material Fast and efficient effects or non-uniform y etal.,,
solution on its deposition process. coatings at the 2022)

surface

Uniform and smooth
films.

Compatible with a wide
range of materials.

substrate's edge.
Limited scalability for
large-area coatings.
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The selection of the method depends on the specific application and the materials used. There
are many different systems and devices that can be fabricated with the different methods in
the LBL technique. However. The method that is most often used be used to synthesise nano
or microcapsules is the dip method. This is because spin and spray methods are usually used
for creating thin films on larger areas in the macroscale (Fadhillah & Alghamdi, 2023;

Matsushita et al., 2023; Vishwakarma et al., 2022; F. Yang et al., 2024).

The dip method is sometimes unsuitable for use cases outside the formation of nano and
microcapsules as outlined by Zhao et al. (Zhao et al., 2018) who prepared a LBL assembly
composite coating with a polyvinylpyrrolidone (PVP)/polyacrylic acid (PAA) for corrosion
protection of AZ31 magnesium alloy. Spin coating was used because the “air shear force and
the centrifugal force caused by a high-speed spinning process could rapidly remove the
adsorbed water molecules from the coating suspension”. With the dip method, these water
molecules are not removed and leave pin holes in the surface of the deposited layer making
it unsuitable for this application. The microstructure and composition of the coating were
investigated using SEM, X-Ray diffraction, and FT-IR measurements and the corrosion
performance was tested with electrochemical, immersion, and scratch tests. The results
demonstrated that the (PVP/PAA)10 composite coating exhibiting no defects, high density
dense, and uniform morphology, was successfully deposited on the surface of the magnesium
alloy. This coating demonstrated excellent corrosion resistance and adhesion strength which

is a concern with the use of magnesium in biomedical applications (Cui et al., 2016).

For an example of the spray method, Xu et al. (Xu et al., 2021) proposed a simple method for
preparing a Tannic acid (TA) contained anti-bacterial coating using the spray LBL method. By
controlling the pH and Fe3* ions concentration, they adjusted the complexation states of TA
and Fe3*. Subsequently, TA-Fe3* complexes and PEl were alternately sprayed onto substrates
to form the (TA-Fe3*/PEIl) coating. Through surface modification using low surface energy
silane, they achieved a super-hydrophobic coating with distinct microstructural features. The
freshly prepared (TA-Fe3*/PEl) coating exhibited inherent contact-killing antibacterial
properties. To further enhance the antibacterial effectiveness, in-situ reduction of Ag* ions
was performed, resulting in the Ag-loaded (TA-Fe3*/PEIl) coating that continuously released
Ag+ ions in ambient environments. The (TA-Fe3*/PEl) coating was successfully coated onto a
commercial nonwoven mask, demonstrating its potential practical application in the medical

protection field.
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Traditionally, layer by layer capsules are created by depositing layers onto particulate cores
and then removing the cores to form hollow capsules (Caruso, 2004; Peyratout & Dahne,

2004) (Figure 2.7).

000 0©OC

Template Layer 1 Layer 2 Layer 3 Layer 4 Template removed

>
Figure 2.7 - The process of layer-by-layer capsule formation — adapted from (Shende et al.,
2020)

There are two essential classes of templates for polyelectrolyte multilayer capsules: smooth
surfaces and porous surfaces. The surface porosity influences key parameters such as
preparation ease, polymer shell thickness, and loading efficiency. Smooth particles have
thinner shells which requires the addition of more layers, while porous cores have a thicker
shell because the polyelectrolytes penetrate the matrix, resembling sponges after dissolution.
Capsules based on porous particles utilise pores for loading, offering a larger capacity, while
those based on smooth particles have a larger inner volume and can easily encapsulate
substances through surface shrinking. The choice between these templates depends on the
desired properties for loading and releasing cargo in various applications (Parakhonskiy et al.,

2014).

An example of nanoparticles being used as a template to create a nanocapsule was outlined
by Belbekhouche et al. (Belbekhouche et al.,, 2020) they designed tailor-made N6L-
nanomaterials to treat pancreatic cancer by combining a templating method and a LBL dipping
method onto colloidal gold NPs with diameters of 20 nm and 60 nm as a core, capsules were
formed with the removal of the templates. The outer layer of the nanomaterial was carefully
functionalised with N6L, a synthetic agent that is non-toxic to normal mammalian cells, targets
surface nucleolin and induces tumour cell death by apoptosis. A pancreatic cancer model was
issued to show that these N6L-based nanostructures targeted cancer cells and inhibited cell
survival in a dose-dependent manner highlighting the potential antitumor activity of the

developed nanostructures.

A template doesn’t always need to be used when creating nanocapsules. Milosavljevic et al.
(Milosavljevic et al., 2020) fabricated a nanocapsule encapsulating doxorubicin with layers of

furcellaran and chitosan by applying the first furcellaran layer to the free drug. The
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nanoparticle showed excellent stability with a pH dependant release. This device showed good
anticancer effects in cell tests and entered the cells via endocytosis. Surface modification with
homing peptides was used for targeted delivery, which increased the speed of internalisation.
This method is a great example reducing steps in the fabrication. Normally nanoparticle
templates are first prepared and often later removed to form a nanocapsule. In this instance
these steps are completely avoided, speeding up the fabrication time, which in turn would

reduce costs, making this method a potential candidate for scale up in future research.

2.4.2 Materials

A wide range of materials can be used in LBL films, including polymers, NPs, biological
molecules, and metals. Different material will impart different properties onto films and can
be tuned by adjusting the number of layers, concentration of solutions or other synthesis
conditions such as solvents, temperatures, time, salt concentrations and pH. The choice of

material depends on the functionality of the synthesised device (Elizarova & Luckham, 2018).

Polyelectrolytes (Table 2.6) are one of the most used materials in LBL films. They are
macromolecules with charged groups along their chains, making them suitable for
electrostatic interactions. They fall into two broad categories: Natural and synthetic. (Wohl &

Engbersen, 2012)

o Natural polyelectrolytes consist of DNA, RNA, proteins, peptides, and polysaccharides.
They have the advantage of being renewable and biocompatible as they are derived
from nature which means that layer by layer devices synthesised from these
electrolytes have application in the biomedical field. Examples of natural polymers are
bovine serum albumin, fibrinogen, and collagen.

e Synthetic polymers used in LBL films include poly(styrenesulfonate), poly(allylamine

hydrochloride).
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Table 2.6 - Examples of common polyelectrolytes used in the layer-by-layer technique

Polymer Abbreviation Origins References

Cationic

Poly(allylamine PAH Synthetic (Correiaetal., 2021; Deligoz et al.,

hydrochloride) 2009; Jiang et al., 2004)

Poly(diallyldimethy | PDADMAC Synthetic (Su et al., 2012)

lammonium

chloride)

Polyethylenimine PEI Synthetic (Deng et al., 2021; Ganas et al.,
2014)

Chitosan CH Natural (Huetal., 2021; Luetal., 2019; M.
Xie et al., 2019)

Anionic

Poly(sodium 4- | PSS Synthetic (Deligoz et al., 2009; Jiang et al.,

styrenesulfonate) 2006)

Poly(vinyl sulfate) PVS Synthetic (Cogo et al., 2006; Xue & Chan,
2015)

Poly(acrylic acid) PAA Synthetic (Y. Huang et al., 2018; M. Yan et
al., 2023)

Hyaluronic acid HA Natural (Lu et al., 2019; Urbaniak et al.,
2023)

Alginic acid | AA Natural (Elizarova & Luckham, 2018; Li et

(sodium alginate) al., 2023; Lu et al., 2019; Sun et

al., 2021; M. Xie et al., 2019)

An example of a LBL technique being used with natural polymers was outlined by Ibrahim et
al. (lbrahim et al., 2023). They aimed to enhance DOXQ's cytotoxicity while reducing side
effects by including metformin in drug delivery using platelet-rich plasma (PRP) mimicking
nanocapsules (NC) fabricated via LBL deposition of biodegradable CH and AA on synthesised
polystyrene NPs (PS NPs). It was found that the PRP-mimicking NCs have a higher drug loading
capacity and smaller size than natural PRP. In-vitro and in-vivo studies show that metformin
enhances the anticancer activity of DOX against breast cancer, and the LBL NCs improve the

drugs' biological efficiency compared to free drugs.

Nanoparticles can be used as building blocks in LBL films due to their unique properties, such
as high surface area and tuneable optical and electronic properties. Examples of NPs used in
LBL films include gold, silica, and magnetic NPs (Silva, 2019; L. Xu et al., 2019). Liu et al. (Liu et
al., 2023) used hydrophobic protein (Zein) NPs (ZNP) in a LBL assembly alongside pectin to
encapsulate probiotics via the dipping method. The choice of outermost layer significantly

impacts cell viability during different conditions. Pectin as the outer layer enhances cell
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viability during heating, while ZNP is advantageous during storage. Moreover, the number of
coating layers affects cell viability during gastrointestinal digestion. Microcapsules with fewer
layers may expose cells to harsh conditions due to pectin dissolution, but consistent coating

can mitigate this by leveraging the insolubility of ZNP.

Microcapsules have also been fabricated from gold and silver NPs for application in enhanced
Raman scattering active bacterial detection (Li et al., 2022). This was an unconventional
synthesis method involving the adsorption of gold NPs and the in-situ synthesis of silver NPs
as layers. Notably, the microcapsules exhibited remarkable potential as surface-enhanced
Raman scattering substrates for the label-free detection of Rhodamine 6G. It was also
demonstrated the practicality of utilising these capsules for microorganism detection by

immobilizing bacteria on the particle surfaces.

Lipids are a class of amphipathic molecules that serve as fundamental building blocks of cell
membranes. They are widely distributed throughout living organisms (Xuan et al., 2017).
Heath et al. (Heath et al., 2015) developed a simple LBL method to create lipid multilayers
using vesicle rupture onto existing supported lipid bilayers with the help of an electrostatic
polymer linker, poly |-lysine (PLL). Then it was found that adjusting the buffer pH and PLL chain
length achieved different thicknesses and close-packed layers in the multilayers. Lipids and
membrane proteins within the multilayered membranes could diffuse freely independently of
lipid slack and membrane separation. These findings offer new possibilities in various
applications, such as energy production and biosensing, and contribute to a better

understanding of biological processes.

lonic liquids are salts that are liquid at room temperature and have unique properties, such
as high conductivity and low volatility. They can be used as building blocks in LBL films due to
their charged nature (Szot et al., 2008; C. Zhang et al., 2014). Li et al. (Li et al., 2024)
fabricated novel high-temperature resistant ionic liquid SiO2 nanocapsules using a
combination of the template method and subsequent impregnation method. The capsules
had a high loading capacity of 47.7 wt% and an initial thermal decomposition temperature
up to 340 °C, which is suitable for the moulding and processing temperatures of various self-
lubricating polymers, including polyether ether ketone, polyimide, polytetrafluoroethylene,
and polyamide. Friction tests demonstrated that incorporating 3 wt% nanocapsules into

nylon significantly increased performance. These results offer valuable insights into the
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preparation of high-temperature resistant nanocapsules and promote their industrial

application in other self-lubricating polymers.

2.4.3 Properties

The LBL technique enables the precise control of the structure and composition of thin films,
resulting in films with unique properties that can be tailored for specific applications. Here are

some of the properties of LBL NPs and films (Ai, 2011; Yuan et al., 2020):

Controlled thickness: One of the most significant advantages of LBL films is the ability to
control their thickness. The thickness of the film can be precisely controlled by adjusting the
number of layers deposited, allowing for films with sub-nanometer to micrometer thickness

(Kandjou et al., 2019; Mouhtadi et al., 2023).

Multilayered structure: LBL films have a multilayered structure that can be tailored to provide
specific functionalities. The ability to incorporate different materials into each layer enables
the creation of films with unique properties, such as mechanical strength, optical properties,
and drug release characteristics (Hamdalla et al., 2019; Johansson & Wagberg, 2012; Wohl &
Engbersen, 2012).

High surface area to volume ratio: This property is advantageous for applications such as
catalysis, sensing, and drug delivery, as it increases the number of active sites available for

interaction with the environment (Diez-Pascual & Rahdar, 2022; Rodriguez-Mendez, 2023).

Biocompatibility: LBL films can be designed to be biocompatible by incorporating
biocompatible materials, such as natural polymers, peptides, and proteins. This property
makes LBL films suitable for biomedical applications such as drug delivery, tissue engineering,
and wound healing (Criado-Gonzalez et al., 2021; dos Santos et al., 2024; Mishra et al., 2023;

Zeng & Matsusaki, 2019).

Stability: LBL films can exhibit excellent stability due to the strong electrostatic interactions
between the layers. This property is beneficial for applications such as sensors and catalysis,

where the stability of the film is critical (Erkmen et al., 2022; Zeng & Matsusaki, 2019).

These are just some of the properties of LBL NPs and films. The specific properties of LBL films

depend on the materials used, the film thickness, and the order of deposition.
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2.4.4 Applications

LBL films in general have many applications that address challenges in various fields, for

example

LBL technology offers a surface coating technique to address the challenges facing
orthopaedic implants such as insufficient osseointegration, bacterial infection, oxidative
stress, immune rejection, and lack of individualised treatment, impacting treatment outcomes
and patients' lives. Drugs or biological agents can be loaded onto LBL functionalised implants,
and the releases can be controlled at the bone defect site, thereby addressing these

challenges and greatly improve patients’ lives (Ma et al., 2023).

Food safety is a global concern and antibacterial preservation techniques is a high priority
within the field. LBL self-assembly technology offers a promising approach for solutions in food
quality inspection and antibacterial preservation such as modifications that enhances the
sensitivity, accuracy, and stability of sensors in food quality detection. Additionally, active
packaging that exhibits excellent antibacterial preservation properties can effectively extend

the shelf life of food (C. Zhang et al., 2022).

One of the most promising applications of LBL assembled systems is in water purification. Two
main strategies are used in this context: enhancing the barrier properties of separation
membranes and constructing core-shell organic/inorganic sorbents. These systems have
specific applications in desalination and the removal of heavy metal ions or organic pollutants

from water (Ghiorghita & Mihai, 2021).

LBL micro and nanocapsules fill a slightly different niche in application as compared to the LBL

technique in general.

Micro- and nanocapsules hold great promise for applications in sensing. Micro-sized sensing
devices allows for the detection of low concentrations of molecules in situ (Johnston et al.,
2006). LBL capsules use different techniques for sensing such as immobilizing fluorescent

indicators inside the capsules to sense small ions and oxygen (McShane et al., 2002).

Biomolecules such as DNA can be sensed by immobilizing a molecular beacon, which
fluoresces upon binding to complementary DNA, within the capsules. This method protects
labile species, such as RNA, from degradation prior to analysis (Johnston & Caruso, 2005). This

has previously been outlined by Johnston et al. They immobilised a molecular beacon within
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a mesoporous silica particle functionalised with a PEI/PAH film deposited with the LBL
technique. This device was used to determine the size of DNA that can permeate through the
film. This is useful for applications in controlled drug and gene delivery where determining the

permeability of films is crucial.

The permeability of the capsule wall is crucial for the sensing process and can be adjusted by
varying the film thickness, assembly conditions, and composition (Dubas & Schlenoff, 1999).
This ensures that the capsule wall prevents the sensing molecules from diffusing out while

acting as a selective barrier for the target molecules(Johnston et al., 2006).

Furthermore, capsules loaded with low molecular weight fluorescent compounds have been
utilised in immunoassays (Johnston et al., 2006). This was demonstrated by Trau et al. with
their novel class of particulate labels based on nanoencapsulated organic microcrystals. They
were fabricated by encapsulating microcrystalline fluorescein diacetate within ultrathin
polyelectrolyte layers of PAH and PSS using the LBL technique. This polyelectrolyte coating
served as a platform for the attachment of anti-mouse antibodies through adsorption. The
applicability of the microcrystal-based label system was demonstrated in a model sandwich
immunoassay for mouse immunoglobulin G detection. Following biospecific binding of the
capsules to the analyte, exposure to ethanol solubilises the encapsulated fluorophore,
allowing it to diffuse out of the capsules and emit a highly fluorescent signal. This method
significantly enhances the sensitivity of immunoassays, increasing it up to 2000-fold. This
approach provides a general and facile means to prepare a novel class of biochemical assay
labelling systems. The technology has the potential to compete with enzyme-based labels as

it does not require long incubation times, thus speeding up bioaffinity tests.

To achieve optimal therapeutic effects in medical applications, it is essential to release the
appropriate amount of drug for effective treatment. Micro and nanocapsules are used to
control drug release at a specific rate and time, preventing drug loss during transport and
improving drug utilisation efficiency while reducing toxicity. LBL self-assembly technology
allows the synthesis of capsules with customizable properties (X. Zhang et al., 2019). The

section below highlights the use of LBL capsules for the delivery of therapeutics.
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2.4.5 Layer by layer micro/nanocapsules for drug delivery

The LBL deposition method offers a diverse range of drug delivery vehicles using various
organic and inorganic colloids as templates. It has been used to create core-shell NPs and
multilayer capsules for drug delivery. The LBL coatings improve the colloidal stability of the

NPs, making them suitable for in-vivo administration.

Drug release from polyelectrolyte multilayer capsules is done by one of two ways: burst
release and sustained release. Burst release is the instantaneous release of the drug and is
suitable for intracellular uptake scenarios such as chemotherapy or gene transfection.
Sustained release is slow release of the therapeutics over a long period of time; this is
preferable when capsules need to remain extracellular, and constant drug levels are necessary
such as schizophrenia treatment (Harrison & Goa, 2004; Johnston et al., 2006). Capsules
remain extracellular by being too large to enter cells (Horisawa et al., 2002) and gather at the

required cells by targeting or passive accumulation (Marin et al., 2022).

Burst release of the therapeutic payload can be achieved by utilising internal or external
stimuli to trigger capsule degradation. For instance, light-addressable capsules have been
created by incorporating metal NPs into the capsule wall (Angelatos et al., 2005; Radt et al.,
2004; Skirtach et al., 2004). These capsules rupture when exposed to short near-infrared laser
pulses due to gold NP-mediated heating of the capsule shell (Angelatos et al., 2005; Radt et
al., 2004). This approach is viable for releasing various biomaterials, including high molecular
weight substances like DNA (Angelatos et al., 2005; Johnston et al., 2006). An example of
internal stimuli was outlined by Marin et al. (Marin et al., 2021). They designed their polymer
capsules to a have a pH dependant release. The fabricated polymer capsules acted as
antioxidant microreactors thanks to the encapsulation of catalase in their core and were able
to release DOXO in response to an acidic pH due to the incorporation of functionalised

dendritic polyglycerols in their shell.

Alternatively, capsule degradation and burst release can be triggered by the intracellular
uptake process itself. This potential is demonstrated through hydrogen-bonded multilayers
cross-linked with disulfide linkages (Zelikin et al., 2006), which remain stable in the
bloodstream's oxidizing conditions but release their contents in the reducing environment of

the cell (Johnston et al., 2006).
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For sustained release, therapeutic molecules can slowly diffuse through an intact yet
increasingly permeable capsule wall (Park et al., 2005), or they can be gradually released
through a slowly degrading capsule wall (Johnston et al., 2006). Environmental stimuli such as
pH and ionic strength may trigger changes in the capsule wall necessary for sustained release
(Johnston et al., 2006) (Antipov et al., 2003). Antipov et al. (Antipov et al., 2003) explored the
impact of ionic strength and pH on fluorescein anion permeation through PSS/PAH multilayer
capsules. They observed that fluorescein permeability increases with ionic strength (due to
enhanced destruction of the interpolyelectrolyte complex) but decreases with pH (due to

increased repulsion between fluorescein molecules and polyelectrolyte multilayers).

Geetal. (Ge et al., 2022) presented a straightforward and efficient approach for creating large
polyelectrolyte microcapsules (Figure 2.22) designed for encapsulating both hydrophilic and
hydrophobic substances, with potential applications in drug delivery systems. Microbubbles
were used as a template and the capsules had a diameter of 100.4 + 14.2 um and a thickness
close to 100 nm. The capsules were shown to encapsulate paclitaxel with high loading
capacities and sustained drug release. The capsules offer advantages over conventional
methods by eliminating issues associated with template removal, such as template residues,
harsh decomposition conditions, and elevated internal osmotic pressure. However, because
of their large size these capsules cannot be internalised within a cell which might limit

application (Zhang et al., 2023).

A comprehensive investigation into the reaction conditions for the formation of nanosized
CaCOs cores and LBL capsules was conducted by Elbaz et al. (Elbaz et al.,, 2020). The
synthesised nanocapsules showed stimuli-responsive properties and were designed to offer
protection and enable selective drug delivery in the colon. It was found that with the
modification of the composition of the layers, distinct drug release behaviours could be

achieved.

Shu et al. (Shu et al., 2010) presented the synthesis of biodegradable hollow LBL nanocapsules
for the encapsulation of protein drugs. The polyelectrolytes, CH, and dextran sulphate were
deposited on protein entrapping amino-functionalised silica particle templates. Cell viability
studies indicated good biocompatibility of the nanocapsules, and the drug release kinetics
mechanism was identified as Fickian diffusion. These innovative composite nanocapsules hold

promise as a delivery system for water-soluble proteins and peptides.
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Another example of LBL microcapsules used for drug delivery was reported by Kazemi-Andalib
et al. they prepared multilayered pH-responsive hollow microcapsules using two types of
polymers: chitosan (CH) and poly(ethylene glycol dimethacrylate-co-methacrylic acid) via the
LBL method onto a silica core which was removed once the layer deposition was complete.
These microcapsules were designed to carry gemcitabine and curcumin. The drugs were
loaded into the microcapsules either during or after the synthesis procedure. Although both
methods achieved acceptable loading efficiencies, the drug amount loaded during synthesis
was higher. The microcapsules demonstrated high potential for drug delivery. The variation in
the amount of drug released in acidic versus neutral pH confirmed the pH-responsivity of the
microcapsules. Furthermore, the prepared microcapsules exhibited a dose-dependent high

cytotoxicity effect on HCT116 colorectal carcinoma cells.

2.4.6 Limitations and future perspectives

The LBL technique has been widely used for the synthesis of thin films and NPs with controlled
properties. However, there are still gaps and limitations in the field that need to be addressed
for further development and optimisation of LBL-based materials. Here are some of the major

gaps and limitations in the LBL field:

1 Limited scalability: The LBL technique is typically performed on a small scale. Scaling up
the process for large-scale production can be challenging and will require further research
into specialised equipment and processes that can handle an increase in magnitude of
production or is much more efficient than current laborious small-scale protocols (Joseph
J. Richardson, 2015). Advances in automation will help in the reproducibility and

streamlining of these processes (Zhao et al., 2019).

2 Problems with compatibility and stability of LBL materials: The LBL technique is not
compatible with all materials, and some materials may not adhere well to the surface of
the substrate or to other layers in the multilayer structure. LBL films and NPs may be prone
to delamination or dissociation under certain conditions, such as changes in pH (Liu, 2014)
or temperature, or charged organic materials (Wang et al., 2022). This can limit the range

of materials that can be used for LBL-based materials and the stability and longevity of
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LBL-based materials and may require additional coatings or modifications to improve their
stability, such as cross linking (Liu, 2014). This problem will need to be solved with further
research into the how common materials used in the LBL process interact with each other
to find optimal combinations and analyse them for their stability in application. A database
of research outlining the properties of these materials could help to give researcher better

insight into where the research is needed most (Wang et al., 2022).

3 Limited understanding of the biological response to LBL-based materials: While LBL-based
materials have shown promise in various biomedical applications, there is still limited
understanding of the biological response to these materials. This includes their
interactions with cells, tissues, and the immune system, as well as their potential toxicity
and long-term effects (Zhao et al., 2019). This problem can be mitigated with the use of
materials that are derived from biomass which have much more favourable
biocompatibility over chemical-based polyelectrolytes. Research should be focused on
materials that have the most potential for the highest biocompatibility and with minimal
impact in terms of toxicity and long-term effects both inside the body but also in the
environment. An example of this is CH, which has been extensively researched in LBL

assemblies due to its unique material and biological properties (Hu et al., 2021).

4 Limited control over therapeutic release: LBL assemblies are semipermeable by nature
which can be tuned with the number of layers and their thickness; however, degradation
and unintentional release is still a problem that has yet to be fully solved (Zhao et al.,
2019). The problem could be aided by computational works increasing our understanding
of how drugs diffuse and release from the layers. This is done by creating models that can
accurately predict the drug release curve of individual layer by layer devices, (Jain et al.,
2022) allowing for a better understanding of the underlying mechanisms of the drug
diffusion. This in turn, would allow researchers to specialise the LBL processes for the

required release profile required for application.

In conclusion, the LBL technique has shown great potential for the synthesis of thin films and
NPs with controlled properties, but there are still gaps and limitations that need to be

addressed for further development and optimisation of LBL-based materials. Addressing these
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gaps and limitations will be critical for advancing the field and realizing the full potential of

LBL-based materials in various applications.

2.5 Combination of techniques

The research in this project combines both CDs and LBL capsules for the development of a
nanotheranostic device that is capable of the imaging and treatment of cancer. There is very
little research in the combination of these techniques for any application adding to the novelty
of this project, however some examples of current research have already been published is

outlined below.

Yang et al. (X. Yang et al., 2013) prepared two types of CDs-embedded polyelectrolyte
microcapsules using the LBL technique. The first type, CDs/(PAH/PSS)5PAH microcapsules,
were fabricated by alternately adsorbing PSS and PAH onto the CDs/MS composites. The
second type, (PAH/CDs)4PAH/PSS/PAH microcapsules, were produced by alternately
depositing PAH and CDs onto a sacrificial SiO; template. Both resulting CDs-embedded
microcapsules emitted blue fluorescence upon UV-light irradiation and exhibited excitation-
dependent photoluminescence behaviour, like that of CDs in aqueous solution. Furthermore,
for the (PAH/CDs)4PAH/PSS/PAH microcapsules, the CDs loading on the shells could be
adjusted by varying the CDs concentration or layers, allowing control over the
photoluminescence intensity of the microcapsules. Additionally, photo-induced CDs
demonstrated electron transfer and redox properties, and other biocompatible materials
could replace PAH and PSS. Therefore, the CDs-embedded microcapsules have potential
applications in a wide range of fields, including imaging, drug delivery, biosensors, and
microreactors for photocatalysis. This one of the only papers that combines the technique of
LBL and carbon dots in a way that might be suitable for imaging and drug delivery, however,
the capsules that are fabricated in this method are micro-sized, this would limit their
application in drug delivery, nanosized particles are internalised much more readily by cells

than their micro-sized counterparts (Murugan et al., 2015).

The LBL technique was used by Gongalves et al. (Goncalves et al., 2012) to immobilise CDs to
a glass optical fibre to create a fluorescence sensor for the detecting sub micromolar
concentrations of Hg(ll). The CDs used were synthesised by the laser ablation of a carbon

target and functionalised with PEG200 and N-acetyl-L-cysteine to make them anionic, PEl was
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used as the cation. The author describes that the use of the LBL process allowed the
immobilisation of an optimal number of layers which both minimised the background noise
due to imperfections on the fibre surface, as well as, leading to an increase in sensor sensibility

due to the availability of the CDs to interact with the analyte.

Pinto et al. (da S. Pinto et al., 2017) used oxidised CDs, derived from cellulose acid dehydration,
in the creation of self-assembled films in conjunction with the biopolymer CH for potential
application in the development of immunosensors, functional coatings, and surface films for
photoactivity and UV protection. It was found that film structure, including morphology and
thickness, can be effectively controlled, and replicated by managing the conditions of the

biopolymer and CD solutions, in addition to the conventional number of dips.

Tuan Nguyen et al. (Tuan Nguyen et al., 2023) introduced a novel approach for fabricating
high-performance Quantum Dot Light-Emitting Diode (QLED) devices by utilising layer by layer
spin-coating of multi-Quantum Dot (QD) layers along with Ethanedithiol (EDT) treatment. This
showed a remarkable 23-fold in increase luminous efficiency for the QLED with double-QD
layers compared to a control device featuring a single-QD layer without EDT treatment. This
technique is a promising platform for the straightforward realisation of high-performance

multi-coloured QLEDs.

There have been a couple of examples of the LBL technique being combined with

semiconductor quantum dots for the treatment of cancer, for example.

Adamczak et al. (Adamczak et al., 2012) outlined polyelectrolyte multilayer capsules with
guantum dots for biomedical applications in 2012. CdTe quantum dots were encapsulated
within layers of biocompatible polyelectrolytes (PLL, Polyglycolide (PGA)) led to a reduction in
cytotoxicity. However, the cytotoxicity of CdTe-labelled capsules with PLL/PGA layers was
higher than that of plain PLL/PGA capsules. The authors proposed replacing the quantum dots

for further research.

Dang et al. (Dang et al., 2016) compared theranostic NIR-II fluorescent probes synthesised
from different imaging agents incorporated into biocompatible NPs using the LBL technique.
The particles used were; down-conversion NPs, quantum dots, single-walled carbon
nanotubes, and organic dyes. The experiments examined their biodistribution,

pharmacokinetics, and toxicities and it was found that rare-earth-based down-conversion NPs

60



emerge as optimal in terms of both biological and optical performance. The QD based platform
showed severe toxicities in both the liver and kidneys in tested mouse models which was

attributed to QDs leaking out of the capsules.

These studies show the limitations of SCQDs, CDs could be used as a replacement in these
applications due to their similar optical properties and better biocompatibility (Desmond et
al.,, 2021). No example of a combination of the LBL technique and biomass-based CDs with
application in nanotheranostics were found. This shows that there is novelty in combining

these techniques for the nanotheranostic treatment of cancer.

2.6 Summary

The information above serves to outline the current understanding of the field of
nanotheranostics and its amazing potential in the medical field, especially cancer treatment,
duetoits promise of increased efficiency of existing techniques and the discovery of new ones.
Comparisons were made between the different techniques used for both bioimaging and
therapeutics and different strategies of combining these techniques were investigated.
Nanotheranostics allows for multimodal techniques to provide greater range in application
and a greater chance that treatments are effective. There are many ways nanotheranostics
can be implemented using a variety of drug delivery and imaging techniques meaning that the

scope for treatments is extremely wide.

CDs are fluorescent carbon-based NPs that have fantastic potential as a bioimaging agent due
to their optical and mechanical properties. They are of particular interest because of their
simple synthesis low cost and great biocompatibility, especially when compared to
semiconductor quantum dots which are toxic due to their source material. CDs do have some
limitations in the fact that their photoluminescence mechanism is not fully understood, and
their QY is comparatively low, which will need to be addressed before widespread use in
application. Mass yield of CDs is also low, but this is to be expected, especially when they are
derived from biomass as the source material contains impurities, this is offset however by the
low cost of obtaining the biomass, the lesser environmental impact and the greater
biocompatibility shown in biomass derived CDs. research has outlined their potential as
fluorescent imaging agents, and some researchers have demonstrated as such in cell and

animal models.
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The LBL technique is the self-assembly of multilayer films through electrostatic attraction They
can be synthesised in many ways and the fabrication method is usually chosen because of
application and materials used. For example, nanocapsules are usually fabricated with the dip
method. The highly tuneable films can be made up from many charged materials, such as
polyelectrolytes, and they derive their properties from the materials they are formed from.
This gives them a wide range of applications, especially in the medical field for drug delivery.
Drug delivery is often achieved with LBL capsules which are formed around a NP template.
Limitations of the LBL technique include scalability, compatibility and uncontrolled drug
release. Natural polymers such as CH and AA are often used to increase biocompatibility, and
their synthesis is inexpensive and simple. Drug released can be tuned by the number of layers
and materials used. Further improvements could be made in the future with more research
into drug release from LBL nanoparticles and the use of computational models to improve

understanding of release mechanisms.

Currently there is potential for a nanotheranostic technique that uses both LBL capsules and
CDs in combination for cancer therapy and imaging. More investigation into these techniques
alone and in combination is needed to achieve a fully capable system that can be used in the

human body to treat cancer.
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Chapter 3. Materials and Experimental Methods

This chapter outlines the methodologies used in this project; this includes the reaction series
and the subsequent analysis. Three syntheses of CDs were conducted, two hydrothermal-
based using different catalysts such as tannic acid and SA, and a microwave-based reaction
using aqueous conditions. The resulting dots were analysed to discover their physical and

optical properties.

Several fabrications were conducted to investigate the formation of a LBL nanocapsule and
the resulting particles were analysed to investigate their size and surface chemistry.
Discussion of the results from each method can be found in the dedicated chapters for those

experiments.

