Development of plant extracts loaded lipid nanoparticles for
potential glioblastoma treatment.

By

MEGAN ELIZABETH MCGAWLEY

A thesis submitted in partial fulfilment for the requirements for the degree of MSc (by Research),
at the University of Central Lancashire

September 2023



RESEARCH STUDENT DECLARATION FORM

Type of Award: MSc by research

School: School of pharmacy and Biomedical science

1. Concurrent registration for two or more academic awards

| declare that while registered as a candidate for the research degree, | have not been a registered

candidate or enrolled student for another award of the University or other academic or professional
institution.

2. Material submitted for another award

| declare that no material contained in the thesis has been used in any other submission for an
academic award and is solely my own work.

3. Collaboration
Where a candidate’s research programme is part of a collaborative project, the thesis must indicate
in addition clearly the candidate’s individual contribution and the extent of the collaboration.

Please state below:

No collaboration

4. Use of a Proof-reader

No proof-reading service was used in the compilation of this thesis.

Signature of Candidate:

Print name: MEGAN ELIZABETH MCGAWLEY



Acknowledgments

| would like to acknowledge my supervisory team Dr Tamara Zwain, Dr Roshini Mathews and Prof Kamalinder Singh
for all their help in the management and advice given to me throughout the process. Without their help this thesis
would not have been possible. Dr Andrea Julie Burrows for providing training when required. Joshua Hollis and Filipa
Dores for their advice and support. My family for encouragement and moral support. | would also like to acknowledge

Dr Linda Williams for training in statistical analysis.



Abstract

Glioblastoma (GB) is a form of malignant brain tumours with extremely poor prognosis due to the difficulty in
bypassing the blood brain barrier (BBB). Phytochemicals have shown potential for positive anti-cancer activity with
two showing a promising potential for research those being epigallocatechin gallate (EPGC) and curcumin. Difficulties
arose in delivery due to the BBB preventing entry to tumour sites in the brain. Nanostructured lipid carriers (NLC) show
intrigue due to their ability in crossing the BBB. Encapsulation of these compounds inside NLC formulations was
explored for their potential toxicity against GB cells U87MG and was compared to a control non-cancerous cell line

(SVG P12).

A novel HPLC method was developed and optimised following ICH guidelines for curcumin and EPGC quantification.
The methods showed accuracy ranging from 90-108% representing the high sensitivity of each method. The NLCs were
optimised following a set of process and product parameters which include, increasing sonication time, and the
inclusion of Solutol. Curcumin was optimized from F1 Cur-NLC to F2 Cur-NLC, to achieve a particle size of 132.9nm *
22.2 and PDI of 0.181 + 0.052, and zeta potential of -47.8mV % 2.1. F2 Cur-NLC TD was 67.3% + 4.4 and EE of 92% +
1.2. F1 EPGC-NLC was characterised with a particle size of 148.3nm * 6.5 with a uniform distribution of 0.209 + 0.012.
They also exhibited a zeta potential of -43.1mV % 4.9. TGA and DSC highlighted the possibility that EPGC and Curcumin
were embedded in NLCs in an amorphous state. FTIR showed encapsulation of curcumin inside the NLC, whilst the
EPGC fingerprint region overlapped with peaks found in the formulation. All developed NLCs remained stable for up

to 14 days, in a suspension form at ambient temperatures.

Data obtained from the In vitro studies suggested a reduced toxicity to SVG P12 cells lines between the phytochemical
encapsulated NLC and the phytochemical alone at both 24 and 48 hours of treatment. This toxicity was reflected also
on the scratch/wound assay data with F2 Cur-NLC showing an increased ability to inhibit the migration of U87MG cell
lines when compared against both the control and the phytochemical alone. No change in cell cycle was observed in
any of the US7MG cells treated with the chosen samples (F2 Blank-NLC, Curcumin, F2 Cur-NLC and EPGC) and followed
a similar expression of G1, S and G2/M phase. While curcumin and EPGC exhibited a decrease in G1 phase when SVG
P12 cells were tested. TNF-a was measured for both U87MG and SVG P12 cells with F2 cur-NLC inhibiting TNF-a to a

significant degree when compared to the phytochemical alone.



The results presented in this project highlighted the potential benefits of using both curcumin and EPGC as a form of

compounds loaded into a carrier system to improve BBB permeability and be used for GBs treatments.
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1. Introduction to cancer

1.1. Cancer

Cancer is a disease where cells in the body proliferate wildly out of control. The spread of cancerous cells throughout
the body can lead to stress on organs and other areas leading to long term damage (Miller, 2018). Cancer is one of the
leading causes of death worldwide, it has an estimated death toll of over 9.8 million or one out of six deaths in 2018

(WHO, 2018).

Cancer has always been a part of human history with treatments only developing in the last 20 years. The most
common female cancers are: cervical, lung, breast, colorectum and thyroid. While in men the most common are: lung,

prostate, stomach, liver and colorectum (Lysiak, 2020).

There are seven hallmarks of cancer, as shown in figure 1.1, which indicate whether a cell is cancerous or not, such as
the ability to proliferate, metastasize and avoid apoptosis (Hanahan and Weinberg, 2000). Another indicator of a
cancerous cell is that cells can have an increased expression of cyclins which can lead to the activation of cyclin
dependent kinases, driving the cell cycle from the prerequisite production (G1) to DNA synthesis (S phase) (Wang et

al., 2008).

Evading
apoptosis

Sustained Tissue invasion
angiogenesis & metastasis

Figure 1.1: The seven hallmarks of cancer illustration (Hanahan and Weinberg, 2000).
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Even though the hallmarks may indicate cancer they do not cause it. No single gene is the cause of cancer, it is specific
to cell types with varying oncogenic markers which are indicative of a cell’s capacity to become cancerous (Wang et

al., 2013).

Specific genes and codons in the genome are predisposed to becoming oncogenic during the replication process. DNA
regulators such as cyclin dependant kinases (CDK) which are an enzymatic complex which promotes cell division,
examples are shown in figure 1.2. CDK20 which promotes the activity of CDK2 during G1 and S phase. While other
regulators restrict cell division at specific cell cycle checkpoints. P21 is an example of a negative regulator inhibiting

CDK complexes such as CDK1 (Miller, 2018; Lo, et al., 2020).

5/G2
Transition

G0/G1
checkpoint

CDK20 _._., _@

G1/s
Transition

A
T — o

Figure 1.2: Function of two cell cycle regulators CDK20 and p21. CDK20 has activity in G1/ S phase and G2/M
transition of cell cycle (Lo et al., 2020)

When the regulators of the cell cycle fail, and cancer forms, the cancers are classified via TNM classification and WHO

guidelines.

TMN classification is a method of classifying malignancies qualified by a tumour with the values ranging from TO which
indicates no tumour to T4, a metastatic tumour. T values are defined by the structure of the cancer such as T1
indicating invasion into the submucosa, T2 an invasion of muscaris propria, T3 an invasion into the subserosa and T4

is an extension of the tumour through all layers and into surrounding cells/areas (Rosen et al., 2023).
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The ‘N’ notation indicates the involvement of the lymph nodes in tumour growth. Where NO indicates no involvement
from the lymph nodes and N3-N1 indicates the level of nodal spread (Rosen et al., 2023). Conversely, M highlights
metastatic action in a primary tumour. Similarly to prior mentioned, M1 indicates that the tumour has metastasized

with M1A indicating limited spread and M1B indicating greater organ infiltration. (Rosen et al., 2023).

The WHO has varying ways to classify cancer depending on the origin of the cells found. The WHO classifies cancers in

such a way to avoid discrepancies when classifying tumours across multiple organ systems. (Ahadi et al., 2020)

Other risk factors can include obesity, low fruit intake and alcohol consumption (Sloan and Gelband, 2006). Cancers,
depending on where they are diagnosed, are more severe than others. One such example is cancer of the brain, known

as glioblastomas (GBs).

1.2. Glioblastoma (GB)

GBs are a form of malignant brain tumour with extremely poor prognosis due to the difficulty in bypassing the blood
brain barrier (BBB). In 2020, over 19 million people a year were diagnosed with GBs, with only nine million surviving
past the first year of diagnosis (Lysiak, 2020). Due to the great tumour and molecular heterogenicity, it allows cancer
to become as deadly as it is. Heterogeneity can lead to treatment failure due to the new genetic makeup of the GB or
even recurrence. Heterogeneity is when a cancer produces an irregular mutation, yet still produces the same disease

(Finocchiaro and Berzero, 2022).

Human gliomas also share common characteristics with one another, such as causing necrosis and the ability to
infiltrate nearby systems and immune cells (Finocchiaro and Berzero, 2022). GB's structure supplements its ability to
proliferate. One major part of the structure is the large quantity of highly proliferative malignant astrocytoma cells
which help the invasive capabilities of the GBs. They also have many immune cells, stromal cells, pericytes and vascular
endothelial cells; all the individual components fulfilling niches in the tumour which prolong the tumours life. The
tumour cells collect in the frame of the extracellular matrix where the fluids and other macromolecules make up the
non-cellular part of the tumour. Tumour sites typically cause dynamic changes in cell shape resulting in a unique
microenvironment. Examples are perivascular areas around vessels with endothelial proliferation or a necrotic area

(Luissint et al., 2012).
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1.2.1 Risk factors

Risk factors for GBs include common exposure methods such as: smoking, alcohol, poor diet, and exposure to ionizing
radiation. Due to the increased heterogeneity of GB risk factors can vary on an individual basis (Wrensch et al., 2023).
A common risk factor trait shown in a study by Nelson et al., (2012), is dietary levels of glucose and intensity of carbon
tetrachloride; jobs with high exposure to carbon tetrachloride increasing the risk of developing GBS by 29.59%. Carbon
tetrachloride is colourless , non-flammable liquid often associated with jobs in hazardous waste and pharmaceutical

manufacturers.

Additionally, sources such as X-ray machines and computed tomography scanning machines can cause cell death and

mutation leading to the development of cancer.

1.2.2 GBs mechanism of action

Tumours arise when specific oncogenic markers undergo genetic mutation, such as deletion in the tp53 gene (Shao et
al., 2020). The tp53 gene is a tumour suppressing gene coding for a protein, and after mutations the proteins shape
changes preventing DNA (deoxyribonuclease acid) binding decreasing DNA repair and leading to further mutations.
The p53 pathway also deregulates retinoblastoma 1 (RB1) and amplifies the cyclin dependent kinases 4/6 (CDK4/6)

promoting cell division (Shao et al., 2020).

One common biomarker in the identification of GBs is a chromosomal alteration in chromosome 7, where the
epidermal growth factor receptor (EGFR) is found. EGFR is an oncogenic targeting site for many drug therapies. EGFR
itself promotes growth, survival, and migration of cells making it an important site to target in detection and
treatments (Szopa et al., 2017). A major missense mutation in glial cells can lead to the activation of EGFR. Converting
EGFR to EGFRv111, the EGFR variant Ill, untethering and opening the receptor for use in growth of cancerous cells
(Orellana, 2019). Over half of known GB lines have a mutation in this EGFR gene (Lysiak, 2020). Another less common

indicator is a mutation in neurofibromatosis, a tumour suppressor gene.

The WHO classifies GBs by specific grades and types. The grading follows a malignancy scale such as classifying
astrocytoma as GB grade IV (Louis et al., 2016). GBs are broken up into three types, IDH-wildtype which corresponds
to around 90% of all diagnosed cases which pertains the first wildtype (1); while wildtype (2) is an IDH-mutant making

up the other 10%. The final and third type of GBs are tumours which do not fall under full IDH evaluation. Grades Il
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and Il usually fall under the IDH-mutant category, (Louis et al., 2016). Diagnosis of GBs has been on an upward trend
since the 1990’s with an increase of 39% of GB diagnosis. Where between 2016 and 2018 3% of all cancer diagnosis in
the UK were brain tumours. Overall, 12,288 cases of GB’s were diagnosed over 2016-2018 with the most common

ages being 85-89 (Cancer Research UK, 2023).

GB survival rate in the UK has remained stagnant, with the only improvement to patient prognosis being the
introduction of temozolomide (TMZ). An alkylating agent approved by the FDA which targets cells irrelevant of the

presence of mutations (Wesolowski et al., 2010).

TMZ, when compared to the base survival rates of GB, found a doubling in the rate of survival at 2 years to 18% and
11% at 3 years. However, even with the introduction of TMZ the 5-year prognosis of patients has remained the same

since 2005 (Tamimi and Juweid, 2017).

2. Blood brain barrier

The BBB supports homeostasis of the brain and consists of both physical and selective transport mechanisms to
maintain it (Xiao et al., 2020). The barrier repels many molecules, requiring them to be non-polar/ lipid soluble to be
able to access sites in the brain. The BBB also screens molecules entering the space activating a series of efflux
activators and pumps, eliminating small molecules from the brain, reducing the impact of any drugs as shown in figure

1.3 (Xiao et al., 2020).
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Figure 1.3: lllustration of the BBB junction including the various types of mechanisms in place to prevent the entry
of foreign molecules and compounds such as efflux pump (Xiao et al., 2020).
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The BBB is formed by specialised vascular endothelial cells and is tightly controlled by pericytes which are embedded
in the vascular basement membrane, astrocytes, neurons, and perivascular microglial cells; the cells altogether form
the neurovascular unit. Tight junctions are the foundation for intracellular signalling. It consists of transmembrane,
and membrane associated cytoplasmic proteins such as occludin, junctional adhesion molecules ( and claudins
(Luissint et al., 2012). TJ blocks the paracellular agueous diffusional pathway between each endothelial cell. They seal
micro vessels and hinder the diffusion of polar solutes and proteins out of the central nervous system (Ary et al., 2023).
Endothelial cells in the BBB have a more extensive junction network and sparse pinocytic vesicle transport, limiting
the influx and efflux of hydrophilic molecules through the barrier (Ary et al., 2023). Pericytes within the barrier monitor
the structural integrity and differentiation of the micro vessels and formation of the endothelial tight junctions; known
as angiogenesis. The structure of each part of the barrier is integral in protecting the brain from foreign entities

attempting to pass the BBB, this makes finding suitable treatments for GB difficult.

There are many transport mechanisms that facilitate the transport of useful molecules from the blood into the brain;
some of these mechanisms involve the use of the physical structures such as the tight junction which allows small
hydrophilic agents through the barrier known as a paracellular route. Another method is through the passive diffusion
of small lipophilic molecules. SLC-mediated transport which transfers through essential amino acids, nucleosides, and

glucose.

The final transport mechanism is absorptive endocytosis which facilitates the transport of plasma proteins (albumin)
to astroglia cells within the brain (Barar et al., 2016). The mechanism is represented in figure 1.4 showing the targets

of transported molecules such as glut3 to neurons.
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Figure 1.4: The varying types of mechanisms which transport drugs across the blood brain barrier. Such as passive
diffusion and transport membrane proteins (Barar et al., 2016).

2.1. Current treatments for GBs

Surgery is a common form of treatment that is given to patients to attempt to improve their prognosis. It involves
excising the tumour from the brain and surrounding issue, in attempt to remove all cancerous tissue from the patient.
The prognosis of patients who are treated with this method averages at around 14.9 months reported by Cancer UK.
The disadvantage of this treatment method is the damage to neighbouring cells and the poor prognosis when not used

in conjunction with other methods such as radiotherapy (Wiwatchaitawee et al., 2021).

Radiotherapy is another method of treatment which utilises ionising radiation to control and or kill cancerous growth
and cells. When in combination with surgery, patients had a prognosis of 3% after 5 years within the UK between 2007-
2011. The main drawback to this method of treatment is the nonspecific targeting of cancer cells, as the ionizing
radiation destroys cells both cancerous and non-cancerous. It even can damage other areas of the body and not just

the brain.

Specialised treatments such as TMZ are frequently used alongside radiotherapy in the treatment of GBs (Chu et al.,

2018). Figure 1.5 shows the mechanism of action of TMZ. The disadvantage of using TMZ is that the heterogenicity of
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GBs lead to a resistance to the drug, reducing its effectiveness over extended periods of exposure to the drug, requiring
the development of new options (Ortiz et al., 2021). TMZ causes apoptosis in GBs via the methylation of DNA
nucleotides adenine and guanine forming N’- methylguanine and N3-methyladenine. The methylated DNA prevents

the DNA replication and halts the uncontrolled proliferation of GBs (Wesolowski et al., 2010).

Radiotherapy is often not used alone, as when used in conjunction with other treatments, such as TMZ, it is often
accompanied by an improvement in patient prognosis. However, even with this improvement to life expectancy, one
third of a patient’s remaining life is taken up by the treatments. The damage to surrounding tissue common with
radiotherapy and TMZ remains, lowering the quality of life the patients within their final years (Biau et al., 2017). So,
alongside this combination treatment, surgery is used as the primary method, to prevent the long-term use of TMZ

and radiotherapy.
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Figure 1.5: Mechanism of how TMZ targets and prevents GBs within the brain, methylation of the GBS
deoxyribonucleic acid to promote apoptosis (Wesolowski et al., 2010).

New treatments for GBs are continuously being developed. One such treatment, is combination therapy which
involves treating a patient with multiple types of common cancer therapies such as TMZ and morphine. TMZ with the
introduction of morphine can inhibit P-gp1 which mediates TMZ resistance in the BBB. This facilitates the dose
reduction of TMZ but maintains efficacy (Ghosh et al., 2018). The disadvantages to combination therapies vary
between the treatment in use, with the major drawbacks being the lack of specific targeting to the cancer cells and

the difficulty of crossing the BBB. Specific drug carriers such as nanoparticles would help alleviate the issue.
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3. Overview of using phytochemicals for cancer treatment

3.1. Types of phytochemicals used in cancer.

Phytochemicals are naturally occurring compounds produced by plants, with the ability to reduce inflammation and
promote other medical benefits. They are found in varying common household vegetables and extracts such examples:

curcumin, Diindolylmethane (DIM), Indole-3-carbinol (I3C) and Epigallocatechin gallate (EPGC).

These phytochemicals have seen mild success as novel cancer treatments. The benefit of using organic compounds

over others is phytochemicals carry low toxicity to non-cancerous cells, unlike many current treatments such as TMZ.

3.1.2 Curcumin
Curcumin is the active compound present in common household spice turmeric and has a long history of use in India

and China for use not only as a medicinal herb, but in dyes, cooking, and cosmetics (Hatcher et al., 2008). In recent
years curcumin has been used as a poultice of turmeric in Ayurveda, treating eye infections, wound dressing, burns
and a wide range of skin diseases. Powdered turmeric is also boiled with milk to alleviate the symptoms of coughs and

other respiratory ailments (Hatcher et al., 2008).

Curcumin has shown to be a chemo preventative and chemotherapeutic; with major antioxidant activity confirmed
testing done in cultured human cells and animal models. Chemo preventative compounds refer to their ability to

prevent cancer or even treat it. Chemotherapeutic suggests a compounds ability to prevent the growth of cancer cells.

Curcumin inhibits cyclo-oxygenase in phorbol 12-myristate 13-acetate in mouse fibroblasts cells, they also inhibit the

production of interleukin- 8 which all promote an inflammatory response (Hatcher et al., 2008).

Figure 1.6 represents the structure of curcumin with its molecular formula of C1H2006 and average molecular weight
of 368.4 g/mol. The structure of curcumin allows it to act as an anti-inflammatory agent by breaking chains within the

3’ position, leading to an intramolecular Diels-Alder reaction and neutralizing lipid radicals (Wilken et al., 2011).
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Figure 1.6: 2D chemical structure of curcumin adapted from (Wilken et al., 2011).

Commercially available curcumin is not 100% pure with the mixture containing 3% bisdemethoxycurcumin (BDMC),
17% desmethoxycurcumin (DMC) and 77% curcumin which can be identified and separated within HPLC (Ucisik et al.,
2013). Curcumin has a hydrophobic lipid balance (HLB) of around 10.6 in nanoparticles, with the optimal conditions of
oil to surfactant ratio sitting at 85% water. HLB is the balance of the strength and size of hydrophilic and lipophilic
moieties of a surfactant molecule which values range from 0 to 20. Molecules with values between 3.5 and 6.0 show
higher affinity for oil and water emulsions. Wider changes in HLB do not affect the encapsulation of curcumin overall
(Lee et al., 2019; Das et al., 2022). Curcumins solubility is low within water due to its hydrophobic nature, with a
solubility of 3.12 mg/l in 25 °C water; but is quite soluble in many organic solvents such as ethanol, methanol,
acetonitrile, and dimethoxy sulphide (DMSO) (Ucisik et al., 2013). Curcumin has a melting point of 183 °C and an
average molecule size of 20-50 nm in diameter, tested in transmission electron microscopy (TEM) as a powder (Ghosh

et al.,, 2014).