3.1 Synthesis of Carbon dots

The leftover material from coffee brewing is called spent coffee grounds (SCG) and around 6
million tons are generated globally each year, most of which goes to landfill and contributes
to potential ecological damage by the leaching of chemicals such as caffeine, tannins and
chlorogenic acid into the environment (Janissen & Huynh, 2018). Recent efforts have focused
on converting SCGs into high-value products, including fluorescent nanoprobes such as CDs.
For example Hsu et al. (Hsu et al., 2012) synthesised CDs from SCGs through heating and a
simple separation process which demonstrated efficient fluorescence, making them suitable
for cell and matrix imaging. Other groups, Hong et al. (Hong & Yang, 2021) and Xu et al. (Xu et
al., 2017), also successfully synthesised CDs from SCGs using a hydrothermal process yielding
fluorescent CDs with potential applications in anti-counterfeiting and sensing probes for metal
ions in water. While these studies showcased the potential of SCGs as green precursors for CD
synthesis, there remains a challenge to establish easily scalable, non-hazardous, and quality-

controllable processes that meet both industrial and environmental standards.

To that end, this section outlines the main methodologies for synthesising CDs from SCG. This

is split into 3 main syntheses.

Synthesis 1 — A two-step process: acid catalysed hydrothermal carbonisation of coffee

grounds followed by a nitric acid oxidation.
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Synthesis 2 — An investigation into an ultrasonic pretreatment, followed by a hydrothermal

carbonisation.

Synthesis 3 — A microwave-assisted aqueous hydrothermal carbonisation.

3.1.1 Materials
Spent coffee grounds (SCG) (Figure 3.1) were obtained in café shops in Newcastle city, the

UK. The SCG were dried before use in an oven at 80°C for 2 hours and analysed using X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-IR), and

transmission electron microscopy (TEM).

Figure 3.1 - Dried spent coffee grounds

Other chemicals (tannic acid (TA) (99.9%), sulphuric acid (SA) (99.9%) and nitric acid (70%))
were obtained from Sigma Aldrich. These chemicals were prepared to desired
concentrations depending upon experiments (Table 3.1).

Table 3.1 - Outline of the concentrations of acid catalysts and corresponding pH used in the
following experiments.

Acid Concentration as Concentration | pH
used in in Mol/dm?3
experiments

Sulphuric 0.005 g/ml 0.051 1.22

acid 0.01 g/ml 0.102 0.96
0.02 g/ml 0.204 0.68

Tannic acid 0.005 g/ml 0.0029 4.27
0.01 g/ml 0.0058 4.12
0.02 g/ml 0.012 3.96
0.05 g/ml 0.029 3.77
0.1 g/ml 0.059 3.61

Nitric acid 0.2 g/ml(20%) 3.17 -0.5
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3.1.2 Acid catalysed Hydrothermal carbonisation (HTC) of spent coffee grounds and nitric
acid oxidation (Synthesis 1)

This method was adapted from the microwave-assisted method outlined by Xu et al. (Xu et
al., 2017) because of the high yields and good fluorescent properties. Their method used a
microwave-assisted HTC with a SA catalyst to synthesise a graphitic precursor, which was then
subjected to a nitric acid oxidation to form the CDs. The SA catalyst assisted with the
decomposition of the cellulose within the SCG by catalysing the depolymerisation reaction
(Shrotri et al., 2018). Carbonisation of the glucose followed, synthesising a precursor made up
of fine carbon sheets. The dilute nitric acid oxidation cut and exfoliated the precursor to CDs
which had a graphitic structure of a few layers. This acid cutting oxidation has also been
described previously (Peng et al., 2012). The method used in this project used an oven-assisted

hydrothermal process and is outlined in Figure 3.2.
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Figure 3.2 - The reaction schematic of two step carbon dot synthesis; hydrothermal
carbonisation of coffee grounds followed by a nitric acid oxidation

Step 1 proceeded as such; approximately 0.5g of dry coffee (particle size - 0.05-0.2mm)
grounds were mixed with 15ml of water/acid catalyst (ratio - 1:30 wt/vol, conc — 0.005-
0.05g/mL) and placed into a 125mL Parr acid digestion vessel, which featured a
polytetrafluoroethylene cup (Figure 3.3) and sealed. This sample ratio was chosen due to

suggested operation of the vessel. This vessel was then heated to 200°C for a specified amount
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of time (between 2-4 hours). This temperature was chosen because effective carbonisation of
cellulose occurs above 180°C (Bevan et al., 2023). higher temperatures were not investigated

with variations due to limitations with the oven.

Oven controls Hydrothermal vessel

PTFE Cup

Coffee
grounds
mixture

Thermometer

Figure 3.3 - Schematic of the hydrothermal reactor and heating
apparatus

The vessel was then left to cool overnight, and the mixture was then filtered via vacuum
filtration through a 0.1um Merck Millipore mixed cellulose ester (MCE) filter to obtain a solid
precursor. This small pore size filter was used because using a larger size might have meant
loss of precursor in the washing process. The precursor was dried in an oven at 70°C for 24
hours to completely remove any excess water and then was stored for further analysis. This
temperature was selected so that the precursor would not burn, and the time was to ensure

that it was completely dry.

This synthesis was run 10 times, and the parameters were varied according to Table 3.2. The
standard conditions were a SA catalyst solution of 0.01g/mL reacted for 2 hours at 200°C. The
time tests investigate the effect of increasing reaction time on the synthesis of the precursor
and resulting dots. 2-4 hours were chosen because these are standard times that are used in
the carbonisation of biomass, although some studies have been conducted up to 8 hours
(Bevan et al., 2023). The acid tests investigate the effect of SA concentration and TA tests

investigate the effect of TA as a HTC catalyst.

The sample codes outline the step 1 synthesis parameters used for the sample. The prefix
indicates which test the sample is a part of (time test (TT), sulphuric acid tests (AT) or tannic

acid tests (TA)). The middle indicates the variable reaction parameter (retention time or
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concentration in g/mL) used the suffix indicates the reaction step (Step 1 - precursor synthesis
(P), Step 2 - CD synthesis (CD)).

Table 3.2 - Experimental conditions on hydrothermal synthesis of the graphitic precursor
using SCG at a fixed temperature of 2000C and ratio of spent ground coffee to water of 1:30

wt/vol.
Catalyst Holding
Sample code Catalyst type Concentration time
(g/mL) (Hours)
Time Tests (TT)
TT-2H-P/AT-0.01-P Sulphuric acid 0.01 2
TT-3H-P Sulphuric acid 0.01
TT-4H-P Sulphuric acid 0.01
Acid Tests (AT)
AT-0-P None 0.0 2

AT-0.005-P Sulphuric acid 0.005 2

AT-0.01-P/TT-2H-P Sulphuric acid 0.01 2
AT-0.02-P Sulphuric acid 0.02 2
Tannic Acid Tests (TA)

TA-0.005-P Tannic acid 0.005 2
TA-0.01-P Tannic acid 0.01 2
TA-0.02-P Tannic acid 0.02 2
TA-0.05-P Tannic acid 0.05 2

Step 2 proceeded as such; approximately 50mg of each precursor was mixed with 15ml of
20%wt of nitric acid and ultrasonicated at 60°C for half an hour. The mixture was then refluxed
at 90°C for half an hour for the oxidation. The reaction proceeds by the degradation-oxidation
cutting down the precursor to carbon dots. Ultrasonication was used to disaggregate the
particles for a more efficient oxidation by increasing the surface area to volume ratio of the
precursor. The temperature was at 60°C so that oxidation would not occur prematurely. Nitric
acid is chosen for its powerful oxidising capabilities and have been shown to have worked in
previous experiments. However, other oxidisers such as hydrogen peroxide (Mittal et al.,
2023) or oxidation methods such as ozonolysis (Osorio-Gonzéalez et al., 2020) could be
investigated in the future. Different oxidisers have different oxidising strengths so it would be
expected that the size of the carbon dots would change depending on how efficient the
oxidation reaction would be. Wang et al produced dots from nitric and sulphuric acid oxidation
degradation of carbon black with a size less than 10nm with a reaction time of 60 mins (Wang

& Lu, 2015). Roy et al. reported a size of 30-40 nm with a hydrogen peroxide oxidation
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degradation of teak leaves (Roy et al., 2024). Jeong et al reported a size of 5-15nm with a

oxidation degradation of dried mango pulp with phosphoric acid (Jeong et al., 2014).

The 90°C temperature was needed to achieve reflux as it is above the boiling point of nitric
acid. It has been found that the efficiency of the oxidation reaction is proportional the
temperature (Hecker et al., 1991). After cooling, the mixture was then filtered to through a
0.1um Merck Millipore MCE filter to separate solid and liquid containing CDs. The CD
dispersions were analysed with Ultraviolet-visible spectroscopy (Uv-Vis) and
photoluminescence (PL) spectroscopy to investigate the optical properties, absorbance and
excitation, emission and QY. The solid fraction was obtained through rotary evaporation and
dialysis for 72 hours with a dialysis membrane with a molecular weight cut off (MWCO) of
3500 Da, keeping the CDs within the membrane. The resulting solid was then analysed with
XPS and FT-IR to study surface chemistry, and TEM to analyse morphology and size. The
reaction conditions for this step were consistent across all samples, for this reason, the CD
samples will retain their step 1 parameter code but will change their suffix from -P to -CD (E.g.

- TT2H-P ->TT2H-CD).

3.1.3 Ultrasonic pretreatment of spent coffee grounds and tannic acid catalysed
hydrothermal carbonisation (synthesis 2)

This synthesis is a two-step ultrasonic pretreatment and TA catalysed HTC of CDs followed by
a dialysis purification (Figure 3.4). This was for the investigation of reaction parameters’ effect
on the properties of CDs and to compare the effect of the ultrasonication pretreatment as
later described. The practical work for this investigation was completed by Master’s student
Thomas James under the supervision of Thomas Wareing and Anh Phan.

Clamp | Flask with coffee grounds
stand and tannic acid mixture

'_L.T_: Oven controls  Hydrothermal vessel
Ultrasonic o )
water bath PTFE Cup Dialysis tubing
‘ : Coffee - Carbon dot solution
Water bath grounds
controls mixture Dl water
Thermometer
1 2 3

Figure 3.4 - Experimental configuration for 1 — ultrasonic pre-treatment, 2 - hydrothermal
carbonisation, and 3 - dialysis of carbon dots.
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Pretreatment proceeded as such; Around 10g of dried SCGs was placed into a conical flask
and mixed with 50ml of 0.05g/mL TA solution. This 1:5 wt/vol ratio of biomass to catalytic
solution is standard for HTC (Heidari et al., 2019; Volpe et al., 2020). This SCG and TA mixture
was then placed in a FB15053 ultrasonic water bath (frequency —37kHz) at room temperature
(~20°C) for 90 minutes to allow for proper breaking up and de-clumping of the SCG, which
could be seen visually, and allow for multiple samples to be taken to analyse the effect of time.
The water in the bath was replaced to maintain a stable temperature. The top of the conical
flask was sealed to prevent evaporation. Approximately 1mL aliquots were taken using a
pipette at a 15-minute interval for the duration of the pretreatment, for FT-IR surface analysis
for functional group analysis. These aliquots contained both the solid and liquid phases aiming
at preserving the ratio between these phases for the whole duration of the experiment. The
collected aliquots were centrifuged to separate the liquid and solid, the solid samples were
then dried at 70°C for 48 hours to remove the water for analysis. Table 3.3 illustrates the
conditions used in the pretreatment. These were ratio of biomass to catalytic solution (prefix;
Ratio-), concentration of TA catalytic solution (prefix; Conc-) and temperature (prefix; Temp-
). The middle part of the sample code denotes the change in condition. The suffix denotes the
step of the reaction (either PT or CD).

Table 3.3 - Pre-treatment conditions applied during ultrasonic pre-treatment of SCGs over 90
minutes pre-treatment time.

Ratio of biomass / Concentration of
Sample Code | Temperature (°C) catalyst solution tannic acid
(wt/vol) (g/mL)

Standard conditions

Std-Cnd-PT

Ratio Tests

Ratio-25-PT ~20 1/2.5 0.05
Ratio-100-PT | ~20 1/10 0.05
Concentration tests

Conc-0.01-PT | ~20 1/5 0.01
Conc-0.1-PT | ~20 1/5 0.1
Conc-0.0-PT | ~20 1/5 0.0
Temperature tests

Temp-40-PT | 40 1/5 0.05
Temp-60-PT | 60 1/5 0.05
Temp-80-PT | 80 1/5 0.05
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Hydrothermal Carbonisation (HTC) proceeded as such; each mixture from the ultrasonication
pre-treatment was placed into a 125mL Parr reactor, which was heated to 200°C and kept at
that temperature for 3 hours. The vessel was then removed and allowed to cool before the
reaction mixture was centrifuged to separate solid and liquid. The liquid containing the CDs
was stored for purification. All liquid samples were additionally filtered using a 0.1um Merek
Millipore (MCE) membrane filter and vacuum pump to remove residual solids prior to
separation of the CDs. The sample codes for this step retain their previous prefix and condition
codes and the suffix is changed from -PT to -CD. A dispersion of 10g spent coffee grounds
without pre-treatment was added in 50mL of 0.05g/mL TA solution to serve as a control to
investigate the effect of the pretreatment against no pretreatment and will be referred to as

NO-PT.

Purification of Carbon Dots was done by dialysis, which is a standard practice for the
purification of carbon dots (Ullal et al., 2024). In this case, the dialysis was against deionised
water using 3500Da then 2000Da membranes, which were each carried out continuously over
3 days. The 3500Da membrane was used to remove particles larger than the CDs as they made
their way through this membrane. The 2000Da membrane was used to remove any leftover
TA, the dots were retained by this membrane and the TA, with a MW of 1,701Da passes
through. The dialysed dispersions were then rotary evaporated to remove excess water,
leaving concentrated CD/TA solution for analysis and final separation. The samples were then
frozen to -80°C for 3 days before entering a freeze dryer for 48 hours to remove all residual
water. The solid dots are then analysed using FT-IR, TEM and XPS for morphological and
surface analysis, UV-Vis and photoluminescence spectroscopy for optical properties and cell
toxicity against U20S and Saos-2 cells using PrestoBlue cell viability. Saos-2 is a cell line with
epithelial morphology that was isolated from the bone of an 11 year old female osteosarcoma
patient (UKHealthSecurityAgency). U20S Cell line derived in 1964 from a moderately
differentiated sarcoma of the tibia of a 15 year old girl (UKHealthSecurityAgency)
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3.1.4 Microwave assisted aqueous hydrothermal carbonisation of SCG (synthesis 3)

This synthesis builds upon the results of the previous synthesis, i.e. synthesis 2, and serves as
a comparison of the microwave and hydrothermal methods. This is a two-step agqueous HTC

of coffee grounds to investigate the effect of retention time and reaction temperature.

A typical synthesis progressed by mixing dried 10g of SCG with 50mL DI water and was subject
to ultrasonication for 90 minutes at a temperature of 60°C. This ratio of 1:5 wt/vol
(biomass:water) was as used in previous experiments and was found to be the most effective.
This mixture was then transferred to a microwave reaction vessel and placed into a microwave

for an hour at 200°C (Figure 3.5).

Microwave

Temperature
Probe
Microwave
Pressure Vessel
Control
Panel
1 Microwave Door {

i ]
Figure 3.5 - Microwave reaction set up for the hydrothermal carbonisation of
spent coffee grounds.

The resulting mixture was then centrifuged 3 times (4400 Rotations per minute (RPM),
15mins) to remove a dispersion containing the CDs from the large solid waste. The dispersion
was then filtered through three subsequently smaller Buchner funnel filters. 0.44um, then a
100nm Millipore MCE filter then a 50nm Millipore MCE filter. This filtration method was to
ensure the removal of larger particles. Multiple rounds of filtration were performed as to not
clog the smaller filters. The mixture was then concentrated using rotary evaporation to
remove excess water. The liquid was then frozen at -80°C for 24 hours and then freeze dried
for 48 hours to recover solid CDs. The solid dots were then analysed using FT-IR, TEM and XPS

for morphological and surface analysis, UV-Vis and photoluminescence spectroscopy for
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optical properties and cell toxicity against U20S and SAQS-2 cells using PrestoBlue cell viability

for toxicity testing.

The parameters adjusted in this synthesis are reaction temperature (150-200°C) and time (30-

120 minutes). These are outlined in

Table 3.4 below. This range of retention times is consistent with literature. Previous

Sample Temperature of microwave (°C) | Retention time (mins)
150-30 150 30
150-60 150 60
150-90 150 90
150-120 150 120
175-30 175 30
175-60 175 60
175-90 175 90
175-120 175 120
200-30 200 30
200-60 200 60
200-90 200 90
200-120 200 120

experiments are between 2 minutes (Shibata et al., 2022) and two hours (Xu et al., 2017). Due
to pressure limitations on the microwave vessel, temperatures above 200°C could not be
investigated. Moreover, it has been shown in literature that carbonisation does not efficiently
occur below 180°C. Therefore, the temperatures of 150 and 175°C were chosen to investigate

the effect of less effective carbonisation on the synthesis of CDs.

Sample Temperature of microwave (°C) | Retention time (mins)
150-30 150 30
150-60 150 60
150-90 150 90
150-120 150 120
175-30 175 30
175-60 175 60
175-90 175 90
175-120 175 120
200-30 200 30
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200-60 200 60 Table 3.4 -
200-90 200 90 Sample
200-120 200 120 codes of

each

microwave carbonisation according to temperature (prefix) and time (suffix).

3.2 Layer-by-layer techniques

Similarly to various other types of inorganic NPs like gold, magnetite and silica, calcium
phosphate (CaP) nanocarriers have become particularly attractive in nanomedicine. This
heightened interest is attributed to their excellent biocompatibility and biodegradability. The
appeal of CaP arises from its status as the inorganic mineral found in human bones and teeth.
CaP NPs fulfil crucial criteria for an effective delivery system. These include their capacity to
encapsulate drugs or biomolecules and their inherent biodegradation which results in the
formation of harmless compounds, namely calcium and phosphate ions. (Qiu et al., 2022) For

these reasons, CaP NPs make great templates for a LBL polyelectrolyte nanocarrier as
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demonstrated by Elizarova et al. (Elizarova & Luckham, 2016). They utilised a peristaltic pump
continuous process to create multilayer polymer capsules. Also, Verma et al. (Verma et al.,
2016) also used CaP NPs functionalised with vitamin B12 to create an oral insulin delivery

device.

Building upon this research, the fabrication of CD-functionalised LBL capsules on CaP NPs for
application in nanotheranostics was conducted. The various procedures that are related to
this LBL capsule formation includes.

- Effect off flowrate and drying methods on NP templates

- First layer functionalisation of calcium phosphate templates

- First LBL capsule fabrication - chitosan and alginate, functionalisation with anticancer
drugs and CDs

- Second LBL Capsule fabrication — chitosan and chondroitin sulphate, functionalisation

with anticancer drugs and CDs

3.2.1 Materials

Calcium lactate - was obtained from sigma Aldrich as a white powder and was mixed with
deionised (DI) water to form a solution with a concentration of 24mM. NaOH and HCI was

used to correct the pH to 10.

Ammonium phosphate (di-basic) - was obtained from sigma Aldrich as a white powder and
was mixed with DI water to form a solution with a concentration of 15mM. NaOH and HCI was

used to correct the pH to 10.

Polyethylenimine (PEI) —had a MW of 800 Da and was obtained from Sigma Aldrich and mixed
with water to form solutions of 3 different concentrations: 3, 5 and 10mg/mL. NaOH and HCI

was used to correct the pH to 10.

Polydiallyldimethylammonium chloride (PDADMAC) — had an average MW of 100,000 Da and
was obtained from Sigma Aldrich and mixed with DI water to form solutions of different

concentrations; 0.5, 1, 2.5 and 5 mg/mL, NaOH and HCl was used to correct the pH to 10.

Poly(allylamine Hydrochloride) (PAH) — had a MW of 15,000 Da was obtained from Sigma
Aldrich and mixed with DI water to form solutions of 3 different concentrations; 3, 5 and

10g/mL, NaOH and HCl was used to correct the pH to 10.
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Chitosan (CH) - was obtained from Sigma Aldrich and mixed with DI water to form solutions
of different concentrations; 0.5, 1, 2.5 and 5mg/mL, NaOH and HCl was used to correct the pH
to 5. Solutions of 0.5 and 1mg/mL solutions were also created using a 5.5 pH sodium acetate

buffer.

Sodium alginate (AA) - was obtained from sigma Aldrich and mixed 5.5 pH sodium acetate

buffer to form a solution of 1mg/ml.

Chondroitin sulphate (CS) - was obtained from sigma Aldrich and mixed with DI water to form

a solution of 1mg/ml.

Sodium acetate buffer (SAB) - was synthesised by making a solution with DI water that
contained 0.07M sodium acetate and 0.03M acetic acid. the pH is then corrected to 5.5 using

HCl and NaOH.

Doxorubicin (DOXO) - was acquired from sigma Aldrich and was dispersed in a solution (1:1 %
v/v) Dimethyl sulfoxide (DMSO): phosphate buffered saline (PBS) at a concentration of
1mg/ml.

Docetaxel (DAX) - was acquired from sigma Aldrich and was dispersed in a solution of (1:1 %

v/v) DMSO: PBS at a concentration of 600ug/ml.

3.2.2 Flowrate and drying methods investigation

This investigation was used to evaluate the effect of flow rate and drying methods on the

properties of the CaP NPs.

The templates were synthesised with a peristaltic pump (Pharmacia fine chemicals) reactor at
4 specified flow rates to combine 40mL of 24mM calcium lactate and 15mM ammonium
phosphate. The newly synthesised nanoparticles were collected in a beaker with continuous
stirring (Figure 3.6). A P-3 peristaltic pump (Pharmacia fine chemicals) was used because it has
very precise control with flow rate. The flow rates used are 0.5, 3, 6 and 9mL/min. The
resulting solution from each flow rate was then split into three fractions and centrifugation
was used to separate the NPs from the supernatant. Once separated all three sets of particles
were washed in DI water. One set was left to dry in air, another was frozen at -80°C for 24

hours and then freeze dried for 48 hours. The third fraction was centrifuged once more to
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separate the particles from the water, then the particles are washed with isopropanol then

left to dry in air.

Remove Dissolve

1 Splitinto 3 supernatant in water Dry in air
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Figure 3.6 - Reaction schematic of the flowrate and drying method tests

3.2.3 Calcium phosphate template functionalisation with first layer

This method was used to investigate the effects of immediate functionalisation of the
templates, the saturation level of the polyelectrolyte functionalisation, and the properties of

the templates with different polyelectrolyte layers.

The reactions progressed first with the crystallisation of CaP to form NPs and, subsequent
stabilisation by functionalisation with a cationic polymer to obtain a precipitate of NPs, as

reported by H. Urch et al. (2009) (Urch et al., 2009).
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The CaP NPs were synthesised (Figure 3.7) by combining 40mL ammonium phosphate and
40mL calcium lactate solutions using a P-3 peristaltic pump (Pharmacia fine chemicals) in a
10cm silicone tubing reactor (3mm diameter). The resulting particles immediately enter the
100cm tube reactor and were mixed with 40ml of polyelectrolyte solution. The particles and
supernatant were collected in a beaker and stirred for 24 hours. The mixture is then dialysed
for 12 hours using dialysis tubing with a 14,000 MWCO. After dialysis, the dispersion of NPs is
separated using centrifugation at 4400rpm for 20 minutes and the supernatant is removed.
The pellets of NPs are then dispersed in DI water and washed again, separating once more
with another round of centrifugation. The final products were then either suspended in a NaCl
solution or DI water at 4°C for further use or freeze dried for analysis. three polyelectrolyte

solutions were tested: PEI, pPDADMAC, and PAH in different experiments.

Table 3.5 outlines the concentrations of polyelectrolyte solutions tested with their

corresponding pH.

10cm

100cm
o »
J « »
|
Ammonium Calcium Poly-
Phosphate. Lactate electrolyt
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Peristaltic pump
Dissolve Remove Centrifuge gl
inwater supernatant
— _ Stirring for 24hrs
‘ , , = n
S

Dialysis for 24 hours

Figure 3.7 - Reaction schematic for calcium phosphate nanoparticle synthesis and first layer
deposition.

Table 3.5 - Conditions of the polyelectrolyte solutions used in the CaP template

functionalisation.
LBL capsule fabrication method Polyelectrolyte | Concentrations pH
(mg/mL)
Chitosan and Alginate PEI 3,5and 10 10
Chitosan and Alginate pDADMAC 3,5and 10 10
Chitosan and chondroitin Sulphate PAH 0.5,1,2.5and 5 10
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The different concentrations were used to find the saturation point of the polyelectrolyte. The
reaction to synthesise CaP NPs occurs at pH 10 because pH above 9 increases the dissociation
of the ammonium phosphate facilitating the reaction (Kim et al., 2018). For this reason, all the

polyelectrolyte solutions were adjusted to pH 10.

The drug loading of these particles was investigated. The tests were replicated as described
above with the inclusion of solution of anticancer drugs PBS:DMSO (1:1 % v/v) with the
ammonium phosphate solution. In the first fabrication method, 3 different drug solution
combinations were included (400uL of 10mM DOXO0,400uL of 600nM DAX and 400uL of both

solutions). In the second fabrication method 135uL of 10mM DOXO was included.

3.2.4 Layer by layer deposition of chitosan and alginate polyelectrolyte solutions on PEI-
functionalised CaP NP, drug encapsulation and release

This fabrication was used to investigate the properties and effects caused by polyelectrolyte

LBL functionalisation and subsequent drug encapsulation and release.

This fabrication uses the NP templates functionalised with PEIl as described in section 3.2.4.
(Figure 3.8) This was done by separating the nanoparticles from the supernatant with
centrifugation at 4400rpm for 20 minutes and removing the supernatant. The pellet of
particles is then fully dispersed in 20 mL of buffer solution. A 1mL aliquot for analysis for the
previous layer is then taken. 20 mL of polyelectrolyte solution is added to the particles in the
buffer solution to reach the desired concentration polyelectrolyte solution. It was done this
way to reduce the number of centrifugation steps and to ensure the proper dispersal of NPs
prior to adding the polyelectrolyte solution. the particles were intubated in this solution for
15 minutes with mechanical mixing (95 rpm, Orbital shaker SSM1 (Cole Parmer/Stuart.) The
polyelectrolyte solution was then removed by centrifugation. The particles were then
redispersed and washed with buffer. This process was repeated for as many layers as was

needed.
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Figure 3.8 - Reaction schematic for the layer-by-layer deposition of chitosan and alginate
onto PEI functionalised calcium phosphate nanoparticles.

The particles functionalised with PEl were tested with AA and CH polyelectrolytes to provide
the negative and positive layers respectively and were applied alternatively thrice each. For a

total of 7 layers with a layer pattern of:

PEI

Alginate
Chitosan
Alginate
Chitosan

Alginate

N o vk~ w nNoE

Chitosan

1mL Aliquots were taken at each layer for analysis with zeta potential for surface charge, DLS
and TEM for size a morphology.

To test the encapsulation and release of anticancer drugs, and functionalisation with CDs, the
experiments were repeated with modifications to the protocol. Table 3.6 outlines all the tests

that were conducted.

For drug release testing, first layer particles that were also loaded with drugs were used as
outlined at the end of section 3.2.4 above. The fabrication continued as above except that
drug solutions were included with the CH solutions during the 3™, 5t and 7t layer depositions.

(400pL of 10mM DOXO0,400uL of 600nM DAX and 400uL of both solutions). These particles
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were tested for drug release and cell tests to analyse their functionality as drug delivery

devices.

For the inclusion of CDs, 50mg of CDs were added to the AA solution during the deposition of
the 2M, 4th and 6™ layers. This layer was chosen because this is the anionic polyelectrolyte,
and the CDs had a negative surface charge (Milkova, 2023). Because of the negative charge,
the carbon dots would be attracted to the positive polyelectrolyte layers chitosan and PEl, the
negative charge would also prevent the AA from adsorbing to the surface of the carbon dots
(Spalla, 2002). These NPs were subject to photoluminescent testing using UV-Vis and

Photoluminescence spectroscopy to analyse optical properties.

Table 3.6 - Outline of the different chitosan/alginate layer-by-layer test conducted.

Test Template + first Anionic layer | Cationic solution
layer solution

Standard conditions | Plain CaP + PElI 2mg/mL AA 1mg/mL CH
DOXO encapsulation | CaP + PEl and DOXO | 2mg/mL AA 1mg/mL CH

400uL of 10mM DOXO
DAX encapsulation CaP + PEl and DAX 2mg/mL AA 1mg/mL CH

400puL of 600nM DAX
Both drugs CaP + PEI, DOXO and | 2mg/mL AA 1mg/mL CH
encapsulation DAX 400pL of 600nM DAX

400puL of 10mM DOXO
DOXO Layer only CaP + PEI 2mg/mL AA 1mg/mL CH
encapsulation 400puL of 10mM DOXO
DAX layer only CaP + PEI 2mg/mL AA 1mg/mL CH
encapsulation 400puL of 600nM DAX
Both drugs layer CaP + PEI 2mg/mL AA 1mg/mL CH
only encapsulation 400puL of 600nM DAX

400puL of 10mM DOXO
With CDs CaP + PEI 2mg/mL AA 1mg/mL CH

50mg CDs

Drug release proceeded by separating the supernatant by centrifugation and removing, the
precipitated capsules were washed with PBS once then recentrifuged and separated before
resuspending in PBS. This was only done once to minimise the release of the encapsulated
drugs (Zhaparova, 2012). 2mg of drug-loaded capsules were then mixed with 2 mL PBS (pH
~7.4) and incubated at 37°C. At specific time intervals the sample was removed from
incubation and centrifuged at 13,000 RPM to separate the particles and PBS and a 1.9 mL
aliquot of supernatant was removed at the specified time steps (Table 3.7) and replaced. A

speed of 13,000 RPM was used to speed up separation, so the experiments could be quickly
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returned to incubation. The samples were analysed using UV-Vis multiplate reader at an
absorption at 480nm for DOXO and 230nm for DAX. The samples were blanked against pure
PBS and the concentration and mass of released at each step was calculated using a previously

obtained calibration curve.

Table 3.7 - Measurement times of drug release.
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3.2.5 Deposition of aqueous solutions of chondroitin sulphate and chitosan
polyelectrolytes on PAH calcium phosphate nanoparticles, functionalisation with
carbon dots, drug encapsulation and release

This section outlines the methods used in the second LBL application of polyelectrolytes on
PAH functionalised CaP templates. The polyelectrolytes chosen were CS and CH, this was
because of their biocompatibility and previous usage in this area of research. The practical
work for this investigation was completed by Master’s student Simone Margini under the

supervision of Thomas Wareing and Piergiorgio Gentile.

The LBL-assembly procedure (Figure 3.9) was conducted using CH and CS as deposition
polyelectrolytes. The concentrations of the polyelectrolytes were ranged between 1, 2.5 and
5 mg/mL to find the saturation point of polyelectrolyte deposition on the NPs surface. CH was
prepared in a solution of 1 % (v/v) of acetic acid, whereas CS was dissolved only in DI water.
The washing steps were carried out in DI water. The pH of all aqueous solutions was adjusted

to 6 by adding NaOH and HCl.

81



10 mg of freeze-dried PAH functionalised CaP nanoparticles, as prepared in according to
method outlined in section 3.2.3, were dispersed in 10 mL of CS solution and then sonicated
for 15 seconds. The NP dispersion was then shaken at 95 rpm for 15 minutes using an Orbital

shaker SSM1 (Cole Parmer/Stuart).

Next, a first centrifugation was performed for 10 minutes at 4400 rpm, followed by two
washing steps in DI water to remove excess polyelectrolyte. For the first washing step, the
supernatant was removed and replaced with 10 mL of DI water; the NPs were then sonicated
for 15 seconds and shaken again for 10 minutes at 95 rpm. This was followed by a second
centrifugation for 5 minutes at 4400 rpm. For the second washing step, the procedure was
repeated by replacing the supernatant with 3 mL of DI water, sonicating the NPs for 15
seconds, and shaking them again for 3 minutes at 95 rpm. Finally, the NPs were centrifuged
again at 4400 rpm for 10 minutes to prepare for the deposition of the next CH layer in the

same manner as previously described.