3.1.2.1. Anticancer activity of curcumin
As anti-cancer agent, curcumin suppresses the activation of Nf-kB by inhibiting the IkKB activity, suppressing many of

the genes affected which in turn regulate tumorigenesis. Once such example is cyclin D1. Within the cell cycle,
curcumin can stimulate apoptosis by upregulating p53 and p16 which impact the GO phases. It can also suppress
growth factors such as Vascular Endothelial Growth Factor (VEGF) and Intercellular adhesion molecule (ICAMs) (Wilken

et al.,, 2011). The 3’ position of curcumin prevents cancer by breaking the chains of antioxidants and resulting in
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intramolecular Dies-Alder reactions, neutralizing lipid radicals. Curcumin has also been shown to accept free radicals

produced by macrophages, limiting the amount available in the blood to cause oxidative stress (Wilken et al., 2011).

Curcumin has been shown to inhibit IL-6 mediated phosphorylation of STAT3. The reduction in STAT3 prevents
overactivation of the molecule which causes continuous replication of the cancer cells, improving their migration and
angiogenesis. Furthermore, curcumin can suppress tumour angiogenesis via the inhibition of MMP-9 and
downregulation of CD31 and CD105. These cyclins impact the G2/M phase of cell cycle by upregulating the protein
kinase 1 in malignant GB cells (Tomeh et al., 2019). Even with curcumins high affinity as an anti-GB drug, the non-polar
nature and hydrophobic properties of curcumin prevent its passing through the BBB. This is due to its poor absorption,
stability at physiological pH and rapid elimination through BBB mechanisms. The encapsulation of curcumin within an

NLC should improve the bioavailability of the drug while improving the ability of the drug in bypassing the BBB.

3.1.3. Epigallocatechin gallate (EPGC)
Another phytochemical with high potential in cancer research and GB research is EPGC, a derivative of green tea. Tea

itself originated from China around 5,000 years ago, with green, black and oolong tea now commonly consumed in
other three quatres of the world (Du et al., 2012). The main components in tea being polyphenols and Catechins.
Green tea is a form of flavonoid and throughout history has been shown to be powerful an antioxidant and have
positive effects in the cardiovascular system (Chen et al., 2011). The structure of catechins contains a benzopyran
skeleton with a phenyl group substituted at the 2-position and an ester/hydroxyl function at the 3-position as seen in
figure 1.7 (Chen et al., 2011). The antioxidant capability of EPGC is attributed to the transfer of hydrogen atoms and

or electrons with the hydroxyl groups of the B and or D rings (Lambert and Elias, 2010).
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Figure 1.7: 2D chemical structure of Epigallocatechin gallate (EPGC) (Aggarwal et al., 2022).

EPGCis a powerful component for cancer chemo prevention. EPGC has been evaluated with ginseng compounds to
inhibit colon cancer growth, working as a duel loaded compound to effectively work as a treatment; with EPGC showing
the most anticancer activity. Other catechins in green tea showed no improvement to the cancer inhibiting effect of
ginseng (Du et al., 2012). EPGC inhibited the growth of cervical cancer via apoptosis induction, with inhibitory growth
effects via the suppression of telomerase (Chen et al., 2011). Green tea extract also reduces the expression of matrix
metalloproteinases (MMP) MMP-2, MMP-9 and CD31, all of which play important roles in cancer growth, angiogenesis,

and metastasis (Chen et al., 2011).

3.1.3.1. Anti-cancer capabilities of EPGC
One-way EPGC can target cancer is the transfer of a hydrogen atom and the chelation of catalytic materials. This

donation of a H atom reduces the impact of reactive oxygen species such as hydrogen peroxides which aid in
preventing oxidative stress which may lead to cancer formation (Aggarwal et al., 2022). Within GBs’ EPGC has been
shown to inhibit the spheroid formation in human GB cells (Min and Kwon, 2014). EPGC itself effects multiple pathways
in cancer lending to its chemo preventative effects. Extracellular-signal-regulated kinase (ERK) pathway is one of the
many ways EPGC targets cancerous cells; one of the key signals for the mitogen-activated protein kinase. ERK also
promotes oncogenesis and inhibits apoptosis by controlling pro and anti-BCL-2 proteins (Aggarwal et al., 2022). Within
cancer cell lines, EPGC causes cell cycle arrest at the G1 phase of the cell cycle via the regulation of cyclin D1, CDK6

and induced apoptosis using the previously mentioned ability to reduce the impact of oxidative species (Shankar,
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2007). Little to prior research has been completed on the efficacy of EPGC as a potential treatment against GBs, with
the few studies conducted documenting an inhibitory effect of MMP9 in U87MG and U251 cancerous cells. The
reduction of MMP9 is associated with the reduction in invasive behaviour in cancerous cell lines. IL-6 ELISA studies
also decreased two-fold with the introduction of EPGC; IL-6 itself promoting the production of MMP9 and its presence

indicating a higher grade of glioma (Le et al., 2018).

EPGC has also shown the ability to cross the BBB with 2.8% +0.1 of a total 20mg/ml ingested, passing the barrier over
a 30-minute period (Pervin et al., 2017). The encapsulation of EPGC in NPs might increase the bioavailability of EPGC

in the brain allowing for a more improved treatment.

4. Nanotechnology

4.1. Introduction to nanotechnology

Nanotechnology has major potential in medical applications for a wide range of treatments, ranging from medicinal
products, to transplants and tissue engineering. Under this umbrella is nanoparticles (NPs) and nano emulsions. One
advantage of NPs is that they have a large surface area to volume ratio due to their small size, allowing them to carry
and absorb vast amounts of medication and transport them efficiently thought the blood stream (Haleem et al., 2023).
Nanotechnology has been used to carry a variety of non-organic and organic substances for uses in many areas such
as pesticides, cosmeceuticals, and nutraceuticals. The ability to carry many types of drugs both polar, and non-polar
have brought attention to Nanotechnology in recent years. The ability to encapsulate both hydrophilic and
hydrophobic compounds open the potential of drugs once unable to cross biological barriers such as the BBB to now

be a possible treatment option (Lombardo et al., 2020).

Nanotechnology is slowly becoming an integral part of treatment for many areas of medicine with a major example

being the used for vaccines. Table 1.1 shows the current marketed NPs and others that are in clinical trials.
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Table 1.1: Showing marketed nanocarriers with names, drug loading and target. Lipid nanoparticles (LNP), Solid lipid
nanoparticles (SLN) and Nanostructured lipid carrier (NLC)

. Clinical | Name of marketed

Type | Drug loading | Target trials TR Drug loaded | Company

0.3mg per . .
LNP | kilo of body hepatic syr.1the5|s of Yes Onpattro RNA Alnylam .

. transthyretin Pharmaceuticals, Inc

weight
LNP | 100pg SARS-Cov-2 Yes mRNA-1273 mMRNA-1273 | BioNTech/Pfizer
LNP | 30pg SARS-Cov-2 Yes BNT126 F 2 nIi:;lLlAGZ F2 Moderna/NIAID/BARDA
SLN 2.8% +0.1 MCF-7/ADR cells Yes Doxil Doxorubicin | Pfizer Inc
SLN | - Skin Cosmetics Yes Nanorepair Q10 Patisiran Dr. Rimpler GmbH

One major advantage of NPs is their potential in crossing the highly selective BBB allowing them to become an essential

carrier to new potential treatments targeting sites in the brain once thought impossible (Zwain et al., 2021).

4.2. types of nanotechnology

There are a wide variety of nanotechnologies, all with different applications in medicine. Each type of nanotechnology

boasts separate advantages and disadvantages to each other varying from the level of drug loading to long term

stability. The basic structure of a nanoparticle is shown in figure 1.8.
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Figure 1.8: lllustration of a basic lipid nanoparticle, highlighting the surfactant layer, active pharmaceutical
ingredients (API), and solid lipid matrix.

4.2.1 Metal Nanoparticles
Gold NP are a form of metal NPs which have unique surface properties able to attach antibodies, oligonucleotides, or

proteins to the surface of the particle (Yeh et al., 2012). They are also an extremely stable and easily synthesized NP
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making them heavily researched. Gold NP are stained with immunofluorescence they have shown the breakdown of
occuludens-1 adapter which stabilize the tight junction in the BBB this allows greater delivery of an intended drug

(Hersh et al., 2022). The advantages and disadvantages of gold NPs are listed in table 1.2.

Table 1.2: The advantages and disadvantages of gold nanoparticles (Yeh et al., 2012).

e Protein attachment e Expensive

e High loading efficiency e Limited use for brain cancer treatment
due to golds toxicity to all cells

e High delivery efficiency

4.2.2 Polymer nanoparticle
Chitosan NPs are an example of a polymer nanoparticle. Chitosan is a biodegradable polymer which is safe for human

consumption and treatment in the human body in sensitive areas such as the brain. Chitosan is derived from Chitin a
molecule found in crustacean shells or fungi (Mohammed et al., 2017). The use of chitosan NPs varies widely in
reviewed literature due to the modifiable surface of the NPs, expanding their use to areas such as biodegradable
packaging (Yanat and Schroén, 2021), and application of insulin via oral delivery (Mukhopadhyay et al., 2012). The

advantages and disadvantages of chitosan NPs are listed in table 1.3.

Table 1.3: The advantages and disadvantages of chitosan nanoparticles (Mohammed et al., 2017).

e Small particle size e Poor stability

e Modifiable surface e Low drug loading

e Increase the gastrointestinal tract stability e Crosslinking of the complex by a chemical
reagent required

4.2.3 Liposomes
Liposomes are small spherical vesicles created from cholesterol and non-toxic phospholipids. Liposomes themselves

can vary based on which lipids are used in the formation of the bilayer (Akbarzadeh et al., 2013). They can be used as
carriers for many molecules such as unstable compounds in cosmetic and pharmaceutical industries. Due to the unique
structure of liposomes, they mimic biological membranes and are an effective model for studying more primitive cell

lines (Panahi et al., 2017). The advantages and disadvantages of liposomes are listed in table 1.4.

Table 1.4: The advantages and disadvantages of liposomes (Akbarzadeh et al., 2013).

e Increased stability via encapsulation e Low solubility
e Site avoidance e Short half life
e Biocompatible/ biodegradable e High production cost
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4.2.4 Solid Lipid Nanoparticles (SLN)
Solid Lipid Nanoparticles (SLN)s are small colloidal particles ranging in size from 10 to 1000nm. They are manufactured

with natural/synthetic polymers and are suited for drug delivery and reducing the toxicity of drug compounds to
unintended targets (Mukherjee et al., 2009). They are similar in structure to a liposome, but rather than a bilayer, a
spherical shape is formed due to solid lipids with a strongly lipophilic matrix (Hersh et al., 2022). The advantages and

disadvantages of the SLNs are listed in table 1.5.

Table 1.5: The advantages and disadvantages of Solid lipid nanoparticles (Mahendra et al., 2020), (Kumbhar et al.,
2022) and (Mukherjee et al.,2009).

e Controlled release e Low Drug loading

e Improved bioavailability e Gelation

e Poor long-term storage

4.2.5 Nanostructured lipid carries (NLC)'s

Nanostructured lipid carriers (NLC)’s are a second-generation nano delivery system. However, NLC’s are modified to
improve stability and capacity for loading medicine (Naseri et al., 2015). Figure 1.9 shows the structure of varying NLCs

types, which attempt to reduce the drawbacks of SLN’s (Naseri et al., 2015).

drug molecule various
in gap between lipid
triglyceride structures
fatty acid chain

mixture certain  nanocompartments solid lipid
lipids for of oil containing

preventing of dissolved drug

crystal formation

Figure 1.9: lllustration of an imperfect NLC (1), formless NLC (II) and a multiple type (lll) (Naseri et al., 2015).

One advantage of NLC's is the improvement on drug loading in comparison to earlier iterations of NPs, such as SLNs.
There are many methods in the production of NLCs, one of which is hot homogenization which in comparison to other
methods such as solvent dispersion is easily scalable and requires no organic solvents for encapsulation (Nguyen et

al., 2022).
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Lipophilic and hydrophobic drugs have an increased affinity to becoming encapsulated within an NLC in comparison
to SLNs due to the hydrophobic nature of the carrier (Nguyen et al., 2022), this would help in the encapsulation of the
chosen phytochemicals in this study. NLCs also have been shown to have an extended shelf life in comparison to other
forms of nanocarriers, with reduced crystallization (Nguyen et al., 2022). NLCs struggle to encapsulate hydrophilic
compounds without the help of solubilizers which can alter the size and charge of developed NPs; making them less
effective in specific areas of treatment or in crossing biological barriers (Nguyen et al., 2022). Some researchers have
reported NLCs as potential cancer treatments and brain targeting therapy, one example is the encapsulation of
atazanavir for treatment of neuro-Autoimmune disease with the systematic improvement to drug bioavailability (Garg
et al., 2019). Also, Zerumbone-NLCs showed a positive inhibitory effect to leukaemia cells, with NLCs impacting a
mitochondrial independent apoptosis pathway (Almukadi et al., 2021). NPs have been proven to have the ability to
cross BBB by taking advantage of the current transport mechanisms in the BBB or by affecting the permeability of the

BBB itself.

Recent research has shown a few NP have been assessed thoroughly enough to be approved by the FDA for clinical
treatment. NLC's have very few to no nanocarriers for clinical use, however there are many potential drugs which have

been evaluated in NLCs with positive cytotoxic effects to treat cancers (Wang et al., 2018).

This BBB crossing capabilities has been taken advantage in research on Alzheimer’s and nanomedicine has shown
when treated with drug loaded PBCA NPs showed an improvement to tested animals’ cognitive function 1,2-fold and

1,4-fold, presenting that the NLC did permeate the BBB (Teixeira et al., 2023).

4.3. The transport of NLCs across the BBB

Due to their recent advancements NPs have shown the potential to address the issue of drug transport across the BBB
(Bhowmik et al., 2015). NPs have potential use in the brain due to their small size, controlled drug release profile and
low toxicity levels to non-cancerous cells. NPs surface can also be modified with proteins to target specific receptors

to specialize the drug delivery (Hersh et al., 2022).

NLC increasing drug permeability through the BBB is the effect of prolonged release that some NLCs display. NLCs
produced with Kolliphor HS15 have shown enhanced drug accumulation at sites with the brain with increased

circulation time leading to a slower more controlled release and increasing the chances of the encapsulated drug
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permeating thorough the BBB (Zwain et al., 2021). Kolliphor HS15 also inhibits the P-glycoprotein function at the
membrane which impacts the function of TJ in the BBB increasing the chance of drugs to cross over the barrier (Zwain
et al., 2021). NLCs provide a strong basis of BBB infiltration and crossing for future work to be based off, whilst allowing

for new areas to be explored due to the limited research in NPs.

4.4. Curcumin and Epigallocatechin gallate nanoparticles in research

Curcumin has been well explored in nanotechnology due to its pre-established benefits in holistic treatments. One
such example is the use of curcumin NPs for breast cancer treatment. Within the breast tissue, curcumin NLCs
downregulated MMP-2 and upregulated tissue inhibitor of metalloproteinase (TIMP-1), linking the chemotherapeutic

and preventative effects of curcumin with the modulation of miRNAs involved with tumorigenesis (Chen et al., 2011).

Curcumin NLCs have been used to encapsulate other novel treatments with anti-cancer properties, but struggle in

crossing the BBB, such as Temazepam (Eleraky et al., 2020).

Another study by Chen et al., (2015) which showed that encapsulation of curcumin for the use against GBs, to improve
the bioavailability. In this study Chen et al., (2015) looked at using excipients ranging from polysorbate 80, tripalmitin
and oleic acid, their data demonstrated a total particle size of 194.2nm and an entrapment of 27.4%. The generated
NPs with enhanced a toxicity against A172 glial cells, 50% of cell death as indicated for an inhibitory constant of 50%
(ICso) at 80ug/ml (Chen et al., 2015). The entrapment and IC50 of the NLC presented in this study could be much

improved upon, leaving a gap in the market.

Furthermore, Ronin G, et al., (2014), developed Curcumin NLC’s for nasal administration for treatment of GBs. They
developed an NLC with a size of 146.8nm, a PDI of 0.180 and a zeta potential of -21.4mV. They achieved an entrapment
of 90.86% for their NLCs. When the NLCs were tested in vitro an ICso of 9.6ug/ml against U373MG glial cell line was
established. The low zeta potential present in Ronin G, et al., (2014) could lead to the NLC being excised from the BBB

due to rapid elimination mechanisms when in comparison to NLCs which have a greater negative zeta potential .

This study wishes to address the limitations of curcumin NLCs and curcumin alone for treatment against GBs. The

studies mentioned above, present the potential anti-cancer capabilities of curcumin entrapped in an NLC.
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There is limited research conducted on EPGC NPs with the most heavily researched area tested is cationic lipid NP for
treating areas of the cornea and sclera, the introduction of the LNP improved the bioavailability of EPGC and allowed
the permeation of the drug into an area of the eye impossible before (Fangueiro et al., 2016). The only major research
into EPGC NLC was the encapsulation of EPGC to treat patients with high cholesterol levels. The NLCs showed a
significant impact on the reduction of cholesterol levels when compared to the drug alone and other types of
treatments. This is due to the NLC improving the overall bioavailability of EPGC due to the slow-release nature of the
NPS increasing the rate to which EPGC is absorbed through the gut (Granja et al., 2017). However, GBs treatment EPGC
loaded NLC has not been researched yet. The benefits to encapsulating EPGC in an NLC for GB would enhance the
ability of the EPGC to cross the BBB by improving the bioavailability of EPGC in the tumour sites improving the long-

term treatment.

This study aims to improve on the achievements made in NLCs developed for both Curcumin and EPGC. This will be

achieved by improving the product and process parameters such as particle size, zeta potential and Entrapment.
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Aim
To successfully develop nanostructured lipid carrier formulation encapsulated with phytochemicals such as Curcumin

and EPGC, with potential therapeutic activity towards GBs, studied using U87MG cell lines. To successfully encapsulate
curcumin and EPGC in an NLC. To obtain a reduced toxicity to healthy glial cells lines (SVGP12) with the encapsulated

formulations in comparison to the drug alone.

Hypothesis: The developed formulations loaded with either curcumin or EPGC separately, may demonstrate an ability
to enhance toxicity on cancerous brain cells (UM87G) while having reduced or lower cytotoxic effect towards the non-
cancerous brain cells (SVG P12).
Objective

1. To develop an optimised HPLC method for curcumin and EPGC following ICH and FDA guidelines.

2. Todevelop stable NLC formulations loaded with phytochemicals in optimal critical quality attributes (<200nm,

<0.3 PDIl and £30-60mv).

3. To quantify curcumin loading concentration and entrapment efficiency in the NLCs.

4. To test the physicochemical characterization of the developed formulations.

5. To test the stability of the developed formulation, in suspension form and using various media

6. To evaluate the anti-cancer activity of the developed formulations, by various in-vitro tests including wound

essay, TNF-a ELISA testing, cell viability assays and cell cycle analysis.

38



Chapter 2: Nanostructured lipid carrier (NLC) development for
hydrophilic/hydrophobic loaded compounds and their
Physicochemical characterisation
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1. Introduction
NLC’s are a second-generation lipid-based formulation SLNs. NLCs were developed to overcome common drawbacks

of SLN’s, excelling in encapsulating not only lipophilic compounds but also hydrophobic compounds such as curcumin
(Salvi and Pawar, 2019). NLCs use a mixture of solid and liquid lipids to form a nano-emulsion. The NLC structure
consists of a solid unordered matrix which in turn leads to high encapsulation, drug loading and colloidal stability

(Sarma et al., 2020).

Recent research reported NLCs as an avenue in treating cancer due to the ability to cross biological barriers and cell
surface membranes (Vendanti and Salvi, 2019). NLC’s due to their reduced toxicity to cells are a useful means of
treating sensitive areas of the body such as the brain, allowing the encapsulated drug a greater chance of solely
targeting affected tissue (Salvi and Pawar, 2019). Passive targeting is the accumulation of NLC in areas where the

biological barriers have broken down improving the toxic profile of the loaded NLC (Alavi and Hamidi, 2019).