Before the last centrifugation step, 100 pL of functionalised NPs was removed to measure the
corresponding {-potential. This process was repeated until 7 layers, alternating in charge, were
created consecutively. After the LBL procedure, the final product was freeze-dried and stored

in a vacuum desiccator for further testing.
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Figure 3.9 - The layer-by-layer deposition process used to deposit chitosan and chondroitin
sulphate into PAH functionalised calcium phosphate nanoparticles

Modifications were made for the repeat fabrications to test the encapsulation of both DOXO
and CDs. The procedure of LBL was the same as previously stated with changes only occurring
in the preparation of the starting solutions. DOXO solution was prepared in PBS:DMSO (1:1)
with a concentration of 10mM, this was done because DOXO is not soluble in aqueous buffers
(Yamada, 2020). Then, an aliquot of 34uL of DOXO solution was added for every 10mL of
cationic polyelectrolyte solution to create a CH/DOXO solution to incorporate the drug within

the positive layers.

Similarly, CDs were added to CS aqueous solution, resulting in a concentration of CD of
0.33mg/mL. This was done so the CDs will be integrated into the negative layer of the NPs.
The last layer deposited will be CH and will not contain the drugs to avoid the burst release

effect.
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The tests outlined above were originally done in a SAB. The method is identical except the
washing steps and polyelectrolyte solution were performed/prepared with SAB rather than DI

water as outlined above.

For the determination of drug release profiles, 0.4 mg of nanoparticles (PAH-functionalised
CPNP cores and LBL-functionalised capsules) were precisely weighed, dispersed in 1 mL of PBS,
and incubated at 37 °C for up to 28 days, with PBS serving as the release medium. Drug release

measurements were taken every 7 days.

To assess the initial burst release, additional measurements were conducted at 10 minutes
and at multiple intervals up to 6 hours on the first day of incubation. At each sampling point,
60 uL of supernatant was withdrawn and replaced with an equal volume of PBS. The collected
supernatant was then diluted with PBS in a 1:10 ratio to a final volume of 600 pL. The solution
was subsequently centrifuged at 13,000 rpm for 10 minutes, and the supernatant was

carefully transferred to a new Eppendorf tube.

Optical density measurements were performed at 480 nm using a plate reader. For each time
point analysed, the effective absorbance was determined by subtracting the average
absorbance of blank PBS wells from both the standard and sample readings. A calibration
curve of DOXO in PBS was used to calculate the concentration of DOXO released at each time
point (in ug/mL). By multiplying this concentration by the supernatant volume (1 mL), the total

amount of released DOXO (in pg) was obtained.

Since the release process was cumulative, the amount of drug released at each time point was
added to the previously measured amounts. The percentage of drug release at each time step
was calculated by dividing the total released DOXO or DTX by the initially encapsulated
amount, as shown in Equation 1 below, where t = time step, Mrel(t-1) = (previously released
mass) and My = mass at current time step

Mrel(t - 1) + M(t)

1 %M, =
M foMrer (weight of encapsulated drug)

x 100

3.2.6 Drug encapsulation efficiency methods

Below is an outline of the methods used to investigate the encapsulation efficiency of drugs

in the NPs. The first method was used to investigate the cores and layers of the first synthesis
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and the cores only in the second. This is outlined in Table 3.8. The second method is used to
calculate the encapsulation efficiency of the layers only in the second synthesis. This is
outlined in Table 3.8. The supernatant recovery method was used for the layers in the second
synthesis for efficiency due to already taking out the effluent as part of the method of LBL

fabrication.

Acid solubility method proceeded by dispersing 1mg of freeze-dried nanoparticles in 3mL of
HCl and stirring at 120 °C until the acid was completely evaporated and a pellet consisting of
drug and polymers was obtained. This is because CaPs dissolves in acid. (De Rooij et al., 1984;
Tung, 1998) Next the pellet was dispersed in a 3:1 Ethanol/Water solvent, only the drugs are
soluble in this solvent. After stirring the solution for 5 hours, the solvent was withdrawn,
centrifuged at 13000 rpm for 10 minutes and 100uL of the eluate for each sample was

transferred into a 96-well plate.

The optical density of the solution was measured at 480 nm for DOXO and 230 nm for DAX
using a FLUOstar Omega MicroPlate Reader (BMG Labtech). Effective absorbance values were
determined by subtracting the average absorbance of blank wells (containing an
ethanol/water 3:1 mixture) from each standard and sample. For each absorbance
measurement, the corresponding DOXO concentration (ug/mL) was calculated based on a
previously established calibration curve. Finally, the encapsulation efficiency of the drug
within the CaP cores was determined, equation 2 was used (where the drug supplied is a

known amount):

amount of drug in nanoparticles
) EE (%) = f drug pa ) % 100
(amount of drug supplied)

Table 3.8 - Outline of particles investigated with the acid recovery method.

Synthesis | Test Core Layers

First Standard conditions Plain CaP + PEI AA, CH

First DOXO encapsulation CaP + PEl and DOXO AA, CH, DOXO

First DAX encapsulation CaP + PElI and DAX AA, CH, DAX

First Both drugs encapsulation CaP + PEI, DOXO and DAX | AA, CH, DAX, DOXO

First DOXO Layer only Plain CaP + PEI AA, CH, DOXO
encapsulation

First DAX layer only Plain CaP + PEI AA, CH, DAX
encapsulation

First Both drugs layer only Plain CaP + PEI AA, CH, DAX, DOXO
encapsulation

Second Core encapsulation CaP + PAH + DOXO None
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Supernatant recovery method proceeds as such; During the formation of each layer and after
each centrifugation step in the NP washing process, the supernatant was collected, and 100
uL of this solution was transferred in triplicate into a 96-well plate. The samples were then
analysed by measuring the absorbance of unencapsulated DOXO at 480 nm. Effective
absorbance values were determined by subtracting the average absorbance of blank wells
(containing washing solutions or drug-free deposition solutions) from each standard and
sample. The corresponding DOXO concentration (ug/mL) was then calculated based on the
obtained absorbance values. Finally, the total pug of drug encapsulated within the layers was

determined, equation 3 was used (where the drug supplied is a known amount):

(3) EE (%) _ (amount of drug supplied)—(amount of drug NOT in nanoparticles) % 100

(amount of drug supplied)

Following freeze-drying of the samples, it was possible to match the amount of drug
encapsulated by the NP’s layers to the actual weight of the NPs produced. Table 3.9 outlines

which particles were investigated using this method.

Table 3.9 - Outline of particles investigated with the supernatant recovery method.

Synthesis Core Layers

Second CaP+ PAH + DOXO CH + CS, No drugs, No
CD

Second CaP + PAH + DOXO CH + CS, DOCO

Second CaP + PAH + DOXO CH + CS, DOXO, CD

3.3 Analytical techniques

3.3.1 Physiochemical analysis

FT-IR analysis was carried out to characterise the functional groups on and chemical make-up
of a sample. An Agilent Cary 630 FTIR Spectrometer was used to gather the data, the settings
used were 16 scans at a resolution of 4cm™ with a range between 4000 and 600cm™. The
crystal is cleaned with propanol and a background is taken. A small amount of sample is placed
onto the crystal so that it is completely covered, the plunger is lowered, and the sample is
squashed against the crystal and any excess sample is extruded. This sample placement
method ensures consistency in amount and dimensions between samples. A reading is taken,

the spectra are saved, and the crystal is cleaned once again.
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XPS samples are sent in a powdered form to Harwell XPS. Their protocol is as follows;

X-ray photoelectron spectroscopy measurements were performed on a Thermo Fisher
Scientific NEXSA spectrometer under high vacuum (P ~ 1078 mbar). Samples were analysed
using a microfocused monochromatic Aluminium X-ray source (72W) with an oval spot size of
approximately 200 x 100um?. Data were recorded at pass energies of 200eV for survey scans
and 50eV for high-resolution scans in increments of 1 and 0.1eV, respectively. Charge
neutralisation of the sample was achieved using a combination of both low-energy electrons
and argon ions. Wide scan, nitrogen, carbon, and oxygen spectra were taken. CasaXPS
software was used, using Shirley background to analyse the data to obtain the ratio of

elemental and bond make up.

Dynamic light scattering and Zetapotential ({-potential) was conducted on a Zetasizer nano-
s90 (Malvern Instruments, Malvern, UK). This machine was used for several measurements
including average size analysis of hydrodynamic diameter, size distribution, polydispersity
index and (-potential. Standard operating procedures were created for size and (-potential
measurements using the absorbance and refractive index of the standard polystyrene. The
solutions were diluted to 1:10 in DI water and placed into the machine in a folded capillary
zeta cell and were run in triplicate in an automatic measurement with a maximum of 100 runs.

Conductivity values were consistent and ranged between 1.5 and 2.5 mS/cm.

Percentage (Mass) yield is defined by the percentage of the actual yield of a product verses
the theoretical yield (Steen, 2023). The theoretical yield of carbon dots is 100% using the
biomass as the limiting reagent. This means that the percentage yield calculation uses the
starting amount of biomass as the theoretical yield as shown in equation 4 below. This is
consistent with previous works (Hao et al., 2023). The carbon dots are freeze dried before

mass yield calculations to remove water.

Weight of freeze dried CDs
4 M Yi Yy) = X1
) ass Yield (Yu) Weight of raw SCG 00

3.3.2 Optical spectroscopy

UV-Vis analysis was conducted on a Shimadzu UV-1900i by diluting the sample in DI water and
placing inside a quartz cuvette and then inside the machine. A cuvette of DI water is also

placed inside the machine and used as a background. First the background is analysed using a
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resolution of 2nm between wavelengths of 200 and 800nm. The sample absorbance spectra
are taken after the background. The solution of sample is diluted further, and the

measurement is repeated until the desired maximum absorbance of 0.1 is obtained.

Photoluminescence spectroscopy used a diluted sample with an absorbance of less than 0.1.
This is placed inside the machine (Shimadzu RF-6000) and both the emission and excitation

spectra are obtained using specified wavelengths as the excitation and target emission data.

Quantumyyield (QY) is obtained by analysing the emission data of 5 solutions of a sample with
known absorbances between 0 and 0.1. the emission data is plotted against the absorbance
data to gain a gradient. This data is compared against the same data given from a
photoluminescent standard using equation 5, where S denotes sample, R denotes Reference,
n = refractive index and @ = QY (Wong et al., 2020). The reference used was quinine sulphate
in 0.5 M sulphuric acid with quantum yield of 0.546 (Daniel, 2023) and refractive index of 1.427
(Weast, 1975). pure water was used for the solvent for carbon dots and the refractive index

was 1.33 (Eisenberg, 1965).

Gradg (ns)z

®) s = RGrady \ng

3.3.3 Biological

All biological tests and cell splitting were conducted in a biological laminar hood that was
previously decontaminated with a 70% mix of ethanol and water. Cells, media and additives
were prewarmed in a water bath to 37°C. All items placed inside the hood were
decontaminated also with 70% ethanol solution. Different cells were used for different
purposes. For cell tests against carbon dots for biocompatibility testing, fibroblast cells were
used. Cell tests against layer-by-layer capsules to were conducted against osteosarcoma cell
lines SAOS-2 and U2-0S cells to investigate therapeutic effect. The protocol for the different

cell lines remained the same and is outlined below.

Cell thawing and preparation of media solution - Solutions of penicillin, foetal bovine solution
(FBS) and L-glutamine were defrosted and prewarmed in a water bath at 37°C and filtered
through a 0.22um syringe filter. 5ml of penicillin, 50mL of FBS and 5ml of L-glutamine was
added to a bottle of Dulbecco's Modified Eagle Medium (DMEM). This media with additives
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was used for all further cell culturing and tests and will be referred to as DMEM+ henceforth

and is stored in an incubator at 37°C.

A cell sample was removed from liquid nitrogen storage and defrosted. 1mL of cells we added

to 9mL of DMEMH+. This was then added to a flask and was incubated for 2 days at 37°C.

Subculturing — A previously prepared flask containing cells and DMEM+ was taken out of the
incubator, the media was removed and 5mL of phosphate buffered saline (PBS) was added to
the flask then removed to wash away any dead cells and remaining DMEM+. To detach the
cells from the bottom of the flask, 3mL of trypsin was added to the flask and incubated at 37°C
for 5 minutes. Prewarmed fresh media (7mL) was added to the flask to obtain a solution of
media, cells, and trypsin. This was then transferred to a falcon tube and centrifuged at
1200rpm for 5 minutes to obtain the cells, this low speed was used to not damage or kill the
cells. The supernatant was removed, and fresh media was added to the cells. The cells were

then split between two flasks and replaced in the incubator.

Cell counting was conducted just before the cells were used in analysis; the protocol for
splitting as outlined above was followed until a pellet of cells was obtained. The pellet of cells
was resuspended in 10mL of fresh prewarmed DMEM+. A 10uL sample of suspended cells was
placed into a counting grid slide and observed under a 40x optical microscope. The cells in
each grid were counted and this information was inserted into equation 6 to determine the
concentration and therefore number of cells obtained by culturing. Where Qy is the number
of cells found in each quadrant and V is the volume of resuspended cells (10mL)

Q1+0Q;+Q3+Q,
4

(6) x 10* x V

Presto blue viability tests (Thermofisher); 96 multi-well plates were prepared, solutions were
made inside the wells containing 5000 cells and different concentrations of the test samples
ranging from 1000um to 50um. This was done in triplet for each sample, and for a control.
Two plates were fully made up each containing the required samples in triplet and placed in
an incubator at 37°C. After 24 hours, one of the 96 well plates were taken out of the incubator
and the media was removed. 200uL of PrestoBlue (PrestoBlue™ Cell Viability Reagent,
ThermoFisher Scientific) solution (10% PrestoBlue to 90% media) was added to each well of
the plates and the plate was returned to the incubator for an hour and a half. This plate was

then removed from the incubator and placed into a BMG Labtech FLUOstar Omega for
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analysis. This process was repeated with the second plate 24 hours later for the 48hour

analysis.

Live and dead tests were used to analyse the effect of materials against the cells by comparing
alive cells verses dead cells after exposure. Into a 48 multi-well, solutions were made
containing cells and different concentration of samples. This was done in doublet for each
sample and for a control. These plates were fully made up and placed in an incubator for 24

and 48 hours.

After 24 hours in the incubator, a 48 well plate was taken out of the incubator and the media
was removed. Live and dead dyes were added to PBS (Add 5 uL calcein AM (Component A)
and 20uL ethidium homodimer-1 (Component B) to 10mL PBS). This solution was then added
to each well of the plate (200uL) and incubated for 30 minutes at 37°C. This plate was then
placed into a fluorescent microscope for analysis with the green and red filters showing live

and dead cells respectively. This was repeated with a second plate for analysis at 48 hours.

3.3.4 Microscopy

Transmission electron microscopy (TEM) was conducted on two different machines using the
same procedure.

HRTEM - Durham University - JEOL 2100F FEG TEM

TEM - Newcastle University - Hitachi HT7800 120kV Cryo TEM (Figure 3.10)

Figure 3.10 - Newcastle University’s
Hitachi HT7800 120kV Cryo TEM
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TEM sample grids were prepared by dropping aqueous sample onto a copper grid and were
dried under a lamp. The concentration depended on the sample type and was not controlled
for when qualitative analysis was being used. The grids used were copper 200 mesh grids
supplied by Agar scientific, they were prepared with a pioloform carbon film. All samples were
suspended in water. One grid was used for each sample, 10ul of sample was added to the
sample grid and left for 20 seconds. After this, filter paper was used to wick away the liquid
from the grid. The grid was then placed 1 inch away from halogen bulb lamp for 1 minute to
fully dry the grid. The sample grid was then stored in a sample box ready for analysis, no
additional staining was used. For analysis, a sample is placed inside the TEM and a vacuum is
established inside the microscope (Figure 3.11). The Z height is set by using the wobble feature
and the height is manipulated until the image steady; the wobble is then turned off. 6 images
per sample were taken and a macro program is used to burn in the optical information to the

image before saving. Images were used for size and morphological analysis.

Figure 3.11 - Left; sample grid with droplet of sample, Right; sample grid in sample holder

Scanning electron microscopy (SEM) utilised a Tescan Vega 3LMU scanning electron
microscope. SEM carbon stubs are prepared by placing 10mg of a powdered sample onto
sticky carbon tape mounted onto a sample stub. To prevent charge build up, the samples were
coated with 5nm of gold from a polaron gold coater for conductivity. Images were used for

size and morphological analysis.
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Imagel) was used to analyse the size of particles in both the TEM and SEM images; this was
done manually for each sample. First, the scale was set using the scale bar, then particles were
individually measured. At least two images were used to identify samples and up to 60
particles were measured per sample. The mean and standard deviation of the measured

particles was calculated.
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Chapter 4. Carbon Dots from Spent Coffee Grounds: Results and
Discussion

This chapter focuses on the three different syntheses of CDs from spent coffee grounds (SCG)
using various methods to evaluate the effect on synthesis parameters on the properties of

CDs. Three different synthetic approaches were applied as described below.

Synthesis one — A two-step hydrothermal and oxidation synthesis of CDs to evaluate the
effectiveness of different acid catalysts (SA or TA) and reaction times (2-4 hours). This
approach used different synthesis parameters to investigate the effect this has on the
resulting dots. This method also uses a hydrothermal reactor rather than a microwave for the
first step hydrothermal reaction. This work has been partially published as part of a conference
proceedings by the journal of technical education science (Wareing et al., 2023).

The hypotheses were that increasing catalyst concentration would decrease the size of the
CDs due to the increased availability of small glucose building blocks (Adolfsson et al., 2015;
Hassanzadeh et al., 2015; Wu et al., 2023) made available, by assisting the hydrolysis step
(Maniscalco et al., 2020) in the HTC, increasing precursor surface area (Wilk et al., 2023). The
dots would also have a higher intensity of photoluminescence due the increase presence of
surface groups. However, increasing reaction time is expected to produce large CDs, due to
longer residence time leading to larger precursor size due to increased polymerisation (Jain et

al., 2015) during intermolecular condensation step (Maniscalco et al., 2020).

Synthesis two - A hydrothermal synthesis to look at the effectiveness of a TA catalysts (0-
0.05g/mL) and a ultrasonication pre-treatment with different temperatures for the synthesis
of CDs. This is a completely novel experiment due to the investigation of the effect of an
ultrasonic pretreatment of the SCG.

The hypothesis was that the ultrasonic treatment would improve the yield and properties of
the CDs due to the ultrasonication increasing the surface area to volume ratio of the SCG by
breaking down the macro structure of the coffee grounds. This allows the catalyst to penetrate
the SCG before the start of the hydrothermal synthesis. This would allow for a better break
down of the SCG and more glucose building blocks to become available to build up the CDs

(Djellabi et al., 2023; Iskalieva et al., 2012).
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Synthesis three - A synthesis that investigates the use of a microwave (30-90mins, 150-200°C)
as an energy source using aqueous conditions to synthesise CDs via HTC. This is an original
synthesis and does not use a catalyst. This is based on the results of previous experiments that
show that a catalyst is not needed to create viable CDs (synthesis 1) and the lack of catalyst
produces dots that are superior to dots that used a catalyst in their synthesis (synthesis 2).
This synthesis is the only example of a purely aqueous CD synthesis from SCG in the current
literature as far as we know. This research is yet to be published.

The hypotheses were that higher temperatures would produce larger CDs (C. Hu et al., 2014)
and have a higher intensity of photoluminescence to the increase presence of surface groups
(Quaid et al., 2022). Longer reaction retention times were expected to produce CDs with a
larger size due to the increase time for the CDs to be built up from the building blocks (Zhang

et al., 2012).

4.1 Acid Catalysed Hydrothermal Carbonisation of Spent Coffee Grounds and Nitric Acid
Oxidation (synthesis 1)

This section outlines the results and discussion of a two-step hydrothermal oxidation to
produce CDs. The focus of this research was to investigate the effects of parameter changes
in the hydrothermal step in the resulting CDs. The full methodology, rationale and sample

codes can be found in chapter 3, section 3.1.2, however, it is summarised below.

The first step is a hydrothermal synthesis of a solid graphitic precursor from SCG with various
conditions to yield a selection of precursors. Physiochemical analysis was conducted with FT-
IR and XPS and TEM was used for morphology and size, the results of which are outlined in
section 4.1.2. CDs were synthesised from each of these precursors with the nitric acid
oxidation using ultrasonication followed by a reflux. The reaction conditions for this step were
consistent across all samples. The resulting CDs were analysed with FT-IR and XPS for surface
analysis, UV-Vis and fluorescent spectroscopy for optical properties and TEM for size and
morphology. These results are outlined in section 4.1.3. An overall summary and conclusions

are outlined at the end of this section, in 4.1.4.
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4.1.1 Effect of reaction time, catalyst types and concentration on properties of precursors
obtained from HTC for producing carbon dots.

Figure 4.1 shows functional groups (via FT-IR analysis) of raw coffee grounds and samples pre-
treated with a HTC at 200°C with a 1:30 ratio of biomass to catalytic solution at various acid
concentrations using two types of acids (SA and TA) and retention times between 2 to 4 hours,
as explained in Table 4.1. The raw SCG show several peaks which correspond to several
functional groups (Merek, 2023) (Venkatesan et al., 2022; Xu et al., 2017; Yang et al., 2016).
The broad peak at ~3280cm ™ corresponds to an -OH alcohol group which comes from residual
water left over after the drying process. The peaks at ~2918 and 1459cm™ correspond to the
C-H bond from alkane group. The 2849cm™ and 1736cm™ peaks correspond to C-H and C=0
aldehyde groups respectively. The peaks at 1634, 931, 864 and 806cm™ correspond to the C=C
bond from an alkene group, this could be derived from the double bond found in caffeic,
ferulic and chlorogenic acid (Erskine et al., 2022; Nuhu, 2014) which are major components
found in coffee grounds. The peak at 1308cm™ corresponds to the O-H bond in a phenol
group. 1168cm™ corresponds to a C-O ester group, 1238cm™ corresponds to the C-O alkyl

group and 1023cm™ corresponds to a C-O-C group.
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Figure 4.1 - FT-IR analysis of precursors obtained from spent coffee grounds after HTC.



The samples obtained from HTC using SA as catalysts (TT-2H-P, TT-3H-P, TT-4H-P, AT-0.005-P
and AT-0.02-P) show a much intense C=0 conjugated aldehyde peak at 1701cm™ when
compared to the SCG. This shows that the SA catalyst introduces more oxygen containing
groups into the precursor in the form of conjugated aldehyde on the surface of the precursor.
However, all samples show aldehydes at 1701cm™. There is also a drastic reduction in the
intensity and width of the peak at 1023cm™ which corresponds to C-O-C. This could suggest
that the SA helps to break down the cellulose structure of SCG by facilitating the hydrolysis of
the ester bond between the glucose building blocks (Adolfsson et al., 2015; Hassanzadeh et

al., 2015; Wu et al., 2023).

The samples that did not use SA (TA series and AT-0-P) still show this ester bond (1023cm™)
the same as the raw SCG showing that TA does not facilitate this reaction. These samples also
lack the peaks at 1634, 931, 864 and 806cm™ which correspond to the C=C bond from an
alkene group. Because of this using TA as a catalyst, or no catalyst, does not generate the same
precursor as SA. From FT-IR results, samples pre-treated with TAs at all tested concentrations
and without catalysts had similar functional groups; the raw SCG showing that little to no
reaction has taken place and TA does not act like a catalyst in the reaction. It was reported by
Hassanzadeh et al. (Hassanzadeh et al., 2014) that they did not observe hydrothermal
degradation without a catalyst when investigating microwave liquefaction of cellulose. To
confirm the effects of acids, XPS analysis was carried out. Table 4.1 outlines the XPS results
from the wide survey and the C 1s, O 1s and N 1s scans, and example of peak fitting in the
wide and C 1s scan is provided by Figure 4.2 and Figure 4.3. (O 1s — Figure A.6.1, N 1s — Figure
A.6.2)

Table 4.1 - Summary of the XPS results of the precursors synthesised by a hydrothermal
pretreatment.

| e [ N ] 0 o1 |

Binding energy (eV) 28495 399.95 532.84 284.46 284.89 283.79  288.64 389.1 406.08 531.99  533.25 541.62

spent coffee grounds S0/} 2.93 26.33 17.48 34.84 40.43 7.24 97.29 2.71 38.8 58.72 2.48
TT-2H-P/AT-0.01-P 68.77 4.5 26.73 11.37 24.11 47.46 17.06 80.35 19.65 40.53 53.89 5.58
TT-3H-P 71.65 1.6 26.75 7.69 36.22 42.03 14.06 75.4 24.6 12.44 83.51 4.05
TT-4H-P 68.75 5.24 26.01 8.89 32.06 48.81 10.24 70.55 29.45 9.98 87.81 2.2
AT-0-P 76.44 0.7 22.85 14.96 44.7 33.34 7 73.22 26.78 41.2 40.47 18.33
AT-0.005-P 68.71 1.98 29.31 9.59 39.46 34.22 16.73 63.29 36.71 36.27 40.42 23.31
AT-0.02-P 70.51 2.09 27.4 7.46 62.1 24.41 6.03 96.69 3.31 46.06 46.37 7.59
TA-0.005-P 69.55 1.16 29.3 14.3 66.91 13.62 5.18 99.98 0.02 34.68 65.32 0
TA-0.01-P 70.79 1.87 27.34 9.13 59.75 26.04 5.08 98.89 111 27.02 72.98 0
TA-0.05-P 70.69 2.03 27.29 8.96 69.45 18.35 3.24 99.66 0.34 22.62 77.38 0
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Figure 4.2 - XPS wide survey scan of the precursors synthesised by a 2 hour hydrothermal
pretreatment with a concentration of 0.01g/ml sulphuric acid catalyst (TT-2H-P/AT-0.01-P).
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Figure 4.3 - XPS C 1s scan of the precursors synthesised by a 2 hour hydrothermal pretreatment
with a concentration of 0.01/g/ml sulphuric acid catalyst (TT-2H-P/AT-0.01-P).

XPS of the SCG and other samples were analysed against Thermofisher materials science
learning centre database (Thermofisher, 2023). It was revealed that SCG had a surface

chemistry elemental make-up of 70.74 At% carbon, 2.93 At % nitrogen and 26.33 At % oxygen.
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The C 1s scan revealed sp? area percentage of 17.48%, sp? - 34.84%, C-O — 40.43% and C=0 —
7.24%. The O 1s scan showed C=0 as 38.8% and C-O as 58.72% which is in terms of ratio is
inconsistent with the C 1s values for C-O and C=0. The nitrogen scan showed the nitrogen
content was mostly due to the presence of amine groups. It has been previously reported that

the nitrogen peak can also be associated with intrinsic heteroatom of N (Kim et al., 2020).

The mechanism of HTC initially involves the hydrolysis of cellulose to glucose followed by series
of dehydration, decarboxylation and intermolecular condensation reactions to produce the
aromatic/graphitic network of hydrochar (Maniscalco et al., 2020). Overall, it could be
expected that oxygen content of the precursor would be decreased in relation to carbon when
compared to the raw SCG because it would be removed via dehydration in the formation of
the precursor, and a decrease in C-O bonds and an increase in C=0 which shows the conversion
of some of the alcohol and ester groups in cellulose to carboxylic acid, aldehyde, and carbonyl
groups (B. Zhu et al., 2013). The C 1s and O 1s scans do not show this increase in C=0 bonds
in all samples, The C 1s show an increase in samples; TT-2H-P/AT-0.01-P, TT-3H-P, TT-4H-P and
AT-0.005-P: samples that all used SA as a catalyst. The O 1s scan shows an increase in TT-2H-
P/AT-0.01-P, AT-0-P and AT-0.02-P, the first and last of which used SA as a catalyst. This is in line
with the FT-IR and suggests that SA plays a role in the introduction of carbonyl groups.
However, there are differences in the ratios between the C 1s and O 1s scans; for example, the
ratio between the C-O/C=0 on average across all the precursors is 3.9 for C 1s scans and 3.1

for the O 1s scan. It is unclear why this is the case.

The predicted aromatic network structure of the precursor (Xu et al., 2017) would also be
shown in the C 1s precursor scans as increase in the sp? carbon and a reduction of sp® (Tuz
Johra et al., 2014). This is not shown in any of the samples as the content of sp? bonds
decreases from 17.48% to between 14.96 and 7.49%. This suggests that none of the reactions
produced a graphitic precursor because the ratio of sp? against sp? carbon is not increased - it

is decreased, suggesting the presence of aliphatic groups (Liu et al., 2016).

The XPS results do not corroborate the observations and conclusions from the FT-IR analysis.
The FT-IR indicated that the SA catalysed precursors (TT-2H-P, TT-3H-P, TT-4H-P, AT-0.005-P and
AT-0.02-P) showed an increase in C=0 in the form of an aldehyde which was based on the peak

at 1701cm™, this was not shown in the O 1s scans. The other significant difference between
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the SA catalysed precursors and not, was the absence of the C=C alkene peaks that are shown
in the raw SCG and reactions that did not utilise SA. It would be expected to see the reduction
in the percentage of sp2/C=C in the C 1s scan only in the SA catalysed precursors. This
reduction is shown across the board and there is no relationship in terms of concentration and
catalyst type. These differences are most likely down to the difference in penetration depth of

each analysis type (Piwowarczyk et al., 2019).

The FT-IR indicated that no reaction took place in the samples that were not catalysed with SA
due to the fact that the spectra were so similar to the raw material. The XPS scans show
however that there is a slight increase in the overall ratio of oxygen, which is down to an
increase in the ratio of C=0 bonds and a significant increase in sp> carbons. This shows that
the precursors underwent a reaction that introduced aliphatic fragments to the surface which

can occur under milder conditions (N. Shi et al., 2019).

Size and morphology of the samples obtained from HTC experiments was analysed.
Transmission electron microscopy was used to visualise the nanostructures of the precursors.
Figure 4.4, Figure 4.5 and Figure 4.6 show how examples of the TEM images of the precursors
(samples not shown in main text are in the appendix — Figure A.6.3). Figure 4.4 and Figure 4.5
show examples of SA catalysed precursors (TT-2H-P and AT-0.02-P respectively) which all have
similar layered type structure; this is consistent across all the samples that were SA catalysed.
AT-0-P also shows this layered structure; this is unexpected because of how similar the FT-IR

spectra is to the raw material and TA catalysed samples.
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Figure 4.4 - TEM image of the precursor synthesised for 2 Hours with 0.01g/ml

Sulphuric acid (TT-2H-P/AT-0.01-P) — Scale Bar 100nm

Figure 4.5 - TEM image of the precursor synthesised for 2 Hours with 0.02g/ml
Sulphuric acid (AT-0.02-P) — Scale bar 100nm
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Comparing all the TEM data, using the SA catalyst leads to the formation of the layered
structure. These structures look like hydrochar as previously reported in other works (Lubura
et al., 2023; Oumabady et al., 2020; Oumabady et al., 2022). Initially, this was expected to be
produced by the HTC of SCG, however the XPS data suggested that this kind of structure was
not produced by any of the samples. It is not clear why there is a disconnect between the TEM
and XPS, but it could be explained by the fact that XPS only analyses the surface of the samples,
specifically a depth of 10nm (Stevie & Donley, 2020). The edges/surface of this structure could
have surface and functional groups that contain a high percentage of oxygen and sp3 carbons
as indicated in the C 1s scan, such as furans including hydroxymethylfurfural (Massaya et al.,
2022), ketones and aliphatics (S. Yan et al., 2023), while the bulk of the material, which was

not analysed by the XPS, does indeed have an aromatic structure.

P e e 2 !
Figure 4.6 - TEM image of the precursor synthesised for 2 Hours with 0.005g/ml
tannic acid (TA-0.005-P) — Scale bar 100nm

Figure 4.6 is an image of TA-0.005-P which shows a less ordered structure which does not
include as many of the features described above. This image is consistent with all the
precursors synthesised using TA as a catalyst. The images of the TA series are consistent with
the XPS as it would be expected to see a higher percentage of oxygen containing groups and

sp3 carbons.
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4.1.2 Carbon dots produced via nitric acid oxidation and the effect of precursor synthesis
parameters

Solid samples collected after HTC treatment in section 4.1.2 were further oxidised with 20%
nitric acid at 90°C. Rotary evaporation, dialysis and freeze drying were used to obtain solid

CDs. Figure 4.7 outlines this reaction in a schematic.
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Figure 4.7 - Reaction schematic of the nitric acid oxidation from precursor to carbon dot

Figure 4.8 shows the FT-IR for the CDs produced from each precursor which were analysed
using Merek’s FT-IR database (Merek, 2023). The structure of carbon dots is made up of sp?
and sp3 carbon atoms with large number of polymer chains or functional groups attached to

their surface (Jiang, 2015; Mansuriya & Altintas, 2021; Xia et al., 2019).
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Figure 4.8 - FT-IR of carbon dot samples obtained after nitric acid oxidation.
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The broad peak at ¥~3317cm™ corresponds to an -OH alcohol group which comes from residual
water left over after the drying process and alcohol groups on the surface of the CDs and is
present in all samples.