Curcumin NLCs are widely researched due to their potential anti-inflammatory and chemotherapeutic effects.
However, due to their hydrophobic nature, the process of using the phytochemical as GB treatment has been only
speculated (Nguyen et al., 2022). With the introduction of NLCs and their capability of crossing the BBB, the use of
curcumin as a treatment option for GBs became possible. The advantages of curcumin NLCs studied in literature is
their potential to achieve a low (ICso). Madene and Mahajan (2016) determined an ICso of 9.800mg/ml, when curcumin
was tested against U373MG cell lines. A lower ICso presents a more effective treatment in terms of preventing
cancerous cell growth. However, even with the potential of curcumin NLCs, there have been major difficulties in terms

of drug loading, with one study presenting an entrapment efficiency (EE%) of 4.700% (Jnaidi et al., 2020).

Additionally, there is limited research into EPGC-NLCs, with only few studies researching the treatment of cancers such
as colon or breast cancer (Hajipour et al., 2018). Another study of EPGC NLCs established a moderate EE% of the EPGC

of around 83.030 + 2.510% and particle size of 85nm (Hajipour et al., 2018).

Since both Curcumin and EPGC have anti-cancer potential activity, this study dedicated this research to improve their
delivery, solubility, loading capacity, particle size and potential delivery to the brain when various mixture of lipids and

surfactants were used.
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2. Materials and method

2.1. Materials

Dynasan 114 and Migyol 812 were free samples from CREMER OLEO, Germany. Phospholipon 90H (90H), Lipoid S75
and Lipid E80 were free samples Lipoid Germany. Solutol (Kolliphor HS15) was purchased from Sigma. Amicon 3kDa

molecular cut off centrifugal filters (Fisher scientific, UK).

2.2. Optimization and development of NLCs

For the NLCs production a high-speed homogenisation technique was used according to the method used by Zwain et
al.,, (2021). A lipid phase consisting of non-water-soluble materials i.e., solid lipids, liquid lipids, solubilizes, and
surfactants was heated using a water bath maintained at 80°C, (10 degrees above melting point). The aqueous phase
composed of water-soluble material (i.e., hydrophilic surfactants), maintained at similar conditions as the lipid phase,
the phase was stirred continuously and capped with foil to prevent loss of water. The lipid phase was dispersed into
the aqueous phase and stirred continuously for 20 min to form a pre-emulsion using a magnetic stirrer. The emulsion
was then placed in an ice-bath and sonicated using a probe-sonicator (sonics Vibra-Cell) and tested for particle size,

dispersity index (PDI), and zeta potential using a Malvern practical Zetasizer.

An optimisation process was conducted to evaluate two criteria: the product parameters and the processing
parameters. Product parameters was monitored by altered excipients added and the ratio. Process parameters was
monitored by testing the sonication time after every 5 minutes to check whether the PDI or particle size will be

affected, this process was conducted on blank, and phytochemical loaded NLCs.

Further optimisations were performed on loaded formulations to ensure improved total drug (TD) and EE%. Following
optimisation process, the final blank and phytochemical loaded NLC formulations used for further testing and

characterisation are listed in Table 2.2.
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Table 2. 1: Optimisation by product parameters for Blank and drug loaded NLC Formulations.

Polyethylene Glycol (PEG) [100 1000 1000 - - - - -
Sodium cholate 25 - - 100 100 100 100 100
Dynasan®118 - 1000 1000 - - - - -
Dynasan®114 30 - - 1000 1000 1000 1000 1000
Kolliphor®HS15 (Solutol) - 75 75 - - - - -
Phospholipon H90 300 - - 80 80 75 75 75
Lipoid S75 300 - - - - 300 300 300
Lipoid E80 - 300 300 300 300 300 300 300
Labrasol® - 300 300 - - - - -
IMiglyol 812 - - 300 300 300 300 300
Curcumin 25 - 25 - 25 - 25 -
EPGC - - - - - - 25

Polyethylene glycol (PEG) was considered for use as a surfactant due its potential anticancer activity. However, batches
A and B exceeded the set product parameters (table 2.1, table 2.2). Therefore, PEG was excluded from the optimisation

process and another surfactant was tested.

Batches D to H included the use of sodium cholate. They had particle sizes ranging from 122.930nm to 218.433nm
with only three batches having a polydispersity index (PDI) that exceeds 0.2 as seen in batch G, D and H. The batches
presented particle sizes in the set parameters. The data in this study indicated that when sodium cholate was added
to the NLC formulations, it contributed to the creation of a uniform particle distribution, therefore was chosen in the

final optimised formulation.

Labrasol® was also evaluated as a liquid lipid used during the formation of the lipid phase of the NLCs, other studies
found that Labrasol® increased the particle size of the NLC, as it showed a size of 230.000nm % 3.280, when compared

to other NPs.

Labrasol® when used in our study showed an increased particle size in formulation in batches B at 1732.433nm *
915.225 and PDI of 1. When compared to another liquid lipid, Migyol 812, the formulation had an increased particle
size and PDI. Batch G, which included Migyol 812, exhibited a particle size of 169.430nm+ 11.280 and PDI 0.200+ 0.006.

Therefore, Migyol was utilised in the final developed formulation.
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Batch F used a mixture of both solid lipids and when compared to batch D, which only used one form of solid lipid
(Table 2.1), exhibited a larger particle size at 218.433nmz+ 57.6419. The finalised formulation therefore used lipoid ES80

and Lipoid S75.

The amount of Phospholipon H90 (PH90) used was determined at 75mg (table 2.2) due to the optimisation in table
2.1. Where 80mg of PH90 in batch D exhibited an increased particle size of 218.433nm + 57.642, while batch F
exhibited a particle size of 132.160nm + 16.748. The lower particle size found in batch F was preferred, so the

decreased amount of PH90 was continued for use in the finalised formulation.

Batch G presented a particle size of 169.430nm + 11.280, PDI of 0.200 £ 0.006 that contributed to a successfully
developed Cur-NLC F2, this batch was then chosen for application in all in-vitro studies. Batches A particle size and PDI
were above acceptable ranges 1264.730 + 759.531 nm and 0.670 PDI, while batch B demonstrated higher particle size
and PDI than batch A as listed in Table 2.3 and Figure 2.1. While batch C, D and G gave a particle size range between
220-169 nm and a PDI below 0.3, but further optimisation was required to meet an optimal product parameter.
Batches E, F and H showed particle sizes in the desired range, particle size between 122-136 nm and PDI below 0.5 as

listed in Figure 2.1 and Table 2.2.

Table 2. 2: All produced batches of formulations with particle size and Polydispersity Index (PDI) with standard
deviation and the average of 3 values. Sonication time for samples for batches A, B, C, D, E, F, and H had a sonication
time of 25 minutes. Batch G had a sonication time of 20 minutes.

Batch A 23 1264.730 + 759.531 0.67+0.286
Batch B 22 1732.433 +915.225 1+ 0

Batch C 23 198.867+ 11.123 0.28667+ 0.086
Batch D 23 218.433+ 57.6419 0.27+0.0458
Batch E 22 136.530 + 20.373 0.19+0.021
Batch F 23 132.160 + 16.748 0.18 + 0.005
Batch G 20 169.430+ 11.280 0.20+ 0.005
Batch H 23 122.930+ 4.310 0.25£0.020
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Figure 2. 1: The purple bars represent the optimized formulations particle size, and the orange line represents the
individual formulations Poly dispersity index (PDI). Batches A and B presented particles sizes over the accepted
200nm and PDI also exceeding over the 0.3 limit set.

Batch F, Batch G and Batch H will be referred to as F1 Blank-NLC, F1 Cur-NLC and F1 EPGC-NLC from this point onwards.

F being short for formulation.

Table 2.3 shows the range and number of excipients used in this study. The final concentrations for tested NLC's are

represented.

Table 2. 3: The final Blank and drug loaded NLC formulations. F = Formulation.

Sodium cholate  |100 100 100 100 100
Dynasan®114 1000 1000 1000 1000 1000
Kolliphor®HS15 | - - 100 100
Phospholipon H90 |75 75 75 75 75
Lipoid S75 300 300 300 300 300
Lipoid E80 300 300 300 300 300
[Miglyol 812 300 300 300 300 300
Curcumin - - 25 - 25
EPGC - 25 - - -
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The optimisation of product parameters included taking 1ml of sample after every 5 minutes of sonication and testing
the sample particle size and PDI. Sonication caused a continuous decrease in PDI until a point where an increase was
observed. The time point prior to the increase was taken as the optimal sonication time. A zeta potential between £30
to 60 mV was achieved to avoid the antipolarity properties of the BB.

Optimisation of the initial NLC formulation was dictated as successful upon meeting the required particle size of 200nm
or below and PDI below 0.3 (Azhar and Hamishehkar, 2016). Small particle size and uniform distribution will allow for
a greater chance of drug delivery via passive diffusion which might contribute to the NLC brain delivery (Garg et al.,

2019).

2.2.1 Quantification of loaded-NLCs in a HPLC.

For the NLCs formulations: F2 Blank-NLC, F1 Cur-NLCs and F2 Cur-NLCs were prepared using a serial dilution using the
mobile phase and Tetrahydrofuran (THF). To produce stock A, 1ml of the formulation was added to 4ml of THF. To
produce stock B, 1ml of stock A was added to 9ml of THF. Finally, to produce stock C, 1ml of stock B was added to 4ml
of the prepared mobile phase. The clear sample was then injected in the HPLC for analysis.

F1 Blank-NLC and F1 EPGC-NLC were prepared using a serial dilution using the mobile phase and THF. TO produce
stock A 1ml of the formulation was added to 4ml of THF. Next, to produce stock B, 1ml of stock A was added to 11ml
of prepared mobile phase to produce stock B. Then, to produce stock C, 1ml of stock B was added to 4ml of the
prepared mobile phase. The clear sample was then injected for analysis. Table Al in the appendix represents the
various concentrations of THF and diluted water, used to break down the NLC. Figures Al to Figure A11 represent the

chromatograms of F1 EPGC-NLC diluted in methods mentioned in table Al. The figures show split peaks.

2.2.2 Total drug and entrapment efficiency of loaded-NLCs.

The phytochemical encapsulation of both EPGC-NLC and Curcumin NLCs were tested to evaluate the % of TD and EE%

and were calculated using the equations below.

TD of the curcumin NLC was prepared for quantification in the High-pressure liquid chromatography (HPLC) by diluting

1ml of the sample with 10ml of THF and 5ml of the prepared mobile phase and vortexing for a minute. The final phase
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to ensure all lipids were broken up to before injecting for HPLC prevent damage to the HPLC and column. TD was

calculated using the following equation 1.

%TD= Curcumin concentration after processing lxlOO

Curcumin added concertation before processingJ

...... equation 1
To quantify encapsulation efficiency, 0.5ml of the curcumin NLC or EPGC-NLC was placed in 3 kDa amicon filter and
centrifuged at 15,000g for 1 hour. The filtrate was then diluted (1:10 ratio), by taking 100ul of filtrate to 900ul of
acetonitrile. The final sample was placed in an HPLC vial and quantified by the optimised HPLC methods mentioned in
chapter 3.
Encapsulation efficiency was calculated using the following equation 2.

%EE=|TD-FD|x 100
TD

...... equation 2

2.3. Physicochemical characterisation

2.3.1. Particle size, PDI, Surface charge (Zeta potential)
Particle size, PDI and surface charge testing was analysed using a Malvern analytical Zetasizer Nano ZS using dynamic

light scattering technique. 1 ml was taken of each developed formulation and placed in a polystyrene cuvette.

2.3.2. Thermal behaviour studies
Thermogravimetric analysis (TGA) was used to test the thermal effect on the sample’s degradation and weight loss.

The following samples (Dynasan 114, curcumin, EPGC, F1 Blank-NLC, F2 Blank-NLC, F2 Cur-NLC and F1 EPGC-NLC) were
prepared on platinum pan, ensuring the sample was flat before testing. Each individual sample was placed in the TGA

Q500 from TA universal, then heated up to 500 °C.

The thermal behaviour of the NLCs was assessed using differential scanning calorimetry (DSC). The NLCs thermal phase
transition and heat capacity will be tested by comparing them to blank-NLC and the base phytochemical. The samples

tested were (Dynasan 114, curcumin, EPGC, F1 Blank-NLC, F2 Blank-NLC, F2 Cur-NLC and F1 EPGC-NLC).

46



Samples and pans are weighed before and after testing before they were added to the DSC. The samples were weighed
out on Tzero aluminium hematic pans and placed on the analysis pan in a DSC Q32000 and heated up to 300°C at a
rate at 10°C per minute. It was instructed using TA universal software. The melting point was indicated, and all samples

were analysed using TA universal analysis software.

2.3.3. Fourier-transform infrared spectroscopy (FTIR)
Fourier-transform infrared spectroscopy (FTIR) was used to monitor the interaction between the materials and their

crystalised state. Samples tested were as follows (curcumin, EPGC, F1 Blank-NLC, F2 Blank-NLC, F1 Cur-NLC, F2 Cur-
NLC and F1 EPGC-NLC), each individual sample was placed on the Nicolet iS 10 Fourier transform infra-red
spectroscopy and analysed for absorption/ transmittance of infrared measured in a range of 400-4000 cm™. The

samples were identified for the presence of the functional groups. The data was analysed using omnic software.

2.3.4 Short term Stability
The stability of the NLCs were tested over a month by consistently testing the following samples, (F1 Blank-NLC, F2

Cur-NLC and F1 EPGC-NLC) for particle size, PDI and zeta-potential using a zeta sizer to analyse the change over a
predetermined time point. The NLC formulations were stored at room temperature and a 1ml of each sample was
placed in a cuvette and analysed by zeta sizer, the samples were taken at 0 days, 7 days, 14 days , 21 days, and 28

days.

2.3.5. Colloidal stability
The colloidal stability of the NLCs was tested over 24 hours at set time points (0.5, 1, 2, 4 and 24 hours). NLCs has their

size checked in a zeta sizer after being diluted with 1:1 ratio of: distilled water, 0.9% sodium chloride (NaCl), 5%

dextrose and phosphate buffer saline (PBS).

2.4. Statistical analysis
The statistical analysis was performed using the Statistical Package for Social Sciences (SPSS) software IBM Company,

USA). To determine the statistical significance of the results, one way analysis of variance (ANOVA) and Tukey test was
performed. The level of significance value was defined as p<0.05. A p<0.05 would reject the null hypothesis of a no
significant difference in the results. Each experiment was repeated a minimum of three times and the data collected
were expressed as mean * standard deviation (SD) (n=3) using Microsoft Excel software for Microsoft office 360

(Microsoft Corporation, USA).
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3. Results and discussion

3.1. Optimization and development of NLCs

Within optimisation the critical control attributes were chosen. This was done to generate an NLC with an increased
probability of crossing the BBB, whilst gaining a greater stability in a variety of mediums. A particle size below 200nm
was chosen due to an NLCs size having an impact on their ability to not only cross the BBB, but their ability to remain
stable long term. An increased particle size leads to the destabilisation of the NLC and therefore would struggle to
maintain a narrow range during storge. A size between 50-300nm can also improve an NLCs ability to bypass biological
barriers and increase its uptake in the human body (Khosa et al., 2018). Increased stability of an NLC would allow

greater contact time with the BBB, increasing the chance for the desired phytochemical to diffuse past the barrier.

A PDI below 0.3 was chosen as, PDI represents the monodispersity of a formulation. A PDI higher than this set value

would indicate a formulation with a large variance in particle size, leading to an unstable NLC (Khosa et al., 2018).

Zeta potential plays a pivotal role in determining a NLCs long term stability. Particles with a large or low zeta potential
begin to repel itself, separating the particles. This not only increases the PDI, but also causes aggregation of the NLC,
which would impact the particles’ ability to cross biological barriers. The charge of a nanoparticle can also impact its
ability to cross the BBB. With positively charged NLCs showing a capability to cross the BBB through AMT, however,
these particles have a greater clearance rate and therefore have a reduced contact time in the brain. This can reduce
the effectiveness of the treatment as the encapsulated phytochemical would have less time to accumulate to reach a

impact (Lombrado et al., 2020).

The excipients used in the NLC formulations were chosen and optimised based on their ability to reduce particle size,

improve stability and potential BBB permeation.

Starting with surfactants, Sodium Cholate is hydrophilic surfactant and was adopted and used in formulations. It was
added to the aqueous phase to increase hydrophilicity. It was also chosen due to many manufactured formulations
using the surfactant exhibited a low particle size and PDI. Han et al., (2008) found when sodium cholate was added it

produced a formulation with a particle size of 198nm and PDI of 0.197. The addition of sodium cholate might also
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contribute to successful delivery of drugs to the brain as seen in previous published work reported by (Tekade et al.,

2021), which also state sodium cholate as important factor in NLCs stability by decreasing surface tension.

Another factor affecting the production of the NLCs are the solid lipids. Dynasan 114 is a common solid lipid frequently
used to develop SLN and NLC formulations and was used to form the base of the lipid phase. Dynasan 114 exhibits
toxicity towards humans and high efficacy when paired with other surfactants such as sodium cholate (Olbrich et al.,
2002). Additionally, it shows potential to enhance the drug loading capacity of lipophilic drugs (Wei et al.,, 2016).
Furthermore, SLN preparation using Dynasan 114 showed a decrease in degradation velocity leading to greater
stability over an extended storage period (Olbrich et al., 2002). In our results, Dynasan 114 was added to form the lipid
phase in mixture with other excipients, the developed NLC showed no significant increase in particle size and PDI, in
line with Zwain et al., (2021).The variation of solid and liquid lipids in the NLC can alter the morphology and structure,
leading to potential imperfections and causing an inorganized crystalline matrix which improves drug loading and

decreases drug leakage (Das et al., 2012).

Miglyol 812 was used as one of the liquid lipids during the optimisation process, to aid and improve the overall stability
and quality of the NLC and enhance the drug solubility. Liquid lipids when used in NPs production, showed an optimal
particle size of 138.3nm + 7.07 (>200nm) as published by recent publication (Hassan et al., 2022). Lipoid E80/S75 are
solid lipids commonly used in NLC development. The two lipoid products utilised acted as phospholipids strengthening
the outer lipid layer and supporting stability as co-surfactants. Exhibiting low monomeric solubility increasing
membrane transfer rates, allowing increased transport across the BBB facilitating higher accumulation (Pople et al.,
2013) Lipoid has been used in Docetaxel (DTX)-NLC’s which successfully crossed a 3D-model of the BBB with a particle

size of 112.500nm + 3.004 and PDI 0.226 + 0.002, reported by Zwain et al., (2021).

PH90 is a popular lipophilic surfactant in NP preparation attributed to PH90s ability to facilitate transport drugs in
crossing the BBB attributed to a reduction in particle size (BLASI et al., 2007).
Solutol is a lipophilic surfactant and solubiliser which was used to improve the loading of curcumin into the NLC. Solutol

has shown in prior studies an ability to enhance BBB permeation due to efflux pump P-gp expressed on BBB endothelial
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cells which inhibited by Solutol (Zwain et al., 2021). Therefore, this could increase passage of loaded Cur-NLC into the

brain.

Therefore, the final developed NLC included in the aqueous phase included : the surfactant sodium cholate. Within
the lipid phase: the liquid lipids Miglyol 812, Solutol and the solid lipids Dynasan 114, Lipoid S75, Lipoid E80 and PH90

were added. Encapsulation of the drug to the formulation did not impact the overall characterisation of the NLC.

3.1.1. Blank NLC sonication study

Processing parameters include studying the effect of sonication on the particle size and PDI of the developed NLC
formulation. Sonication time is inversely proportional to particle size, this is due to the high-speed sonication breaking
up pre-aggregate particles generated in the production of the NLC. After sufficient sonication has occurred and the

particles are broken up, the PDI begins to increase as they become non-uniform (Granja et al., 2017).

The sonication study data showed that at the time point of 20 minutes for F1 blank-NLC had a particle size of
160.700nm + 0.800 and a PDI of 0.180 + 0.0200. Sonication past this point increased the PDI to 0.183 + 0.026 while

increases the particle size to 165.9nm + 1.7 (Table 2.4).