The peak at ~2927cm™ corresponds to the C-H bond from alkane group (Tungare et al., 2020).
This peak is not present in the time tests and is very weakly represented in the other samples
aside from TA-0.05-CD in which it is strongly represented. This shows the presence of aliphatic
chains on the surface of the CDs. The C 1s XPS scan of precursor TA-0.05-P showed the highest
ratio of sp3 carbon bonds in the C 1s XPS scan which suggests that this precursor had the
highest concentration of aliphatic groups, which must have been retained through the nitric
acid oxidation leading to a greater expression of these groups when compared to other
samples.

The peaks at 2355cm™ and 1694cm™ correspond to C-H and C=0 (Gonzélez-Gonzalez et al.,
2020; Zhao et al., 2017) from aldehyde groups respectively. The 1694cm™ peak is present in
all samples except TT-3H-CD, AT-0-CD and TA-0.02-CD, and 2355cm peak is present in all
samples except TT-3H-CD. This shows that aldehydes are present on the surface of all the dots
apart from TT-3H-CD. This could be because TT-3H-P had fewer primary alcohol groups
present on its surface causing an under expression of aldehydes in TT-3H-CD, however the XPS
and FT-IR of TT-3H-P does not support this, so it is unclear why this is the case. The difference
between the aldehyde peaks in AT-0-CD and TA-0.02-CD could be because the oxidation
reaction was able to fully convert all the aldehydes to carboxylic acids. The C=0 for carboxylic
acids also show a peak between 1760-1706cm™ which is very close to the aldehyde C=0 peak.
Hu et al. (Hu et al., 2020) also synthesised CDs using a SA catalyst from green tea residue. They
also outlined the presence of carboxyl, carbonyl and hydroxyl groups on the surface of their

dots; however they did not test the effect of changing the concentration of the catalyst.

The peak at 1628cm™ corresponds to a conjugated C=C alkene (Mate et al., 2022), which
comes from aliphatic surface groups. This peak is present in AT-0-CD, AT-0.02-CD, TA-0.005-
CD, TA-0.02-CD and TA-0.05-CD. Samples that do not show this peak (TT-2H-CD, TT-3H-CD, TT-
4H-CD and TA-0.01-CD) show a peak at 1585cm™ which corresponds to C=C bond in a cyclic
alkene which corresponds to the bulk material of the CD (Tungare et al., 2020). A hypothesis
as to this difference between the samples is that these bonds are present in both samples and

the peaks are overlapping each other differently sample to sample.
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The peak at 1530cm™ corresponds to amine groups. (Navidfar et al., 2022)This is barely
expressed in these spectra but is most noticeable in AT-0-CD, TA-0.005-CD, TA-0.02-CD and
TA-0.05-CD. These groups are present in the raw material (Diana M. A. Crista et al., 2020) and
the precursors and would have been brought forward in the nitric acid oxidation.

The peak at 1350cm™ corresponds to the O-H bond in a phenol group. This could be
corresponding to any alcohol group bonded directly to the polyaromatic structure.

The peak at 1280cm™ corresponds to aromatic esters. The peak at 1080cm™! correspond to
the C-O in alcohol groups (Janpetch et al., 2015) present on the surface of the CDs introduced
in the nitric acid oxidation. The peak at 1045cm™ corresponds to anhydride (Mate et al., 2022)
which are expressed in CD functional groups and incorporated into the edge of the bulk
material as an aromatic anhydride. Peaks 967, 896, 767 and 685cm™* correspond to alkenes.
These are only shown in TA-0.05-CD and were also shown in the raw material and precursor
(TA-0.05-CD) suggest that the nitric acid oxidation wasn’t as effective for this sample as the

others.

To further analyse the surface of the CDs, XPS was run and analysed. This is summarised in
Table 4.2, Figure 4.9 and Figure 4.10 provide an example of the peak fitting in the wide survey

scan and C 1s respectively (O 1s — Figure A.6.4, N 1s — Figure A.6.5).

Table 4.2 - Outline of all XPS results from each carbon dots sample obtained after nitric acid
oxidation

N1s

CICIEEEEA G 285.81  400.86  532.51  284.31 284.88 286.46 288.89 400.52 406.97 531.01 532.84 534.98

TT-2H-CD/AT-0.01-CD (oK} 2.04 67.34 12.09 39.11 28.88 19.91 66.56 33.44 31.42 65.01 3.57
TT-3H-CD 29.27 1.89 68.84 10.67 34.78 25.26 29.29 67.6 324 30.43 65.53 4.04
TT-4H-CD 35.14 4.54 60.33 6.76 25.94 45.4 21.9 65.85 34.15 34.7 63.03 2.27
AT-0-CD 31.72 3.74 64.54 8.06 24.65 42 25.3 55.26 44.74 30.5 63.85 5.65

AT-0.005-CD 48.49 0 51.51 18.28 39.46 26.46 15.81 100 0 31.43 67.45 1.12
AT-0.02-CD 35.65 1.23 63.12 7.82 19.48 47.38 25.33 88.28 11.72 20.09 78.45 1.46
TA-0.005-CD 26 0.68 73.32 4.2 59.42 20.98 15.4 61.74 38.26 2.52 90.92 6.56
TA-0.01-CD 26.9 1.8 71.3 8.2 23.7 31.24 36.86 96.15 3.85 36.54 60.64 2.82
TA-0.02-CD 20.6 0.2 79.2 7.97 32.68 31.36 27.99 78.61 21.39 6.57 85.87 7.55
TA-0.05-CD 33.62 3.98 62.4 3.72 31.61 43.78 20.89 83.89 16.11 48.69 46.85 4.46

106



x1|]4

Residual STD = 28.9

18 Name Pos. FWHM Area At%

Oxygen 53213 246 55976.46 67.34
Carbon 28463 230 25454.07 30.62
16 Nitrogen 40063 311 169880 204

—Tkygen
—

CPS

Carbon

Nitrogen

: | | JLMW%‘ | MMWMJ"__A__,L

T T T T T T
1200 900 600 300 0
Binding Erergy (eV)

Figure 4.9 - XPS wide survey scan of the carbon dot sample TT-2H-CD/AT-0.01-CD.
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Figure 4.10 - XPS C 1s survey scan of the carbon dot sample TT-2H-CD/AT-0.01-CD.

The wide scan data shows (Table 4.2) a massive (~240% on average across all samples) increase
in oxygen content and an insignificant change in nitrogen, in the dots when compared to the
precursors. This was to be expected after the nitric acid oxidation. This shows that the
purification process of filtration, washing and dialysis does a good job of removing the nitric

acid after the oxidation step. The increase in oxygen content shows the success of the

107



oxidation process with the introduction of oxygen containing groups. There is no trend for the

elemental make-up of the CDs in respect to the precursor reaction parameters.

The C 1s data (Table 4.2) shows a decrease in C-C bonds and an increase in both C-O and C=0
bonds. This is consistent with the wide scan and further confirms the success of the oxidation

step, but it shows a bigger increase in the C=0 bonds than the C-O bonds.

The general trend for the O 1s scan is a large increase in the ratio of C=0 bonds. This also shows
an increase in C=0 bonds as SA concentration increases. This could be because the SA catalyst
breaks down the coffee grounds by inserting oxygen containing groups into the cellulose fibres
to break them down via dehydration and oxidation (Y. Hu et al., 2014; Hu et al., 2020). This in
turn leads to the increase of (C=0) groups on the surface on the dots which was shown to

increase the intensity of the photoluminescence.

This data (Table 4.2) shows the addition C-NH; groups on the surface of the dots which would
have been exposed during the nitric acid oxidation (Galletti et al., 2018). This is good for
application because having a variety of different functional groups allows the dots to be
functionalised in more ways (Zhou et al., 2019). The presence of the NOs can also be explained
by left over nitric from the oxidation that had not been fully removed by the dialysis
purification. Even though these groups were found in the XPS, they must be in a very low
concentration as they are not shown in the FT-IR and nitrogen as a whole is only 0.15 and 4.55
At% of the elemental composition, depending on the sample. This still shows that using harsh

chemicals should be avoided because once added they can be hard to remove fully.

The CDs were characterised for their size and morphology using TEM, this is outlined in Figure
4.11, Figure 4.12 and Figure 4.14 which depict examples of TEM images from different samples
(TT-2H-CD/AT-0.01-CD, AT-0-CD and TA-0.05-CD). Figure 4.13 outlines the size distribution for

each CD sample as analysed from the images using Imagel.
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Figure 4.11 - TEM image of carbon dots (TT-2H-CD/AT-0.01-CD) synthesised
from precursor TT-2H-P/AT-0.01-P (2 Hours with 0.01g/ml Sulphuric acid) -
Scale Bar 20nm

Figure 4.12 - TEM image of carbon dots (AT-0-CD) synthesised from precursor (AT-
0-CD) (2 Hours with water) - Scale Bar 20nm
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Figure 4.14 - TEM image of carbon dots (TA-0.05-CD) synthesised from precursor (TA-
0.05-CD) (2 Hours with 0.05g/mL Tannic acid) - Scale Bar 20nm
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Figure 4.13 - Size distributions of the carbon dots samples as analysed with Image)

One way ANOVA testing of the data showed that these results are significant (F > F crit) and

(P<0.05). The results are also significant when comparing the three different catalyst types
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with Bonferroni corrected post hoc tests confirming significant differences between each
catalyst type. The biggest differences coming from comparing TA catalysed (TA series) dots to

the SA catalysed (AT and TT series) and no catalyst tests (AT-0-CD).

It is clear, from these images, the general method in this study produces dots with or without
catalyst because the average sizes of the dots are below the 10 nm size that is cited as the
upper limit for CDs (Sharma & Das, 2019; Wang & Hu, 2014). However, the size varies greatly
depending on precursor synthesis parameters; the dots that were synthesised from
precursors that used a TA catalyst were, on average, larger (4.9 — 9.0nm) with much wider
distributions when compared to the acid tests (2.4 — 4.6nm). Some recent examples of CD
sizes are 1.59-1.64nm (Jeong et al., 2023), 2.1-3.9 nm (D. M. A. Crista et al., 2020) , 1.9to0 5.9
nm (Chen et al., 2021) and 30 nm (Xu et al., 2017). The TA precursor dots are certainly on the
upper end of this spectrum, however the SA precursor dots fit perfectly into the ranges
presented in previous studies. There is no trend for size of CDs with respect to precursor

retention time or catalyst concentration.

The larger size of the TA precursor dots suggests that the oxidation reaction that forms the
CDs is less efficient with these precursors. This must be due to the differences in the bulk
structure of the precursor. These TA precursors were amorphous in structure while the other
precursors (time tests and SA tests - Table 3.2) had a graphitic/polyaromatic structure. The
graphitic structure has plenty of aromatic reactive sites that the nitric acid can break open and
introduce oxygen containing groups such as alcohol groups, aldehydes and carboxylic acids
which are seen in the FT-IR spectra. This effectively cuts downs the precursor, forming smaller
CDs with a narrower size distribution (Adolfsson et al., 2015; Xu et al., 2017). The amorphous
structure of the TA precursors contains lots of aliphatic chains, and a smaller amount of
polyaromatic structures that can be utilised to cut down the precursor, leading to larger CDs.
This explains why the TA-0.01-CD has a smaller average size than the rest of the TA series. The
FT-IR indicated that there was a higher amount of this graphitic structure with the cyclic amine

peak.

At an average size of 3.1 + 0.7nm the dots that used a precursor with no acid (AT-0-CD) are

one of the smaller sizes produced. This proves that the catalyst is not required to make the
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precursor capable of producing smaller CDs. Not using SA makes this synthesis more green,

less hazardous, and more viable for scale up in industry (Wareing et al., 2021).

The photoluminescence properties of the CDs were analysed, first this was done with UV-Vis
spectroscopy. The UV-Vis was taken to investigate the absorbance of the CD solutions, and it
was found that all the solutions had an absorbance between 280 and 300 nm, with most of
the values landing between 288 and 294 with no visible trend. This absorption can be
attributed to the m-nt* transition of the aromatic sp2 domains and the n-rt* transition of the
C=0 bonds (Jeong et al., 2023; Yang et al., 2014; X. Zhang et al., 2018). It was shown that
changing the catalyst, catalyst concentration and holding time had little effect on the
absorbance wavelength. This shows that absorbance is intrinsic to the dots made using this
feedstock process regardless of the changes in the reaction parameters. Absorption values
close to this range were found in several other papers that use coffee grounds as a carbon
source (Costa et al., 2022; Jeong et al., 2023; Jiang et al., 2014; X. Zhang et al., 2018). The
photoluminescence of the dot solutions was shown to be blue when excited by a 365nm UV

lamp which is also consistent with the literature (Figure 4.15).
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Figure 4.15 - Solutions of carbon dots under visible lights
(1) and under UV-Light (2); A) from left to right; TT-2H-
CD, TT-3H-CD, TT-4H-CD, B) from left to right; AT-0-CD,

AT-0.005-CD, AT-0.01-CD, AT-0.02-CD, C) from left to
right; TA-0.005-CD, TA-0.01-CD, TA-0.05

Solutions were then measured with a PL spectrometer at an excitation wavelength of 300nm.
This wavelength was chosen due to the absorption maxima that was observed in the UV-Vis
data. Figure 4.16 shows that changing the retention time, catalyst concentration and catalyst
type for the synthesis of the precursors does not have a drastic effect on the emission
wavelengths of the photoluminescence.

The CDs had two photoluminescence maxima: the first between 360-389nm and a second
between 420-437nm. Because the second wavelength was consistently the highest for most
samples, this was chosen for the QY analysis. The only trend shown for this data is that
increasing the concentration of the SA catalyst improves the photoluminescence intensity of
the resulting dots. This could be because the SA catalyst breaks down the SCG by inserting
oxygen containing groups into the cellulose fibres to break them down. This in turn would lead
to an increase of (C=0) groups on the surface on the dots which is indicated by the oxygen
XPS. Because =0 bonds are responsible for the absorption, the intensity of the

photoluminescence is related to the amount of these groups on the surface of the groups. The
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tests that used TA, and the test that used no acid provide some of the lowest intensities,

showing that using a SA catalyst does produce CDs with superior photoluminescence.
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Figure 4.16 - Comparison in photoluminescence intensity when excited at 300nm
wavelength according to reaction parameters.

QY analysis allows a direct comparison of the fluorescence of the dots in comparison with dots
from other papers and between the samples outlined in this chapter. This data can be
compared with that from similar papers synthesising CDs using as biomass as a carbon source.
Values over 15% are usually considered high (Cui et al., 2021) for biomass-based CDs with a
rare ~80% being the current upper end (Abbas et al., 2020; Palacio-Vergara et al., 2023). There
are numerous papers published detailing methods of CD fabrication from SCGs, however few
publish QY data with these. This allows for direct comparison of methods and is critical for
future research. Previous papers have given QY data based on different experimental
conditions. For example, Hsu et al (Hsu et al., 2012) reported a QY of 3.8% in 2012, with a 6-
hour HTC at temperatures varied between 100-600°C. This was improved by (Park & Yang,
2022), with a QY of 11% based on a 400°C HTC for a duration between 0.5 and 2 hours. This
data indicates that typical QYs from SCGs are quite low. This is something which has been

previously noted in research and which utilising pre-treatment is attempting to improve.
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Table 4.3 shows that the QY for these CDs is between 3.6 and 6.7% with an average of 4.7 (o
=1.01), which is mediocre for CDs using SCG as a feedstock (Costa et al., 2022; D. M. A. Crista
et al., 2020; Jeong et al., 2023; Jiang et al., 2014).

Table 4.3 - Quantum yield of each carbon dot sample.

Sample QY %
TT-2H-CD/AT- 0.01-CD| 5.99
TT-3H-CD 4.63
TT-4H-CD 5.14
AT-0-CD 4.16
AT-0.005-CD 4.49
AT-0.02-CD 6.7
TA-0.005-CD 4.23
TA-0.01-CD 3.6
TA-0.02-CD 3.44
TA-0.05-CD 4.56

The effect of tuning the concentration of the TA concentration on QY was also investigated,
and it was found that there was no significant trend (R? = 0.15) between the two. There is also
no significant increase or decrease (-1.2%) in average QY for the samples that used a TA
catalyst when compared to the sample using no catalyst at all (AT-0-CD). This shows that a TA
precursor synthesis catalyst does not have any effect on the CD synthesis. This is to be
expected because the FT-IR of the TA catalysed precursors showed similar spectra to raw SCG
which suggests that the TA catalyst does not help to break down the SCG, nor introduces any
functional groups to the material that would have a positive effect on the resulting CDs as

shown in the XPS and FT-IR.

Comparing the average QY for dots that used SA in their precursor synthesis (TT2H/AT 0.01,
TT3H, TT4H, AT 0.005, AT 0.02) against dots that did not (AT 0, TA 0.005, TA 0.01, TA 0.02, TA
0.05) shows a 34.8% increase. There is also a significant trend (R? = 0.98) between the
concentration of the SA precursor catalyst and the QY of the CDs, which is that as
concentration of SA increases, the QY increases. Both these pieces of information shows that

SA plays an important role in the precursor synthesis for the resulting dots and tuning the
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concentration of SA used can affect the QY. This is because it is directly related to the intensity
of the photoluminescence: the increased number of emissive sites translates to higher

efficiency of the CDs.

4.1.3 Summary

CDs were synthesised by a two-step process, a HTC with an acid catalyst followed by an
oxidation with nitric acid. Using different catalysts for the HTC precursor synthesis changes
the photoluminescence intensity of the dots. It was shown that SA was the superior catalyst
as the photoluminescence of the dots is overall more intense than that obtained from the case
using TA or no catalyst. No other parameter change, such as the concentration of tannic acid
used, makes a significant difference to the properties of the dots. However, the reaction itself
is a long two-step process and uses harsh chemicals for the catalyst and an oxidation agent.
The mass yield was too low to quantify; this is common for CDs synthesised from biomass as
it contains lots of impurities. Further research needs to be completed on a synthesis that does

not use harsh chemicals, is a simpler process, and increases the yield of the dots.

4.2 Ultrasonic pretreatment of spent coffee grounds and tannic acid catalysed
hydrothermal carbonisation (synthesis 2)

Ultrasonics was used to pre-treat SCG followed by a HTC to produce CDs. Three pre-treatment
conditions were examined at a fixed pre-treatment time of 90mins. The contents of the
ultrasonic pre-treatment were transferred to the 125ml HTC reactor and reacted for 3 hours
at 200°C. The resulting mixture was filtered to obtain a solution containing the CDs which
were dialysed to remove impurities using both 3500Da and 2000Da dialysis tubing. The
resulting solution was freeze dried to yield solid CDs. The sample codes for this step retain

their previous prefix and condition codes and the suffix is changed from -PT to -HTC.
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The progression of the carbonisation process can be indicated by the colour of residual solids
after each stage of the reaction. Figure 4.17 depicts the solids at different stages.
Ultrasonication was intended to break up particles without initiating the reaction. This was
seen in the results of the ultrasonic pretreatment with a ‘smoothie-like’ consistency to the
mixture rather than large visible particles. After removal of the water for observation, the
materials were compared. The particle size of the solids after pretreatment (Figure 4.17B) was
smaller than the untreated SCG. Following HTC, the solids become significantly darker,
indicating carbonisation (Park & Yang, 2022). The solution gained from the HTC was purified
utilising dialysis and freeze-drying the light-yellow solids show that impurities have been

eliminated.

Figure 4.17 - Images left to right of a) Raw SCGs, b) Dried solids following 90-
minute pre-treatment with tannic acid c) Dried solids following pre-treatment and
3-hour HTC at 200°C and d) Freeze dried solids following separation by dialysis

4.2.1 Effect of Ultrasonic pretreatment on spent coffee grounds.

During the pre-treatment step, samples were collected at 15-minute intervals. These samples
were made up of both liquid (TA/water) and solids (SCGs). After collection, centrifugation was
used to separate the two phases, and the solids were subjected to drying for subsequent FT-
IR analysis. The composition of the raw SCG was also analysed for comparison. Figure 4.18
displays an FT-IR spectra of raw SCGs, including samples after ultrasonication pre-treatment

at different temperatures.
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Figure 4.18 - FT-IR analysis of raw SCGs and SCGs pre-treated via ultrasonication for 90 mins
with a 50ml of 0.05g/ml tannic acid solution, with no heating (std-cnd-PT) and heating to
40°C, 60°C and 80°C. Peaks are labelled with their corresponding wavelength and functional
groups (Merek, 2023)

The “Raw SCG” line in Figure 4.18 provides the composition of the SCGs for comparison.
Among the peaks observed, the first three peaks are the most prominent. The peak at 3290cm-
! corresponds to the O-H stretching group, which corresponds to hydrogen bonding in
polymeric compounds such as pectin, cellulose, and lignin. These compounds consist of
alcohols, phenols, and carboxylic acids, respectively. However, this peak exhibits a broad
shape, indicating the presence of both free hydroxyl groups and bonded O-H bands of
carboxylic acids (Chou et al., 2012). The identification of aliphatic acids and caffeine in the

coffee can be discerned due to the alterations in counter ions associated with carboxylate and

hydroxyl groups, which contribute to the uptake of metal ions (Chou et al., 2012).

Effect of Temperature - The impact of pre-treatment temperature was investigated. The data
showed that the peaks remain unchanged, which was expected since the reaction is not
anticipated to occur in the chemistry at this stage. The temperatures required for
hydrothermal carbonisation (HTC) typically falls within the range of 180-250°C (Funke &
Ziegler, 2010). However, the intensity of the peaks noticeably increases because of the pre-
treatment. The untreated SCGs, represented by the black line, exhibit the least intensity, while

greater activity is observed following ultrasonication. This is because ultrasonication induces
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cavitation within the mixture. These cavitation bubbles contain liquid vapor and dissolved gas,
and collapse of the cavitation generates significant shear forces resulting in cleavage of the
lignocellulosic structure of the biomass and exposes more functional groups on the surface of
the SCGs (Kassim et al., 2022) and isolation of monomers such as hemicellulose, cellulose and
lignin. The influence of temperature on the peaks is also evident. In general, a higher pre-
treatment temperature results in higher peak intensity, except for the run conducted at 80°C.
This could be attributed to the "burning" of coffee grounds when exposed to such high
temperatures. Coffee tends to burn at around 85°C or higher (Brown & Diller, 2008), and the
ultrasonication bath only provided temperature control within a range of 5°C, which
fluctuated during the experiment. Therefore, it is possible that the coffee grounds were
exposed to excessively high temperatures during the pre-treatment process, leading to

damage to certain organic compounds.

Effect of Tannic Acid Concentration - In addition to temperature, the impact of varying TA
concentration during the pre-treatment process was also investigated (Figure 4.19). Previous
studies have successfully employed a concentration of 0.02g/ml TA to produce CDs (Achadu
& Revaprasadu, 2019). However, the effect of different concentrations has not been explored
so far. To examine these effects, FT-IR spectra at different TA concentrations was analysed.
The spectra show that the peaks become more intense following ultrasonication with 0.1g/ml
TA, the highest concentration tested. This effect is also reflected in the resulting CDs, as TA
imparts a fluorescent behaviour on the SCGs (Achadu & Revaprasadu, 2019), suggesting that
a more concentrated solution would emit stronger fluorescence. In terms of fluorescence and
yield of CDs, based on the FT-IR data indicating improved surface activity, it is proposed that

a higher concentration of TA will yield better results.
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Figure 4.19 - FT-IR analysis of raw SCGs, Std-cnd-PT, Conc-0-01-PT and Conc-0.1-PT for the
purposes of analysing the effect of changing concentration. Peaks are labelled with their
corresponding wavelength and functional groups (Merek, 2023)

Effect of Ratio of SCGs to Tannic Acid - The next aspect to consider was the impact of the TA
solution-to-SCGs ratio on the composition of the CDs (Figure 4.20). The analysis shows that a
lower TA to SCGs ratio leads to enhanced surface activation, which is beneficial for the
fabrication of CDs. Although there are slight differences between the 25mland 50ml solutions,
both demonstrate significantly better outcomes compared to the 100ml option. Previous
studies have utilised ratios of up to 1:100 for the biomass to TA ratio (Achadu & Revaprasadu,
2019), suggesting that these previous findings could potentially be enhanced by adjusting the
ratio. Based on these data sets, a recommendation for the most effective method of pre-

treatment is put forward. The conditions for this are 60°C, 0.1g/ml TA concentration and 25ml

TA.

120



100 760, 805 & 870cm™:
Alkane, all C-H bending,
with differing
substitutions

1472cmt: Carboxyl linkage
90 derived from xanthine
/ derivatives suchas ———

—_ caffeine.

x 3290cm™: Alcohol

o group O-H stretching

2 80

fyd

E

5 _»

c 2850cm™: Vibration of/" 1420cm®: Alcohol .

g 70 aliphatic acids: C-H group: O-H bending 1380cm .:Alkane,

stretching C-H bending
Raw SCGs 710cm™:
1180cm*: Alcohol: Benzene
60 Ratio-2.5-PT C-Ostretching derivative
——Std-Cnd-PT /
. 1000cm*: Amine
Ratio-10-PT group: C-N
50
3650 3150 2650 2150 1650 1150 650

Wavenumber (cm-1)

Figure 4.20 - FT-IR analysis of raw SCGs, Std-cnd-PT, Ratio.2.5-PT and Ratio-10-PT for the
purposes of analysing the effect of changing biomass and tannic acid solution ratio. Peaks are
labelled with their corresponding wavelength and functional groups (Merek, 2023)

Effect of Time - The pre-treatment process was conducted for a duration of 90 minutes, with
samples collected every 15 minutes (Figure 4.21). Throughout the 90-minute pre-treatment
period, the intensity of the peaks consistently increases, reaching the highest intensity at the
end of the 90 minutes. This suggests that completing the full 90-minute duration yields the
most successful results in terms of creating a larger surface area for CDs to form. However,
this does not necessarily mean that 90 minutes is the optimal choice. It is recommended that
in future experiments, longer durations are explored to determine whether further
improvements can be achieved with extended pre-treatment. Additionally, it would be

valuable to identify the point at which ultrasonication no longer provides any additional

benefits.
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Figure 4.21 - FT-IR analysis of raw SCGs and samples taken from thre reaction of Std-cnd-PT
every fifthteen minutes during the reaction progression for the purposes of analysing the effect
of time. Peaks are labelled with their corresponding wavelength and functional groups (Merek,
2023)

Samples of each precursor after completion of the pretreatment were analysed with XPS along
with a sample of spent coffee grounds for comparison. Table 4.4 outlines the results from each
spectrum and Figure 4.22 and Figure 4.23 give examples of peak fitting in the wide and Cls
scans in Std-Cnd-PT (O 1s — Figure A7, N 1s Figure - A8).

Table 4.4 - The XPS results of the ultrasonic pretreatment for each sample obtained after 90

minutes.

[ =0 ]
285.08 399.64 532.75 28454 284.89 28591 288.85 399.71 40519 532.08 533.25 534.93
| sample | I

7074 293 2633 1748 3484 4043 724 9729 271 388  58.72 2.48
69.85 227  27.88 2165 39.06 3366 563 8893  11.07 2322  68.05 8.74
7157 213 263 6.5 64.17 2635 298 100 0 14.46  85.54 0
6711  0.66 3223 486  67.98 1923 793  9.23 377 3209 67.91 0
71.62 111 2727 4808 3616 1228  3.49 100 0 54,53 4547 0
7069 133  27.98 5445 3366  8.78 311 9313 687 5459  41.94 3.47
6623 199  31.78 1062 5642 2878  4.18 100 0 3012 69.88 0
7008 127 2865 5781 316 7.93 266 8103 1897 6481 3173 3.46
7144  2.06 265 1718 4454 3466  3.62 815 1845  33.74 65 1.26
7031 094 2875 3147 2985 359 2.78 100 0 4597 3865 15.39
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XPS of the raw coffee grounds revealed a surface chemistry elemental make-up of 70.74%

carbon, 2.93% nitrogen and 26.33% oxygen. The C1 scan revealed sp? percentage of 17.48%,

sp3 - 34.84%, C-O — 40.43% and C=0 — 7.24%. The 01 scan showed C=0 as 38.8% and C-O as

58.72% which is in terms of ratio is inconsistent with the C1 values for C-O and C=0. The

nitrogen scan showed the nitrogen content was mostly due to the presence of amine groups.
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It was expected that the ultrasonic pretreatment would not cause significant changes to the
XPS scans of the samples because the main purpose was to exfoliate and de-clump to increase
the surface area of the coffee grounds, exposing functional groups and allowing the TA
solution to soak into the macro structure. The inclusion of TA may have some effect on the
XPS (the structure of TA is rich in -OH groups and esters (Guo et al., 2021)) and this should
show in the XPS as an increase in the ratio of C-O bonds (GeilSler et al., 2016), especially in the
sample that used a concentration of 0.1g/mL of TA (Conc-0.1-pt). This is shown in the
elemental scan with a slight increase of the ratio of oxygen. Most samples show a slight
increase of oxygen; however, this trend is not shown in the individual scans. In the C1 scans,
all the samples show a reduction in the radio of C-O bonds. The O 1s scans show a mix of
decreases and increases in the C-O bond ratio. Interestingly, The C-O bond ratio in the sample
that did not contain TA increased the C-O bond ratio from 58.7 to 85.5 and the sample with
the highest concentration saw a reduction in these bonds down to 45.5 which is one of the

lowest measurements.

There is no trend in this data to corroborate the findings of the FT-IR data. An explanation
for this is that the penetration depth of XPS is shallower (10nm) (Stevie & Donley, 2020) than
that of FT-IR up to 60 um (Go6tz et al., 2020). in first 10nm of the outside of the sample, the
expression of functional groups could differ wildly giving a large variety of ratios of bonds in
each sample as shown in the XPS C 1s, O 1s and N 1s. Because FT-IR penetrates deeper than

XPS more material is analysed leading to the more standardised ratio of bonds seen.

4.2.2 Properties of carbon dots after hydrothermal carbonisation and effect of ultrasonic
pretreatment

FT-IR analysis was conducted on the CDs obtained after freeze-drying (Figure 4.24). The
analysis identified several key bonds, including O-H, C-O, CH,, and C-O-C. These bonds are
consistent with those observed in other FT-IR spectra of CDs (Alarfaj et al., 2018; Andrade et
al., 2017; Kurdekar et al., 2016). While the peaks largely resemble those observed in SCGs,
some peaks are more pronounced in the CDs. The O-H group remains strong, suggesting the

presence of alcohol groups on the surface of the dots.
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Figure 4.24 - FT-IR of Carbon dot samples synthesised from 3 hour HTC from the precursors
obtained from the ultrasonic pretreatment

The peaks at ~2968 and 2896cm ™ correspond to the C-H bond from alkane groups, which

shows the presence of aliphatic chains on the surface of the CDs (Tungare et al., 2020). The
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peaks at 2355cm™ corresponds to C=0 from carboxylic acid. This group is highly negative, and
this led to a negative surface charge which was shown in the Z-potential (Cheng et al., 2020).
The 1638cm™ corresponds as a conjugated C=C of an alkene (Mate et al., 2022), which comes
from aliphatic surface groups. The peak at 1619cm™ also corresponds to C=C bond in a cyclic
alkene which corresponds to the bulk material of the CD (Tungare et al., 2020).

The peak at 1313cm? corresponds to the O-H bond in a phenol group. This is often shown in
the surface groups and corresponds to any alcohol group bonded directly to the polyaromatic
structure.

The peaks at 1056cm corresponds to the C-O (Janpetch et al., 2015) in alcohol groups present
on the surface of the CDs. The peak at 1039cm™ corresponds to cyclic ester (Mate et al., 2022)
which are expressed in CD functional groups and incorporated into the edge of the bulk

material as an aromatic anhydride.

The differences between each sample are minor. However, the intensity of the samples Conc-
0.0-CD and Temp-60-CD at peaks 1056 and 1039cm™ shows an increase of alcohol and
anhydride surface groups when compared to the other samples. The pretreatment at 60°C
was found to be optimal in the FT-IR of the precursor due to the expression of surface groups
shown in the sample. This high expression has been carried over into the CDs for this sample.
High expression of surface groups in Conc-0.0-CD is unexpected because it was found that
higher concentrations of TA increased the expression of functional groups found by the FT-IR
of the precursors as produced in the ultrasonication step. This result shows that TA could
hinder the expression of these functional groups in the formation of CDs during the HTC step
as the Conc-0.0-CD sample has such a high expression of functional groups compared to the
pretreated material. The sample Ratio-100-CD shows some groups that are not expressed in
the other samples, these being the 1718cm™ carboxylic acid peak, the peak at 1619cm™
corresponding to an alkene, 1313cm™ corresponding to a phenol group and a higher intensity
in the peak at 1215cm™ which corresponds to an alkyl aryl ether group. These groups are
characteristic of the SCG which shows that a lot of the precursor went unreacted. This higher

effluent to biomass ratio is not optimum for HTC and the synthesis of CDs.