F2 blank-NLC showed an optimal sonication time of 20 minutes which mirrors F1 Blank-NLC. The particle size reached
158.700nm + 0.700 and obtained a of PDI 0.196 + 0.020. After 25 minutes the PDI increased to 0.200 + 0.020 and
particle size decreased to 140.700 + 0.800 (Table 2.5). Zwain et al., (2021) who used a similar excipient list, reported
an increase in PS at 25 minutes of sonication, corroborating these results. Optimisation in the preparation of the NLC
is essential as if sonication is not extended to the point where PDI increases, the NLC would be at a sub-optimal PDI,
leading to a less monodispersed formulation. This might affect the NLCs ability to cross the BBB due to the increased

particle size (Lombardo et al., 2020).

For F2 Blank-NLC, between 5 and 10 minutes the particle size decreases to 132.900 + 0.600nm, however this value
increased to 158.700nm + 0.700 at 20 minutes while PDI was still decreasing. This is increase in particle size may be
due to formulation equalising, presented by the insignificant increase in particle size and the continual decrease in PDI

in optimal product parameters (<0.3).
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Table 2. 4: Sonication time study effect of F1 Blank-NLC up to 25 minutes showing PDI and particle size. An increase
in PDI observed past 25 minutes.

152.600 + 3.200 0.510 + 0.014

153.100 + 2.900 0.258 + 0.010

165.900 £ 1.700 0.183 £ 0.026

Table 2. 5: Sonication time study effect of F2 Blank-NLC up to 25 minutes showing PDI and particle size. An increase
in PDI observed past 25 minutes.

0 4855 + 378 0.867 + 0.398
5 156.600 * 3.600 0.420 £ 0.014
10 132.900 * 0.600 0.288 + 0.002
15 137.800 + 2.700 0.247 +0.002
20 158.700 + 0.700 0.196 + 0.020
25 160.800 + 0.30 0.200 = 0.020

3.1.2. EPGC NLC process optimisations

During the optimisation process, all tested EPGC-NLCs were produced with the phytochemical being introduced in the
lipid phase. This was due to the NLC presenting values that were more well defined in the set product parameters

when compared to the aqueous phase.

The lipid phase formulation had a particle size of 148.300nm % 6.500 and a PDI of 0.209 + 0.012. While the aqueous
phase formulation had a particle size of 152.800nm * 7.000 and a PDI of 0.222 + 0.024 (Figure 2.2 B). The difference

between the two formulations for particle size and PDI were not significantly different (p>0.05).

However, the difference occurred from comparing the zeta potential. The two samples had a difference in zeta
potential of 15.400 mV (Figure 2.2 C). When the EPGC was added to the lipid phase the zeta potential was -49.200mV
+1.600, while the aqueous phase presented a zeta potential of -33.800mv. The aqueous phase exhibited an increased
zeta potential which was significantly increased (p<0.05) from the lipid phase. This value was almost out of the desired
range set within the methods section, which may lead to a decreased long-term stability and increased aggregation.

This altered zeta potential may be due to interaction with EPGC and water, as EPGC itself is only slightly soluble in
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water when compared to its affinity in lipid (up to 6.10g/100g), leading to the change in zeta potential (Hu et al., 2015).
Other methods of encapsulating EPGC, generated their NLCs in the aqueous phase as seen in Granja A (2019), which

corroborated the finalised method in this study.

Upon visual test, Figure 2.3 showed a solid white precipitate in the aqueous phase (A) which is not present in the lipid
phase (B), which indicated some instability or solidification of lipids in the formulation. This could lead to less toxicity

in in vitro testing due to the instability of the formulation and the lower encapsulation of phytochemical.

The solid precipitate of EPGC may be due to destabilisation of the overall formulation, due to the increase in zeta
potential of the NLC when compared to the lipid phase. The introduction of EPGC to the aqueous phase, due to EPGCs
low solubility in water, could lead to the poor encapsulation of EPGC once both phases are mixed. This would lead to
an increase in the particle size which would alter the overall zeta potential, therefore leading to the observed

aggregation (Thaher et al., 2021; Hu et al., 2015).

Therefore, all further EPGC-NLC formulations made from this point forward, had phytochemical added in the lipid
phase, which is in line with Frias et al., (2016) where the produced EPGC-NLC had the phytochemical added to the lipid

phase.

For potential further analysis, TD and EE testing would be completed to further determine which phase EPGC should

be introduced in.
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Figure 2. 2: Lipid phase EPGC-NLC showing mean (n=3) particle size, polydispersity index (PDI) and zeta potential.
The significant difference was represented as p<0.05* A) comparison of Particle size. B) comparison of Polydispersity
index. C) Comparison of Zeta potential.
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Figure 2. 3: EPGC-NLCs in suspension form, with EPGC in the lipid phase on the left (A), EPGC-NLC with EPGC in the
Aqueous phase on the right-hand side (B).

3.1.3. Curcumin NLC optimisation

Two curcumin formulations were developed, as initial testing for TD was outside the desired range. Very few studies
calculate and represent the TD loading of formulations, with the majority assuming 100% loading and quantifying EE%.
High entrapment and drug loading are important for treatment as if phytochemical content is low and loss is high, it
will require greater concentrations of NLC and greater dose frequency to reach a therapeutic window. TD and EE% of
curcumin NLCs were calculated, TD was improved by 14.100% when comparing batch two to batch one. F2 Cur-NLC
had a reduced EE% when compared to F1 from 96.200% to 92% (Table 2.6). This decrease in EE% however is still over

90% and when considering the increase in TD, it leads to more curcumin encapsulated overall.

TD and EE% were also improved in comparison to previous published reports of 90.86% (Madane and Mahajan, 2016).
Another study showed an EE% of 87% + 1.200 (Puglia et al., 2012) and both studies exhibited a decreased EE% than
that found in this study at 92% + 1.200. Solutol is a known solubilisor which improved the TD between F1 and F2

corroborated by Ohta et al., (2020), that found an improved EE% with increasing amounts of Solutol.

The addition of Kolliphor HS15 helps improve the drug solubility of curcumin, reducing the amount of the
phytochemical lost in the production, improving the TD. Kolliphor achieves this by forming micelles in the NLC to aid

in increasing encapsulation (Gao et al., 2022).
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Table 2. 6: Entrapment efficiency (EE%) and Total Drug (TD) of F1 curcumin NLC and F2 curcumin NLC. With mean
and standard deviation (n=3).

53.2+2.060 96.2+2
0 days 67.3 £ 4.400 92 +1.200

F1 Cur-NLC and F2 Cur-NLC were compared against each other with PDI, particle size and zeta potential. Both
formulations visually showed a monodispersed, uniform particle distribution as indicated in Figure 2.4 and Figure 2.5.
F1 Cur-NLC showed a particle size of 132.900nm % 22.200, while F2 Cur-NLC showed a particle size of 142nm + 4.300
The particle size was not significantly increased from one another (p>0.05) (figure 2.6 A).

The inclusion of Kolliphor affected the particle size and increased the size of the formulation from F1 Cur-NLC to F2
Cur-NLC. F2 Cur-NLC may have had an increased size due to curcumins affinity to Solutol as an effect of it being
lipophilic. The affinity allows curcumin to bind to Solutol in the lipid matrix, forming a more ordered crystalline
structure and increasing particle size (Bahari and Harishankar, 2016).

The PDI for F1 Cur-NLC was 0.181 + 0.052, slightly increased at 0.217 + 0.005 for F2 Cur-NLC, (p>0.05) with results not
significantly increased from one another (figure 2.6 B).

Furthermore, the zeta potential for F1 Cur-NLC was -47.8mV + 2.100 and -43.1mV * 4.900 for F2 Cur-NLC (figure 2.6
C). The increased zeta potential prevented aggregation of the NLCs and contributed to the NLC stability. The values
for both formulations are well in the optimum parameters of +30- 60mV as reported by (Jia et al., 2010).

Both formulations presented that all three critical quality attributes were not significantly different from one another
(p>0.05). Showing that the addition of Solutol did not negatively alter or impact the NLC potential stability and ability
to cross the BBB.

In contrast to this research, other studies developing curcumin NLCs showed outputs exceeding the parameters set by
this study. The zeta potential reported by Madane and Mahajan, (2016) was -21.400mV, which is lower than the -
30mV parameters set by this study. They found a particle size of 146.800 nm and PDI of 0.180, while this study found

a reduced particle size in comparison and slightly increased PDI.

The decreased particle size found in F2 Cur-NLC and F1 Cur-NLC, might contribute to enhanced BBB permeability. NPs

produced with sizes ranging from 12-320 nm have been recorded crossing the BBB (Danaei et al., 2018). Once they
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cross the barrier the smaller NPs would see improved diffusion through the extra cellular matrix to access tumour sites

in the brain to greater effect (Danaei et al., 2018).

The introduction of Solutol would increase the particle size as seen in figure 2.6 (A) as while Solutol has shown an
ability to improve BBB permeation, the increased volume of Solutol would increase the overall particle size, this is
corroborated with results seen in Malkani A et al., (2014). However, the introduction of Solutol exhibited no significant
difference between particle size, PDI and zeta potential, showing the negligible impact that Solutol had on the overall
stability and product parameters. Solutol still improved the EE% and exhibited a small decrease in drug loading,

presenting an overall more successful formulation.

Figure 2.4 saw a uniform distribution. However, F2 cur-NLC saw a shift in the particle size and a greater distribution of
the particles in one of the repeats (figure 2.5). The introduction of solutol, would lead to the observed change in

variability between the formulations PDI.
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Figure 2. 4: A Zetasizer graphs indicating average particle size distribution of F1 curcumin NLC (n=3).
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Figure 2. 5: A Zetasizer graphs indicating average particle size distribution of F2 curcumin NLC, (n=3).
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significant difference was represented as p<0.05 *.
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3.1.4. EPGC NLC optimisations

The final optimised batch of F1 EPGC-NLC had an average particle size 148.300nm + 6.500 (figure 2.2 A), a PDI of 0.209

+0.012 (figure 2.2 B) and zeta potential of -49.200mV % 1.600 (figure 2.2 C).

The particle size and PDI are less than 200nm and 0.300 PDI for improved stability (Danaei et al., 2018). In contrast to
our research Frias, (2016) observed a average particle size of 300nm + 7.000 which is higher larger than the ones found
in our study. However, showed a PDI of 0.150 + 0.020, indicating further optimisation of volumes of surfactants in

NLCs could be conducted to improve PDI.

The formulation was monodispersed as seen in figure 2.7 The zeta potential at -49.200mV % 1.600 indicates a
decreased probability of the NLC aggregating, therefore decreasing long-term stability. The Zeta potential of other
studies was found to be lower at -28mV t 1 indicating that their NLCs would have had an increased risk of aggregation
(Frias et al., 2016). This could be due to the different excipients used in the formulations, providing improvements to

the stability of EPGC-NLCs in this study when compared against others, such as Dynasan 114.
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Figure 2. 7: A Zetasizer graphs indicating the average particle size distribution of F1 EPGC-NLC (n=3).

3.1.5. Impact of drug loading on critical quality attributes

Finally, the effect of loading the drug into the formulation was assessed as seen in Figure 2.8, 2.9 and 2.10. Figure 2.11
showed the average distribution of each formulation represented in a Zetasizer software graph. Visually representing
the lack of change in terms of size and PDI encapsulated formulations have, versus their blank counterparts. The results

for PS, PDI and zeta potential were all compared to each other to show the impact of the encapsulation of the
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phytochemical when compared to the blank. It also provides insight into the potential long-term stability via the

analysis of zeta potential for aggregation of the NLCs.

Figure 2.8 showed the difference in particle size where F1 Blank-NLC and F2 Blank-NLC had particle sizes of 160.800 +
1.700nm and 158.700nm + 0.700 were increased when compared to the encapsulated formulations with F1 Cur-NLC
132.900nm + 22.200, F2 Cur-NLC at 148.300nm * 6.500 and F1 EPGC-NLC at 142 + 4.300nm. The p>0.05 showing that
the results accepted the null hypothesis. This is due to the loading of the phytochemical to the formulation increasing

the overall size of the NPs (Hassan et al., 2022).

All encapsulated formulations exhibited an insignificant decrease in particle size when compared to the blank
formulations, which would improve their ability to avoid any rapid elimination mechanism in the BBB taking full
advantage of passive targeting (Nyugen et al., 2022). From all tested samples F1 EPGC-NLC, F1 cur-NLC and F2 Cur-NLC
had the lowest particle size when compared to the other samples. This may be due the phytochemicals forming a
complex with the lipids used in the NLC matrix such as Miglyol 812. Miglyol 812 is lipophilic and therefore will more
easily form a part of the liquid lipid core, decreasing particle size (Souto and Miiller, 2005).

PDI and Zeta potential for both encapsulated and blank formulations share comparable results with no significant
increase or decrease (p>0.05), seenin figure 2.9 and 2.10. The insignificant difference in PDI shows the average particle
size of the formulation remained constant due to the concentration of excipients used not changing throughout. The
introduction of Solutol increased the zeta potential, destabilising formulations (Buszello et al., 2000). This was due to
the decreased packing density of the emulsifier layer. The negligible change in zeta potential shows that al the
formulations should have a similar long-term stability and progression of aggregation when stored in a similar
environment. The lack of significant difference between all product parameters shows the negligible impact of the

introduction of the phytochemical had on the overall potential stability.

F1 cur-NLC had the greatest intensity curve in the Zetasizer graph in Figure 2.11, while all other formulations had a
comparable intensity. This further corroborates the data shown in figures 2.8, 2.9 and 2.10 with the insignificant

changes between all the groups.
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Figure 2. 11: Overlay of particle size distribution of F1 blank NLC, F2 Blank NLC, F1 EPGC-NLC and F2 Cur-NLC.

3.1.6. HPLC quantification of encapsulated phytochemical

F1 Cur-NLC presented a curcumin peak at a retention time of 14.516 and F2 Cur-NLC presented a curcumin peak at a
retention time of 15.648. Furthermore, both formulations showed no overlap in the mobile phase peak and other

interfering peaks (figures 2.12 and 2.13) This indicated the successful encapsulation of curcumin in the NLCs.

The optimisation of EPGC-NLC to calculate drug loading involved three phases of dissolving the NLC formulation in
strong solvents, such as THF and DMSO represented in table Al. All methods attempted, produced split peaks as seen

through figures Al to A1l with varying areas. Method 4 produced the smallest peaks alongside the main EPGC peak
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with the greatest potential to produce an applicable drug loading value; as it reduced the interference of the noise,
allowing for a clearer measurement (figure 2.14). Method 3 (Table Al in the appendix) had a reduced amount of THF,
while increasing the amount of mobile phase added. The reduction in THF would impact the peaks as THF is a strong
solvent, causing EPGC to interfere with the affinity to the mobile phase. This would cause EPGC to change its detection
on the chromatogram, leading to split peaks. However, the calculated drug loading exceeded the amount of drug
added in the formulation at 120%. This is potentially due to the phytochemical peak merging with the solvent front or

the phytochemical degradation due to the harsh solvent.
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Figure 2. 12: HPLC chromatogram of F1 Cur-NLC dissolved in in THF with a luna column.
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Figure 2. 13: HPLC chromatogram of F2 Cur-NLC dissolved in in THF with a luna column.
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Figure 2. 14: HPLC chromatogram of F1 EPGC-NLC dissolved in THF. The retention time of the peak of interest at
1.678.

3.2. Physio chemical characterization

3.2.1. Thermogravimetric Analysers (TGA)

TGA was used to investigate sample degradation, and weight loss represented in figure 2.15. By investigating the
thermal degradation of the chosen samples to ensure complete degradation in DSC analysis did not occur. The TGA
data generated showed four steps. The first step seen is the high volatility weight loss, due to the loss of plasticisers
in polymers. The second step, or low volatility, is weight loss due to a reduction of residual polymers. Weight loss
found in the third step is mainly due to the combustion of residual carbon from compound breakdown. The final

decrease in the TGA graph is the leftover ash consisting of inorganic filler.

Curcumin has a steady decline beginning at 250°C to 275°C representing the loss of plasticisers, the loss of the low
molecular weight substances initially reduces curcumins flexibility. This may be due to the curcumin sample contains
impurities (DMC and BDMC). While EPGC exhibited a smaller first step ranging from 250°C and 255°C indicating that

EPGC had a smaller number of plasticisers, therefore less flexibility.

Both curcumin and EPGC did not show the full extent of combustion in the tested temperature range (Figure 2.15).
This suggests that both phytochemicals still had residual carbon and compound bonds which needed to be broken
down. Dynasan 114 however, exhibited a first step at around 300°C to 350°C and a second step from 350°C to 400°C
in line with Zwain et al., (2021). This presents Dynasan 114 as a stable liquid lipid.
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F1 Blank-NLC, F2 Blank-NLC, F2 EPGC-NLC and F2 Cur-NLC followed a similar pattern to each other with initial weight
loss beginning at 50°C and another smaller drop in weight at 120°C, which fall in line with Zwain et al., (2021). However,
the degradation curve of the phytochemical was not evident in the encapsulated NLCs, potentially attributed to the
lipid interactions in the NLC matrix (Gill et al., 2010). F1 EPGC-NLC blank and F2 blank-NLCs follow a similar pattern
having a sharp decline at 100°C which indicates loss of water, before decreasing further until plateau at 340°C. EPGC-
NLC loses water up until 120°C retaining more weight than Blank NLCs. A minor reduction up till 340°C is observed
before stagnating. F2 Cur-NLC follows a similar line to F1 EPGC-NLC but the reduction in weight remains at an increased

level throughout (Figure 2.15)(Zwain et al., 2021).

Dynasan 114 was used in large quantities within the Blank-NLC, however when analysing the TGA data this peak is not
represented within the NLC data. The only point of comparison between the two points is the final step of combustion
between the blank formulations and dynasan ranged from 350°C-400°C. This may be due to lipid interactions in the

NLC itself, which altered the temperature required to reduce the residual polymers found in Dynasan 114.

Overall, the thermal stability of the phytochemicals alone and even in the NLCs remained consistent and indicated an

ability to remain stable at temperatures up to 100 °C, allowing for a more controlled and efficient chemical process.
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Figure 2. 15: Thermogravimetric analysis data thermograph using a heat range of 25-500°C. Samples shown in this
figure are: F2 Blank-NLC, F1 Blank-NLC, Dynasan 114, epigallocatechin (EPGC), Curcumin, F1 EPGC-NLC and F2 Cur-
NLC.
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3.2.2 Differential Scanning Calorimeters (DSC)

DSC was used to investigate into the physical state of the tested samples and provide insight into the sample’s thermal
behaviour. This was completed by subjecting the samples to a controlled incremental increase in temperature and
measuring the exchange in heat to the surroundings. It also provides insight into potential encapsulation and impact
of excipients used in the final formulations. From all the excipients used in the formulation only Dynasan 114 was
chosen to determine its impact on thermal behaviour due to the large amount used in the production of the NLC at

54.795% of the total formulation.

The small overlap in temperature before 50°C represented the initial ramp-up period with more obvious overlap seen
in F2 Cur-NLC (Figure 2.16). When comparing to TGA data with figure 2.15, before 50°C there was little to no

degradation of the samples, therefore should not impact the overall analysis.

Dynasan 114 exhibited an endothermic peak at 58.70°C, a similar peak is reported by Zwain et al., (2021). F2 blank-
NLC showed a large peak at 106.17°C which could be indicative of water loss due to the presence water (25ml) in the
aqueous phase during NLC preparation (Gill et al., 2010), indicating a O-H peak at a similar temperature. Curcumin had
a negligible peak at 177.22°C, which is also found reported by Sayyar (2019). However, this small peak was not found
in F2 Cur-NLC due to the phytochemical being in an amorphous state. The major peak found at 125.92°C observed
with F2 Cur-NLC was shifted when compared to the F2 Blank-NLC, this peak shift was also reported by Fang et al.,

(2012) (Figure 2.16).

This peak shift seen between F2 cur-NLC and F2 blank-NLC is due to the introduction of curcumin. Curcumin at higher
temperatures increases its solubility in water, potentially increasing the number of hydrogen bonds in the NLC when
compared to the blank-NLC. The increase in these hydrogen bonds would increase the energy requirement needed to
break the bonds, leading to a greater temperature (Gazmeh et al., 2023 ; Gill et al.,, 2010). An increased temperature
would also be indicative of successful encapsulation of phytochemical, as lipid-phytochemical interactions would

increase the energy required to fully degrade.
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Figure 2. 16: Differential scanning calorimetry (DCS) data thermograph. The samples tested in the figure were: F2
Cur-NLC, Dynasan 114, Curcumin and F2 Blank-NLC.