TEM imaging was used to provide images of the CDs (Figure 4.25, Figure 4.26 and Figure 4.27)
which were analysed to provide the average size of the dots and a distribution (Figure 4.28

and Table 4.5).
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Figure 4.25 - TEM image of carbon dots (Std-Cnd-CD) synthesised from pre-
treated coffee grounds (Std-Cnd-PT) (~20°C, 0.05/mL TA, 10/50 biomass ratio)
- Scale Bar 100nm

Figure 4.26 - TEM image of carbon dots (Temp-80-CD) synthesised from
pretreated coffee grounds (Temp-80-PT) (80°C, 0.05g/mL TA, 10/50 biomass
ratio) - Scale Bar 50nm
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Figure 4.27 - TEM image of carbon dots (Ratio-20-CD) synthesised from
precursor (Ratio-20-PT) (~20°C, 0.05/mL TA, 10/20 biomass ratio) - Scale Bar
20nm

Carbon dot size distributions from TEM analysis
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Figure 4.28 - Size distribution of carbon dots according to reaction parameters from TEM
analysis with ImageJ.
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Table 4.5 - Average size of carbon dots summariesd from TEM analysis

Average size
Test (nm £ STD)
Std-Cnd-CD 27 14
Conc-0.01-CD 47 +19
Conc-0.1-CD 13 +0.2
Conc-0.0-CD 45 15
Ratio-25-CD 6.1 +1.5
Ratio-100-CD 25 +22
Temp-40-CD 4 09
Temp-60-CD 38 t1
Temp-80-CD 53 1
No-Prt-CD 46 +0.9

One-way ANOVA tests were done on the data as a whole and it was concluded that there are
significant differences between the means of the different groups (F>F critical) and (P<0.05).

It was shown that as temperature of the pretreatment increased, so did the size of the CDs
(R? = 0.86), however there was no statistical difference between Temp 40 and Temp 60.

The trend can be explained by the higher energy of the increased temperature, meaning the
pretreatment was better at increasing the surface area of the SCG, leading to a more efficient
HTC reaction, so more SCG can undergo hydrolysis and dehydration. This leads to a higher
concentration of intermediates which can be used during the polymerisation step, thereby
leading to larger CDs. Higher temperatures leading to increased sizes has been reported by Hu

et al. (C. Hu et al., 2014).

The data also shows the effect that TA volume ratio has on the resulting CDs; a slight decrease
in CD size with the increase in TA volume (Ratio-25-CD, Std-Cnd-CD and Ratio-100-CD) (R? =
0.62), however Std-Cnd-CD and Ratio 100 were not statistically different. This trend has been
shown in literature previously that an increase in reaction volume leads to a decrease in CD
size due to heterogeneous nucleation (Nammahachak et al., 2022). The concentration of TA
also influenced the size of the CDs. The trend shown is that as TA concentration increased the
size of the CDs decreased. (R? = 0.97) However Std-Cnd-CD and Conc-0.1-CD, and Conc-0.01-
CD and Conc-0-CD were shown to not be statistically different from one another. All these
trends shows that these dots are highly tuneable with reaction parameters which is great for

application. The mass yield of each CD sample are presented in Table 4.6
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Table 4.6 - Mass yield of carbon dots obtained after purification with dialysis and freeze-
drying.

Sample percentage yield of CDs (%)

Std-Cnd-CD 0.63

Conc-0.01-CD | 0.50

Conc-0.1-CD | 0.91

Conc-0.0-CD | 0.65

Ratio-25-CD | 0.53

Ratio-100-CD | 0.42

Temp-40-CD | 0.61

Temp-60-CD | 0.53

Temp-80-CD | 0.54

NO-PRT-CD 0.26

These mass yields of <1% is lower than others reported, the values are fairly consistent across
the samples and the average mass yield is 0.56%. For example, Crista et al (D. M. A. Crista et
al., 2020) reported 1.96% mass yield, and Jiang et al (Jiang et al., 2014) 2%, both using SCGs as
a biomass source. It is this low mass yield that has inhibited the progress of SCGs for this
method, and this research has yielded similar low results. This shows that coffee grounds
contain a lot of impurities and material that cannot be converted into CDs and is subsequently
removed in the purification process. It noteworthy that the sample without pre-treatment
exhibits the lowest mass yield of 0.26% which is 54% lower than the average mass yield. This
is likely attributed to ultrasonication, which makes more glucose building blocks available for

carbonisation.

The results indicate that, based on mass yield alone, there is not a large difference between
using TA and water, as the sample pre-treated with water achieves the second-best mass
yield, which suggests that using a TA catalyst does not improve mass yield compared to a
control. However, there is evidence suggesting that a higher concentration of TA improves
mass yield. Across the experiments with varying TA concentrations (Conc-0.0-CD, Conc-0.01-
CD, Std-cnd-CD and Conc-0.1-CD), there is a trend that as TA concentration rises, mass yield
increases (R? = 0.71), However this trend can be explained by contamination of TA that was

not removed in the purification process. Together, this shows that the different parameters
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tested do not have a large effect on the yield of CDs, but using an ultrasonication pretreatment
does. It would be interesting to investigate the impact of a longer pretreatment on the
resulting CDs and whether more of the material can be utilised after being manually broken

down by ultrasonication, thereby increasing the surface area of the reactants.

The samples underwent testing at excitation wavelengths to identify the wavelength at which
the maximum emission occurred. The emission was observed at approximately 335 nm, with
the most intense peak occurring at an excitation of 230 nm. This pattern across most samples

led to the selection of this wavelength for QY calculations.

The photoluminescence of each CD is shown in Figure 4.29. which emphasises the impact of
the temperature of the pre-treatment. This can be explained by the quantum confinement
effect (W. Zhang et al., 2014). As these dots were found to be in the size range of 1-6nm, they
are of similar size or smaller than many other dots found through research. The wavelengths
are also comparatively lower than others, with fluorescence mechanisms due to the surface

activity of the dots (Sonsin et al., 2022).

It is worth highlighting that from the literature examined, the lowest excitation and emission
wavelengths were seen in the only other study that used an ultrasonication pre-treatment
(280nm excitation, 360nm emission, (Z. Wang et al., 2016)). These wavelengths were 50-
100nm lower than those reported elsewhere that did not use a pre-treatment on the biomass
source, but they were the closest to the results found in this project. This suggests that the
pre-treatment process, which deagglomerate the particles and exposes a greater surface area,
leads to the formation of smaller CDs. It is important to note that there is a correlation

between smaller size and lower excitation/emission wavelengths.
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Figure 4.29 - Graph to show the photoluminescence intensity of different carbon dots at
excitation 230nm.

The trend between TA concentration and QY (Table 4.7) shows that as TA concentration
increases, the QY decreased. This could be explained by the size of the CDs, which follow the
same trend with TA concentration. Another reason could be due to TA quenching the
fluorescence in the resulting dots as the QY was taken before full purification and freeze
drying. Table 4.6 shows the QY data from all samples with varying conditions of pre-treatment

from this investigation.

Table 4.7 - QY data for all carbon dot samples

Sample Quantum vyield of CDs
Std-Cnd-CD 7.55
Conc-0.01-CD | 7.5
Conc-0.1-CD | 3.84
Conc-0.0-CD | 13.1
Ratio-25-CD | 13
Ratio-100-CD | 6.27
Temp-40-CD | 6.22
Temp-60-CD | 8.43
Temp-80-CD | 5.18
NO-PRT-CD 8.87
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Overall, this data indicates that the method of pre-treatment which involves the highest QY is
that which uses water rather than TA. This high QY indicates that TA may be inhibiting
fluorescence of the dots, and that water alone may prove a better catalyst. A caveat to this is
that the CDs were not fully separated from TA and as such, the QY of the CDs specifically may
be higher than this. This effect has been previously utilised to make TA sensing CDs (H. Yang
et al., 2019).

Concerning alternative pre-treatment conditions, the QY values (Table 4.6) align with the most
intense peaks identified in FT-IR analysis (Figure 4.24) and mass yield (Table 4.5). Notably,
using a smaller ratio of TA yielded higher mass yield and QY compared to higher ratios.
Furthermore, heating to 60°C yielded optimal results, likely attributed to coffee grounds
burning at higher temperatures and increased activity compared to lower values.

While the mass yield did not vary much based on the concentration of TA, the impact on QY
is more pronounced. Lower concentrations resulted in higher QY, reinforcing the fact that just

water might be the most favourable for pre-treatment.

The fluorescence can be seen visually, which can be compared with QY data. Figure 4.30 below

shows photographs of each sample under UV light (365nm).

Figure 4.30 - Samples of solution of CDs with tannic acid following 90-minute ultrasonic
pretreatment at varying conditions and 3 hours high temperature carbonisation at 200°C, left
to right: a) No-PT-CD, b) Conc-0.0-CD, c) Std-Cnd-CD, d) Temp-40-CD, e) Temp-60-CD f) Ratio-

25-CD, g) Ratio-100-CD, h) Conc-0.01-CD, i) Conc-0.1-CD.
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These images support the QY data, showing the strongest photoluminescence from the
sample with no TA (b). This highlights the issues with QY data before the TA is fully separated
from the CDs. This can be seen most clearly with the images of the samples that were pre-
treated with varying TA concentrations. It is clear that increasing the TA concentration reduces
the fluorescence (Figure 4.31). The only sample that was not mixed with TA is likely to have
an accurate QY (13.1%). This gives further evidence to the idea that the most effective way to
synthesise CDs using this method is to do so without using an acid catalyst, especially when
aiming for a high QY. This approach allows for a simpler purification process and is less time-

consuming.

Figure 4.31 - Samples of solution of CDs with tannic acid following 90-minute
ultrasonic pre-treatment without heating and 3 hours high temperature
carbonisation at 200°C, with concentration of tannic acid increasing from left to
right. Tannic acid concentrations: 0.00g/ml, 0c@liaiie-C-(feftdsend 0.1g/ml.

Biocompatibility is an important aspect of how effective CDs are for application in the field of
imaging. This is one of the reasons why CDs are investigated as a replacement to SCQDs which
have been shown previously to exhibit high cytotoxicity (Su et al., 2009), and can cause heavy
metal leaching and slow metabolism (Wagner et al., 2019). To determine whether the CDs
synthesised in this project are feasible for application cell tests were conducted. Figure 4.32
below gives cell viability data after 24 and 48-hour periods. Higher concentration has been
shown to lead to greater toxicity (Lovri¢ et al., 2005), so different concentrations were tested
to see at what level the dots become cytotoxic. Samples are normalised against cells with no

treatment, which is indicated by the grey box.
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Figure 4.32 - Cell viability, given in (%), for all samples following freeze
drying after 24 (A) and 48 (B) hours.

Statistical analysis was run on the data and each concentration set being compared between
each sample and the control with a Bonferroni corrected P-value. The concentration of dots
affects the viability of the cells. It is shown that for concentrations below 200ug/ml, all
samples exhibit robust viability and can be tolerated by cells at time scales between 24 to 48
hours. Statistical analysis showed no significant differences between the samples at these
concentrations and the controls. In the context of cancer screening, the dots can remain in
the body for more than 48 hours, with dots previously demonstrating stability for up to 100
days (Ballou et al., 2007).

Certain samples demonstrate notably superior results compared to others. These are the

samples that do not significantly negatively affect the viability of the cells at higher
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concentrations; 0.0, 0.1 and 0.01g/ml TA, and 40, 60 and 80°C ultrasonication temperature.
This shows there is no trend between synthesis parameters and toxicity, implying that the
inclusion of TA in the synthesis does not have detrimental effects on the toxicity of dots, even

though TA has a moderate level of toxicity (Ballou et al., 2007; Robles, 2005).

TA was chosen for this experiment because it is less toxic/hazardous than other catalysts such
as H,S0a4 (Z. Wang et al., 2016), NaOH (X. Zhang et al., 2018), or N2Hs (Xu et al., 2017). It was
shown to be effective by improving the typical cell viability from 84% after 24 hours for a
cadmium-based CD (Zhang et al., 2011) to 94.1% under standard conditions for this sample.
The findings indicate that using SCG and TA is a better choice over SCQDs and warrants further
investigation.

The sample treated with water alone demonstrated a consistently high cell viability across all
conditions. Even at high concentrations, it maintains a viability of 79.1% at the maximum
tested concentration of 1000um/ml. This is promising, because coupling this data with the
fact that this sample also achieves the highest QY (13.1%), indicating that pre-treating SCG

samples with water is promising for further testing.

4.2.3 Summary

The results from the analysis of this synthesis demonstrates that a ultrasonication
pretreatment is effective at enhancing the optical properties, toxicity, and mass yield of CD
derived from SCGs (spent coffee grounds). This improvement is attributed to the US process,
which facilitates particle separation and exposes a larger surface area, thereby enhancing the
interaction during hydrothermal carbonisation. The mass yield of the sample without pre-
treatment was the lowest of all tested, as well as it being one of the most toxic, and achieving

an average QY. These results indicate the positive impact of the pre-treatment method.

4.3 Microwave assisted aqueous hydrothermal carbonisation of spent coffee grounds
(synthesis 3)

This section outlines the results and discussion for the agueous microwave HTC for the
synthesis of CDs. The focus of this research was to investigate the effects of parameter

changes in the HTC on the resulting CDs. The full methodology and rationale can be found in
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chapter 3, section 3.14; however, it is summarised here. The synthesis started with an
ultrasonic pretreatment of SCG. The resulting mixture was filtered to yield a solution
containing the CDs, which was then freeze dried to yield solid CDs. The dots were analysed
with FT-IR and XPS for surface analysis, UV-Vis and fluorescent spectroscopy for optical

properties and TEM for size and morphology and cell tests for toxicology.

4.3.1 Properties of carbon dots and the effect of temperature and retention time

FT-IR was utilised to survey the surface chemistry of the CDs and the results were analysed
against the Merek FT-IR database (Merek, 2023). Figure 4.33 contains the FT-IR spectra for the
CDs and compares them. Each spectrum was individually compared, in scale with

transmittance values, to the FT-IR of raw coffee grounds as presented previously in Figure 4.1
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Figure 4.33 - Comparison of the FT-IR of microwave carbon dots synthesised at different
temperature (150-200°C) and retention times (30-120 mins)

The CDs especially show a decrease in alkane groups which suggests a reduction of aliphatic
surface groups (Tungare et al., 2020) when compared to spent coffee grounds intensity (Figure
4.1). There is also an increase in intensity for alcohol groups with peaks 1100 and 1059cm™
showing that alcohol groups have been introduced to the surface (Alarfaj et al., 2018; Andrade
et al., 2017; Kurdekar et al., 2016). For the 150°C temperature tests, increased retention time

slightly increases the intensity of the spectra in the resulting dots. For the 175°C, this effect is
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very pronounced, and this leads to the assumption that there is a greater number of functional
groups on the CD surface that are introduced with longer retention time. For the 200°C tests
increased retention time does not further increase the temperature, leading to the
assumption that increased time does not improve functional group expression at this
temperature. The 200°C tests also peak that are not expressed in the other spectra, 1770cm"

Land 1200cm* which corresponds to a C=0 phenyl ester and C-O ester.

XPS of the CDs (Table 4.8) were analysed against Thermofisher materials science learning
centre database (Thermofisher, 2023) and compared against the XPS of SCG as perviously
outlined in this chapter. Examples of peak fitting in the wide survey scan and C 1s from sample
150-120-CD are provided in Figure 4.34 and Figure 4.35 respectively. (O 1s — Figure A.6.9, N
1s - Figure A.6.10)

Table 4.8 - Outline of all XPS results from each carbon dot sample obtained after HTC.

| e P N | = o1 |

284.6 399  531.86 284.01 284.85 28544 2869 29145 29496 399.13  405.64 531.72 53296  534.95
| sample | |

40.69 372 5559 4192 17.96 2234 1477  1.88 1.14 100 0 69.47 24.91 5.61
387 2.9 584 4964 152 2684 1848  2.26 125 9663  3.37 95.27 4.73

5135 218 4646  40.13 0 4699  12.81 0 0.06 100 0 92.78 7.22 0
3938 291 5771 4801 198 3039  19.04 035 0.22 100 0 99.93 0 0.07
4552 499 4949  60.67 0 2403 1469  0.42 019 9592  4.08 100 0 0
3239 316 6445 3079 274 1853 4398 341 054 8349 1651 64.09 12.29 23.62
6426 112 3462 8334 243 1047 476 0 0 100 0 100 0 0
3968 579 5453  60.04 252 1607 2121 015 0 100 0 81.35 10.5 8.15
4678 554  47.68 7036  0.99 1489  13.75 0 0 100 0 100 0 0
4924 507 4569 4683  1.24 13.93 38 0 0 100 0 62.41 34.95 2.64
4559 472 497 7886  13.07 317 4.9 0 0 100 0 98.43 157 0
45.33 5.8 48.87 3407 3117 2222 1205 041 0.08 100 0 47.91 51.92 0.17
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Figure 4.34 - XPS wide surface scan of carbon dots synthesised at 150°C and 120 minutes
(150-120-CD)
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Figure 4.35 - XPS C 1s scan of carbon dots synthesised at 150°C and 120 minutes (150-120-CD)

The XPS elemental scan shows a high ratio of oxygen (average of ~51%) compared to the ~26%

of SCG, suggesting a significant presence of oxygen containing functional groups. This is also

corrobated by the C 1s and O 1s scans the high percentage of C-O and C=0 bonds represent.

Ths is consistant with other works (Hao et al., 2023; Long et al., 2022).
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There is a disconnect between the C=0 and C-O bond ratio between the C1 and O1 scans. On
average, the ratio of the C=0/C-0 in the C1 scan is 0.87 and 6.83 in the O1 scan. This makes it
very difficult to confirm the true make up of the oxygen groups on the CD surface. The FT-IR
suggests that C=0 and C-O groups are expressed and the XPS scans confirms this. There are
also no trends in the C=0/C-0O either the FT-IR or the XPS to suggest any effects the synthesis

parameters may have on the structure of these CDs.

The C 1s spectra shows that sp? carbons makes up a proportion of the material which suggests
a graphitic structure as shown in previous works (Long et al., 2022). This is further suggested
by the n-n* satellite peak and plasmon loss peaks which are found in graphitic structures

(Thermofisher, 2023).

The FT-IR spectra of the 175°C tests (Figure 4.33) showed increased intensity with longer
retention time, and this higher intensity was maintained in the 200°C tests. This sugested that
functional groups were expressed in a higher number as retention time increased in the 175°C
tests The increased time allows for more groups to be introduced. The temperature of 200°C
introduces more energy allowing this reaction to occur faster, to the point where increased
reaction time does not increase the number of these groups. There is no trend in any of the

XPS scans to corroborate this.

{-potential analysis was conducted to analyse the surface change of the CDs. Figure 4.36

outlines the results of the testing.
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Figure 4.36 - Comparison of the {-potential of microwave carbon dot samples
synthesised at different reaction temperatures (150-200°C) and time (30-120
mins).

All the dots had a negative surface charge; this indicates that the surface of the CDs contains
carboxylic acid functional groups due its highly negative charge. The changes in {-potential can
be explained by a reduction in the ratio between the carboxylic acid group and other neutral
groups such as alcohols, anhydrides, aldehydes and esters (Byrd & Hildreth, 2001; Struyf,
2009). The FT-IR of the CDs produced at 200°C showed a peak indicating the presence of
esters. This suggests that an increase in reaction temperature leads to an esterification of
some of these carboxyl groups leading to an increase in the surface charge. This has been
shown previously by Ding et al (Ding et al., 2012). The graph also shows that increased
retention time at 200°C (200-30, 200-60, 200-90, 200-120) leads to an increase in
esterification and a further decrease in charge. For esterification to fully explain the results
shown in the graph however, more evidence would be needed. This could potentially be done
in future research with potentiometric titration. In this technique the electrochemical
potential of the analyte solution is measured in the form of pH and a pH titration curve is
determined with the addition of acids or bases. The amount of protonable/deprotonable
functional groups of the analysed sample is determined from the equivalence point of the

titration curve (Charron et al., 2012; Fedin & Talapin, 2014; Geililer et al., 2021).
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The negative surface charge and the related surface chemistry is also good for application as
this gives the CDs a good platform for surface functionality. A higher negativity also increases
stability of the NPs and their propensity to repel one another leads to a resistance to
aggregation (Pandey et al.,, 2020). This trend shows how tuning the reaction time and
temperature can select dots with a specific surface potential, which can be useful for surface
functionalisation for example, applications in the LBL process like the further experimentation
in this project.

The optical properties of the CDs were analysed using UV-Vis and Photoluminescence
spectroscopy. The UV-Vis showed an average absorbance wavelength of 288nm +/- 3.8. This
narrow range of absorbances shows that absorbance is not affected by changes in synthesis
parameters. As with the other dots synthesised above, this absorbance can be attributed to
the m-rt* transition of the aromatic sp? domains and the n-it* transition of the C=0 bonds

(Jeong et al., 2023; Yang et al., 2014; X. Zhang et al., 2018).
Figure 4.37, Figure 4.38, Figure 4.39 and Figure 4.40, coupled with Table 4.9, show the

photoluminescence data of the CDs which outlines the effect that excitation wavelengths,

between 250-370nm, have on the emission of fluorescence of the CDs.
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Figure 4.37 - Photoluminescence intensity of carbon dots synthesised at 150°C at excitation
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38 - Photoluminescence intensity of carbon dots synthesised at 175°C at excitation
wavelength 300nm
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Figure 4.39 - Photoluminescence intensity of carbon dots synthesised at 200°C at excitation
wavelength 300nm.
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Figure 4.40 - Photoluminescence emission spectra of the dots synthesised at 200-120 at increasing
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levels of excitation.

Table 4.9 - The emission wavelengths and corresponding intensity (WL - 1) at various
excitation wavelengths for each carbon dot reaction parameter tested.

Sample
150 175 200
Excitation 30 60 90 120 30 60 20 120 30 60 20 120
wavelength | WL-1 WL-| WL- [ WL-1 WL-1 WL-1 WL-I WL- [ WL-1 WL-1 WL-1 WL-|
EX-250
398710 |394-607 |394-819 |[396-907 [398-733 |398-913 [396-1161 (395-714 |3g7-438 |392-964 |390-719
440-406 | 432-787 |43a-662 |432-845 |429-1021 [434-804 |[432-082 |420-1203 |417-710 |428-480 |411-955 |408-687
EX-260
390 - 706 392-869 [394-700 |382-892 [392-1136 |390-734 |382-565 |390-1060 |392-725
442-419 [440-826 |442-702 |442-841 |444-1035 [438-803 |[438-1011 |434-1265 [422-716 |419-539 |401-1027 |420-671
EX-270
376-1017 | 379-654 [378-611 | 386-969 |385-614
434-337 |444-674 |43a-562 |426-657 |436.6-845 [436-645 |436-817 |430-1014 |424-568 | 410-513 [412-875 |410-544
EX-280
375-616 | 376876 |380—520
426-294 | 426-575 |426-480 |426-584 |425-748 |426-568 |424-721 |424-883 410-750
EX-290
376 — 663 380-838 [374-662 |380-816 [380-998 | 374-683 379-952 |383-548
426-293 [ 426-579 |424-477 |424-601 |421-776 |424-587 [420-755 |418-916 [424-546 |375-669 |411-815 |[410-474
EX-300 386-318 [388-599 |390-500 |394-623 |394-827 [394-394 |394-801 [392-1020 |387-678 384 - 1024 | 388-590
408-312 [416-597 |420-491 |410-612 |412-822 |[408-626 |[410-794 |412-981 |[425-575 |381-688 |413-883 |[412-522
EX-310 394-313 [394-605 |[392-501 [396-620 |394-828 [296-654 |[396-820 [396-1053 |392-702 [387-639 | 386-1090 [391-641
410-307 |410-608 |410-505 |410-618 |413-830 [410-653 |410-820 |408-1031 |425-504 |407-576 |410-960 |412-566
EX-320 394-492 |394-610 |397-821 |396-658 |398-809 |394-1053 |394-697 |392-604 |392-1071 | 392652
410-324 [410-324 |416-508 |410-625 |413-842 |410-666 |[408-815 |408-1051 [408-660 |409-554 |410-965 |[409-595
EX-330 395628 [394-525 | 304929 [393-524
416-316 [416-316 |[420-507 |414-606 |419-830 |[416-665 |[418-796 |410-1022 |410-620 |406-521 |408-889 |[411-554
EX-340 428-292 [428-2020 |426-485 |422-565 |426-774 |426-615 |[422-740 |420-948 |[417-531 |417-433 |410-728 |[410-459
EX-350 434-265 [432-496 |[43a-441 [434-505 [431-699 |[430-550 |[432-653 [430-836 |[429-430 [428-350 [423-566 |[424-358
EX-360 442-226 | 442-428 |440-388 |442-433 [440-620 |436-470 |440-569 |438-719 |438-362 |437-290 |434-466 | 437-287
EX-370 444-193 |444-364 |44a-333 [448-372 [444-522 [4aa-398 |[442-482 [444-613 |[445-300 [447-243 [443-380 |[aa1-237
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Table 4.9 shows the data gathered from the dots synthesised at 200°C with a 2-hour retention
time. The graph is typical of all the samples showing photoluminescence curves with up to

three peaks within ranges indicated by the coloured regions.

e The first orange region indicates emission peaks that are between 309-342nm. These
peaks indicate fluorescence from excitation wavelengths between 250-290nm with
increase in intensity with increasing excitation wavelength.

e Thesecond green region indicates emission peaks that are between 376-398nm. These
peaks indicate fluorescence from excitation wavelengths between 250-330nm with a
slight decrease in intensity as the excitation wavelength increases.

o The third blue region indicates emission peaks that are between 401-448nm. These
peaks indicate fluorescence from excitation wavelengths between 250-330nm with a

decrease in intensity as the excitation wavelength increases.

This information shows that these dots have three emission maxima for the
photoluminescence which are not moved significantly by excitation wavelength. Variation in
emission wavelength with variation in excitation wavelength can explained by the dots having
a wide size distribution (up to = 12nm from the average size) and variation in surface
properties indicated by the inverse of the findings outlined by various works (Liu et al., 2014;
Nie etal., 2020; Y. Xie et al., 2019). This could indicate why 200-60-CD only shows two emission

maxima: it has narrower size distribution as outlined by the TEM.

A particular emission wavelength can be selected for by using a corresponding excitation
wavelength. This means that these dots can be used in the best way to fit a particular
application. It has been reported that blue fluorescence originates from the presence of
surface defect states (sites with non-perfect sp? domains) by forming a series of surface state
emissive traps (Mahto et al., 2023; Zhu et al., 2015). There are no trends between emission
wavelength and synthesis parameters, but it is typical of dots made from this feedstock

material (Costa et al., 2022; Jeong et al., 2023; Jiang et al., 2014; X. Zhang et al., 2018).

Photos of photoluminescence (Figure 4.41) when lit by UV lamp (365nm) the CDs glow blue.
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Figure 4.41 - Photos of carbon dot solutions showing photoluminescence under a UV lamp.

Table 4.10 - Table to outline the Quantum yield against the reaction parameters.

Sample QY (%)
150-30-CD 5.5
150-60-CD 7

150-90-CD | 4.8
150-120-CD | 7.2
175-30-CD | 9.6
175-60-CD | 6
175-90-CD | 8.1
175-120-CD | 11.6
200-30-CD |84
200-60-CD | 7.2
200-90-CD | 11.9
200-120-CD | 7

The QYs of the CDs are outlined in Table 4.10 above. The averages QY of these dots is 7.9 with
a range of 4.8 to 11.9. This is a moderate QY in comparison to literature as shown in the
syntheses above. There is no trend between the QY and retention time. however, the dots
synthesised at 150°C have an average QY (6.1) ~30% lower than the dots synthesised at 175°C
(average QY = 8.8) and 200°C (average QY = 8.6). This shows that for an optimum QY the
reaction temperature needs to be above 175°C. This indicates that QY is linked to the
carbonisation of the biomass. It has been shown in literature that carbonisation occurs from
~180°C and above (Zhai et al., 2017). This suggests that the minimum temperature for
carbonisation is required to produce CDs with higher QY. This has been shown previously with
CDs synthesised at a range of temperatures from citric acid. Zhang et al. (Zhang et al., 2016)
used temperatures between 120 and 220°C and found that QY increased from 8.03% at 120°C

to 35.4% at 180°C. Temperature increases after this then showed a decrease in QY. They found
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that the QY was directly tied to fluorescent polymer chain of the surface of the CD the

presence of which is tied to reaction temperature.

TEM was used to visualise the CDs. The images were used to conduct size analysis using

Imagel, Figure 4.42 provides examples of the images gathered and Figure 4.43 outlines the

size distributions obtained from the analysis.

Figure 4.42 - TEM image of the carbon dots 150-30, right: TEM images of the carbon dots 175-
60
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Figure 4.43 - Graph to show the relationship between carbon dot size and reaction
parameters.

The graph shows that temperature is not responsible for the differences in the sizes as there
is very little trend. Size is clearly determined by reaction retention time; this is shown that as

retention time increases the size of the dots initially decreases with the 60- and 90-minute
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reactions and then increases again with the longest retention time of 120 minutes. The
literature is conflicted on the effect of synthesis parameters on the size of CDs. Hu et al.
reported the increase in HTC temperature increases size (C. Hu et al., 2014). Quaid et al. (Quaid
et al., 2022) reported the opposite, saying that reaction temperature had only a slight effect
on size, but decreased with increase temperature. It has also been reported that a longer
retention time increases CD size (Zhang et al., 2012). A study (Zhang et al., 2016) that included
lower reaction temperatures similar to this one also found a fluctuation in size relative to
reaction temperature consistent with the findings of this experiment “The overall size of NCDs
shows a fluctuation of increase (140-160 °C), decrease (160-180 °C) and increase (180-
220 °C) as the reaction temperature increases”. The team attributed this phenomenon to

aggregation.

An alternate explanation, based on the mechanism of HTC (Maniscalco et al., 2020), could be
that the initial increase in time allowed for increased break down of the coffee grounds during
the hydrolysis stage of the HTC. This allows for greater amount of smaller building blocks for
optimum formation of smaller CDs. Increasing the retention further allows more
intramolecular condensation to occur increasing the size of CDs. This shows that the size of
the CDs can be tuned by manipulating the synthesis parameters for application; for example,
nanoparticle size can be optimised to maximise cellular uptake which is beneficial for
applications such as bioimaging (Hoshyar et al., 2016). To confirm this, further investigation

with analysis of samples to taken at shorter time intervals would be required.

There is no trend between the size of the CDs and the QY of the dot. This shows that the
intensity of the photoluminescence is not size-dependent and is most likely due to the

structure and surface chemistry of the dots as indicated above.

HRTEM was used to visualise the lattice spacing of the CDs that were reacted at 200°C. Figure
4.44 provides an example of the lattice spacing within the CDs and shows the lattice spacing

sizes for each sample in a box plot to analyse the effect of time.
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Figure 4 - HTEM image of the carbon dots synthesised at 200°C with a retention time of
90 minutes with the layered structure highlighted. Right; Layer lengths of all carbon dots at
200°C as measured with Imagel from HR-TEM images

The average lattice spacing of the 200-120 CDs is 0.185nm which is close to the (102)
diffraction planes of sp? graphitic carbon (C. Li et al., 2021; Maniscalco et al., 2020; S. Zhu et
al., 2013). The lattice spacing 0.314nm in 200-90-CD corresponds to the Z spacing between
carbon sheets (Pal et al., 2020). The difference between the samples is the orientation of the
CDs imaged. The other lattice spacings shown in CDs 200-60-CD and 200-30-CD are not
consistent with other lattice spacings reported in literature. A suggestion of why this might be
the case is that the measured single layer was a double layer, effectively doubling the values

gained.

Biocompatibility testing was conducted using PrestoBlue cell viability and live/dead assays.

The results of the PrestoBlue analysis are outlined in Figure 4.45.
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Figure 4.45 - Viability of cells when exposed to different concentrations of carbon
dots for 24 (A) and 48 (B) hours as measured with PrestoBlue™ cell viability reagent
and procedure.