EPGC, F1 EPGC-NLC, Dynasan 114 and F1 Blank-NLC were tested and compared against one another using DSC. The
small overlap in temperature before 50°C represented the period when the machine was initially ramping up with
more obvious overlap seen in F1 Blank-NLC. When comparing to TGA data (figure 2.15), before 50°C there was little

to no degradation of the samples, therefore should not impact the overall analysis.

EPGC showed a sharp endothermic peak at 225.69°C, as reported by Safwat et al., (2020). F1 blank-NLC and F1 EPGC-
NLC shared a remarkably similar endothermic peaks at 105.91°C and a small shift to 107.17°C with the encapsulated
counterpart. This small shift was also observed in previous reports (Avadhani et al., 2017). The shift could indicate

successful entrapment of the phytochemical in the NLC, due to changes in lipid interaction with EPGC.

Dynasan 114 and EPGC peaks are not present in the NLC formulations, this may be due to Dynasan 114 and EPGC being
in an amorphous state, other reasons could be due to limited phytochemical or equipment detection limit. Further
confirmation via X-ray crystallography (XRD) would have to be conducted to obtain the glass transition temperature

and to confirm an amorphous state (Aubuchon and Thomas, 2007) (Figure 2.17).
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EPGC exhibited both an exothermic peak and an endothermic peak at 235°C and 225.69°C, respectively. The
exothermic peak presented after the endothermic peak showing the recrystallisation of EPGC after the initial melting
point. The small sharp peaks found in F1 blank-NLC and EPCG past 200°C are representative of minor components such

as trapped gas in the samples. The gases do not impact the endothermic or exothermic peaks found in figure 2.17.
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Figure 2. 17: Differential scanning calorimetry (DCS) data output. The samples tested in the figure were: Dynasan
114, F1 EPGC-NLC, F1 Blank-NLC and epigallocatechin (EPGC).

3.2.3. Fourier transform infrared spectroscopy (FTIR)

FTIR involves measuring the energy transferred between molecules via the absorption of infra-red radiation. The
results produced in the twisting, bending, and stretching of bonds in the molecules in their stationary phases (Cantor
and Schimmel, 1980). The interaction and the changes in the bonds can reveal the presence of encapsulation
(Guilherme et al., 2019). It can also be utilized to identify whether the drugs are successfully encapsulated in the NLC
(Pezeshki et al., 2014; Avadhani et al., 2017). The vibrational band assignments of all samples are represented in table

3.4. The key band assignments were highlighted in the table.
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As seen in Figure 2.18, curcumin displayed vibrational band assignments aligned with other reports which tested
curcumin in FTIR (Ismail et al., 2014). Curcumin observed major peaks at 2195cm™ and 2157cm?, comparable to other
studies which observed similar peaks, but a shift was seen in the fingerprint region at 1600 cm™ (Cocean et al., 2021).
Within the data presented in figure 2.18, curcumin peaks are not present in the F2 Blank-NLC but appear in

phytochemical loaded F2 Cur-NLC indicating that the phytochemical was successfully encapsulated.

F2 Cur-NLC and F2 Blank-NLC show major peaks at 3326 cm™, 3346 cm™ and an O-H bond which correlates with water
found in the formulations (Pezeshki et al., 2014). F2 Cur-NLC and F2 Blank-NLC also share a peak at 1636 cm™ which is
a C=0 stretch which would be due to both formulations sharing liquid lipids, solid lipids, and surfactants (Guilherme

et al., 2019).

The F2 Cur-NLC had all the characteristic peaks found in the F2 blank-NLC with the major peak being an O-H bond at
around 3300cm™ which will be due to the same excipients used in the NLC formulations excluding the phytochemical.
F2 Cur-NLC shared a peak with curcumin, which F2 blank-NLC lacked at 2175.91, 2195.32, 2157.53 cm?, similar peak

(C=C) shifts were observed in previous studies (Rapalli et al., 2020).
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Figure 2. 18: Fourier-transform infrared spectroscopy (FTIR) overlay of Curcumin, F2 Blank-NLC, F2 Cur-NLC.

For EPGC, figure 2.19 displayed vibrational band assignments aligned with other reports which tested FTIR (Dettlaff et

al., 2017). EPGC displayed peaks at 3351 cm™ (O-H stretch) and major peaks before 1700 cm™ on the spectrum, such
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asa 1158 cm (C-H bond) (Dettlaff et al., 2017). This is a similar fingerprint region aligning with spectra found by Wang

D (2019).

The F1 EPGC-NLC also had the characteristic peaks found in the F1 blank-NLC due to the same excipients being used
in the formulations excluding the phytochemical. Many signature peaks are not present in the F1 Blank-NLC when
considering EPGC. This may be a consequence of interactions with EPGC, the NLC formulation and free phytochemical.
The overlap of the characteristic O-H peak found in EPGC at 3351.09 cm™ is overshadowed by the 3317.7 cm™ peak in

the F1 Blank-NLC and F2 Blank-NLC. This coincides with similar findings reported in previous years (Dahiya et al., 2018).
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Figure 2. 19: Fourier-transform infrared spectroscopy (FTIR) overlay of epigallocatechin (EPGC), F1 Blank
nanostructured lipid carrier (NLC) and EPGC loaded NLC with their band assignments.

Table 2.7 shows and compares important bonds between all six samples. The bonds are taken and written from the

generated FTIR graphs in figures 2.15 and 2.16.

As seen in table 2.7 all NLC's contain a C=0 stretch at around 1636 cm™. This is indicative of the C=0 found in
phospholipids (Lipoid E80/S75, and PH90) and common fatty acids. All the NLCs formulations also shared an O-H bond

between 3326 cm™and 3346 cm~twhich is indicative of the water used in the formulations. F2 cur-NLC and F2 blank-
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NLC share a C-H bond at 2920 cm™and 2852 cm™?, which neither F1 formulations share; this could be due to CHs; bond

found in Solutol used in the F2 NLC's.

Curcumin has a C=C bond in the two benzene rings in its structure. The bond is shared with F2 cur-NLC at 2195 cm™

indicating potential encapsulation of curcumin in the NLC.

EPGCs structure contains six O-H bonds attached to two benzene rings and one benzene rings containing two O-H

bonds. This is shown in the fingerprint region of 3346 cm™. A C-O stretch is found at 1094 cm™"in EPGC and 1086 cm™

in F1 EPGC-NLC, which is a bond only found in EPGC in the third benzene ring. Even if the fingerprint region was shifted

this could indicate the potential encapsulation of the phytochemical in the NLC.

Table 2. 7: FTIR vibrational band assignment for epigallocatechin (EPGC), Curcumin, F1 Blank-NLC, F2 Blank-NLC, F2
Cur-NLC and F1 EPGC-NLC. Shows overlap in bonds O-H stretch, C=N stretch and C=0 stretch.

FTIR frequency

(cm™) Vibrational band assignment | F2 Cur-NLC | F1 EPGC-NLC F2 Blank-NLC | F1 Blank-NLC | Curcumin | EPGC
3472 C-H stretch o
3326 O-H stretch o

3346 O-H stretch o o o o
2920 C-H stretch o o

2852 C-H stretch o o

2362 C=C stretch o o o
2360 C=C stretch o (o) o
2195 C=C stretch o o

2176 C=C stretch (o)

2157 C=C stretch o

2137 C=C stretch o

2116 C=C stretch o o
2072 C=C stretch

1636 C=0 stretch o o o o

1158 C-O stretch o o

1094 C-O stretch o
1086 C-O stretch o
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3.3. Stability

3.3.1. Short term Stability

Stability testing was completed to gain insight on the NLCs ability to remain stable and viable for use in treatment

avoiding long-term storage methods.

F1 cur-NLC remained stable for up to 14 days, with 21 and 28 days seeing an increase in critical quality attributes
beyond the desired amount. 14 days had a particle size of 138.500nm 2.9, a PDI of 0.265 +0.019 and a zeta potential

of -54mv +0.300.

F1 Cur-NLC for 21 days exhibited a particle size of 129.600nm = 3 (figure 2.20 A), while this value was significantly
(p<0.05) increased to 275nm + 28.900 at 28 days. The PDI increased to 0.385 + 0.039 over 21 days and significantly

increased to 0.548 + 0.115 at 28 days (figure 2.17 B).

Finally, the zeta potential for 21 days was -27.700mV + 3.100 and was non-significantly (p>0.05) decreased from 28

days which exhibited a zeta potential of -22.400mV * 10.090 (figure 2.20 C).

F1 Cur-NLC particle size at 7, 14 and 21 days was not significantly (p>0.05) increased from 0 to 28 days.

In terms of PDI 7 days and 14 days were found to have a significant in increase (p<0.05) when compared to 0 days.
Whilst 21 and 28 days had a significant change (p>0.05) when compared to 0 days rejecting the null hypothesis. The

zeta potential of F1 Cur-NLC at 14 days had an insignificant decrease (p>0.05).

F1 Cur-NLC zeta potential at 7, 21 and 28 days was found to be significantly increased from 0 days (p<0.05).

Cumulative results showed particle size only had a significant increase at 28 days (p<0.05). Showing that 28 days was
the time point to which a significant increase to particle size occurred. This increase in particle size prevented the
destabilisation of the NLC as the structure becomes less organised reducing the NLCs stability and effectiveness if used

for treatment.

PDI at 28 days exhibited a significant increase (p<0.05) between 0,7 and 14 days. While 14 days showed a significant
decrease between 21 and 28 days (p<0.05). This suggests the increase in PDI was substantial past 21 days showing a

broad distribution range and presenting an unstable formulation. The increase in PDI at 21 days could be due to the
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method of collection (2.2.). The reduced sample size increased the chance of sampling a particle that was greatly

aggregated. This would lead to the variance observed when analysing PDI.

Zeta potential exhibited a significant increase (p<0.05) between 0, 7 and 14 days. The greatest differences were seen
when comparing 14 to 21 days. This then increased further at 28 days (p<0.05). Finally, 0, 7 and 14 days were all
significantly different (p<0.05) from one another. A significant decrease in 7 days was observed in comparison to 0 and

14 days. This decrease in zeta potential may be due to the parameters in the formulation equalising.

This indicates the increase in zeta potential was most significant after 21 days. An increased zeta potential towards
zero leads to aggregation of the NPs due to van der Waals attractions leading to the destabilization of the NLC. This

would render the NLC less effective for treatment against cells in vitro (Lombardo et al., 2020) (Figure 2.21).

Over 28 days, the stability of the formulation was evaluated whether further long-term storage options were needed
for potential future treatment. F1 Cur-NLC remained stable up to 14 days with PDI only increasing past 0.3 at 21 days.
Hyun et al., (2022) noted a reduction of zeta potential to -16.900mV after 7 days, which was increased in comparison

to the data reported in this study (-60.900mV +2.500).

However, the study by Hyun et al., (2022) exhibited an improved particle size over the 28 days at 100.8nm, compared
to the 275nm + 28.900 reported in this study. Considering, the optimal storage environment is -20°C leaving
formulations at ambient temperature (15-25°C) may cause the breakdown of the lipid matrix. Leading to

phytochemical leakage lowering the long reliability of dosing (Lakhani et al., 2018) (Figure 2.20).
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Figure 2. 20: 4-week stability of Curcumin F1 NLC showing mean (n=3) particle size, polydispersity index and zeta
potential. Significant difference represented as p<0.05 *. A) Particle size (nm), B) Polydispersity index and C) Zeta
potential compared against 0 days.

F2 Cur-NLC remained stable up to 28 days, with a particle size of 159.100nm +3.400, a PDI of 0.239 +0.008 and a zeta

potential of -57.200mv +4.800.

There was no significant increase (p>0.05) of particle size between 7, 14, 21 and 28 days compared to the control of 0
days. PDI exhibited a significant difference (p<0.05) between 0 days and 7, 14 and 28 days. Overall PDI fluctuated over
the 28-day testing period with only 21 days being over the set 0.3 parameter. This suggests that the formulation

remained stable for up to 28 days. If the period for testing was extended, the PDI may have seen greater degradation.

F2 Cur-NLC zeta potential had no significant difference between 0 days and 7, 14 and 21 days (p>0.05). However, at
28 days the zeta potential was found to be significantly decreased from 0 days (p<0.05). As prior mentioned, a

decreased zeta potential would lead to increased aggregation. F2 Cur-NLC showed a similar pattern to F1 Cur-NLC of
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stability degrading after 14 days. In comparison to other NLCs researched, F2 Cur-NLC exhibited an improved overall

stability when compared to Hyun et al., (2022), who exhibited greater instability at 21 days.

When comparing the time points, particle size presented a significant increase (p>0.05) between day 28 and all other
sample points (0, 7, 14, 21). Although significant changes were observed between 21-days and 14-days prior
fluctuations made any changes up to 28 days irrelevant. This is attributed to the particle size between 21 days and

below were within set product parameters (>200nm).

Zeta potential had a significant difference between 28 days and all other time points. Indicating that the increase in

the zeta potential at 28 days suggested a loss of stability.

The introduction of Solutol lead to a change in long term stability. Between F1 cur-NLC and F2 cur-NLC particle size did
not increase significantly until 28 days. However, when comparing PDI and zeta potential F2 cur-NLC exhibited an
improved short-term stability. F2 cur-NLC had an increased stability at 28 days, while F1 cur-NLC remained stable up

to 21 days.

The improved stability is provided by Solutol and its ability to maintain a colloidal repulsion between NLC particles.
The amphiphilic nature of Solutol aids in preventing aggregation in the NLC. As the donation of electrons would

maintain the formulations overall zeta potential (Karn-Orachai et al., 2014).

PDI at 21 days exhibited an increase when compared to 14 and 28 days, which could be due to levels of variance. When
collecting samples there is a chance of collecting an aggregated particle, which would lead not only the increased

standard deviation, but the fluctuation in PDI. This could be alleviated by taking further samples at each time point.
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Figure 2. 21: 4-week stability of F2 Cur-NLC showing mean (n=3) particle size, polydispersity index and zeta potential.
Significant difference represented as p<0.05 *. A) Particle size (nm), B) Polydispersity index and C) Zeta potential.

F1 EPGC-NLC remained stable for up to 14 days in an NLC, with a particle size of 145.3 nm + 9.7 and a PDI of 0.213 +

0.016, below the 0.3 PDI standard.

The zeta potential was at -63.900mV % 1.600, still in the optimal -30mv to -60mv range seen in figure 2.22. After 14

days surfactant peaks increased by 5%, and the NLC began to break down increasing the PDI and destabilizing the
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formulation. At 21 days the PDI increased to 0.385 + 0.039, while PDI at 28 days was 0.302 + 0.013 showing a
polydisperse formulation over the 0.3 standard. 21 days had a particle size of 129.600nm + 3.300 and 28 days
149.100nm % 2.600. Finally, zeta potential for both 21 and 28 continually decreased to around the -30mV minimum,

at-31.600 £ 2 mV and -28.200mV * 3.400.

The particle size exhibited a significant change, between 7, 14, 21 and 28 days (p<0.05) when compared to day zero.
The PDI had no significant decrease in data between 0 days and 7/14 days (p>0.05). While 21 and 28 days between
them and 0 days showing a significant increase (p<0.05). Zeta potential between 0 and 28 days (excluding 7 days) had

a p<0.05 rejecting the null hypothesis showing no significant decrease.

F1 EPGC-NLC in comparison to other study reported by Frias et al., (2016), who exhibited stagnation of the NLC with
Zeta potential and PDI remaining constant for over 12 weeks at room temperature. From 0.1 PDI to 0.150 PDI and -
30mv to -35mv, which is much improved from the results found in this study. Therefore, further optimisation might

be required via the introduction of a long-term stability method such as freeze drying.

When comparing all time points, particle size exhibited a significant decrease (p<0.05) between 21 days and all other
time points. However, the observed decrease in size was 10um, showing the nanoparticle only fluctuated between
129-150nm over the 28 days. These values were within the set product parameters. Overall, the NLC exhibited a
consistent and stable particle size over the 28-day testing period. The decrease in particle size seen at 21 days could
be attributed to random sample variance during pipetting. This could be alleviated by further testing and increasing

sample size.

28 days observed a significant increase in PDI when compared to 0, 7 and 14 days. Whilst a significant decrease was
observed between 28 days and 21 days. 21 days observed a significant increase between 0, 7, 14 and 28 days. The
sharp increase in PDI at 21 days could be due to the method of sample collection or fluctuations in ambient
temperature. The fluctuations in ambient temperature would lead to the greater standard deviation presented in
figure 2.22 B. Higher temperature can increase fluidity in the formulations, creating smaller particles and increasing

PDI.
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With a small sample there was an increased chance of picking up a particle that was greatly aggregated which may

have caused fluctuations when testing for PDI.

The zeta potential at 14 days was significantly decreased (p<0.05) from 0, 7, 21 and 28 days. While 21 and 28 days
exhibited a significant increase from 0, 7 and 14. This suggests that after 21 days of testing it exhibited the most
credible instability. The more positive zeta potential leading to the solidification of the NLC and potential of reduced

effectiveness in treatment (Witayaudom and Kilnkesorn., 2017).

The decrease of zeta potential at 14 days compared to the large increase to 21 days may be due to the EPGC being an
electron donor. The donation of these electrons decreased the charge of the formulation, leading to a decreased zeta
potential. When EPGC breaks down or runs out of electrons to donate charge this would lead to the sharp increase of

the zeta potential due to the formulation becoming more basic (Thaher et al., 2021).
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Figure 2. 22: 4-week stability of EPGC-NLC showing mean (n=3) particle size, polydispersity index and zeta potential.
Significant difference represented as p<0.05 *. A) Particle size (nm), B) Polydispersity index and C) Zeta potential.

All formulations followed the pattern of changes following 14 days with particle size, PDI and zeta potential decreasing.
High zeta potential in NLC formulations prevent phytochemical aggregation of particles due to electrostatic repulsion.

Increasing these parameters would also impact a NPs capability to effectively cross the BBB (Lombardo et al., 2020).

The results indicate a need for long term storage solutions and to overcome the raised changes in the stability study.
A future study such as freeze drying, may be attempted to improve both short term and long-term stability. Other
published papers indicated that freeze drying will improve long term NLC stability as reported by Kim et al., (2017)
which exhibited no significant increase in PDI and particle size over a 3-month period when compared to a non-freeze-

dried sample.

PH testing of samples across the chosen short term stability period, would provide further insight into potential

reasons for the changes in zeta potential.

3.3.2. Colloidal stability

Colloidal stability was tested with distilled water, 0.9% NaCl, 5% dextrose and PBS. 1ml was added to 100ml of each
media and then the PDI, particle size and zeta-potential was recorded over a period of 24 hours: at intervals of 0.5, 1,

2,4, and 24 hours. Samples tested were F1 blank-NLC, F1 Cur-NLC and F1 EPGC-NLC.

The particle size of F1 Blank-NLC in NaCl remained stable over the 24 hours, fluctuating between 229.116nm at 0.5

hours to 398.400nm at 24 hours. However, the particle size was increased when compared against formulations when
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left at ambient temperature. F1 Cur-NLC increased the particle size significantly, increasing from 197.467nm at 0.5
hours to 1576mn at 4 hours and finally 1872.667nm at 24 hours. F1 EPGC-NLC particle size increased due to the

introduction of NaCl at 1329.667nm and remained high in 1872.667nm at 24 hours (Figure 2.23).

F1 Cur-NLC and F1 EPGC-NLC and F1 blank-NLC were unstable in NaCl with increases in particle size for all three
formulations this is in line with Rohiwal et al., (2015). NaCl may cause an increase in particle size due to the presence

of salt shields altering the electrostatic properties in the NLC and causing the particles to coalesce (Rohiwal et al.,

2015).
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Figure 2. 23: Blank Nanostructured lipid carrier (NLC), Curcumin NLC and EPGC NLC stored in a sodium chloride
medium and assessed for particle size and polydispersity over a 24-hour period.

Dextrose is a simple sugar used when reconstituting freeze-dried formulations. Therefore, was tested to see its effect

on particle size when added to a formulation.