Statistical analysis was run on the data and each concentration set compared between each
sample and the control with a Bonferroni corrected P-value. The PrestoBlue graphs (Figure

4.42) shows that all the dots have very good biocompatibility with most cells 120 and 89%
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viability after 24 hours and between 100% and 77% viability after 48 hours when compared to
cells not exposed to the CDs, with a trend of a decrease in viability with increased
concentration in some of the CDs. At 24h there was statistically no significant difference
between the any of the 1000ug/mL samples when compared against the controls. At 48h most
1000pg/mL were statistically insignificant against the control aside from the samples 150 90
and 175 30. The 150 90 sample was 77% viable against the control, which is still fairly
biocompatible. This shows that these CDs are overall very biocompatible, leading to the
conclusion that these dots have great potential for application

in bioimaging. The values for 175-30 in the 48h tests increase with concentration and reach

values above 600%; this is down to contamination in this particular sample.

4.3.2 Summary

The above data shows that a green microwave synthesis of CDs that does not require any form
of catalyst produces biocompatible, blue fluorescence carbon. Changing the synthesis
retention time and temperature parameters does influence some of the other properties of
the dots, but not significantly. For example, a longer retention time does slightly increase the
size of the dots but has no effect on QY, and a lower temperature increases the negativity of

the C-potential of the dots by changing the ratio of surface groups.
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Chapter 5. layer by layer capsules: Results and Discussion

This chapter outlines the experiments that are most relevant to the LBL capsule formation

and the final device which contains both CDs and anticancer drugs.

Section 5.1 - Outlines the initial investigation of the effect of synthesis conditions and drying
methods for the formation of CaP NP templates. Initial nanolayer formation was also
evaluated, and two different polyelectrolytes were investigated. These results were used as

templates for building the LBL capsules in some of the following experiments section.

Section 5.2 - Investigates the formation of LBL capsules on calcium phosphate nanoparticles
(CP NPs) templates using PEI, CH and AA. This was followed by loading with anti-cancer

drugs and CDs to obtain nanotheranostic systems.

Section 5.3 - Outlines the formation of LBL capsules formed using the CPNP templates with
PAH, CH and CS. These were also loaded with anti-cancer drugs and CDs to obtain

nanotheranostic systems.

5.1 5.1 Optimisation of the processing parameters for the calcium phosphate
nanoparticles

This section outlines and discusses the results from the initial testing of CaP NP synthesis
including flow rate and drying investigation using a peristaltic pump, and initial layer

deposition comparing PEl and PDADMAC.

5.1.1 Peristaltic pump method for the preparation of CPNPs, effect of drying method and
flow rate

It was expected that a peristaltic pump would synthesise the particles in a precise method
(Mohammed et al., 2004). Table 5.1 summarises the {-potential values of the obtained NPs

surfaces using different drying methods.
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Table 5.1 - I-potential and size values of the nanoparticles
obtained using a peristaltic pump with different drying methods.

Sample Measurement
. Flow rate| Zetapotential Size
Drying method (mL/min) Fm\!) o
0.5 -16.9+0.9 7269 + 2619
Water wash and 3 -0.2+0.2 1127+ 275
freeze dry 6 -1.4+0.4 4280+ 1059
9 -4.4+0.9 1637+ 572
0.5 -12.2+1.1 884 +13
Isopropanol wash 3 -1.3+£0.2 1398 + 463
and air dry 6 -13.2+2.8 6877 +1232
9 -12.7+4.5 1545+ 111
0.5 0.3+£0.5 1707+70
Water wash and 3 -11.7+£3.0 2484 + 621
air dry 6 -105+2.1 543 + 102
9 -10+£0.7 1049 + 253

This data does not show much of a trend between the different flow rates or drying method;
however, the flow rate 9mL/min tends to have a smaller particle size and more negative -
potential. The drying methods are difficult to evaluate because there is such a range of values;
however, for the surface charge the freeze drying presented the less negative values (-0.2,-
1.4) while water washing and air drying showed more negative values (-11.7,-10.5). The effect
on the size was not possible to fully analyse because some of the samples did not show any
peaks, which means that agglomeration was affecting the results, causing peaks that were off
the scale of the zetasizer. The best flow rate was shown to be 9mL/min. This is because of the
consistency of the {-potential and smaller size across the different drying methods. SEM was

also used to analyse the size of the NPs (Figure 5.1,Figure 5.2Figure 5.3).
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SEM HV: 8.0 kV 'WD: 9.67 mm VEGA3 TESCAN| SEM HV: 8.0 kV WD: 9.69 mm | VEGAS TESCAN|

SEM MAG: 40.8 kx  Date(m/dly): 08/23/21 2 pym SEM MAG: 41.9 kx  Date(m/dly): 08/23/21 2 pm
Bl: 2.00 Det: SE EMRS BI: 2.00 Det: SE EMRS

SEM HV: 8.0 kV 'WD: 9.50 mm SEM HV: 8.0 kV WD: 10.22 mm 1 | VEGA3 TESCAN|

SEM MAG: 83.4 kx | Date(m/dly): 08/24/21 1 pm SEM MAG: 42.5kx  Date(m/dly): 08/07/21 2 pm
BI: 1.00 Det: SE BI: 1.00 Det: SE EMRS

Figure 5.1 - SEM images of calcium phosphate nanoparticles washed
with water and dried in air, synthesised at different flow rates; a) —
0.5mL/min, b) — 3mL/min, c) - 6mL/min, d) — 9mL/min 9mL/min

SEM HV: 8.0 kV WD: 9.69 mm 1 VEGA3 TESCAN SEM HV: 8.0 kV WD: 9.63 mm L VEGA3 TESCAN|

SEM MAG: 38.2kx  Date(m/dly): 08/23/21 2 um SEM MAG: 83.5kx  Date(m/dly): 08/24/21 1 pm
BI: 2.00 Det: SE BI: 1.00 Det: SE EMRS

SEM HV: 8.0 kV WD: 10.16 mm | VEGA3 TESCAN| SEM HV: 8.0 kV WD: 10.21 mm | 1 VEGA3 TESCAN|

SEM MAG: 829 kx | Date(m/d/y): 09/07/21 1 pm SEM MAG: 40.6 kx  Date(m/dly): 09/07/21 2 pm
BI: 2.00 Det: SE EMRS BI: 1.00 Det: SE EMRS

Figure 5.2 - SEM images of calcium phosphate nanoparticles washed
with water and freeze dried, synthesised at different flow rates; a) —
0.5mL/min, b) — 3mL/min, c) - 6mL/min, d) - 9mL/min.
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SEM HV: 8.0 kV WD: 9.69 mm | | || vecas TESCAN| SEM HV: 8.0 kv WD: 9.68 mm VEGA3 TESCAN
SEM MAG: 41.9 kx  Date(m/dly): 08/23/21 2 pm SEM MAG: 82.6 kx Date(m/dly): 08/24/21 1 pm
BI: 2.00 Det: SE EMRS BI: 1.00 Det: SE EMRS

SEMHV:80kV | WD:10.15 mm VEGAS TESCAN SEM HV: 8.0 kv WD: 10.26 mm VEGA3 TESCAN
SEM MAG: 41.6 kx | Date(m/dly): 09/07/21 2 pm SEM MAG: 42.2kx  Date(m/dly): 08/07/21 2 pm
BI: 1.00 Det: SE EMRS BI: 1.00 Det: SE

EMRS

Figure 5.3 - SEM images of calcium phosphate nanoparticles washed with
isopropanol and dried in air, synthesised at different flow rates; a) —
0.5mL/min, b) — 3mL/min, c) - 6mL/min, d) - 9mL/min

The images show extremely high agglomeration, confirming the results obtained from the
DLS and previous works (Mohammed et al., 2004; Urch et al., 2009). ImagelJ software was
used to analyse the images to get an estimation of the average sizes. (Table 5.2). The SEM
images show high agglomeration of the samples which made it difficult to analyse with

Imagel. However single particles were found and used for size analysis.
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Table 5.2 - SEM ImageJ analysis of the size of the nanoparticles
obtained with the peristaltic pump and using different drying

methods.
S |
i Average size of
Drying | Flowrate | Size(nm) [ thedrying
method | (mL/min) method
0.5 59+9
3 62 +10
Freezedry 65+14 Average size of
6 55+14
each flow rate
9 85+13
0.5 76 £22
Isopropanol 3 67 +12
wash and 72 +11
air dry 6 84 +11
9 60+11
0.5 85 +11 73+13
3 71+6 67+5
Water_wash 83411
and air dry 6 97 +19 79121
9 78 +13 74 +13

The NPs presented a size between 60 and 90 nm. On average, the flow rate did not have a
large effect on the size of the particles and there was no trend between the flowrate and the
particle size. This was unexpected as the hypothesis was that the increased reaction time of
a lower flow rate would have produced larger particles. Speed of reactant addition is
mentioned in literature as a potential control for size (Piazza et al., 2020) along with
temperature and pH (Raynaud et al., 2002), stirring and drying process (Afshar et al., 2003).
The drying method was shown to have a slight effect on the size of the particles. The freeze
dry method produced the smallest particles. The water wash particles are larger, and this is

consistent will all four flowrates.

The research above suffers from several limitations in the analysis due to the agglomeration
found in the samples. For this reason, these results cannot be used to draw any definitive
conclusions. This experiment and its findings were not used directly in the synthesis of the
final devices because, in future experiments, the first layer was applied directly onto the CaP
particles immediately after formation without drying to help with agglomeration. (Piazza et
al., 2020; Raynaud et al., 2002; Urch et al., 2009). For future research, the results of these
experiments could potentially be improved by using a lower concentration of the

nanoparticles or a different solvent for dispersal for zetapotential and DLS with PDI so that
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the suitability of the data can be assessed. TEM should have been used instead of SEM
because the magnification is much higher. This would have given images in which single

particles could have been more discernible for imageJ analysis.

5.1.2 Initial layer deposition, comparison between PEI and PDADMAC

For the LBL deposition, it was hypothesised that directly applying a layer to the templates
during the synthesis using the peristaltic pump would stop the growth of the NPs templates
after their nucleation. This could decrease the final size of the particles and reduce the
phenomenon of agglomeration. Particle formation occurs at pH 10, so the polyelectrolyte
chosen as the first layer needed to be soluble at pH 10. PEl and PDADMAC were chosen for
comparison for this reason and have been used in similar experiments previously (Elizarova &
Luckham, 2016; Rojas-Sanchez et al., 2020; Urch et al., 2009). Three different concentrations
(3, 5, 10mg/mL) were chosen to find the lowest concentration needed for the deposition of
the layer to discover the optimal concentration needed to saturate the surface of the NP.
Dynamic Light Scattering and {-potential (Table 5.3) and TEM (Figure 5.4 and Figure 5.5) were

used to analyse the deposition of the first polycationic layer on the surface of the NPs.

Table 5.3 - {-potential and DLS measurement of functionalised calcium phosphate
nanoparticles with polyelectrolyte solutions of different concentrations

PEI 3mg/mL 16.2+0.4 5111+ 778
PEI 5Smg/mL 14.7£0.7 2896 + 137
PEI 10mg/mL 17.3+0.3 3222 632
pDADMac 3mg/mL 379+10 515+ 8
PDADMac Smg/mL | .. . 748 + 19
pDADMac 10mg/mL 275+1.0 540 + 11

The T-potential showed that for both the polyelectrolytes, the lowest concentration of
3mg/mL was adequate for deposition onto the template, because no changes in the -
potential were observed while increasing the concentration. The data also showed that
PDADMAC has higher Z-potential (27.5-37.9mV), which is better for the application of further

layers because the particles are more stable through electrostatic repulsion leading to a

159



decrease in agglomeration (Hanaor et al., 2012). These particles were also much smaller (515-
748nm) when compared to the use of PEI (3222-5111nm) tendency to agglomerate. TEM was

used to measure the exact size of these NPs without the agglomeration effecting the results.

Figure 5.4 - TEM images of PEI functionalised particles (10mg/mL)
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Figure 5.5 - TEM images of PDADMAC functionalised particles (10mg/mL)

The TEM images from Figure 5.4 and Figure 5.5 were analysed with Imagel and are as follows:

PEI functionalised particles (Figure 5.4) - A—237nm; B—349nm; C—561nm; D - 345nm
PDADMAC functionalised particles (Figure 5.5) - A —303nm; B — 290nm; C — 347nm, 235nm,
204nm, 245nm; D - 193nm.

After this experiment was complete, it was found that the molecular weight of the PDADMAC
was 100,000. This is much higher than the molecular weight cut off of the dialysis membrane
used in part of the purification process. This would have affected the cleaning process of the
PDADMAC tests and is an explanation for the large crystals present in the TEM images.

The average particle size for the PEI coated particles (Figure 5.4) is 373 £ 136 nm and for
PDADMAC coated particles (Figure 5.5) is 260 = 56 nm. The smaller particle size of the
PDADMAC is more suitable for cellular internalisation which would facilitate efficient drug
release (Mazumdar et al., 2021). However initial tests with the LBL process showed that
PDADMAC functionalised particles were difficult to obtain in centrifugation meaning many
particles were lost once the layers had been deposited. This was also found by Elizarova et al.

(Elizarova & Luckham, 2016): they reported a significant loss of particles after 10-20
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centrifugation/redispersal cycles. This meant that PEl was chosen for the first layer despite

functionalisation resulting in a larger particle size and a less negative {-potential.

5.2 Chitosan and alginate layer by layer capsules functionalised with anticancer drugs
and carbon dots

PEl functionalised CaP NPs were subject to the LBL treatment with alternating layers of AA and
CH to form nanocapsules. Drug loading with DOXO and DAX was conducted to investigate the
drug release capabilities of the capsule. The capsule was also functionalised with CDs and

subject to photoluminescence spectroscopy to analyse the photoluminescent properties.

5.2.1 |Initial layer-by-layer deposition without drugs

The formation of the core proceeded the same as discussed in section 5.2 using PEI as first
layer and then functionalised by LBL assembly using CH as polycation and AA as polyanion. A
sample was taken after the completion of each layer and analysed with Z-potential, XPS, FT-IR
for surface chemistry and TEM to characterise the size. The {-potential data clearly shows the
deposition of the layers (Figure 5.6).
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Figure 5.6 - {-potential for each layer of the layer-by-layer
process deposited on CaP

The results are consistent for each layer ranging between 20 — 25 mV for the positive
charged PEI core and CH layers and between -30 - -40mv for the AA layers. This clearly
showed the charge reversal for each layer suggesting successful deposition of each layer

(Haidar et al., 2008; Jardim et al., 2018). The higher magnitude of charge of the AA layer
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compared to the CH layer was to be expected because a higher concentration was used. The
saturation concentration ratio between the two polyelectrolytes (2:1 AA/CH) found in this
project agrees with previous literature but contrasts with others. Zhao et al. (Zhao et al.,
2007) used the exact same concentrations as used in this project to functionalise calcium
carbonate microcapsules. However, Pawlak et al. (Pawlak & Belbekhouche, 2021) found in
their functionalisation of E.coli bacteria. concentrations of 0.12mg/mL and 0.05mg/mL for
CH and AA respectively giving a ratio of 2.4 in favour of CH, a potential reason for this

difference is the use of different substrate.

FT-IR is a simple, fast, and non-destructive technique for surface characterisation. For this
reason, it was attempted to be used to characterise the surface of the NPs to confirm the

deposition of each layer. The data are presented in Figure 5.7.
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Figure 5.7 - FT-IR of each layer deposited on CaP nanoparticles in the initial layer by layer
process.

All the layers showed very distinct peaks at ~1559cm-1, ~1405cm?, ~1015cm?, 1010cm™ and
~922cm. These peaks correspond to sodium acetate that was used as a buffer to keep the
pH stable. (NIST; Rani et al., 2021) ~1559cm™ corresponds C=0 stretching in the carboxylic
acid group. ~1405cm? corresponds to the stretching mode of —CH; scissoring. ~1015cm™ and

1010cm™ corresponds to the CHs rocking vibration. The ~922cm™ corresponds to the O-H
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bend in the carboxylic acid group. This sodium acetate contamination overwhelms the PEI, CH

and AA in the samples which makes it harder to characterise.

The penetration depth of this technique can also be up to 60 um (Go6tz et al., 2020) which is
much larger than any one single NP. This means that this technique is not just analysing the
surface of the particle, it is reporting data from the material as a bulk. Therefore, the data
from each layer sample is a combination of the new material and all the material deposited in
the pervious layers, this makes changes between each layer more subtle and harder to

characterise.

According to Lawrie et al. (Lawrie et al., 2007) and their 2007 study on the characterisation of
AA-CH polyelectrolyte complexes, FT-IR and XPS must be used in conjunction for the
identification of the presence of the AA and CH. They report that a band at 1710cm™
corresponds to the protonation of the carboxylate group. This peak is shown in Figure 5.13 in
samples 2 and 6. For CH, a band at ~1530cm™ appears due to the partial protonation of the
amine group. This is overwhelmed by the 1560cm™ peak from the COO" but is shown as a

shoulder in 2 through 7 partially suggesting the deposition of CH.

XPS was used to help confirm the surface of the NPs. The raw material of AA and CH was
analysed for comparison (Table 5.4). Examples of peak picking of the Cls and O1s scans are

shown in Figure 5.8 and Figure 5.9.

Table 5.4 - XPS data for raw alginate and chitosan for comparison to deposited layers. Top —
wide survey scan, bottom — C 1s, N 1s, O 1s

“

Element/Bond
I AUl 137.79  286.04 34629 399.79 137.79  532.54
0.11 5579  0.01 039 3924  4.47
0 63.93  0.09 6.49  29.49 0

At %
C1ls N 1s O1s
Binding energy (eV) 284.41 284.9 286.28  287.82  399.48 400.4 401.3 406.5 531.74 532.74 534.86

3.65 2003 4212 342 3866 2589  5.25 302 2557  67.57 6.86
2.36 2153  53.08  23.03 8451  6.53 8.96 0 4483  54.44 0.73
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Figure 5.8 - XPS scans of sodium alginate raw material — Top C1s scan, bottom O1s scan.
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Figure 5.9 - XPS scan of chitosan raw material — Top C1s scan, bottom O1s scan.

The results from the wide elemental scan were as expected with no phosphorus, sodium, and

calcium for either sample. A higher ratio of carbon and nitrogen and no sodium was seen for

CH, whilst no nitrogen, more equal carbon and oxygen ratio and a small percentage of sodium

was seen for AA (Jejurikar et al., 2012). This showed that the telltale sign of a CH layer

deposition is an increase in nitrogen and carbon ratios and the sign for AA deposition is an
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increase in both oxygen and sodium content. The peak at ~287.87eV is attributed to C=0
bonding and is shown in literature (de Godoi et al., 2013; Li et al., 2016; Vieira et al., 2011).

XPS was also used to analyse the surface of the NPs to characterise the layer deposition (Table
5.5, Figure 5.10Figure 5.11Figure 5.12). (N 1s scans - Figure A.6.11Figure A.6.12Figure A.6.13)

Table 5.5 - Summary of the XPS data for all scans of each layer of the sample containing no
drugs. Top — wide survey scan, bottom — C 1s, N 1s, O 1s

m
Element/Bond
Binding energy (eV) INEL L 28471 34878 399.63 134.28  531.13
ND L1 0.83 55.55 2.43 1.59 31.95 7.64
ND L2 0.15 1.23 1.23 1.1 32.35 8.3
ND L3 0.19 56.24 0.62 0.25 33.02 9.68
ND L4 0 64.91 0.19 1.1 27.67 6.13
ND L5 0.15 57.46 0 0.44 32.57 9.38
ND L6 0.09 58.36 0.21 0.6 31.87 8.86
ND L7 0 56.28 0.17 0.46 33.36 9.73
A\
C1ls N 1s O1s

Binding energy (eV) PAL R 284.88 285.6 288.36  399.48 400.4 401.3 406.5 531.17 532.5 535.75

78.04 7.16 14.8
81.59 4.35 14.06

ND L6 14.53 41.27 16.64 27.57 100 0 0
ND L7 11.2 42.01 16.3 30.5 81.77 18.23 0

ND L1 12.94 3388 2466 2851 9233 111 6.56 0 87.03 194  11.03
11.48 3436  24.04 3012  80.45 445 1507 0 80.13 654  13.33
11.54 4675 121 2961  99.53 021 0.26 0 8248  3.01 14.5
11.16 4595 226 2028  79.2 587  14.93 0 67.88  19.25  12.87
15.79 41.48 1399 2874 7379 2068  3.53 0 78.49 6.9 14.62
0
0
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Figure 5.10 - XPS scans of the first layer deposition (CaP nanoparticle + PEI) — left C1s scan, right
O1s scan.
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Figure 5.12 - XPS scan of the third layer deposition (CaP nanoparticle + PEI + alginate + chitosan)

— left C1s scan, right O1s scan.

The XPS results for the layers also show contamination from the SAB just like the FT-IR. This is
shown most prominently with the high sodium content in the elemental scan and high
presence of C=0 in the O 1s and C 1s scans and the fact that there is no variation from one
sample to the next. The presence of a small amount of phosphorus and calcium from the CaP

templates which decreases as the layers increases shows the deposition of each layer and the

increase in particle size.
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Lawrie et al. (Lawrie et al., 2007) observed that when CH is the outermost layer in an LBL
assembly, the amine groups extending into the solution during fabrication become
deprotonated (neutral) upon washing and drying. Conversely, when AA is the outermost layer,
the amine groups of the underlying CH layer experience a higher degree of protonation due
to interaction with the deprotonated carboxylate group of AAs. Consequently, a greater
number of protonated amines is expected when AA is the outermost layer. This means that
the N 1s peak can be used as evidence of CH and AA deposition depending on the ratio of

amine protonation.

The first 5 layers of the deposition follow this trend of increasing with the deposition of AA
suggesting that the LBL deposition was somewhat successful, however the ratio of
protonation is in the range of 0.26% to 15.07% rather than the 40-60% found by Lawrie et al.
Layers 6 and 7 show no amine protonation and therefore chemical composition cannot be

confirmed.

Due to the contamination with sodium acetate the ratios of carbon, oxygen and sodium do
not significantly change with the different layers making it impossible to fully characterise the
layers with this technique. XPS is only used rarely in literature to characterise the chemical
composition of each layer deposition of the LBL technique, making a comparison difficult. For
example, Xie et al. (Xie et al., 2011) used XPS to characterise their sodium CH microcapsule
and provide confirmation of presence of CH and AA in the outer 100 A of the membrane but

provided no further elaboration in regards to the deposition of each layer.
Transmission electron microscopy was used to visualise the particles (Figure 5.13) and

perform size analysis. Image) was used to measure the particles and produce a distribution

(Table 5.6).
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Figure 5.13 - TEM images of each layer of the layer-by-layer
process
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Table 5.6 - TEM average particle of the layer-by-layer process with no drugs size as measured
by Imagel.

97 +22

194+ 71
173 + 45
104 + 51
152 + 48
195+91
269 t 86

N BWIN (-

Overall, the particle size increased with increasing layers. This trend of increasing layer size is
shown in literature, for example, Schwiertz et al. (Schwiertz et al., 2008) used CaP templates
to create LBL capsule using PAH and PSS as the cationic and anionic layers respectively. They
deposited 5 layers in total and saw an increase in particle size in DLS analysis from ~140-165nm
in layer 1 to ~200-240nm for layer 5. Their layer deposition consistently increases per layer.
This consistent increase in layer size contrasts the data found in this project. For example,
Layer 2 presented a massive increase in size which then saw a decrease in layers 3 and 4. This
shows poor and inconsistent LBL deposition. This is most likely caused by the SAB infiltrating
the deposited layers and partially dissolving the CaP cores (Amjad, 1998) reducing the stability
of the layers and causing inconsistent layer deposition. More evidence for this is in the
morphology of the particles as this is inconsistent throughout the layers, ranging from smooth
spherical particles to angular particles with large polyelectrolyte layering, the latter of which
is evidence in the images from the 3™ layer deposition. This is very different from the PEI
functionalised particles showcased in the initial layer deposition without the SAB had a rough
texture and were spherical. The degradation of calcium phosphates in sodium acetate buffer
has previously been documented in literature. Mok et al. (Mok et al., 2021) used acetate
buffer to etch the surface of hydroxyapatite disks, a form of calcium phosphate found in teeth,
to create fissures to test a remineralising agent. They subjected the disks to the acetate buffer
for different time frames between 1 minute and 4 hours. Surface roughness increased from
0.25um to 1.3um in 4 hours. Ito et al. (Ito et al., 2011) also used this phenomenon of acidic
conditions degrading CaP as a pH dependant release DNA complex carrier. It was shown that

acetate buffer would dissolve the CaP layer and release the DNA complex encapsulated inside.
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5.2.2 Effect of drug loading on the layer-by-layer process

The synthesis of the CaP NP and LBL process was repeated whist including anti-cancer drugs
(DOXO, DAX, and combined). The Z-potential of the resulting LBL functionalised NPs was
analysed. This clearly showed the deposition of the nanolayers in all the samples due to the

significant changes in Z-potential from ~0 - 25mV to ~-15 - -35mV (Figure 5.14).
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Figure 5.14 - -potential of the LBL process for each drug loading conditions: a) both DAX and
DOXO, b) DOXO only and c) DAX only.

However, there was some variation in the Z-potential for each layer depending on the drug
used for loading in the capsules. Indeed, in the sample where both drugs were incorporated
in the AA layers and the core of the template NP (Figure 5.14a), the cationic layers increased
in C-potential as they were deposited:i.e. L1 -3.7,L3-10.3, L5-14.7 and L7 -23.2 mV. The AA
layers were consistent for layer 2 and 4 at around -38mV, while the 6™ layer reached a value
of -26mV. This increase is due to the fact that the ¢-potential for the first layer 3.7mV is lower
than that of drug free and DAX loaded capsules. This is also shown to a greater extent in the
sample with only DOXO (Figure 5.15b) loaded into the template and within the AA layer; the
(-potential of the template started with a value of -2.66 mV which was significantly lower than
the values shown previously with the cores and layer by layer process without drug loading (>
20mV). This shows that the inclusion of the DOXO lowers the surface charge of the first layer
deposition, which can then in turn affect the first layer of the AA deposition (layer 2) and the
first layer of the CH deposition (Layer 3) which were -16mV and -4mV respectively. These
values were significantly higher/lower than the counterparts without drugs ( -37.5 mV and
23.0 mV respectively). DOXO has negative {-potential (Nguyen et al., 2021). This could have
affected the deposition of the PEI as unencapsulated DOXO could lower the {-potential of the

polyelectrolyte solution in the peristaltic pump, leading to a less effective deposition. The
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phenomenon of DOXO lowering {-potential in LBL functionalisation contrasts what was
reported by Hashemi et al. (Hashemi et al., 2018) as they saw a slight increase with the
inclusion of DOXO during their LBL functionalisation of graphene oxide. However, they
provided no explanation as to why this occurred. The sample containing only DAX (Figure
5.15c) is consistent with the unfunctionalised particles and does not affect the deposition of

the layers.

The FT-IR data for each sample is presented below in Figure 5.16. All of the layers in each
sample have very distinct peaks at ~1559cm™, ~1405cm™, ~1015cm™, 1010cm™ and ~922cm"
L (NIST; Rani et al., 2021). These peaks all correspond to sodium acetate that was used as a
buffer to keep the pH stable. ~1559cm-1 corresponds C=0 stretching in the carboxylic acid
group. ~1405cm™ corresponds to the stretching mode of —CH; scissoring. ~1015cm™ and
1010cm™ corresponds to the CHs rocking vibration. The ~922cm™ corresponds to the O-H
bend in the carboxylic acid group. This data has the same issues which are outlined in the FT-
IR data above for the NPs that did not incorporate drugs and cannot be used for

characterisation.

As with the particles without drugs, the characteristic peak at 1710 cm™ corresponding to the
protonation of the carboxylate group with the deposition of AA(Lawrie et al., 2007) can be
seen in Figure 5.15 A and B in layers 2 and 4, and in C at layer 6. This provides some evidence
towards the fact that AA was deposited onto the surface of these NPs at these layers. For the
deposition of CH, a band at ~1530cm™ appears due to the partial protonation of the amine
group. This is shown on the spectra as a shoulder on the peaks at 1560cm™ peak
corresponding to COO" from the sodium acetate and is present in most layers in each of the

samples suggesting that that CH has indeed been partially deposited.
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Figure 5.15 - FT-IR of the layer-by-layer process for each drug loading experiment; a) Both
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XPS analysis was undertaken for each freeze-dried samples that were taken after the
completion of each layer. The XPS data for each sample is summarised in the tables below

(Table 5.7, Table 5.8, Table 5.9).

Table 5.7 - Summary of the XPS data for each layer sample of the DOXO loaded
sample. Top — wide survey scan, bottom —C 1s, N 1s, O 1s

Element/Bond corbon [ Galcum [itrogen] Oxyeen | Sodum ]

Binding energy (eV) [REINE] 284.69 348.55 399.48 13169 531.19

Doxo L1 0.18 70.64 0.87 1.18 23.35 3.79
Doxo L2 0 63.06 0.37 0.87 29.52 6.17
Doxo L3 0.07 62.73 0.09 0.07 29.15 7.88
Doxo L4 0 59.04 0 0.37 31.28 9.31
Doxo L5 0 56.86 0 0.31 32.7 10.13
Doxo L6 0.03 59.37 0.12 1.29 30.89 8.31
Doxo L7 0.07 61.99 0.39 0.4 29.52 7.62

At %
C N 1s O1s

Binding energy (eV) [PXZEE} 284.88  286.03 288.34  399.48 400.4 401.3 406.5 531.16 532.5 535.73

1669 5341 1538 141  93.96  6.04 0 0 6579 246 9.61
1579 3063 3332 2026  97.23 0 2.77 0 50.94  27.94 12.11
1266 4598 2025 2112 5242  47.58 0 0 69.06  17.01 13.94
1002 46.82 1581  27.34 8385  13.34 2.8 0 79.57 5.8 14.44
1051 4895 948  31.06 8624  13.66 0 0 79.54 438 16.08
3.46 56.6 1659 = 2325 9486  0.23 4.91 0 71.76  14.76 13.48
1017  57.28 7.3 2525  91.89 811 0 0 7972 6.19 14.1

Table 5.8 - Summary of the XPS data for each layer sample of the DAX loaded
sample. Top — wide survey scan, bottom —C 1s, N 1s, O 1s

Element/Bond

Binding energy (eV) 132.56 284.71 348.06 399.71 132,56 531.14

Dax L1 11.02 54.16 5.65 2.97 30.52 4.79
Dax L2 0.35 58.46 1.07 1.4 31.24 7.47

Dax L3 0 60.03 0.22 0 30.99 8.76
Dax L4 0.06 58.63 0.35 0.63 31.86 8.47
At %
N1s 0O1s
| GNH3: | Nitrate | -0 | C-0 [ NaKiLAuger |

401.3 406.5 531.15 532.51 535.74

395.48

Element/Bond 5 5
Binding energ \ 5 284.89

286.03  288.34 400.4

Dax L1 52.57 16.27 20.14 78.35 7.93 13.73 0 83.75 7.63 8.62
Dax L2 5.22 52.37 16.8 25.6 84.45 5.42 10.12 0 T 16.07 11.81
Dax L3 13.88 54.51 3.66 27.55 97.2 1.34 1.46 0 81.79 3.32 14.89
Dax L4 12.76 S 2 7.5 27.52 85.19 0 14.81 0 79.15 5.77 15.09
Dax L5 11.57 47 7.07 34.35 79.19 20.81 0 0 81.06 3.3 15.65
Dax L6 10.01 48.39 19 22.6 95.25 0.8 3.54 0 67.31 20.65 12.04
Dax L7 14.53 47.68 5.25 28.53 100 0 0 0 79.21 6.57 14.21
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Table 5.9 - Summary of the XPS data for each layer sample of the loaded sample
loaded with DOXO and DAX. Top — wide survey scan, bottom —C 1s, N 1s, O 1s

“
TGl 13477 2847 34677 38534 13477 53127
0.41 2.26 2.26 098  30.85  7.32
019 | 58.84 13 0.92 3118  7.57
012 5332 032 042 3493  10.89
011 | 66.65  0.06 144 2624 551
BD L5 018  62.09 0.2 0.4 2942  7.72
BD L6 011 | 6352 023 0.96 2891 023
BD L7 002 6194  0.34 065 3229 476

At %
C1ls N 1s O1s

CICIEENE AN 284.53  284.88  286.01  288.33  399.48 400.4 401.3 406.5 531.16  533.93 535.79

BD L1 11.96 51.66 11.25 25.13 92.11 7.89 0 0 83.76 3.97 12.26
BD L2 10.2 51.46 12.43 25.91 88.26 0 11.74 0 75.59 11.24 13.17
BD L3 12.51 48.94 4.41 34.14 79.73 20.27 0 0 83.17 2.06 14.77
BD L4 9.89 51.31 18.21 20.59 95.11 4.73 0.16 0 62.83 26.31 10.86
BD L5 13.46 53.11 8.35 25.08 96.96 1.03 2.01 0 76.77 8.17 15.06
BD L6 16.54 42.02 20.11 21.33 85.62 14.38 0 0 63.39 23.48 12.13
BD L7 10.99 28.43 34.05 36.54 81.76 18.24 0 0 37.75 51.34 10.91

As with the particles without drugs, the XPS results for the layers also show contamination
from the SAB. However some analysis can still be done using the N 1s peak ratio of amine

protonation as before (Lawrie et al., 2007).

In the DAX only and DOXO only samples this change in protonated amine is plain to see in all
layers from L2 to L7. l.e. in the DOXO sample the AA layers are the only ones that contain
protonated amine. In the sample that contained both drugs this trend is not seen between
L4 and L6 with L5 increasing in amine protonation and L6 decreasing which is the opposite of
how it should be if the layers were deposited properly. As before, the ratio of amine
protonation is much lower than what was shown by Lawrie et al. This shows that the LBL

deposition is only partially successful.

Transmission electron microscopy was used to visualise the particles (Figure 5.16, Figure 5.17

and Figure 5.18) and perform size analysis. Image) was used to measure the particles and

produce a distribution (Table 5.10).
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Figure 5.16 - TEM images of each layer of the layer-by-layer
process with DOXO
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500nm
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lum 500nm

Figure 5.17 - TEM images of each layer of the layer-by-layer
process with DAX
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Figure 5.18 - TEM images of each layer of the layer-by-layer process both drugs
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Table 5.10 - Average particle size per layer of each sample as measured using Imagel from
the TEM images

1 135+ 88 137 + 52 153 +44
2 319+109 113+ 76 182 + 40
3 64 + 26 247 + 40 57 +£22
4 93+43 156 + 60 37+9

5 276 127 125+ 57 128 + 63
6 383 +167 92 +50 129 + 46
7 200 + 112 192 + 81 214 £ 50

Unlike the particles without drugs, no trend was observed in the size of the particles in relation
to the layer. The sizes of the particles differed wildly and the distribution of sizes at each layer
was wide. This gives further evidence to the fact that the SAB penetrates the layers and causes
inconsistent layer deposition. The morphologies of the particles are also consistent with the

images of the particles without drugs.

This data also showed that the addition of drugs increased the size of the initial PEI
functionalised particles (layer 1) when compared with the particles without drugs. These had
an average size of 97 + 22, which was smaller than those shown in the table above. Increase
in layer size with drug loading has been seen previously (Hashemi et al., 2018) and is likely to
be caused by inclusion of drugs in the first layer (Alkekhia et al., 2020) because inclusion of
the drugs as CaP NPs has little effect on size (Hashemi et al.,, 2018; Son & Kim, 2017;
Tsikourkitoudi et al., 2020).

5.2.3 In-vitro drug release tests

To test the encapsulation efficiency of the NPs, samples of the cores and the final layer by

layer capsules were investigated and reported in Table 5.11.

Table 5.11 - Encapsulation efficiency for each individual drug in all the different sample types

Core Capsule Core Capsule
Doxorubicin only | 1071.27 0 65.64 0
Docetaxel only 87.02 144.52 60.43 16.72
Combined | DOX | 1040.38 952.22 63.75 9.72
DAX 108.27 47.46 75.12 5.49
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It is shown that the first layer cores showed a good encapsulation efficiency between ~60 and
75%; for example, the DTX only sample the EE was 60.43% and the DAX EE in the sample that
contained both drugs was 75.12%. This can be attributed to the porosity of the CaP NP

templates and its great ability to entrap drugs (Yoncheva et al., 2020).

The encapsulation efficiency of the particles with the LBL technique applied was much lower
(<17%) for all the samples. DOXO showed a 100% decrease in the overall drug content
implying that not only did the LBL technique fail to load any drugs, but the drugs encapsulated
in the core were also released. The error in this sample is also very high so this result is not
accurate; however, the maximum encapsulation efficiency the standard deviation would allow
for this sample would still be lower than the value for the cores, implying that regardless of
the actual value, some drug was lost. The reason for this poor encapsulation can be attributed
to the SAB effecting the layer deposition as is outlined in the TEM and therefore not protecting

the drugs from premature release as the layers should (Yoncheva et al., 2020).

The in-vitro drug release of the nanocapsules in PBS was measured using UV-Vis taking
measurements over time for 240 hours. The release of DOXO from the samples is outlined in
Figure 5.19 and the release of DAX is outlined in Figure 5.20. None of the samples showed a
plateau in this time which suggests that not all the drugs had been released completely at the
240-hour mark. The samples transitioned from an initial burst release to a steady release

around 6-8 hours.
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Figure 5.19 - Drug release curves for the DOXO release data - a) DOXO only sample, b) both
drug sample

183



There are some differences between how the DOXO releases when it is by itself when
compared to when the drugs are loaded together in the nanocapsule. Firstly, a lot more of the
drug is released in the combined sample up to 4.3mg released versus the 0.6mg released in
the single drug sample. Both values are much higher than what was found to have been
encapsulated in the encapsulation efficiency tests. This suggests that the release is
contaminated. This is most likely to be CH as this has been shown previously to have
absorbance peaks nearby the wavelengths tested (480nm). A UV-Vis spectra of CH was
reported by Akmaz et al. (Akmaz et al., 2013) showing an absorption peak at around between
300 and 500nm with a maxima around 400nm. This suggested CH is releasing from the
nanocapsules due to the poor layer adhesion as shown in the TEM. Further analysis of this
drug release data could use techniques such as Fluorescence emission of DOXO (White, 2004)

or High-pressure liquid chromatography (Tekkeli Evrim Kepekci & Kiziltas Volkan, 2017).
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Figure 5.20 - Drug release curves for the DAX release data — a) DAX only sample, b) both drug
sample.

The drug release of DAX from both the single drug sample and the combined release were
consistent showing a very similar curve and amount of drug released from both sample types.
However, the released amount of drug around 0.18mg is double what was found to have been
encapsulated in the encapsulation tests. This again shows that the sample is contaminated
with CH, which has a characteristic absorption peak at 250nm (Thamilarasan et al., 2018). For
confirmation, calibration curves were obtained for the materials used in the synthesis at the
wavelengths used for the detection of drugs to show what might have been causing the

contamination (Figure 5.21).
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Figure 5.21 - UV-Vis calibration curves of different materials at different wavelengths — a)
480nm b) 230nm

Figure 5.21 A shows the results at 480nm. This shows that the material most likely to affect
the DOXO results is CH as this has strong trend of absorbance with concentration. AA might
also have some effect as this also have a strong trend but does not absorb as highly as at a
concentration of 1mg per mL they have an absorbance of 0.014 against CH’s 0.055. The flat
trend lines and low absorbance of PEI and Sodium acetate show that these do not affect the
results of DOXO drug release.

Figure 5.21 B shows the results at 230nm. This shows that the material most likely to affect
the DAX results is CH as this has strong trend of absorbance with concentration. PEI might also
have some effect as this also have a strong trend but does not absorb as highly, as at a
concentration of 1mg per mL PEl has an absorbance of 0.2 against CH’s 0.55. The flat trend
lines and low absorbance of AA and sodium acetate show that these do not affect the results
of DAX drug release. It was concluded that because the release curve of the DOXO and DAX in
the combined sample was the same, just at a different ratio of concentration, the same
material was contaminating all the samples, given the data above. This shows that CH is most

likely this contaminant. This is due to poor layer adhesion on the NP.

5.2.4 In-vitro cell tests

Cell tests were run to evaluate the nanocapsules drug release effect against cancer cells. Two
different OS cell lines, U20S cells and SAOS-2 were used, as seen in literature previously

(Ahmadi et al., 2020; Danisman-Kalindemirtas et al., 2021; Li et al., 2018; Peng et al., 2014).

185



PrestoBlue test was used to evaluate the metabolic activity against control cells seeded
without the presence of the NPs. Figure 5.22 and Figure 5.23 outline the viability of the cells
after being subject to the NPs for 24 hours. Free DOXO and DAX data was also included as a

comparison for both cell types.
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Figure 5.22 - PrestoBlue results of all samples using U20S cells.
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Figure 5.23 - PrestoBlue essay of all samples using SAOS-2 cells.
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Statistical analysis was run on the data and each concentration set and was compared
between each sample and the control with a Bonferroni corrected P-value. It was found that
none of the U20S cells exposed to the nanoparticle samples had a significant decrease in
metabolic activity. Most of the SAOS-2 cells also did not have a significant decrease in
metabolic activity aside from NP w/ DOXO & DAX, NP w/ DOXO only and NP w/ DAX only at
50ug/mL and NP w/ DOXO & DAX and NP w/ DAX only at 500ug/mL. Even though these results
are significantly different from the control, it does not show that these nanoparticles have a
large effect against the cells. This shows that the drugs did not release from the particles, were
not encapsulated, or were encapsulated at such a small concentration that once released they
were ineffective, corroborating the data found in the encapsulation efficiency and drug
release tests. DOXO and DAX are well known for their effectiveness against SAOS-2 (Rudnick-
Glick et al., 2016) and U20S cell lines (Graat et al., 2006; D. Z. Wang et al., 2015). This is also
shown in the graphs with the inclusion of free DOXO and DAX at concentrations of 10ug/mL.
This shows a significant decrease in the viability of the cells exposed to free drugs as compared
to the NP that contained the different combinations of drugs. Docetaxel data used for

comparison was taken from a paper by (D. Z. Wang et al., 2015)

5.2.5 Functionalisation with carbon dots

The CDs were included in the AA layers because they were characterised by a negative -
potential value. Z-potential analysis was used to investigate the CDs incorporation during the

LBL deposition (Figure 5.24).
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Figure 5.24 - {-potential data of the layer-by-layer formation of nanoparticles — left: without
carbon dots, right: with carbon dots.
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Both conditions evidenced similar {-potential values at each layer of the deposition, with a
consistent change from positive to negative {-potential from the 3 layer deposition. The 3™
layer deposition in both samples is shown here not to be successful due to the charge not
significantly increasing from the alginate deposition for the second layer. The reason for this
is most likely user error as a washing step may have been missed. The consistency between
the samples showed that the inclusion of the CDs did not affect the deposition of the layers

which is the important finding for this particular analysis.

The photoluminescence emission spectra and QY analysis of the plain CDs, unfunctionalised
capsules and the CDs functionalised capsules was acquired and shown in Figure 5.25, Figure
5.26 and Figure 5.27 respectively. This process started with the UV-Vis testing of different
solutions of the materials to find 5 solutions for each sample with absorbances of around 0.02,
0.04, 0.06, 0.08 and 0.1. These solutions were used for the QY analysis and the 0.1 were used

for the photoluminescence emission.

3500 - ——EX-240
EX-250

3000 4 EX-260
EX-270

——EX-280

2500 1 ———EX-290

2000

1500

Intensity

1000

500

0 T T T T 1
300 350 400 450 500 550
Wavelength (nm)

Figure 5.25 - Photoluminescence data for bare carbon dots - emission data at increasing
excitation wavelengths.

The CDs were found to have two emission maxima; a stronger emission at 340nm with the
most intense emission from an excitation of ~270nm (light green line), and a weaker emission
at 380nm, the most intense of which was from an excitation wavelength of ~250nm (orange
line). 270nm excitation was used for QY calculations. The QY was found to be 31.7%; this is
high for biomass derived CDs (Sadhanala et al., 2021) and much higher than those produced

in the previous chapter (7%). This is unexpected because they were produced by the similar
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method as previously described; a 2-hour microwave reaction in agueous conditions at 200°C.
However, previously the dots were freeze dried, these carbon dots were dried overnight in an
oven. This suggests that drying methods could potentially influence the photoluminescent
properties of the carbon dots. This is something that is not currently researched in literature

and could be pursued further in future research.

The non functionalised NPs were expected to be non-photoluminescent, but it was shown that
they show a similar emission as the CDs (Figure 5.26), a 340nm emission the most intense of
which was from an excitation of 280nm. The NPs were half as intense as the CDs at their
strongest emissions. This emission must have been caused by the materials used in their
synthesis, most likely CH, as this was shown to have some absorbance in the UV-Vis
experiments of the materials presented above. The photoluminescence properties have been
previously outlined by Motelica et al. in their paper investigating the properties of
functionalised CH films. They outline photoluminescence emission at ~395nm at an excitation
wavelength of 320nm. Interestingly, CH is a popular choice as a biomass precursor for CDs
(Desmond et al., 2021; Mathew et al., 2020; Pawar et al., 2019), so it stands to reason there

would be some inherent photoluminescence with this material. The QY was not gained for this

sample.
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Figure 5.26 - Photoluminescence data for unfunctionalised particles - emission at increasing
excitation wavelengths.
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The nanocapsules that were functionalised with the CDs (Figure 5.27) were shown to have the
most intense emission at ~7500, this was at the same 340nm wavelength as the other particles

and was caused by an excitation wavelength of 280nm.
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Figure 5.27 - Photoluminescence data for nanoparticles functionalised with carbon dots —
emission data at increasing excitation wavelengths.

This clearly shows that the inclusion of CDs does enhance the photoluminescence of the
nanocapsules in terms of intensity even past the point the CDs show by themselves. This can
be explained that the photoluminescence from the CH within the capsules and the CDs has an
additive effect and when combined it shows at a higher intensity than each of the sources by

themselves. The QY for these particles is 35.9% as further evidence of this.

5.2.6 Summary

In summary, the synthesis of CH-AA LBL capsules on PEI functionalised LBL capsules for the
encapsulation of anticancer drugs and CDs to create a nanotheranostic device was not
successful due to the use of a SAB, which penetrated the capsules causing the destabilisation
of the layer, confirmed by TEM. This led to loss of encapsulated drugs, causing the particles to
be ineffective against OS cell lines according to viability testing. However, the encapsulation
of CDs within the layers increased the photoluminescence intensity and QY when compared
against plain particles and CDs. This shows potential in combining the techniques for creating

a nanotheranostic device.
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5.3 Chitosan and chondroitin sulphate layer by layer capsules functionalised with
anticancer drugs and carbon dots.

This section investigates the application of the LBL technique on PAH functionalised CaP
templates for the encapsulation of anticancer drugs and CDs. First the application of PAH is

characterised.

5.3.1 Physio-chemical characterisation of PAH-coated calcium phosphate cores

FT-IR was used to determine the functional groups on the PAH functionalised particles. To this
end, unfunctionalised particles were prepared under the same conditions for comparison
(Figure 5.28). It was shown that the role of dialysis was fundamental in the removal of

carbonate ions from the NPs.
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FT-IR analysis of CaP (A) and CaP PAH (B) was conducted before (black) and after (red) dialysis.
In all samples, carbonate peaks were observed around 1427, 1490 and 860 cm™. Additionally,
phosphate peaks were detected at 570 cm™and 1080 cm™. The region below 1000 cm™ was
interpreted following the findings of Urch et al. (Urch et al., 2009; H. Yang et al., 2019).

The peak at 570 cm™ was attributed to apatite PO4*, while the peak at 864/868 cm™ indicated
the presence of CO3%. This specific type of carbonate was the type B carbonate apatite (Pawar
et al., 2019), which can be responsible for the surface aggregation of NPs (Urch et al., 2009).
Comparing the CaP samples, the freshly precipitated ones exhibited a more intense carbonate
peak at 1427-1590 cm™ than the dialysed sample. The intensity of this peak decreased with
dialysis, showing the desorption of excess carbonate anions. This desorption favoured the
creation of a hydrated layer from the bulk solution on the NPs' surface. Hence, the dialysis
phase was effective in removing carbonate residues. Dialysis is an effective and simple
technique for polymeric NP preparation and allows for a narrow size distribution
(Krishnamoorthy & Mahalingam, 2015) and removal of excess reagents. This is an advantage
over other techniques such as ultracentrifugation, by preventing the need for sonication to
disperse the formed pellet. Especially when sensitive biomolecules are present (Barnewitz,

2023).

For the CaP_PAH sample, the carbonate peak at 1427-1490 cm™ was highly intense upon NP
precipitation. However, following dialysis, the peak exhibited a significantly lower intensity,
indicating PAH polymer deposition on the CaPs' surface (identified by NH3* deformation
vibration and N-H bending groups between 1480 and 1600 cm™). Dialysis also resulted in a
more even and peak-free spectrum below 1000 cm, eliminating several harder-to-identify,
low-intensity peaks. This emphasised the stabilisation of the particles through polymer

deposition (Urch et al., 2009).

After dialysis, the peaks of the phosphate groups showed no changes between the coated and
uncoated samples. However, the freshly precipitated CaP_PAH sample displayed a split peak
at 1080 cm™ related to the phosphate group, which was not visible in the CaP sample. this
peak showed lower intensity in absorbance than the CaP sample, attributed to PAH polymer

deposition on the NPs' surface, which contained an amine group (C-N stretching) around 1020-
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1200 cm™. Following the removal of excess polymer by dialysis and particle stabilisation, the

phosphate peak reappeared with similar intensity to the other samples.

Smooth peaks observed between 2950 and 3200 cm™ were associated with the presence of
water in the CaP sample since these samples were not freeze-dried. Conversely, the freeze-
dried CaP_PAH samples analysed in powder form exhibited this smooth peak, which can be
linked to the polymer deposition on the CaP particle, rich in amine groups (N-H stretch 3400
cmt) and C-H stretch groups around 2800 cm that imparted a positive charge to the particle.
The amine peaks were present before and after dialysis in the CaP_PAH sample. However, the
low intensity of the characteristic PAH peaks between 2950 and 3200 cm-1 was attributed to
the limitations of the technology used. FT-IR allows the analysis of chemical bonds present at
a penetration depth of up to 60 um (G6tz et al., 2020), making it detectable at a size greater
than that of the NPs.

Subsequently, the samples underwent {-Potential analysis, and the charge of the solutions
used was 40.1 £ 0.5 mV for CH and 35.4 + 1.2 mV for PAH. The {-Potential of the NPs was
analysed under different conditions: precipitated NPs (only wash), dialyzed NPs (Before NaCl),
NPs in the stabilising solution (With NaCl), and 3 and 7 days after their synthesis (Day 3 and

Day 7). The results are presented in Table 5.12.

Table 5.12 - Summary of (-potential data of calcium phosphate nanoparticles with different
synthesis

Only Before With NacCl Day 7
Wash NacCl (15mM)
CaP -17.3+0.6 | +2.8+0.0 |-2.4+0.2 -09+0.2|19+1.0
CaP_PAH 0.5mg/mL |32.6+1.2 |129+1.8 |11.1+0.3 9.9+0.8 |{11.9+04
CaP_PAH 1mg/mL 16.8+0.8 |11.9+0.8 |13.4+0.3 14.7 £ 18.4+0.5
0.4
CaP_PAH 2.5mg/mL 17704 |129+04 |146%0.3 135+ 14.2+0.8
0.3
CaP_PAH 5mg/mL 141+22 |(19.6+£0.8 |13.3+0.2 149+ 16.1+£0.6
0.2
CaP(doxo)_PAH 14.6+0.5 | 15605 |/ / /
1mg/mL

The particle combinations exhibited {-Potential ranges between +25 mV and -25 mV. Stable

colloids are usually shown outside this range (Samimi et al., 2019); thus, a 12-hour stirring
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process was necessary to enhance the stability of the produced NPs. Surface charge is not the
only factor effecting colloidal stability of these particles, however. Other factors such as
concentration (Fuller & Koper, 2018), temperature, pH and ionic strength (Garcia-Garcia et al.,
2009) of the solution can also affect the stability. For example, the addition of NaCl to the
solution has been shown to increase the ionic strength of a solution of polyelectrolyte which
will increase surface charge magnitude (Ngulube et al., 2017). NaCl added to polyelectrolyte
solution increases polyelectrolyte adsorption (Scheepers et al., 2021) leading to faster growth
of polyelectrolyte multilayers (Tang & Besseling, 2016).

Consistent with the findings of Urch et al. (Urch et al., 2009), CaPs displayed a net negative
charge upon precipitation, attributed to the presence of CO3? groups on the NPs' surface, as
confirmed by FT-IRs. This excess negative charge is crucial for the CaP_PAH system. The charge
of the CaPs reduced in magnitude close to zero after dialysis, providing further evidence of
successful filtration of the NPs, which facilitated the removal of excess carbonate (the peak
between 1427-1490 cm* displayed significantly lower intensity). Over the following days, the

charge remained stable around zero.

The NPs coated with cationic polymers consistently showed a positive charge, indicating the
deposition of the coating. The surface charge of the coated NPs did not undergo significant
variations following dialysis. However, even though the {-Potential of the PAH-coated NPs was
significantly lower than the charge of the PAH solution, the 0.5 mg/mL concentration of PAH
was considered the saturation point of the surface. This is because the {-Potential of the PAH-
coated NPs did not exhibit significant changes with increasing polymer concentration in the
solution. As a precaution, a concentration of 1 mg/mL PAH in solution was selected for future

NP productions since it fell within the saturation values evaluated.

The NPs encapsulating DOXO displayed no significant difference in terms of charge compared
to the CaP_PAH particles. CH-coated CaPs exhibited similar {-Potential results to CaP_PAH,

both after dialysis and several days after their synthesis.

The encapsulated amount of DOXO within the CaP(DOXO)_PAH core was determined using
spectrophotometric analysis. It was found that the encapsulation efficacy was 49.7 + 3.9%
(486.9 * 38.5 ug) relative to the initial amount of drug supplied for CaP synthesis (979.4 ug).
This indicates that each milligram of CaP(DOXO) PAH encapsulated approximately 4.9 + 0.4
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ug of DOXO. This is substantial drug encapsulation and clearly shows the porous nature of CaP

structures.

The cumulative DOXO release profile for the CaP(DOXO)_PAH configuration was studied over
28 days, revealing a release of 67.5 £ 2.5% on day 1 and 91.1 + 4.6% on day 7 (Figure 5.29A).
Following day 1, the drug release was steady until stabilising by day 7, indicating gradual DOXO
release from the core. Because of the spacing of the time points it is not possible to predict
how gradual the release from day 1 to day 7 was. Extrapolating from the burst release, the
maximum 91.1% release could have been achieved by 48 hours, future work should increase
time points in this area to get a better understanding of the release curve. From day 7 to day
28, the profile showed a plateau, suggesting minimal DOXO release. This could be attributed
to some of the drug being released prior to the release study. Figure 35B outlines the burst

release trend line.
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Figure 5.29 - Cumulative release of DOXO from CaP(DOX0O)_PAH (A) and study of burst
release rate (B)

DLS analyses of the CaPs coated by the cationic polymer and those that encapsulated the drug
are shown in Figure 5.30.
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Figure 5.30 - DLS measurements: Hydrodynamic diameter (A)
and PDI (B) of CAP_PAH and CaP(DOX0)_PAH

The hydrodynamic diameter of CaP_PAH (Figure 5.30) exhibited the lowest Polydispersity
Index (PDI) of 0.25 + 0.05 compared to the drug loaded sample which had a PDI of 0.5 + 0.15.
This shows that CaP_PAH has a narrower molecular weight distribution, meaning they are
more uniform in size as compared to CaP(DOXO)_PAH. The polydispersity of CaP(DOXO)_PAH

might have resulted from the encapsulation of DOXO within the NP core.

To gain deeper insights into the obtained results, TEM analysis was performed on the
mentioned structures (Figure 5.32), and compared against unfunctionalised particles, as

depicted in Figure 5.31.

Figure 5.31 — TEM analysis from literature of unfunctionalized particles a) reprinted from
Urch et al. (Urch et al., 2009) b) reprinted from Supovd et al. (Supovd et al., 2018)
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Subsequently, the dimensions of the NPs were also calculated using Imagel) software. The
results are shown in Figure 5.33.
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Figure 5.33 - TEM measurements of CaP_PAH and
CaP(DOX0O)_PAH
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The sizes of NPs observed through TEM analysis for CaP_PAH (both with and without DOXO)
were smaller than the diameters acquired from DLS measurements. A size increase was
observed because of DOXO encapsulation in the core. Because of the wide standard deviations
in the CaP(DOXO)_PAH samples, this was not a significant difference. It has been reported
previously that drug encapsulation has little effect on CaP size (Son & Kim, 2017). In terms of
morphology, both the PAH-coated NPs displayed a uniform, spherical, and rough shape as
compared to unfunctionalised particles (Figure 5.31), with the roughness confirming
successful cationic polymer deposition.

In conclusion, PAH deposition through polymer dissolution in an aqueous solution at pH 10
did not alter the core morphology or PE deposition, resulting in stable (minimally aggregated),
spherical, uniform particles, particularly under 100 nm in size. Considering the combined
results, the CaP_PAH and CaP(DOXO)_PAH types were carried forward as templates for

subsequent LBL deposition.

5.3.2 Layer-by-layer functionalisation

The LBL process started using a similar process as same as previously described in the chapter.
However, to address the issues posed using SAB, a solution was found by employing aqueous
solutions of the same polyelectrolytes at a pH of 6 because of the insolubility of CaPs in water
(Amjad, 1998). A pH of 6 also aligns with the pH sensitivity properties required for distinct
drug release profiles under both neutral and acidic conditions, representing the physiological
pH of blood and the internal pH of cancer cells. Ensuring high stability of NPs within the
physiological pH range is crucial to prevent non-specific drug release during circulation in the
body, thereby facilitating the distribution of the entire drug mass within the acidic cell

environment (Hendi et al., 2020).

Initially, the deposition process involved evaluating the deposition of CH and CS
polyelectrolytes at a concentration of 1 mg/mL for all layers on the CaP_PAH templates.
Subsequently, layers of CH/DOXO with a concentration of 1 mg/mL were deposited,
alternating with the deposition of CS at 1 mg/mL. C-potential analysis showed these
concentration combinations did not lead to complete layer deposition for some of the CS
layers. This was because the water had a different polarity and was controlled to a different

pH than the previously used SA buffer. These changes affect the ionisation level of
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polyelectrolyte chains and their effective charge (Padeste & Neuhaus, 2015) and change the
ionic strength of solutions (Guzman et al., 2020), which in turn impacts the interactions

between polyelectrolytes (Guzman et al., 2020) causing worse deposition of the material.

Taking these factors into account, the concentration of the polyanion was increased to 2.5
mg/mL for CS layers four and six (Figure 5.34A), referred to as CaP_7L configuration.
Subsequently, the addition of DOXO (Figure 5.34B) and CDs (Figure 5.35) into the layers
deposited on CaP(DOXO) _PAH particles was evaluated while maintaining the PE
concentrations of the CaP_7L configuration. This resulted in configurations denoted as

CaP_7D and CaP_7DC, respectively.
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Figure 5.35 - {-potential graph of the LBL of CaP_PAH_7L (A) and CaP_PAH_7D (B)
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Figure 5.34 - {-potential graph of the LBL of CaP_PAH_7DC
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The data shows all configurations of NPs exhibited an alternative “zig-zag” trend reaching the
saturation values for all layers (£20mV). DOXO encapsulation did not have a significant impact
on the surface charge of the layers maintaining saturation values below -20mV and above
+30mV for the anionic and cationic layers respectively. However, the inclusion of CDs led to a
more uniform trend in terms of alternative charge trend, that could be attributed to the higher
negative charge of the CS/CD solution and the presence of the CDs. The charge of the CH layers
consistently remained above 25 mV, while most CS layers exhibited a charge below -25 mV.
These charge values made it so the NPs had a surface charge of high enough magnitude to
repel similar templates during deposition, thereby providing stability of particles in dispersion

(Mahobia et al., 2016).

During the LBL assembly process, each deposition step was visually observable (Figure 5.36).
The particles exhibited a white colour after CH or CS deposition, a reddish hue following
CH/DOXO deposition due to the colour of DOXO, and a brown tint after CH/CDs deposition as

the CD solution was brown.

Figure 5.36 - NPs colour after deposition of CS or CH (A), CH/DOXO (B) and CS/DOXO (C)

To verify the encapsulation of CDs in the layers, the CaP_7DC particles were excited with a
wavelength of 365 nm, resulting in a characteristic blue photoluminescence from the NPs

solution, confirming the presence of the dots within the structure. (Figure 5.37)
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Figure 5.37 - Excitation of CaP_PAH_7DC by a wavelength of 365nm

DLS measurements showed that despite the deposition of seven layers on the CaP templates
(Figure 5.38), both types of NPs were just slightly over 100 nm, confirming the nanometric size
of the coating by comparing to the hydrodynamic diameter obtained from the first layer
particles as outlined in Figure 5.30 above. The difference obtained was divided by 7 for each
layer increase in diameter and then again by 2 to obtain the thickness of the layer. This method
assumes a linear growth mechanism during deposition. The thickness of each layer was

estimated to be ~3 nm for CaP_7L and ~2 nm for CaP_7DC.
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Figure 5.38 - DLS measurements: hydrodynamic diameter (A) and PDI
(B) of CaP_7L and CaP_7DC

&

Despite similar sizes between the two types of NPs, their PDIs were distinct which suggests
potential morphological differences between the particles. This could be attributed to

improved intercrosslinking of the deposited layers in the case of CaP_7DC, due to the
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stabilising effect of CDs in the negative layers leading to a smaller range in particle sizes.

Literature shows that crosslinking stabilises the LBL technique (Blacklock et al., 2010).

To better understand the result provided by DLS analysis, CaP_7DC and CaP_7L were

visualised by TEM, as shown in Figure 5.39.

€ ~ ' c‘i)

Figure 5.39 - TEM images of CaP_7L (A-B) and CaP_7DC (C-D)

When analysing both types of particles, a higher number of NPs were observed compared to
the test performed with CaP_SAB_7L. NPs encapsulating CDs exhibited a more opaque
appearance compared to the particles without dots, which appeared rougher and more faded.
This is due to the opaque nature of the carbon dots; they appear very dark in TEM images.
This observation demonstrated the successful encapsulation of the CDs by the deposited
layers. In the case of CaP_7L, aggregates of particles with a different colour could be seen (Fig.

A). (Guzmadn et al., 2017). Such aggregates were also present in the CaP_7DC sample, but in
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smaller size and quantity. These aggregates could account for the PDIs obtained from DLS
analysis. Even though the sample contained a high amount of aggregation, there was a high
number of individual NPs exhibiting a spherical and uniform morphology, with sizes consistent
with DLS measurements. Specifically, CaP_7L had a size of 123.8 + 25.4 nm, while CaP_7DCs
showed a size of 115.8 +22.1 nm. As a result, the PDI values from DLS analysis were influenced
by the composition of the analysis solution. Using a filtering with a 0.1 um syringe filter might
help with this issue but this might not prove effective as these particle aggregates were
generally below 200 nm in size. To further investigate, testing a higher centrifugation speed
than 4.4k RPM could provide insight into the effect of this parameter on the formation of

these aggregates.

The effectiveness of DOXO encapsulation within the layers of CaP_7D and CaP_7DC systems
was assessed (Figure 5.40) and the amount of DOXO released from the NPs' core during the
synthesis process was evaluated. To this end, six layers of PEs without CDs and drugs were
deposited on the CaP(DOXO)_PAH particles. At each step of deposition and washing, the
guantity of DOXO released from the NPs' core was quantified. After the creation of the
multilayers, a DOXO release of 45.7 + 9.3% (2.69 * 0.54 ug) was observed, and this release
originated solely from the NPs' core. This outcome showed a high amount of diffusion of the
drug from the core to the outermost layer during the synthesis of the NPs. This release could
be because of the continuous stresses experienced by the NPs during the numerous stirring
steps involved in deposition and washing solutions, as well as the multiple rounds of

centrifugation.
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Figure 5.40 - Efficiency of DOXO encapsulation by layers of CaP_7D and
CaP_7DC in different units: ug (A) and percentage (B).
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The effectiveness of DOXO encapsulation within the layers of the different particle
configurations was assessed. The encapsulation efficiency of DOXO in the CaP_7D
configuration was measured to be 54.9 + 0.4%, while CaP_7DC exhibited an encapsulation
efficiency of 48.0 £ 1.5%. This discrepancy can be attributed to the presence of CDs in the
layers, which might hinder the entrapment of drug molecules within the layers. The lower
thickness of layers in the CaP_7DC configuration played a role in the encapsulation of the drug.
Itis also possible that CDs were able to diffuse during layer deposition (Adamczak et al., 2012),
like the behaviour of the drug in the CaP_1L6L configuration. Consequently, CDs could
permeate the PE lattices, becoming trapped in adjacent CH and CS layers, which could hinder
drug encapsulation. Additionally, due to their negative surface charge and spherical
morphology, CDs might help the formation of oppositely charged layers, resulting in thinner

CaP_7DC layers compared to CaP_7Ds. This is supported by DLS analysis.