F1 Blank-NLC initially showed a PS of 118.336nm at 0.5 hours reaching a size peak of 222.4nm at 2 hours before
stagnating at 128.367nm at 24 hours (Figure 2.24). F1 cur-NLC also remained stable at 148.433nm at 0.5 hours and
increased to 177.967nm (Figure 2.24). F1 EPGC-NLC shared a similar pattern of good stability with 109.633nm at 0.5
hours only increasing to 133.400nm at 24 hours (Figure 2.24). This is in line with the findings of Ortiz et al., (2021) who
used dextrose as a cryoprotectant showing only slight increases in particle size. This therefore suggests that dextrose,
if used as a cryoprotectant, would not significantly impact the NLC's particle size. The minimal impact on particle size

would help the formulations retain their therapeutic potential that a small particle size provides.

79



300

250
s
z 200 -
w
N I
@ 150 5
d w
E T
% 100
(- N

50

0
0.5 HOUR 1 HOUR 2 HOUR 4 HOUR 24 HOUR
—4&— F1 Blank-NLC+ 5% Dextrose  TIME (H) F1 Cur-NLC+ 5% Dextrose

—a— F1 EPGC-NLC + 5% Dextrose

Figure 2. 24: Blank Nanostructured lipid carrier (NLC), Curcumin NLC and EPGC NLC stored in a dextrose medium and
assessed for particle size and polydispersity over a 24-hour period.

The formulations were tested in water, as a potential reconstituting agent. All formulations remained stable in distilled
water (Figure 2.25). F1 Blank-NLC starting with a PDI of 128.433nm at 0.5, increasing to 179.300 at 2 hours before
decreasing to 117.033nm at 24 hours (Figure 2.25). F1 cur-NLC showed a similar pattern starting at a low Particle size
of 98.243nm at 0.5 hours and then increasing to 168.200nm at 2 hours, before decreasing to 101.800nm at 24 hours.
F1 EPGC-NLC repeated the pattern of a particle size of 93.907nm at 0.5 hours, increasing to 151.800nm at 2 hours and

decreasing to 107.603nm at 24 hours (Figure 2.25).

F1 Cur-NLC and F1 EPGC-NLC and F1 blank-NLC remained stable in distilled water. All formulation followed a similar
pattern of minor increase in particle size before stabilizing at 24 hours (Figure 2.25). This is in line with results observed

in Rohiwal et al., (2015) findings, with the minor change in particle size.

The increase in particle size at 2 hours would be due to H,O degradation (Figure 2.25). This degradation of H,O would
lead to a disruption of the crystalline structure in the NLC's and therefore lead to the slight increase in particle size

seen at 2 hours (Rohiwal et al., 2015).

Due to water not increasing the overall particle size of formulations over the predetermined product parameters, this

suggests water as a potential reconstituting agent for future freeze-drying experiments.
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Figure 2. 25: Blank Nanostructured lipid carrier (NLC), Curcumin NLC and EPGC NLC stored in a distilled water medium
and assessed for particle size and polydispersity over a 24-hour period.

For potential future treatments distilled water should be considered as a reconstituting agent and dextrose 5% should
be considered as potential cryoprotection agents due to their minor impact in overall particle size when added to

formulations.
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4. Conclusion

Curcumin loaded NLCs (F1 Cur-NLC), (F2 Cur-NLC) and EPGC loaded NLCs (F1 EPGC-NLC) were successfully
encapsulated using a hot homogenisation technique and probe sonication. EPGC was encapsulated using Dynasan 114,
liquid lipids and surfactants with known enhancements to BBB permeability. Curcumin was originally encapsulated
with the same excipient as EPGC. However, due to further optimisation after considering TD the introduction of a

solubliser, Solutol was introduced to improve total drug.

Product and process parameters were thoroughly managed and optimised in both formulations with sonication time
monitored through a 5-minute sonication study and finding the fixed point to which PDI increased. For F2 Cur-NLC, F1

Cur-NLC and F1 EPGC-NLC formulations an optimal sonication was found at 20 minutes.

The particle size for F2 Cur-NLC was slightly increased when compared to F1 cur-NLC, with no significant increase
(p>0.05) between the two batches. However, the two formulations were within the desired limits below 200 nm. Both
formulations had an overall uniform distribution with F1 Cur-NLC observed at a PDI with a non-significantly increased
value with F2 Cur-NLC. F1 EPGC-NLC. Particle size was characterised at 148.3nm = 6.5 with a uniform distribution of
0.209 £ 0.012. The zeta potential for all three formulations was well within the desired range of -30mV to -60mV to
prevent aggregation. F1 Cur-NLC was characterized with a zeta potential of -47.8mV + 2.1, whilst F2 Cur-NLC presented
a zeta potential of -43.100mV + 4.900. F1 EPGC-NLC was characterized with a zeta potential of 49.200mV # 1.600. F1
Cur-NLC also exhibited low TD at 53.200% + 2.060, and following optimisation and development of F2 Cur-NLC, the TD
% was increased significantly to 67.300% + 4.400, with both samples presenting with high EE% (F1 Cur-NLC - 96.200%
+2,F2 Cur-NLC - 92% + 1.200). DSC, TGA and FTIR were used to study the physicochemical characteristics and indicate
the state of the phytochemical in the NLC formulations, the data indicated the encapsulated phytochemical
(curcumin/EPGC) within the NLCs was in an amorphous state. All formulations also showed stability at ambient
temperature for 14 days. This initial data highlighted the possibility of utilizing these formulations in evaluating their
effect on cell lines. Both optimized HPLC methods produced a reliable method of quantification of the phytochemicals
for the phytochemical alone. Testing within an NLC, curcumins method of quantification proved a reliable way to
determine the amount of phytochemical within the NLC. EPGC NLC quantification, while showing promise, could be

further optimised.
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Chapter 3: Development and optimisation of High-Performance
Liquid Chromatography (HPLC) methods
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1. Introduction
HPLCis a form of analysis that allows for accurate identification of varying compounds or molecules. It can also quantify

the amount of desired compound present which is vital in the identification of TD for developed NLCs. It works by
separating components in a mixture by taking advantage of a compound’s hydrophobic or hydrophilic properties, once
the sample is injected into a column with a percentage mix of solvents; The samples are then run under a ultra violet-
spectra lamp which, if set the correct wavelength for a target compound produces an area under a curve which can

be used to quantify the compound when compared to a known standard (Nikolin et al., 2004).

HPLC is used in pharmaceutics to detect not only the presence of specifics drug but also quantities by using methods
optimised via extensive testing with the type of column, solvents, and flow rate. Overall HPLC is a highly sensitive
method of identification and quantification when compared to other commonly used methods such as mass

spectroscopy, gas chromatography, and electrophoresis (Sudheesh et al., 2022).

Once HPLC has been chosen as a method of detection, the development, optimisation, and validation of the method
must follow industry guidelines. Consideration must be taken as to the International Conference on Harmonization
(ICH) guidelines. The ICH guidelines Q2 R1 lay out the guidelines for the robustness of an analytic method. The ICH also
overlaps with the Food and Drug Administration (FDA) which refers to the ICH guidelines. The validation of the method
must test for: accuracy, precision (repeatability and intermediate precision), detection limit, specificity, range,
robustness, and quantification limit. The methods validation information should also test the system stability and the

stability of analytic solution (Shabir., 2003).

One of the first steps of method validation is the preparation of an appropriate protocol with a clear and concise step
by step format. Many of the mentioned validation characterisation required by the ICH guidelines will be recorded

with regular characterisation and development of a suitable protocol.

The ICH and FDA implement strict guidelines for researchers to follow to ensure the accuracy and reproducibility of
the designed method. The verification and development of a repeatable HPLC method is essential for all forms of
guantification for a new drug product or a formulation. The key objective of the optimisation is achieving separation
of potential impurities from the peak of interest (ICH guidelines 1995) (Shabir, 2003). Interference peaks may alter and
cause inaccuracy of results, by causing false increases or decreases, altering the true amount of analyte detected. The

developed HPLC methods for curcumin and EPGC were validated to be used for quantification of both compounds
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drug content and TD loaded when encapsulated in NLC formulations. Both methods were initially optimised to identify
which column, mobile phase and study conditions were suitable to detect a drug peak and retention time with no

interference.

There were little to no studies detailing a TD method for EPGC-NLCs therefore initially, multiple steps were used to
identify the correct solvent to break the lipids (figure A1-A11 seen in the appendix). Once a suitable column was
identified to show a curcumin and EPGC drug peak, it was essential to test the accuracy of the column and confirm
the results by running a specificity test. As per ICH guidelines, specificity and separation of the peaks is required to

ensure a repeatable method for HPLC identification.
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2. Materials and Methods
2.1. Materials:
HPLC grade: Acetonitrile, THF and methanol were all purchased from Fisher scientific, UK. Ortho-phosphoric acid

(Fisher scientific, UK).

2.1.1. Equipment

A C-18, 5um, 4.6 x 150mm column purchased from Agilent was used for the detection of EPGC. A C-18 column, 5um

LC 250 x 4.6mm, purchased from Phenomenex Luna was used in the detection of Curcumin.

2.2. Methods

2.2.1. Optimisation method
The developed HPLC method was validated following ICH guidelines to quantify the curcumin and EPGC encapsulated

in the NLC developed formulations.

To obtain an accurate concentration of EPGC, an optimisation method was needed to break the lipids and extract the
curcumin and EPGC from the NLC formulation, various solvents were used to obtain the correct solvent ratio, such as

(20:80, 30:70, 40:60 and 50:50).

2.2.2. Mobile phase and analytical conditions
The mobile phase was prepared using (50:50) ratio of orthophosphoric acid (0.03%) (pH 3 adjusted water) (+ 0.05):

acetonitrile, The pH was adjusted using orthophosphoric acid with 0.01%, for both methods for EPGC and Curcumin.
The detection wavelength was set at 430nm with a flow rate of 1.00 ml/min for curcumin. The detection wavelength
for EPGC was set at 280nm with a flow rate of 1.00 ml/min. A standard concentration was used in each run when
operating the HPLC, all samples were tested at least three times (n=3) and injected for three repeats. The data
obtained was processed using an excel sheet and presented as an average, standard deviation (SD), and relative

standard deviation (RSD).

2.2.3. Preparation of the Stock solutions
The stock solutions were prepared by dissolving 1mg in 1 ml to give 1000ug concentration of solutions for curcumin

powder and EPGC. Where 10ml of acetonitrile were used to prepare the stock solution, which is labelled as S1. Using
a serial dilution procedure, 1ml was taken from S1 and diluted further with 9ml of acetonitrile to obtain a 100ug/ml,

which is labelled as S2. The stock solution S2 was used to produce all working standards.
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The working standard solutions for both curcumin and EPGC were prepared using n=3 stock solutions and samples
were prepared by serial dilution, using S2 to produce a range of concentrations (0.5, 1, 2, 6, 8, 10, and 20ug/ml) for

both curcumin and EPGC.

2.2.4. Specificity
To ensure the method generated for EPGC and curcumin was specific to each phytochemical has followed multiple

optimisation steps and tested various mobile phase ratios. Furthermore, to ensure specificity of the obtained peaks, a
mobile phase, phytochemical loaded NLCs with curcumin and EPGC shown in the appendix in figures A11, Figure A12

and Figure A13, to check if there was any interference with the sample (curcumin and EPGC) peak and retention time.

linearity was tested by the using the prepared working standards in the range of 0.5, 1, 2, 6, 8, 10, and 20ug/ml. The
samples were analysed using HPLC method mention in section 2.2.3. and each sample was injected three times (n=3).
The obtained area under the curve was used to generate a standard plot for EPGC and curcumin. This experiment was

repeated three times (n=3).

2.2.5. Precision

2.2.5.1. Repeatability

10pg/ml sample of curcumin and EPGC was prepared 10 times with fresh stock and analysed in the HPLC, the actual

concentration calculated and compared with % standard deviation (%SD).

2.2.5.2. Inter and intraday
Intraday analysis was conducted by preparing three samples of curcumin and EPGC at three levels of concentrations:
as indicated here (4, 6, 10) ug/ml were transferred to HPLC vial and injected in the HPLC for analysis. Inter-day precision
was completed for one level concentration of curcumin and EPGC at 10ug/ml, the samples were injected over three
separate days. HPLC methods were used under the same experimental conditions mentioned in section 1.2.2. and the

obtained data were calculated and presented as Average and SD.

2.2.6. Accuracy
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Three concentrations of EPGC and Curcumin (4, 6, 10ug/ml) were prepared as mentioned in section 1.2.2. The accuracy

of the samples was calculated using equation 3 shown below. The obtained data was presented as average and

standard deviation (SD).

Accuracy = 100* (measured data/ tested data) .... Equation 3

2.2.7. Limit of detection (LOD) and Limit of quantification (LOQ)

The Limit of detection (LOD) and Limit of quantification (LOQ) were obtained by testing one concentration (10ug/ml)
of curcumin and EPGC to which LOD and LOQ are calculated using equations 4 and 5, as shown below:
LOD= (3.3x %SD)/slope.... equation 4

LOQ= (10X %SD)/slope.... equation 5
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3. Results and discussion

3.1. Specificity

Figure 3.1 shows the mobile phase peak of (50:50) acetonitrile to pH3 adjusted water, the peak shows noise in the

chromatogram, with minor impact on the mAU, representing a small negligible peak in the column.

For the tested curcumin sample, the retention time was at 15.663 min (figure 3.2) and there was no interference in
the peaks found in the mobile phase. This ensures the curcumin peak presented in figure 3.2 is specific to the

phytochemical.

Additionally, the curcumin samples exhibited two additional peaks shown in the chromatographs (figure 3.2) As
follows, BDMC at retention time 12.632 min, DMC at retention time 13.997 min, our data were in line with other

published papers, observed by Long et al., (2014).

VWD1 A, Wavelength=430 nm (MEGAN\MEGAN_CURCUMIN 2023-07-19 15-05-08\013-0401.D)
0.3
02+

0.1+

-0.14

-0.24

Figure 3. 1: HPLC chromatogram of 50:50 acetonitrile to water tested in a Luna column. With no significant peak of
interest.
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Figure 3. 2: HPLC chromatogram of 10ug/ml of curcumin dissolved in acetonitrile with a Luna column. The curcumin
peak of interest at a retention time of 15. 663.

EPGC samples were also evaluated, showing a peak at retention time of 1.639 min and no overlap of peaks and

retention time found in the mobile phase. This indicates the EPGC peak presented in figure 3.3 is specific to the

phytochemical.
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Figure 3. 3: HPLC chromatogram of 1ug/ml of EPGC dissolved in acetonitrile. The EPGC peak of interest at a
retention time of 1.639.
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3.2. Linearity and Range

Linearity was assessed by evaluating the R?values for linear regression. For curcumin, a correlation coefficient of
0.9996 was found Thorat and Jangle (2013). Their results were comparable to results found within this study with a
R? value of 0.997 (figure 3.4). EPGC had a R? of 0.9986 (figure 3.5), with similar finding observed in Wangkarn et al.,
(2021). R? values were in parameters 0.997 set by the ICH (1995) (Shabir, 2004). Table 3.1 shows the (n=9) of each
concentration of curcumin tested to generate the concentration curve. Table 3.2 shows the (n=9) of each

concentration of EPGC tested to generate the concentration curve.

The linearity of each sample was calculated with the equation below:

Y=81.285x + 11.713 (curcumin)

Y=26.021x - 0.8905 (EPGC)

The calibration curve was used to generate equations 6 and 7 and used to calculate the concentration values of the

unknown sample.

Y=81.285x + 11.713 (curcumin).... equation 6

Y=26.021x - 0.8905 (EPGC)......equation 7
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Figure 3. 4: standard plot for Curcumin from the biological matrix. The data are mean (N=9)/SD.

Table 3. 1: Formatted area under the curve values of HPLC calibration curve showing standard deviation, standard
deviation %. A, B and C are averages of 3 separate concentration areas under the curve.

0.5 65.050 53.600 61.800 60.15 + 5.901 9.810
1 94.550 83.350 89.233 89.044 * 5.602 6.292
2 173.700 149.500 175.300 | 166.167 + 14.456 8.700
6 543.150 478.000 527.467 | 516.206 * 34.004 6.587
8 713.700 599.750 714.830 | 676.0934 £ 66.118 9.779
10 892.750 766.800 783.933 | 814.494 + 68.311 8.387
20 1609.300 1659.800 1628.657 | 1632.586 + 25.478 1.561
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Figure 3. 5: standard plot for EPGC from the biological matrix. The data are mean (N=9)/SD.

Table 3. 2: Formatted area under the curve values of HPLC calibration curve showing standard deviation, standard
deviation %. A, B and C are averages of 3 separate concentrations of areas under the curve.

0.5 17.550 | 16.550 | 16.540 16.880 + 0.580 3.438
1 29.200 | 29.850 | 31.200 30.0833 + 1.020 3.391

52.700 | 57.200 | 56.133 55.344 £ 2.351 4.249
6 145.150 | 146.450 | 146.300 | 145.967 £0.711 0.487
8 194.550 | 202.600 | 199.933 | 199.0278 +4.101 2.060
10 248.550 | 256 258 254.183 + 4.980 1.959
20 489.200 | 495 598 527.400 + 61.210 9.606

3.3. Precision

Precision was determined based on the repeatability and accuracy of the HPLC methods.

3.3.1. Repeatability

The average concentration of curcumin was 9.385ug/ml + 0.123 with a standard deviation percentage of 1.313% over
the ten samples. Close in the 10ug/ml range represented in table 3.3. The average concentration for 10 samples of
EPGC was 9.783ug/ml £ 0.216 with a standard deviation percentage of 2.205% (table 3.4). Both samples had an RSD%
<5% recommended by the ICH (1995) (Shabir, 2004). This ensures the developed HPLC method for curcumin and EPGC

produced consistent results and the tested concentrations did not fluctuate between tested samples.
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Table 3. 3: HPLC data obtained for the injection repeatability (instrumental precision) using the same concentration

of curcumin 10pg/ml.

9.296

9.283

9.332

9.206

9.562

9.477

9.455

9.567

9.329

9.341

Average 9.385+0.123

SD% 1.313

Table 3. 4: HPLC data obtained for the injection repeatability (instrumental precision) using the same concentration

of EPGC 10ug/ml.

Average
SD%
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3.3.2. Inter and intraday.

A standard deviation in parameters is described as below 0.5. Intraday data for curcumin, showed the standard

deviation was below the recommend value in the ICH guidelines (0.5), (table 3.5). The standard deviation percent in

intraday precision for curcumin was all below 10%, in line with the ICH guidelines (2004).

Table 3.6, EPGC had an average of 2.127ug/mL +0.090 for 2pg/ml, for the concentration of 6pg/ml an average of

5.610ug/mL £0.027 was indicated and for 10pug/ml an average of 9.552ug/ml +0.002. The standard deviation percent

in intraday precision for EPGC was all below 10%, in line with the ICH guidelines (2004) (Table 3.6).

This shows the high accuracy of the method for both curcumin and EPGC, the SD% was below the 10%, in line with the

ICH guidelines (2004).

Table 3. 5: Intraday precision of 2, 6 and 10ug/ml of curcumin calculated with an average (n=3) and standard

deviation percent.

Concentration (ug/ml) Curcumin

Calculated concentration (pug/mL)

Average

SD

SD%

2.137

2.001

2.157

2.101

+0.080

3.810

6.682

5.881

6.489

6.351

+0.418

6.58

10

9.791

9.813

10.442

10.015

+0.370

3.694

Table 3. 6: Intraday precision of 2, 6 and 10ug/ml of EPGC calculated with an average (n=3) and standard deviation

percent.

2.025

2.198

2.157

2.127

+0.090

4.231

5.578

5.628

5.622

5.610

+0.027

0.481

10

9.552

9.554

9.550

9.552

+0.002

0.021
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Inter day precision of curcumin in table 3.7 showed an average of 9.954ug/ml + 0.125 with a standard deviation
percentage of 1.212%. For EPGC table 3.8 shows an average of 9.768ug/ml + 0.1911 with a standard deviation

percentage of 1.955%.

The standard deviation between both samples was below the recommended values of SD% < 2 (ICH., 1995), indicating

an acceptable method and validity of the data.

Table 3. 7: Inter day precision of 10pg/ml of curcumin calculated with an average (n=3) and standard deviation
percent.

Concentration of Curcumin (pg/ml) Time (day) | Calculated concentration (ug/mL)
1 10.083
2 9.933

10 3 9.844

Mean 9.954

SD 0.121

SD% 1.215

Table 3. 8: Intraday precision of 10ug/ml of EPGC calculated with an average (n=3) and standard deviation percent.

1 9.552
2 9.838
10 3 9.915
Mean 9.768
SD +0.191
SD% 1.955

3.4. Accuracy

The method was considered accurate if data was in an 80% to 120% recommend by the ICH (1995) guidelines.

The accuracy of the curcumin method was calculated against the calibration curve with concentrations of 2, 6 and

10ug/ml showing an accuracy close to 100% seen in table 3.9.

The accuracy of EPGC method was also calculated against the calibration curve. Table 3.10 shows the standard
deviation percent of all tested concentrations was in the recommended percentage by the ICH. This shows that both

drugs remained accurate to the optimised method, so future samples quantified would be accurate.
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Table 3. 9: Formatted accuracy values with standard deviation (n=3) of curcumin at 2, 6 and 10pug/ml. Calculated
with standard deviation percent.

Concentration (ug/mL) Curcumin | Accuracy (%) SD%
2 102.212+8.892 | 8.700
6 105.843 +6.972 | 6.587
10 100.202 +8.403 | 8.386

Table 3. 10: Formatted accuracy values with standard deviation (n=3) of EPGC at 2, 6 and 10ug/ml. Calculated with
standard deviation percent.

2 106.346 + 4.518 4.248
6 93.493 + 0.455 0.487
10 97.683 +1.914 1.600

3.5 LOD and LOQ

The LoD and LoQ were calculated to determine the lowest possible analyte that could be measured following both

EPGC and Curcumins procedure (Armbruster and Pry, 2008).

Log Q was calculated, and no values were below indicated p<0.05 meaning all data shown rejected the null hypothesis.

The data presented no false negatives.

The LoD or smallest concentration of analyte that would be distinguished from zero for curcumin was found to be
0.197ug/ml while for EPGC it was 0.214pg/ml which aligns with the range of detection used in the concentration curve
for both samples (0.5ug/ml). The smallest amount of analyte that could be quantified with acceptable repeatability

and accuracy (LoQ) was 1.032ug/ml for curcumin and EPGC was found to have a LoQ of 0.753pug/ml.

All values did not exceed guidelines set by the ICH, this includes analytes tested in an HPLC, to those calculated using
set equations. This ensured the HPLC method optimised, was specific and reliable to the chosen phytochemicals

allowing accurate quantification of encapsulated phytochemicals.
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4. Conclusion
To conclude, the HPLC methods used to quantify both curcumin and EPGC were successfully optimised following ICH

guidelines. The curcumin and EPGC data generated in HPLC showed no overlap or interference with the mobile phase,
F1 Blank-NLC and F2 Blank-NLC which indicated the specificity of the generated method. This was corroborated with
the calibration curve generated showing an optimal R?value. The precision of the method was also confirmed via the
use of repeatability, inter-day, intra-day, and accuracy, with all SD% values generated well in the values recommended

by the ICH guidelines (1995).
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Chapter 4: In vitro cell lines studies
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1. Introduction

In vitro studies are an essential step in evaluating potential treatments. They involve the testing of cells outside of a
living organism in a controlled environment in 2D or 3D models. Testing medication and potential treatments in vitro
is an essential step during the drug development process (Polli, 2008). Some of the advantages of using in vitro studies
is the reduction of costs in comparison to using an animal model. Additionally, the direct testing of cell lines could give
an understanding of how a treatment would react and their performance overall. Finally, using cells in vitro offers

benefits in terms of ethical considerations as no unnecessary human testing will be performed (Polli, 2008).

One example of the in vitro cell line studies is the viability assays, this test is when a cell lines viability is tested in a set
range of concentrations over a period, usually up to 72 hours. This test will determine the concentration that will
achieve 50% cell inhibition (ICso), for the tested drug or compound. The cell staining agent such as PrestoBlue or 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) are examples used in viability assays to
determine cell viability or inhibition status. The stains modify viable cells, by changing viable cells colour, to become

more fluorescent and measured the absorption or the fluorescence with a plate reader (Xu, et al.,2015)

Another example is the wound assay, which is performed by forcefully damaging tissues to evaluate the processes of
inflammatory cells chemotaxis, neovascularization, extra cellular matrix synthesis and cell division. All these processes
result in the formation of tissue and remodelling of the cells which are essential in the recovery of the chosen cell lines
(Franga et al., 2018). The cell free area is created in the monolayer by physical, mechanical, or chemical exclusion,

(Jonkman et al., 2014).

In addition, cell cycle analysis is also used to evaluate the impact on the stages of the cell cycle, which is obtained by
fixing the cells and testing using quantitative techniques like the flow cytometry. The flow cytometer detects singular
particles or cells. Cells flow past varying colours of lasers where the cells are visualized based on the dye they were
treated with (Propidium lodide) and visible light scatter. This determines the cell cycle population at which will
eventually cause the cell death at the studied concentration and compared to the negative control (McKinnon, 2018).
The cells are measured in both forward light scatter (FSC) and side scatter (SSC) (McKinnon, 2018). Flow cytometry has

been used to test immunology, molecular biology, virology, and cancer biology for many types of cell lines.
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Finally, enzyme-linked immunosorbent assay (ELISA) is a form of testing which can detect antibodies by using opposing
prepared antigens. One such example is the detection of IL-6 an important cytokine that regulates immune response,
bone metabolism and acute phase reactions in varying targeted cells. IL-6 signalling is mediated by the IL-6 receptor
system consisting of two membrane proteins, one 80-kDa ligand binding chain and a 130-kDa non ligand binding
system (Sudheesh et al., 2022). For cancer diagnosis and research IL-6 is found at high concentrations in cancer cells
due to the promotion of tumorigenesis and upregulating all the hallmarks of cancer. It is also found to protect cancer

cells from therapy induced DNA damage (Kumari et al., 2016).

The above-mentioned tests are used to evaluate and determine the correct range of concentration that most likely

will achieve a good cell line inhibition and give us insight into our chosen phytochemicals ability to inhibit and target

specific cells for further testing.
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2. Materials and Methods

PBS was purchased from sigma Aldrich. Eagles’ essential medium (EMEM) was purchased from Lonza.

2.1. Cell preparation

2.2.1 Media preparation
The cells were cultured in EMEM. Preparation of the media included the addition of 10% Foetal bovine serum, 1%

Penicillin-Streptomycin, 1% L-glutamine, 1% Sodium pyruvate and 1% of non-essential amino acids to a 500ml standard

bottle.

2.1.2: Cell passaging
Cells were thawed and left to grow following cell growth and monitoring the U87MG and SVG P12 cells daily under a

light microscope (Motic AE2000), the cells were passaged when it reached 80-90% confluency. The old media was
removed from the T75 flasks and gently washed with 4ml of PBS, which is then discarded. For cell detachment, 2ml of
Trypsin was added and the flasks were incubated for 5 minutes. After incubation, the cells were dislodged by tapping
with 2ml of media added to neutralize the trypsin. The cell suspension was then centrifuged for 5 minutes at 1,000
rpm, the supernatant was removed, and the remaining pellet diluted with 4ml of media. The cell suspension was then
ready to pipette into a new T75 flask, according to the number of cells in the suspension, and split according to a

predetermined ratio (1:2, 1:3 or 1:4).

2.1.3: Cell Counting
From the cell suspensions 50uL was transferred into a 2ml microcentrifuge tube to which 50uL of trypan blue was

added. The cells were then counted using a hemacytometer under a 20x magnification light microscope. Counting the
corner squares, noting cells on the bottom two corners as seen in figure 4.1. This determined an average cell count.
Viable cells were counted by noting down cells which were colourless and bright, while excluding the dead dark blue
cells. The cell suspension was diluted in a 1:2 ratio with trypan blue and an average calculated from four squares at

1mm length and multiplied by the dilution factor and 1x10* to obtain the number of cells per 1ml of suspension.
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Figure 4. 1: Hemacytometer square used for cell counting. The blue highlighted square represents one of the squares
counted to obtain the average cell number (n=4).

2.1.4 cell defrosting
U87MG and SVG P12 cells were defrosted for use from liquid nitrogen stores. Frozen cell vials were warmed in a 37°C

water bath and gently swirled for less than one minute, mixed into a prepared tube of 1ml of media (1:1) and slowly
mixed. The mix was then centrifuged for 5 minutes at 1,000rpm. Once centrifuged the supernatant was removed
leaving behind a cell pellet. The pellet was resuspended using 2ml of media and mixed gently using a pipette. The cell
suspension was then added to a T75 flask with 10ml of media and left to incubate for 2 days. From this point incubation

will refer to, 5% C0,and 37°C.

2.2. Viability assay
To evaluate the effect of treatment on U87MG and SVG P12 monolayers, cell viability was preformed using Presto

Blue. Both US7MG and SVG P12 cell lines were seeded at a 5,000/90ul well in a 96-well round-bottomed microtiter
plate and incubated for 24 hours. To avoid cell dryness during incubation, 150uL of PBS was added around the plated
cells. A blank (media without any cells) and control (cells with no treatment) was prepared on each individual plate

and seeded alongside the cells to cover the range of concentrations at which the experiment was performed.
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Experiments were designed to test the effect of Dimethyl sulfoxide (DMSO) as it was used to dilute the phytochemical
(Curcumin, & EPGC), so it was essential to test its effect on the cell viability. A control test of DMSO at a range of
percentages was conducted at (1, 5, 10, 15 and 20) %. Curcumin was tested at a range of concentration (1.8, 3.2, 5.5,
7.2, 9.6, and 36.2) pg/ml. EPGC was tested at (5, 10, 15, 20, 25, and 100) pg/ml. Phytochemical concentrations were
prepared by removal of media from wells. The wells were then treated and incubated with the designated treatment
for 24 and 48 hours. Following the incubation period, 10ul of PrestoBlue was added to each well (blank, control and
treated wells) and the plates were incubated for 1 hour then were analysed using Tecan Spark Plate reader at 535
excitation wavelength and 612 emission wavelengths at 40 gain. The percentage cell viability was calculated using the

equation below number 8.

Total drug treated- total blank formulation

%cell viability =[ ]x100

Total control- total blank ,
Equation ....... 8

Icso was calculated to represent 50% of cell viability at desired concentrations.

Note: initially the viability assay was run for up to 72 hours, but after testing the data showed most cells were no

longer viable at that time leading to insignificant data.

2.3. Scratch/ Wound assay.
The wound assay was completed to determine the ability of treated cells to close gaps in a monolayer U87MG and

SVG P12 cell lines. Cells were seeded at 200,000/2ml and the cell suspension added into a 6-well plate. Three wells
were used as control samples, whilst three were treated with the ICso of each tested sample. Images were taken over
multiple time points at (0, 2, 6, 24, 48 and 72) hours at 4x magnification. F2 blank-NLC was treated with the ICso found

for F2 cur-NLC.

2.4. Cell cycle analysis
U87MG and SVG P12 cell cycle analysis was carried out by Pl staining to evaluate the treatment effect on the cell cycle

analysis. 120,000 cells were seeded in sterile 12 well culture plates at 1ml and incubated. The media was aspirated
from wells and 1ml of treatment was added at ICso. The plates were then incubated for 24 hours. After incubation, the
wells were washed with 1ml of PBS and detached from the plate by adding 0.5ml of trypsin. Trypsinised cells were
incubated for 3 minutes. The trypsin was neutralized with 0.5ml of media and the cell suspension collected and placed

in a 15ml centrifuge tube and centrifuged for 5 minutes at 1,000 rpm. The supernatant was removed, and the cell
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pellet was resuspended with 6ml of 70% ice cold methanol to fix the cells (diluted with PBS) dropwise whilst vortexing,
to prevent cell clumping. The cells were stored at -20°C for 24h. To prepare stored samples, samples were centrifuged
again at 1,000 rpm for 5 mins, the supernatant removed and washed with 1ml of ice-cold PBS. The samples were
centrifuged once more at 1,000rpm for 5 mins. Then fixed cells were resuspended with 0.35ml of PBS and 0.225ml
was transferred to a 96-well v-bottomed plate. 22.5uL of propidium iodide (Pl) concentration (from a 500ug/ml stock),
was added to each well and followed by addition of 2.5uL of ribonuclease acid (RNA)se (from a 10mg/ml stock). The
plates were incubated for 2h. The plates were processed using a Guava easyCyte 12HT system flow cytometer and
the Guava data analysis software to determine DNA content by fluorescence intensity (488nm) for each treated

population.

2.5. Enzyme-linked immunosorbent assay (ELISA)
A Thermo fisher TNF-a ELISA kit was used to measure the levels of tumour necrosis factor o (TNF-a) in the cell culture

supernatant in U87MG and SVG P12 cell lines. Hu-TNF-a was diluted to 2,000pg/ml and left to rest at room
temperature for 10 minutes. 300uL of reconstituted standard diluent was added to 300uL of standard diluent buffer.
300uL of standard dilution buffer was then added to seven test tubes to produce a standard curve as depicted in figure

4.2.

Etandard 300 uL 300 pL 300 pL 5300 pL 300 pL 300 pL

'AYAYA'AYA'AYA

JUUUUUU

1,000 500 250 125 2.5 313 15.6 0
pg/mil pe/mi pe/mi pg/ml pe/mi pg/ml pg/ml pg/ml

Figure 4. 2: dilution series for ELISA for TNF-a using a Thermo-fisher ELISA kit.

Wash concentrate (20x) was warmed to room temperature and swirled gently to break up any visible crystals. Once
the samples were prepared, 100uL were pipetted into each well of a 12 well plate for each sample of EPGC, curcumin,
F2 Cur-NLC and F2 blank-NLC at 24h after treatment and then incubated at room temperature for 2.5 hours. After the

incubation period, the wells were washed by adding and removing 100uL of wash buffer four times removing all the
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liquid each time. 100uL of 1x prepared biotinylated detection antibody was added to each well and incubated for an

hour with gentle shaking. The media was then removed and washed.

100uL of prepared HRP-streptavidin solution of each well and incubated for 45 minutes at room temperature with
gentle shaking. The media was then removed and washed. 100uL of ELISA colorimetric tetramethylbenzidine reagent
to each well and then incubated for 30 minutes at room temperature in the dark with gentle shaking. Finally, 50uL of
stop solution was added to each well and analysed using a Tecan Spark plate reader (wavelength 450nm to detect the

absorbance).

2.6. Statistical analysis
The collected data was expressed as mean % standard deviation (S.D) (n=3) using Microsoft Excel software for

Microsoft office 360 (Microsoft Corporation, USA). The statistical analysis was performed using the Statistical Package
for Social Sciences (SPSS) software (IBM Company, USA). To determine the statistical significance of the results, one
way analysis of variance (ANOVA) was carried out, whereas the post-hoc was conducted by Tukey’s test. The level of
significance value was defined as p<0.05, the null hypothesis being there is no significant difference between the

samples and follow the pattern of the control.
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3. Results and Discussion

3.1. Cell viability studies

3.1.1. Effect of DMSO on cell viability
To design a formulation intended for treatment of GBs, an initial testing was required and that includes in vitro studies

and evaluation. A DMSO control was tested to ensure the percentage of DMSO used to prepare curcumin and EPGC
stock solutions were not affecting the cell viability results. DMSO incites cell cycle arrest via impacting the G1 phase

of the cell cycle; this is achieved by altering the physical properties of the phospholipid in the membranes.

At 24 hours when 1% of DMSO was used, the % cell viability for SVG P12 was increased from 100 to 123.879% + 53.964.
U87MG cells viability decreased to 85.623%+ 13.262. The cell viability following 24 hours of incubation with 5% DMSO
demonstrated a drop to 22.434%+ 6.947 and 31.703% + 11.052 for U87MG and SVGP12 respectively as seen in figure
4.3. Similar patterns were seen at 48 hours, where a reduction to cell viability only occurred at 5% DMSO for both
SVGP12 and U87MG cells. During the incubation of U87MG cells with 1% DMSO, the % viability of cells was 109.326%*
13.45324 and for SVGP12 it was around 104.550%+ 6.384. For the 5% DMSO at 48 hours of incubation, reduced the

U8B7MG cell viability to 15.694%z+ and 8.487%+ 0.616 for SVGP12 as seen in figure 4.4.
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Figure 4. 3: Cell viability assay of U87MG cells (Blue) and SVG P12 cells (Orange) after 24 hours of treatment: cells
were exposed to Dimethyl sulfoxide (DMSO). Reduction in viability occurred past 5% DMSO treatment.
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Figure 4. 4: Cell viability assay of U87MG cells (Blue) and SVG P12 cells (Orange) after 48 hours of treatment: cells
were exposed to Dimethyl sulfoxide (DMSO). Reduction in viability occurred past 5% DMSO treatment.

These results were in line with Cwiklowska et al., (2018) findings who used 1% DMSO as a control and indicated no
significant reduction in cell counts at 2x10° for US87MG cells. Other studies have used DMSO as a control variable and
have shown no impact on growth at 2% DMSO against U87MG cells (Emsen et al., 2019). Another study that tested
DMSO control against SVG P12 cell lines showed no significant (p>0.05) decrease in cell viability at 1% (Luo et al.,
2021). Hence, less than 1% DMSO was used when preparing stock solutions of curcumin and EPGC. This is due to DMSO
at higher concentrations disrupting the mitochondrial integrity and membrane potential of the cell lines. This leads to
apoptosis, oxidative stress and down-regulation of surface membrane transporters which all reduce cell viability (Yuan
et al., 2014). Any greater concentration would lead to false toxicity when testing the phytochemicals against cell lines

alone.

Once U87MG and SVG P12 cells was treated, cell viability was calculated and the 1Cso was marked down in table 4.1

and 4.2 for comparison.
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Table 4. 1: 1Cso values of F1 Blank-NLC, F2 Blank-NLC, Curcumin, F1 Cur-NLC, F2 Cur-NLC, EPGC and F1 EPGC-NLC
against US87MG (green) and SVG P12 (yellow). n/a means the sample had no inhibitory concentration at 50% cell
V|ab|I|ty (|C5o).

F1Blank-NLC | n/a n/a F1 Blank-NLC | n/a n/a

F2 Blank-NLC | n/a n/a F2 Blank-NLC | n/a n/a

Curcumin 4.200 + 0.436 5.500 + 0.458 Curcumin 8.200+0.473 | 7+0.361

F1 Cur-NLC n/a 28 +£1.803 F1 Cur-NLC n/a 23 £2.082
11.900 +

F2 Cur-NLC 25.500 £ 0.929 7.500 +1.710 F2 Cur-NLC n/a 1.752

2.1.2. Cell lines treated with F1 Blank-NLCs
F1 Blank-NLC was diluted with EMEM to mimic the concentrations used in EPGC viability testing. Blank formulations

were tested in this study to ensure the formulations themselves were not influencing the overall cell viability.

At both 24 and 48 hours F1 Blank-NLC indicated no decrease in cell viability below 50% for both U87MG and SVG P12
cell lines. At 24 hours U87MG and SVG P12 cell lines showed no significant increase in viability when compared to each

other (p>0.05) (Figure 4.5 and table 4.1).

Since F1-Blank-NLC showed an increase in cell viability over 24 and 48 hours with all studied concentrations as
presented by % viability reaching over 100%. These results indicated that the Blank-NLC and their excipients are

nontoxic materials.

The small fluctuations in figure 4.5 A for SVGP12 cell lines may be due to the concentration of Blank-NLC used and the
small time the cells were exposed to the solution when compared to 48 hours. 10 pg/ml was reduced when compared
to 5 ug/ml, the amount of NLC added may have not been large enough to give a positive impact on growth. The further
fluctuations may occur due to the non unform absorption of the NLC. Due to the method of addition being injection
with no mixing, preventing cell damage. This would lead to the more inconstant increase seen at 24 hours. The
diffusion of lipids from the NLC core will be irregular due to slow inconsistent breakdown of the NLCs in each
independent sample varying with dispersity of particle size (PDI). This would lead to the sporadic changes in cell

viability over the SVG P12 cell line.

At 100 pg/ml for both SVGP12 and U87MG at 24 and 48 hours begins to decrease when compared to the previous

time point. This small decline may be due diminishing returns, as the remaining cells would be unable to take
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advantage of the abundance of essential lipids which can be used in cell growth, stagnating the potential for increased

viability.

These results coincide with other published data by Khan et al., (2022) that found the Blank-NLC showing a cell viability
of 100% at 0.002mM. This confirms that the NLC formulations themselves are not causing the reduction in cell viability.