Analysing the obtained data on the DOXO encapsulation efficiency by the layers, the
deposition steps allowed an average DOXO entrapment of 70.6 + 1.1% for CaP_7D, while for
CaP_7DC it was 67.9 + 1.0%. This confirmed that the deposition steps effectively facilitated
high drug encapsulation. These results corroborated the fact that the presence of CDs disrupts
DOXO encapsulation, shown by the difference between the two encapsulation values.

However, during the subsequent washing steps, a substantial amount of drug was removed,
particularly in the case of CaP_7DC. Consecutive washing steps removed 10.2 + 1.1% of the
drug trapped in the layers previously deposited on CaP_7DC, while CaP_7Ds exhibited a
removal of 5.7 £ 1.4% of DOXO. For both types of particles, the initial washing step consistently
removed the majority of the drug weakly adsorbed on the surface, which is also reported by
(Richardson et al., 2015). In conclusion, when considering the amount of DOXO encapsulated
in the NP core along with that encapsulated within the layers, CaP_7D encapsulates a total of

26.22 +0.12 pg of DOXO, while CaP_7DC encapsulates 23.53 £ 0.72 ug of DOXO.

The release profiles of DOXO from the CaP_7D and CaP_7DC systems were examined in PBS
solutions at 37°C (Figure 5.41 A and C). Release rate of DOXO from the layers was calculated
by establishing a trend line based on the first three time points to analyse burst release (Figure

5.41 B and D).
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Figure 5.41 - DOXO cumulative release profiles and the study of burst release from CaP_7D
(A-B) and CaP_7DC (C-D)

Despite CaP_7D encapsulating the drug both in the layers and core, and though the majority
of the drug was located in the outermost layers of the NPs, the burst release was reduced
from 67.4 + 2.5% to 32.8 + 1.1% when compared to CaP(DOXO)_PAH. This shows that using
the LBL deposition extends the time half the drug was release from 24 hours to 21 days (54.4
+ 0.7%). A similar trend was observed with CaP_7DC, but with a slightly more pronounced
burst release. For example, within 24 hours, CaP_7DC released 44.3 t+ 2.3% of the drug,
resulting in a half release time of 14 days (51.6 + 1.1%). This shows these systems exhibited
controlled drug release over time due to the surface coatings on the NPs. The LBL technique
ensured the drug's stability, preventing premature losses as has been shown previously in

literature (Correa et al., 2016; Park et al., 2018).

Despite in-vitro studies showing controlled release, the initial drug release profile for both
DOXO-loaded NPs is undesirable. The burst release from CaP_7DC was more intense than

from CaP_7D, as indicated by the calculated drug release rates of 0.004 and 0.0033,
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respectively. Both values are significantly higher than that of CaP(DOXO)_PAH (0.0013), due
to higher drug encapsulation in CaP_7D and CaP_7DC. The amount of drug released by
CaP_7DC after 24 hours was much greater from the system without CDs. This could be because
the presence of dots in the layers. Changes in pH, ionic strength, salinity, and temperature
might enable dot diffusion through the polyelectolyte lattices, providing an easier pathway
for drug molecules due to their smaller size compared to the CDs. However, this difference
diminished over time, disappearing at day 28 (p-value = 0.0765). By day 14, the p-value was
below 0.01, and by day 21, below 0.05. The total amount of drug released by CaP_7DC at day
28 was 15.78 £ 0.13 pg.

5.3.3 In-vitro cell tests

Incubating Saos-2 and U20S cells with CaP_7DC, CaP_7L blank, and free DOXO aimed to test
the cytotoxicity of the NPs after 24 hours of seeding. For both cell types treated with CaP_7L,
there was no significant change in metabolic activity compared to the untreated control
(Figure 5.42). As the concentration of CaP_7L increased, there was a very slight decrease in
cell viability observed for both cell types, particularly for U20S when treated with a
concentration of 500 pug/mL (94.7 + 3.9%). However, these decreases in metabolic activity
were not statistically significant when compared to concentrations of 250 pg/mL. It is
important to note that the 500 pg/mL concentration is relatively high. In summary, the results
indicate that the presence of CaP_7L NPs did not significantly effect on the metabolic activity
of Saos-2 and U20S cells, and any slight reductions in viability might be because of the known
potential effects of CH on certain cancer cell lines, as shown in previous experiments and in

literature (Maleki Dana et al., 2021).
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Figure 5.42 - PrestoBlue assay of Saos-2 (A) and U20S (B) seeded
with CaP_7L

The results differed between the two tested cell types when they were exposed to CaP_7DC
(Figure 5.43). Both cell types showed a decreasing trend in metabolic activity as the
concentration of the tested NPs increased. This suggests that the NPs had a detrimental
effect on cancer cells, confirming the therapeutic efficacy of these NPs. For Saos-2 cells, a
decline in cell viability was observed starting from the lowest tested concentration of
CaP_7DC, which was 5 pg/mL, resulting in a survival rate of 54.9 + 1.5%. For CaP_7DC
concentrations above 10 pug/mL, Saos-2 cells exhibited a survival rate that was half of that in
the control (48.5 + 4.6%). This finding is important because it suggests significant treatment
efficiency at low concentrations and compares very well against free DOXO. Almost
complete suppression of metabolic activity was observed in Saos-2 cells treated with
concentrations of 250 and 500 pg/mL CaP_7DC, yielding cell viabilities of 7.4 + 3.6% and 1.7
+ 2.9%, respectively, both results are significantly better than free DOXO alone. It is worth

noting that these extreme concentrations may not be suitable for clinical applications.
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Figure 5.43 - PrestoBlue assay of Saos-2 (A) and U20S (B) seeded with CaP_7DC
at different concentrations and free DOXO at 10ug/mL concentration

U20S cells showed a higher survival rate than Saos-2 cells when treated with the same
concentrations of CaP_7DC. The metabolic activity of U20S cells decreased below 50% only at
the extreme concentration of 500 pg/mL CaP_7DC, resulting in a survival rate of 35.3 + 4.1%.
This showed a statistically significant difference compared to the 250 pg/mL concentration of
CaP_7DC (p-value < 0.05). At lower concentrations, the metabolic activity of U20S cells ranged
from 60% to 100% compared to the untreated control, particularly at concentrations of 5 and
10 pg/mL CaP_7DC. The 100 pg/mL concentration of CaP_7DC led to a metabolic activity rate
of 67.9 £ 3.3% compared to the control. Every concentration showed a higher metabolic
activity than free DOXO showing that, regardless of concentration against U20S cells, this

treatment is less effective than free DOXO.

It is unclear why the nanoparticles performed better against the Saos-2 cells over the U20S
cells when free DOXO performed better against U20S cells. However, the free DOXO
experiments were not performed at the same time as the rest of the results so this could
explain these differences seen. Literature suggests that U20S cells usually perform better

against DOXO when compared to Saos-2 cells. For example, that was shown in the MTT essay
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in a paper by Zhao et al (Zhao et al., 2014), which shows higher viability for U20S cells at
concentrations of 250 and 500nM. However, this difference was not highlighted or explained.
Galembikova et al. (Galembikova & Boichuk, 2021) investigated the expression of the tyrosine
kinase signalling profile during chemotherapy in fibrosarcoma and OS cell lines. The research
found a positive correlation between the expression of phosphorylated forms of these kinases
and the synergistic effect of DOXO with selective inhibitors (crizotinib, BGJ398, MK2206,
U0126). Specifically, the activation of the AKT signalling pathway was observed in OS cells. In
Saos-2 cells this activation was found to be less pronounced than in U20S cells, allowing U20S

cells to survive longer than Saos-2 cells.

In summary, the incubation of cells with CaP_7DC NPs resulted in different responses for Saos-
2 and U20S cell lines. Saos-2 cells showed a decline in viability at lower concentrations,
suggesting a significant therapeutic effect, while U20S cells showed a higher survival rate
across a wider range of concentrations. The EPR effect seemed to contribute to the
therapeutic potential of these NPs, although the optimal concentration for each cell type
should be further investigated. Additionally, the extreme concentrations assessed might not

be suitable for clinical applications due to potential cytotoxicity.

The Live/Dead assay show the viability (coloured in green) and mortality (coloured in red) of
the two cell types after a 24-hour incubation with CaP_7DC, CaP_7L and Free DOXO (Figure
5.44), and their corresponding controls. For all samples, the Live/Dead images show an
increasing presence of red stained cells. Samples with cells that show minimal metabolic
activity don’t adhere as well compared to the controls (CaP_7L and CTRL) due to apoptotic
cells losing their adhesion receptors, causing some to detach from the flask and float in the
seeding solution. As a result, these cells were removed during the PBS washing steps prior to

staining and are therefore less numerous in the sample.
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Free Doxo

Figure 5.44 - Live/Dead images of Saos-2 (left) and U20S (right) with
or without free DOXO at 10ug/mL concentration

The control groups (Figure 5.45) had a high population of cells and were evenly distributed,
showing robust proliferation rates and confluence for both cell types meaning that the was no
contamination of the experiment and they provide a good comparison for the cells that were
exposed to the NPs. The CaP_7L particles had a green colouration cellular aggregation and
spreading in the wells, indicating high biocompatibility of the tested NP. However the number
of cells shown in the images decreases as the concentration increases, this suggests that
higher concentrations does reduce metabolic activity in both cell lines, the affected cells were
removed prior to analysis as explained above. This is in corroboration with the PrestoBlue
analysis as this also showed high biocompatibility with a slight decrease in metabolic activity

with increased concentration of the nanoparticles.

100 pg/ml 250 pg/ml 500 pg/ml

[sa0s-2 ]

Figure 5.45 - Live/Dead images of Saos-2 (up) and U20S (bottom) with or without CaP_7L at
different concentrations
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For the tests analysing CaP_7DC (Figure 5.46). The images depicting the concentrations of 250
and 500 pg/mL had a high amount of dead cells. Lower concentrations yielded green
colourations, indicating that a some of cells had managed to evade the treatment. The U20S
cells displayed a higher proportion of viable cells than Saos-2 cells when subjected to the same
concentrations, accompanied by an increased occurrence of cell aggregates. These findings

align completely with the PrestoBlue assay.
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Figure 5.46 - Live/Dead images of Saos-2 (up) and U20S (bottom) with or without CaP_7DC
at different concentrations

It is important to highlight that the surviving Saos-2 and U20S cells following the CaP_7DC
seeding were predominantly located at the edges of the wells. This could be because the cell
seeding process might not have been executed accurately, potentially allowing cells at the
borders to evade the effects of CaP_7DC treatment. However, another explanation could be
that it was possible that the cancer cells might have disrupted their local adhesion domains,
facilitated by integrins (Desgrosellier & Cheresh, 2010). This could have led to the detachment
of cells from their adhered substrate, causing them to float and collect at the edges of the

well.

For a more in-depth assessment of cellular morphology and organelle organisation, Saos-2
cells treated with a 500 pg/mL concentration of CaP_7DC were subjected to TEM analysis,
shown in Figure 5.47. These TEM images facilitated a qualitative evaluation of the

encapsulation of CaP_7DC within Saos-2 cells.
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Figure 5.47 - TEM images of Saos-2 cells treated with a concentration of 500 ug/mL CaP_7DC
(M — Mitochondria, N — Nucleus, Vac — Vacuole)

According to Patel et al. in 2019 (Patel et al., 2019) it is a common characteristic of particle
systems that they are initially taken up by cells via one or more endocytic mechanisms upon
interacting with the cell surface. Such interactions can be governed by specific ligand-receptor
interactions or nonspecific interactions like electrostatic and hydrophobic interactions. The
images show that CaP_7DC particles do not reach the nucleus and localise within the
lysosomes in the cytoplasm. Lysosomes exhibited an opaque black hue due to CaP_7DC
internalisation, indicating the presence of CDs. The presence of the Cap_7DC caused changes
to cell topography such as changes in cell membrane conformation, nucleus conformation
post endocytosis and cytoplasmic organelle arrangement. This indicates that the
internalisation mechanism involves several steps: the particles are internalised into early
endosomes, which gradually mature into late endosomes showing activation of the
endomembrane system in line with Naumenko et al.'s work in 2021. (Naumenko et al., 2021)
The luminal pH of these compartments decreases due to proton pumps, leading to fusion with
lysosomes (pH 4-5), where lysosomal enzymes degrade the contents, enabling cell survival, as
detailed in Siddharth Patel et al.'s work Brief (Patel et al., 2019). for effective therapeutic
effect, NPs need to escape the endosomal/lysosomal pathway before being degraded within
lysosomes. The process of endosomal escape is inefficient and is not fully understood. Several

hypotheses, including the 'proton sponge' hypothesis, membrane destabilisation, disruption,
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and a budding mechanism, have been put forward to explain this, as detailed by Dehua Pei

and Marina Buyanova (Pei & Buyanova, 2019).

The images highlight a potential escape process from the more labile pinocytic vesicles,
allowing drug release within the cytosol and contact with the cell nucleus. This mechanism
results in changes to cell membrane morphology leading to disruption of the cell nucleus and
then apoptosis or cell necrosis. Some TEM images depicted cells undergoing necrosis-induced
death mechanisms. The drug's release into the cytosol leads to organelle swelling
(endoplasmic reticulum and mitochondria) and the appearance of large vacuoles which leads

to in plasma membrane rupture, cell lysis, and cell death.

5.3.4 Summary

In summary, the LBL application of CH and sodium CS polyelectrolytes with CDs and DOXO to
PAH functionalised CaP NPs created a device capable of delivering drug to OS with a significant
therapeutic effect, especially towards SAOS-2 cells. The inclusion of CDs was shown to cause
little disruption to the application of the layers and show potential for imaging due to their

photoluminescence properties.
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Chapter 6. General discussion, Conclusions and Future Work

6.1 General discussion

This PhD project aimed to produce a nanotheranostic device capable of drug delivery and
imaging of OS with the combination of biomass-based CDs and the LBL technique. To that end,
LBL polyelectrolyte capsules on CaP NP templates functionalised with CDs and DOXO have
been successfully produced and initial testing of their effectiveness against the Saos-2 and
U20S OS cell lines has been analysed to show their potential as drug delivery agents. As
discussed in chapter two, the combination of CDs and the LBL technique in this way has never
been done before for the field of nanotheranostics, so this research gives a completely novel
strategy for the treatment of OS and other cancers that could be extensively researched in the
future. Current pharmaceutical based treatments for OS are limited to chemotherapy which
has harsh side effects such as decrease in bone marrow activity and gastrointestinal reactions,
which typically manifest as lower blood, nausea, and vomiting (Y. Zhang et al., 2018). Drug
delivery agents such as the one described in this project offer many advantages over the direct
administration of bare chemotherapy drugs such as protection from degradation in the
bloodstream, better drug solubility, enhanced drug stability, targeted drug delivery,
decreased toxic side effects and improved pharmacokinetic and pharmacodynamic drug

properties (Senapati et al., 2018).

The work in this PhD has also added to the field of CDs and could influence research conducted
in the future. Specifically, all the syntheses explored investigated the effect of different
parameters on the properties of the CDs including biomass ratio, catalyst type and
concentration, retention time and reaction temperature. This is something that is not always
outlined in literature. Most papers that investigate the CDs focus on a single synthesis and
how they perform for a specific application (Alhokbany et al., 2023) (Jessy Mercy et al., 2023;
M. Yang et al., 2024). The results of this research show how much a small change in synthesis
parameters can influence the properties of the resulting CDs. Future research should continue
this investigation and outline and publish their experimentation, thus allowing allow other

researchers to better tune their syntheses to produce CDs with specific properties.
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The first synthesis used a two-step reaction starting with a HTC of spent coffee grounds with
an acid catalyst to form a graphitic precursor which was followed by an oxidation with nitric
acid to form CDs. The synthesis of the dots was confirmed by photoluminescence
spectroscopy and TEM images. It was revealed that the CDs showed UV to blue (360-437nm)
photoluminescence with mediocre (3.6 - 6.7%) QY and had average sizes ranging from 4.9nm
to 9nm. It was shown that the synthesised dots had a smaller size and more intense
photoluminescence when a SA catalyst was used in the precursor synthesis.

This synthesis had numerous limitations due to the harsh chemicals used (H,SO4 and NHO3)
and long reaction time, which produced a very small amount of CDs which was too low to
qguantify. TA was used as a green alternative to the SA. This catalyst was responsible for the
lower intensity photoluminescence, lower QY and larger size of the CDs shown in this
synthesis. Although the catalyst produced dots of lower quality, it was still shown that a SA
catalyst is not required to synthesise the dots using this method and a green alternative can
be used. It was decided that further research into CDs without the use of harsh chemicals such
as SA and nitric acid was needed, and alternative methods were sought to increase the
greenness of the dots. Further research into this method is not recommended without
significant changes because of the harsh chemicals used and low production yield which is
unsuitable for scale up for industry. More environmentally friendly methods have been
previously outlined that produce dots with better properties. For example, li et al. (Z. Li et al.,
2021) outlined a synthesis of CDs with a QY of 16% and a size between 1.2 and 3.2nm from

corn stalk powered using aqueous conditions and no catalyst.

The effects of a TA catalyst and ultrasonic pretreatment were investigated in the second
synthesis outlined in this project. The synthesis used an ultrasonic pretreatment to exfoliate
the SCG to increase the surface area ready for the for a hydrothermal treatment. Despite the
mass yield improving with the use of an ultrasonic pretreatment, overall, the mass yield of
CDs was found in this paper to be low, at a maximum of 0.9%. This is similarly low when
compared with other papers which have used SCGs as a biomass source (Andrade et al., 2017;
Chen et al., 2021; Costa et al., 2022; D. M. A. Crista et al., 2020; Hong & Yang, 2021; Jiang et
al., 2014; Xu et al.,, 2017; X. Zhang et al., 2018), which are typically below 2%. Further
investigation is required to increase this value, as 2% mass yield would not be viable for a
commercial scale. The issue of mass yield is important for industrial viability. Until this mass

yield can be increased, other carbon sources such as citric acid will be used, for example dots
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with a mass yield of 19% were derived from citric acid by Yu et al. (Yu et al., 2023). CDs from
SCGs achieve good QY and low toxicity but will not be used on a large scale until research finds
a method to improve mass vyield. This kind of pretreatment has not been investigated in
research for the synthesis of CDs. It has only been described as a method to assist mixing, and
these works do not outline the advantages of using it against using unpretreated biomass (Q.
Zhang et al., 2022) (Ma et al., 2022). This shows the novelty of this research and how it begins

to fill a gap in the current literature.

The use of TA for a catalyst for the synthesis of CDs has not been fully explored in literature.
This research shows that the use of a TA catalyst produces CDs with attractive properties with
different synthesis parameters explored such as concentration and biomass ratio. Despite the
efforts made in this synthesis to completely remove the TA, TA impurities remained as shown
in the optical testing which demonstrated lower absorbance in the presence of TA compared
to its absence, and QY gradually decreased with increasing TA concentration. There is
potential that this phenomenon could be attributed to other properties of the CDs, as there is
a weak trend linking the increase in QY to increase in size of the dots. Regardless, if TA is to be
utilised as a pre-treatment agent or HTC catalyst, a more effective method of removing the

CDs must be developed to ensure their optimal effectiveness.

The third synthesis expanded further on the use of a hydrothermal treatment without using
an acid catalyst. The synthesis was a green microwave synthesis of CDs, that produces
biocompatible, blue fluorescence CDs with averages sizes between 4 and 13nm. The
photoluminescence data shows the dots have 3 distinct, excitation independent, blue
emission wavelengths that can be selected for by changing excitation wavelengths. They also
have an OK QY between 3.6 and 10%. The photoluminescence is caused by sp? carbon sites in
the core of the CDs and the QY can be increased by increasing the ratio of sp? bonds by
selecting a retention time of 90 minutes with a temperature above 175°C. The
biocompatibility is very high with both live and dead cell tests showing high number of live
cells and PrestoBlue cell tests showing above 77% viability after 48-hour exposure to the dots

at a concentration of 1000mg/ml.

Comparing the CDs synthesised in this project by various methods, The UV-blue (360-440m)

photoluminescence for all the dots is very similar across the different syntheses. The average
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QY and size of all the dots synthesised in this project are 6.9% and 5.9nm respectively. A review
(Bressi et al., 2023) discussing recent synthesis of CDs from biomass sources outlined the size
and QY from different synthesis; the average size and QY from these sources is 4.6nm and
17.9% respectively. Using this as a good sample of the current literature for comparison this
shows that the average properties of the dots produced in this project are of lower quality
than a good proportion of what is currently being reported. However, some of the dots
produced show much more potential. The best examples of each property were a QY of 13.1%
and a size of 1.3nm. The dots of this size are very small and are smaller than 93% of the others
outlined in the review. 13.1 is middling QY which is higher than 50% of current literature.
Further work refining these syntheses parameters could greatly improve the properties of

these dots.

The field of LBL has also been impacted by the investigations conducted in this research.

Comparing the two main particle syntheses outlined, it is clear to see that the latter produced
NPs of much higher quality that were more suitable for application as nanotheranostic agents.
it was found that the inclusion of a SAB for the LBL deposition causes the particles to degrade
which in turn hinders further LBL functionalisation and drug encapsulation leading to poor
release and therapeutic effect against cancer cells. The results of using the SAB are surprising
as methods using this buffer did not outline the same issues (Pilicheva et al., 2020). However,
most LBL syntheses on CaP NPs do not include the use of a SAB, they used either aqueous
conditions with NaCl (Bastos et al., 2023; Verma et al.,, 2016) or a tris buffer solution
(Abdelkebir et al., 2012). The reporting of the findings in this project will ensure that this

method is avoided by future researchers.

6.2 Conclusions

The conclusions that can be drawn from the above research are as follows:

e The investigation into varying the synthesis parameters of an acid catalysed HTC
followed by a nitric acid oxidation revealed that increasing the concentration of the SA
catalyst also increased the intensity of the photoluminescence and the QY when
compared to a synthesis without it. SA concentration has previously been shown to
affect the photoluminescence properties previously, as outlined by yang et al. (L. Yang

et al., 2022). They found that increasing the concentration of the SA increased the
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wavelength of the emission of the CDs by varying the degree of carbonisation which
affects the amount of surface defects and nitrogen doping which contribute to

photoluminescence.

The investigation into ultrasonic pretreatment concluded that ultrasonic pretreatment
increased the mass yield and decreased toxicity of the CDs produced when compared
to the control that did not use the pretreatment. This is due to an un-clumping and
physical breakdown of the macro structure of the of the SCG which leads to superior
increase in solution penetration into the macro structure of the feedstock and an
increase surface area. The breakdown of the SCG allows for more carbonisation
building blocks to become available for the synthesis of the dots, improving the yield
and properties such and size and QY. These CDs are much more suitable for use as an

imaging agent and were used in the synthesis of the drug delivery device.

The effect of temperature on the pre-treatment process was also examined and was
shown by the increased intensity in the FT-IR over pretreatment time. When SCGs were
treated at 80°C, they burned and yielded weaker QY results. The most favourable
outcomes were obtained at 60°C. Other temperatures assessed, namely 40°C and non-
heated conditions, resulted in inferior QY values and less surface interaction compared
to the pre-treatment at 60°C. This can be attributed to the reduced breaking up of SCGs
at lower temperatures, although it was still more effective than the 80°C treatment.
Consequently, for future pre-treatment of SCGs to generate CDs, it is recommended to
utilise ultrasonication with water at approximately 60°C for a duration of 90 minutes

based on the research conducted.

This investigation also concluded that TA can be used as a catalyst for pre-treatment
and CD synthesis as the analyses revealed that utilising TA led to the attainment of good
QY (6.2 — 13.1%) and low toxicity CDs. However, it was also discovered that using just
water without a TA catalyst resulted in higher QY and low toxicity in the formed dots.
This conclusion was supported by the data obtained by varying the concentrations of
TA, which showed varying rates of toxicity and a decrease in QY as the TA concentration
rose. Thus, the most recommended pre-treatment method for SCGs involves the use

of water alone. it should be acknowledged that the presence of TA may quench the
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fluorescence of the dots. This was shown in 2015 by (Ahmed et al., 2015) who used

this phenomenon to create a TA detecting probe for applications in the wine industry.

The investigation into the synthesis parameters of the microwave assisted HTC
concluded that changing the synthesis retention time and temperature parameters
does influence some of the properties of the dots, but not significantly. For example, A
longer retention time does slightly increase the size of the dots but has no effect on QY,
and a lower temperature increases the negativity of the zetapotential of the dots by

changing the ratio of surface groups.

Initial CaP template synthesis concluded that that the freeze drying produces particles
of a smaller size and flow rate did not have much of an effect on size as confirmed by
microscopy, but particles at higher flow rates tended to have a more negative surface

charge as confirmed by {-potential analysis.

First layer deposition of polyelectrolyte between PDADMAC and PEI concluded that
PDADMC was a superior choice due to smaller size (PEI =237-561nm, PDADMAC = 193-
303nm) and higher magnitude of surface charge (PEl = 14.7-17.3mV, PDADMAC = 27.5-
37.9mV) which was found with analysis by TEM and C-potential testing. However, it
wasn’t chosen for further experimentation due to issues with obtaining the product

with centrifugation.

The synthesis of LBL CH and AA capsules using an acetate buffer produced capsules
that were not efficient drug delivery devices. This synthesis method does not produce
high quality and consistent capsules, and this is shown specifically on the TEM images
which indicate a high degree of agglomeration and a high variability of size and shape.
The Z-potential shows good layer deposition with the changes in surface change from
layer to layer, but this is not supported by the XPS or FTIR due to SAB contamination,
or, in the TEM images due to inconsistent particle size. The drug loading and release of
these capsules is poor and is unsuitable for application. This investigation did show
however that there is potential with the inclusion of CDs within the layers of the
nanocapsules with photoluminescence testing. Photoluminescence analysis revealed

that the NPs with CDs showed increased intensity of photoluminescence emission than
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6.3

both the plain CDs and unfunctionalised particles. This is thought to be caused by an
additive effect of the inherent photoluminescence from CH and the
photoluminescence from the CDs. The photoluminescent properties of CH have been
shown previously by Gurumendi et al. (Gurumendi et al., 2023). This shows that that if
the capsule synthesis can be further refined so that the morphology is more consistent
and drug release can be enhanced to show a significant therapeutic effect, this
combination of imaging technique and therapeutic delivery might have potential in the

field of nanotheranostics.

The formation of CH and CS LBL capsules using aqueous conditions produces high
quality capsules that can effectively release anticancer drugs for cancer therapy. The
particles showed efficient drug loading and subsequent drug release that was proven
using cell tests to be therapeutic against OS cancer cells in terms of both viability and
live/dead, especially SAOS-2 cells. It was also shown that the inclusion of CDs within
the layers did not significantly hinder this drug loading and release which shows

potential of these devices in the field of nanotheranostics.

Future work

The realms of cancer research and therapy, along with the understanding of the fields of CDs

and LBL, are continuously evolving. Further exploration and investigation can be undertaken

to advance the findings obtained in this study. Unfortunately, due to time constraints imposed

by the COVID pandemic, exhaustive testing of nanocapsule behaviour could not be fully

executed. Nevertheless, the research conducted has provided substantial evidence, as

outlined above, to affirm that nanotherapy of this nature holds great promise and warrants

continued exploration.

Further research is required to fully explore the use of TA as an HTC catalyst for the
synthesis of CDs; however, the results of this project suggest that it does not provide a

beneficial property to the resulting CDs.

Due to limitations of equipment, temperatures higher than 200°C were not tested in
this project. Future work on these synthesis methods should test higher temperature

as this could yield dots with better quality properties, for example Chauhan et al.
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(Chauhan et al., 2021) synthesised CDs with a QY of 62% with the hydrothermal

treatment of agarose waste at 450°C.

Experiments to investigate the use of PDADMAC to functionalise CaP NPs should be
conducted due to the promise shown in the initial testing of the first layer depositing.
This investigation should include use of higher RPM ultracentrifugation to increase
yield and viability of the synthesis. Aqueous conditions should also be evaluated as it
is unknown if the yield issues were caused by the SAB. The same LBL processes as
outlined above should also be applied to produce functionalised templates for
comparison as it could be revealed that they are superior to the PEI or PAH first layer

particles.

Experiments to investigate a continuous process for the synthesis and functionalisation
of CaP NPs with the LBL should be conducted. As mentioned in chapter 2, difficulty in
scalability is a limitation often faced by the LBL field (Joseph J. Richardson, 2015; Zhao
et al.,, 2019). This has been previously investigated by Elizarova et al. (Elizarova &
Luckham, 2016); however, different polyelectrolytes and processes are needed for true

potential for scale up.

The issue of agglomeration which has been seen to affect the synthesis of the template
particles and the formation of the layers in TEM images and DLS measurements should
be further investigated. Ultrasonication should be implemented at all stages of
synthesis including the formation of the templates and the deposition of the layers.
This should reduce agglomeration (Priyadarshi et al., 2021; Vikash & Kumar, 2020) and
prevent the layers depositing on multiple particles. This should in turn improve the
morphology and layer deposition, which would have a knock-on effect of increasing
surface area and could potentially improve drug loading and release. (Hensel et al.,

2020)

Although a process for synthesising a CD functionalised LBL capsule has been outlined,
further experiments to find the most optimal combinations of polyelectrolytes and

synthesis concentrations should also be run. Choosing the optimal polyelectrolyte and
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subsequent concentrations would improve the capsule morphology which would in

turn enhance the therapeutic effect and expand applications of the particles.

Although the CDs have effectively been incorporated into the layers within a LBL
capsule and have shown potential for bioimaging, this device has yet to have been
shown to be effective at bioimaging. Future works should first focus on single cell scale
tests to evaluate the efficiency the device and unfunctionalised CDs as imaging agents
and compare against established fluorescent imaging agents used against OS such as
indocyanine green (Chen et al., 2022). If these devices show potential, perhaps these
particles could be tested in their effectiveness in the imaging of small animals such as
mice to evaluate tissue penetration of their emissions and their toxicity. (Luo et al.,

2013)

Better progress was made with evaluating the potential of the synthesised
nanotheranostic device for drug delivery, as this was shown to be effective in testing
against OS cells. However future research could be taken further to test this in a mouse
model (Fu et al., 2021). This would help to evaluate the passive ability of this device
and show if increased cellular uptake of OS compared to healthy cells via enhanced
permeability retention (Shukla et al., 2019) is enough for the sufficient accumulation
of this device for therapeutic drug release. This work could be furthered still by
investigating targeting methods specifically for OS, such as functionalisation with the

medronate ion, a bone targeting ligand (Wu et al., 2017).

The drug release of the synthesised capsules could also be investigated
computationally, with the data found in this thesis being compared to computational
models. This could give further insights into the mechanism of the drug release, similar
to the work completed by Barchiesi et al. (Barchiesi et al., 2022). This research could

then be used to refine the synthesis process to improve drug release.

In this project, only DOXO and DAX were tested with particles for their encapsulation

and release and the final nanotheranostic device only tested DOXO. Future research

should focus on other anticancer drugs and combination of anticancer drugs such as
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ifosfamide or cisplatin (Xu et al.,, 2014) to investigate for the devices ability to

encapsulate and release different combinations.
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Figure A.6.1 - XPS O 1s scan of the precursors synthesised by a 2 hour hydrothermal
pretreatment with a concentration of 0.01/g/ml sulphuric acid catalyst (TT-2H-P/AT-0.01-P).
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Figure A.6.2 - XPS O 1s scan of the precursors synthesised by a 2 hour hydrothermal
pretreatment with a concentration of 0.01/g/ml sulphuric acid catalyst (TT-2H-P/AT-0.01-P).
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Figure A.6.3 - TEM images of precursors obtained though HTC carbonisation.
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Figure A.6.4 - Figure A4 - XPS O 1s scan of the carbon dot sample TT-2H-P/AT-0.01-P
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Figure A.6.5 - XPS N 1s scan of the carbon dot sample TT-2H-P/AT-0.01-P
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Figure A.6.6 - FT-IR data for the ultrasonication treatment of spent coffee grounds.
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Figure A.6.7 - XPS O 1s scan of the precursor sample Std-Cnd-PT
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Figure A.6.8 - XPS N 1s scan of the precursor sample Std-Cnd-PT
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Figure A.6.9 - XPS O 1s scan of carbon dots synthesised at 150°C and 120 minutes (150-120-
CD)
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Figure A.6.10 - XPS N 1s scan of carbon dots synthesised at 150°C and 120 minutes (150-120-
CD)
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Figure A.6.11 - XPS N 1s scan of the first layer deposition (CaP nanoparticle + PEI)
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Figure A.6.12 - XPS N 1s scan of the second layer deposition (CaP nanoparticle + PE| +
alginate)
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