Hence, any toxicity that will be shown for the F1 EPGC-NLC reflects the encapsulation of the EPGC in the NLC.
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Figure 4. 5: The effect of F1 Blank-NLC over 24 hours (A), and 48 hours (B) against U87MG (green) and SVG P12
(yellow) cells. Data presented are N=3, mean/SD.
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3.1.3. Cell lines treated with F2 Blank-NLCs

F2 Blank-NLCs were diluted with EMEM to mimic the concentrations used within curcumin viability testing. Blank
formulations were tested within this study to ensure the formulations themselves were not influencing the overall cell

viability.

At both 24 and 48 hours F2 Blank-NLC showed no reduction in cell viability below 50% for U87MG and SVG P12 cell
lines. At 24 hours U87MG and SVG P12 cell lines indicated exhibited no significant increase in viability when compared

to each other (p>0.05), (figure 4.6 and table 4.1).

F2-Blank-NLC showed an increase in cell viability over 24 and 48 hours with all studied concentrations as indicated by
% viability reaching over 100%. These results indicated that the Blank-NLC and their excipients are nontoxic materials.
These findings were in line with other published data by Khan et al., (2022). As mentioned above, this confirms that
the NLC formulations themselves are not causing the reduction in cell viability, within the studied concentration.
Hence, any toxicity that will be shown for the F2 Cur-NLC reflects the effect of encapsulation of the curcumin within
the NLC. Solutol is also seen to not impact an increased toxicity to both U87MG and SVG P12 cells. As when comparing
F1 Blank- NLC and F2 Blank-NLC, the formulations demonstrated similar increases in cell viability to one another (Table

4.1).

SVG P12 fluctuations at 24 hours may be due to the sensitivity of SVG P12 cells unable to take full advantage of the
essential lipids required in cell growth. The variation in cell viability for U87MG cells at 48 hours may be due to lower
concentrations of the blank NLCs having a limited impact on overall cell viability below 5 ug/ml due to the low amount

of essential lipids the NLC would provide for potential growth.
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Figure 4. 6: The effect of F2 Blank-NLC over 24 hours (A), and 48 hours (B) against U87MG (green) and SVG P12
(yellow) cells. Data presented are N=3, mean/SD

3.1.4. Cell lines treated with Curcumin.

Curcumin was used to treat both U87MG and SVG P12 cells to provide a comparison point to compare NLCs

encapsulated with curcumin to evaluate the toxicity to the GBs cells.
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U87MG cell lines were treated with curcumin exhibited an ICso of 4.2ug/ml + 0.436 following 24-hour of incubation as
seen in table 4.1 and viability indicated in figure 4.7 A. 48 hours of incubation showed a ICsp of 5.5ug/ml £ 0.458 (figure
4.7 B and table 4.1). Additionally, when SVG P12 were treated with curcumin indicated an ICsp of 8.2ug/ml + 0.473
following 24 hours of incubation. 48 hours of incubation SVG P12 showed a 50% reduction in viability at 7ug/ml

0.361.

The 1Cso of US7MG was significantly decreased when compared to SVG P12 at both 24 and 48 hours showing an
increased toxicity to the cancerous cell line p<0.05. U87MG when compared to SVGP12 cells showed no significant
(p>0.05) decrease to one another when compared at 24 hours. U87MG when compared to SVG P12 at 48 hours
showed no significant (p>0.05) increase when compared to one another at 48 hours. Comparable results were
observed for recently published paper by Zoi et al., (2021) who found a similar ICso of 10uM (equals to 3.2pg/ml)
following 72 hours of incubation with U87MG cell lines. For SVG P12 cells comparable results were found by Romero-

Hernadndez et al., (2013) which found that SVG P12 could withstand 25uM (equals to 9.6pg/ml) of curcumin.

After 48 hours the cell viability of SVG P12 fluctuated, with first four points resting around 100 percent cell viability.
The fluctuation seen at 5.5pug/ml and 9.6pg/ml may be due to the random counting variance which occurred during
the initial dilution and counting using the haemocytometer (Richards et al., 2023). This may lead to the large standard

deviations (figure 4.7B).

This may be due to curcumin having a positive impact on cell growth when at lower concentrations. Curcumin as seen
in Kim et al., (2008) exerted biphasic effects on multi-potent neural progenitor cells, which stimulated proliferation.
After exposure to curcumin for 48 hours, the SVG P12 could take advantage of curcumins ability to activate the

extracellular kinases and therefore maintain a constant cell viability below 10ug/ml.

Curcumin can upregulate expression of p53, p21 and ING4. The p53 pathway, which is a tumour suppressor protein
which can induce apoptosis to damaged cells preventing further division and growth. GBs dysregulate this pathway
due to a TP53 mutation which prevents the formation of p53 and promoting cell proliferation. Upregulation of p53 in
U87MG cells would increase cell death, leading to the low ICsoseen in the results (Wong et al., 2021). For SVG P12 the
increase p53 would explain the increase in cell viability at lower concentrations of curcumin observed at 1.8ug/ml at

24 and 48 hours.
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The longer exposure to the phytochemical from 24 hours to 48 hours would lead to a greater impact of the mechanism
of action leading to further toxicity. Therefore, the use of curcumin loaded NLC could be used to reduce the toxicity

observed in the control cell line SVG P12.
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Figure 4. 7: The effect of curcumin over 24 hours (A), and 48 hours (B) against U87MG (green) and SVG P12 (yellow)
cells. Data presented are N=3, mean/SD.
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3.1.5. Cell lines treated with F1 Cur-NLCs

F1 Cur-NLC was the first NLC formulation tested on both U87MG and SVG P12 cells to compare the cell viability
between curcumin alone and the encapsulated formulation. F1 Cur-NLC overall had an increased cell viability when

compared to curcumin alone for both U87MG and SVG P12 cells.

At 24 hours the F1 Cur-NLC showed no reduction in cell viability to 50% for U87MG and SVG P12 cell lines represented
in table 4.1. At 48 hours, figure 4.8 B exhibited lower viability and an ICso of 28ug/ml £ 1.803 for U87MG cells and
23ug/ml + 2.082 for SVG P12. U87MG did not show a significant increase of ICso when compared to SVG P12 cells at
24 hours (p>0.05). When compared against the phytochemical alone toxicity was reduced with equivalent results
found in Chen et al., (2016) who reported 75% reduction in cell viability from Cur-NLCs compared against curcumin

when tested against U373MG GBs lines.

The increased viability at lower concentration of NLC loaded phytochemical may be caused by the excipients used in
the NLC such as, lipoid E80, Lipoid S75 and Migyol 812. Lipid metabolism promotes higher cell viability by the provision
of fatty acids and phospholipids providing precursors to metabolic pathways (Abdul Rashid et al., 2022). So, lower
concentrations of NLC would have decreased phytochemical interactions to counteract the increase cell viability
provided by the NLC excipients. NLCs are also shown to provide a slow sustained release of drug over an extended
period, which in practice, improves the ability of drugs bypassing BBB offloading mechanisms, increasing access to
tumour targets (Lombardo et al., 2020). This may lead to negligible impact to overall cell viability over a 24-hour period
due to the NLC remaining stable and only releasing drug past 24 hours. A dissolution study of the NLC is a potential

future avenue for testing to confirm the release rate of the drug.

The most important aspect to highlight is the increased ICsoto SVG P12 cells when compared to curcumin alone from
23ug/ml + 2.082 in the encapsulated formulation and 7ug/ml £ 0.361 with curcumin alone at 48 hours. With no
reduction in viability seen past 50% at 24 hours for the encapsulated formulation. This highlights its increased safety
in potential future treatments. In future, increasing specific toxicity to U87MG cells could be achieved via the inclusion

of specific binding antibodies on the surface of the NLC which would specifically target the cancerous cells.

The size of NLC formulation was below 200nm which might played a key role in improving overall drug delivery

efficiency and reduction in clearance from the BBB (Satapathy et al., 2021). Prolonged contact with the barrier would
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improve chances of crossing the BBB through passive diffusion and other transmembrane mechanisms (Satapathy et
al., 2021). This could lead to an improved toxicity in the U87MG from 24 hours to 48 hours. Zwain et al., (2020) who
used a formulation with some similar excipients exhibited an improved ability of the NLC to cross the BBB using a 3D
model. Future testing of the formulation in 3D models to ensure the toxicity of the formulation remains, and to prove

its potential ability to cross the BBB, would be a good option to further test our developed formulations.

The increase than decrease in toxicity at 48 hours from 0-15ug/ml then onwards may be due to the positive impact of
the blank NLCs had on cell viability. The toxicity of curcumin at lower concentrations seen in figure 4.7b may be

counteracted by the positive impact seen on viability in blank formulations shown in figure 4.6b.
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Figure 4. 8: The effect of F1 Cur-NLC over 24 hours (A), and 48 hours (B) against U87MG (green) and SVG P12 (yellow)
cells. Data presented are N=3, mean/SD

3.1.6. Cell line treated with F2 Cur-NLC

F2 Cur-NLC was used to treat both cell lines as initially the TD quantified for F1 cur-NLC was less than 53% which would
lead to needed higher concentrations of NLC to achieve acceptable reduction in cell viability. Therefore, the NLC was

optimised with the inclusion of Solutol which improved TD, as indicated in chapter 3.

F2 cur-NLC observed a decreased cell viability and an ICsp value of 25.500ug/ml = 0.929 at 24 hours, when U87MG cells
were treated. However, interestingly, the SVG P12 cell lines viability was not reduced to 50% under the same
conditions (figure 4.9 A and table 4.1). Following 48 hours of treatment, U87MG cells indicated further reduction in
viability with 1Cso 7.500ug/ml = 1.710 and for SVG P12 cells had an ICso of 11.900ug/ml + 1.752 at 48 hours (figure 4.9
B and table 4.7), showing an increased toxicity to the cancerous cell line represented in figure 4.9 B. U87MG and SVG
P12 at 48 hours showed that U87MG cell viability was significantly decreased from that of SVG P12 (p<0.05). F2 Cur-
NLC also showed an increase in cell viability at lower concentrations. At lower concentration of F2 Cur-NLC, in SVG P12
cells an increase in cell viability over 100% was observed, such as 3.6pg/ml increasing cell viability to 143.784% + 7.445

at 24 hours. At 48 hours the increase occurred at 1.8ug/ml to 102.033% + 4.487 cell viability.
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Toxicity towards SVG P12 cells at both 24 and 48 hours was reduced when compared to the phytochemical alone with
no ICsoto compare at 24 hours (table 4.1). At 48 hours, curcumin alone had the higher ICspat 7pug/ml £ 0.361 with an
increased ICso of 11.9ug/ml £ 1.752 for the loaded formulation. This shows the NLC is less toxic towards the non-

cancerous cell-line.

As mentioned in chapter 2, the optimisation of the NLC improved the TD of the F2 Cur-NLC. The introduction of
Kolliphor HS15 improved the TD of the formulation from 53% to 67%. Solutol is a potent non-ionic solubliser and
shown to improve drug accumulation in the brain due to the protection from biological degradation which would lead

to the improved toxicity found in this study (Chen and Liu, 2012; Ali and Kolter, 2019).

The size of F2 Cur-NLC was not significantly increased from F1 Cur-NLC (p>0.05) so the toxicity of U87MG cells due to
the size of the NLCs would be comparable to the results discussed in 2.1.5. The formulation also shared similar traits
to what was used by Zwain et al., (2021) study including the use of Solutol which has been shown to improve BBB

penetration (Ali and Kolter, 2019).

To help reduce toxicity to the non-cancerous cells the introduction of duel loaded NLC which has shown to improve
cytotoxicity against tumours as seen with TMZ and curcumin loaded NLCs (Xu et al., 2020), could be a potential future
option for research. Another aspect to improve toxicity towards GBs cells could be the use of specific target ligands
that are attached to receptors overexpressed in GBs cells and down regulated in the control non-cancerous cells

(Emami et al., 2017).
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Figure 4. 9: The effect of F2 Cur-NLC over 24 hours (A), and 48 hours (B) against U87MG (green) and SVG P12 (yellow)
cells. Data presented are N=3, mean/SD.

Table 4. 2: ICso values of EPGC and F1 EPGC-NLC against U87MG (green) and SVG P12 (yellow). n/a means the sample
had no inhibitory concentration at 50% cell viability (1Cso).

EPGC 14+ 1.756 11+1.258 | EPGC 20+1.528 | 19+2.021
F1 EPGC-NLC n/a 66 +2.021 F1 EPGC-NLC | n/a 36 1+ 6.658
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3.1.7. Cell lines treated with EPGC.

The anti-cancer potential of EPGC against U87MG cells and SVG P12 as a control cell line, was determined following
24 and 48 hours of treatment. Each time point presented a significant reduction in overall cell viability following
treatment with EPGC, with significant reduction in the cell viability of the treated cells from 15 pg/ml onwards (figure

4.10).

U87MG cells demonstrated an increase in efficacy (low I1Csp) when incubated with EPGC with an ICsovalue of 14 + 1.756
pug/mland 11 + 1.258 ug/ml at 24 and 48 hours, respectively. These results were in line with Das, et al., (2009), which
reported a decrease in cell viability at 50uM after a 24-hour period and Yokoyama, et al., (2001) that indicated a
reduction in U87MG cell viability at 25uM after 48 hours of treatment. It is worth mentioning that there was no
significant difference (p>0.05) between 24 and 48 hours ICso values, indicating that the inhibition in the cell viability

was achieved at first 24 hours, and slightly increased following 48 hours of treatment with EPGC (Figure 4.10 A and B).

Where for SVG P12 cell lines exhibited an 1Csp of 20pug/ml + 1.528 at 24 hours and a ICso of 19ug/ml + 2.021 at 48
hours. No comparable papers were found which studied the toxicity of EPGC against the SVG P12 cell line. SVG P12

observed a reduced toxicity when compared to the U87MG cells.

EPGC is known to induce apoptosis and inhibit major growth factors/ receptors. Apoptosis can occur via two main
pathways the intrinsic and or extrinsic pathways, where EPGC is shown to impact both. The mitochondrial or intrinsic
pathway can be induced via the introduction of oxidative stress. An example of this is stress applied from reactive
oxygen species (ROS) which EPGC is known to increase the prevalence of in cells (Agarwal, et al., 2008). The oxidative
stress caused by ROS contributes to the formation of apoptosome complex, triggering the beginning of a cascade
reaction causing cell death. This is done via the release of mitochondrial cytochrome C, activating caspase-dependant
and caspase independent death receptors (caspase-9, caspase-3 and capsase-7). The induction of the intrinsic pathway
via EPGC, will lead to apoptosis and cell death via the upregulation of apoptotic factors in the DNA of cancer cells

increasing apoptosome formation (Rady et al., 2018).
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Furthermore, extrinsic pathways induce apoptosis via the death ligands such as TNF-a and Fas ligands, which induce
cell death via a caspase cascade and induces cell death (Waring and Millbacher, 1999). EPGC in the extrinsic pathway
down-regulates anti-apoptotic receptors such as BCL-2, XIAP and BCL-XL, whilst upregulation of pro-apoptotic factors
such as BAD and BAX in adrenal cancer cells (Rady et al., 2018). These factors such as BCL-2 promote cell proliferation
by increasing cell division rates, so the inhibition of this protein would allow for deliberate cell death and reduce cell
viability. BAD which is upregulated by EPGC, works as an agonist further impeding the anti-apoptotic ability of BCL-2

(Hardwick and Soane, 2013).

The upregulation of pro-apoptotic factors and the production of apoptosome complexes would lead to a decrease in
overall cell viability of U87MG cell line as observed following 24 and 48-hour of treatment with EPGC, which validated

the anticancer activity of EPGCs.

EPGC had increased toxicity towards both U87MG and SVG P12 with the data showing no significant (p>0.05) decrease
between the two at both 24 and 48 hours. The encapsulation of EPGC in an NLC would aim to reduce the toxicity

between the phytochemical alone to the non-cancerous SVG P12 cells.
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Figure 4. 10: The effect of EPGC over 24 hours (A), and 48 hours (B) against U87MG (green) and SVG P12 (yellow)
cells. Data presented are N=3, mean/SD.

3.1.8. Cell lines treated with F1 EPGC-NLC

F1 EPGC-NLC was used to treat U87MG and SVG P12 cell lines across 24 and 48 hours with the goal to compare the

encapsulated EPGC with the phytochemical alone.

A 24 hours F1 EPGC-NLC did not show a reduction in cell viability past 50% for both SVG P12 and U87MG in the studied
concentration range. However, at 48 hours represented an ICso value of 66ug/ml £ 2.021 against US7MG cells and
36pug/ml + 6.658 against SVG P12 (table 4.1). Showing that F1 EPGC-NLC was more toxic against healthy brain tissue
when compared to the cancerous cell line. Data was significantly different from each other (p<0.05). F1 EPGC-NLC
improved cell viability at lower concentrations seen in SVG P12 and U87MG at 24 hours (figure 4.11 A). The

encapsulated EPGC showed a significant difference in values at 48 hours for both U87MG and SVG P12 (p<0.05).

The fact no ICsofor either U87MG or SVG P12, was found in 24 hours of testing suggests that the reduction of viability
only began to occur completely past 48 hours of treatment. This could be due to a myriad of factors, such as the time

taken for the release of EPGC and the introduction of the lipids to the cells due to NLC breakdown.
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There are no studies to compare the use of EPGC-NLC against human glial cells to base these results against and prove
the validity of the results. This shows the novelty of the experiment done in this study, although further optimisation
will be required and more research into the use of EPGC as a potential GBs treatment. For a proof of concept, F1 EPGC-
NLC had a reduced toxicity to SVG P12 when compared to the phytochemical alone which was what this study aimed
to achieve showing its positive impact of the NLC as a treatment. At 48 hours F1 EPGC-NLC had an ICsp of 36ug/ml +
6.658 while the phytochemical alone showed an ICso of 19ug/ml + 2.021 (table 4.1). An important aspect for future
studies would be to load EPGC into the F2 Blank-NLC as it showed improved results when curcumin was loaded into
it, and the inclusion of k... surfactant might enhance toxicity of GBs cells and protect the SVG p12 cells as seen in F2

Cur-NLC. Furthermore, a different range of concentration could also be explored to improve our findings.

F1 EPGC-NLC may induce a greater toxicity to SVG P12 cells than U87MG cells at 48 hours, but this does not discredit
NLCs as an effective treatment as without a nanocarrier, reduced levels of EPGC would cross the BBB (Pervin et al.,
2017). This would render the treatment less effective without the carrier (Teixeira et al., 2023). This is due to NLCs
ability to mitigate the impact of physical barriers and improve phytochemical permeability via passive diffusion
(Eleraky et al., 2020). Future research would investigate modifying the surface of NLC to promote specific targeting

and reduce the overall toxicity to SVG P12 cells even further (Emami et al., 2017).

At 24 hours and 48 hours SVG P12 exhibited an increase in cell viability at lower concertation of EPGC. This could be
attributed to EPGC ability to promote mitochondrial biogenesis and oxidative phosphorylation. This would promote a
non-cancerous cells ability to grow by utilising the excess ATP generation (Kim et al.,, 2014). However, at greater
concentrations causes mitochondrial damage which can be observed via the reduction of cell viability past 20pg/ml

for both SVG P12 cell line and U87MG in figure 4.11.
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Figure 4. 11: The effect of EPGC over 24 hours (A), and 48 hours (B) against U87MG (green) and SVG P12 (yellow)
cells. Data presented are N=3, mean/SD.

Overall, from cell viability assays done on all samples. The common trend was the ICso was decreased from 24 to 48
hours for both U87MG and SVG P12 cell lines. This is due to slow-release potential of an NLC and the ability of an NLC

to degrade past 24 hours of existence in a medium. This could be further confirmed via a release study.
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3.2. Scratch/ Wound assay.

Scratch wound assays can provide essential insight into cell migration parameters such as persistence, speed and
polarity. It can also show the impact to this migration with the introduction of phytochemical and loaded NLC’s. It also
facilitates a comparison of the migration between the chosen samples. Samples were tested at 0, 2, 4, 6, 24, 48 and
72 hours to reflect time points chosen and observed in cell viability testing. Almost all control data exhibited an average
wound closure begin at around 24 hours for U87 MG and 48-72 hours for SVGP12. This was then used as reference to

see the impact of the chosen samples effect on migration.

The qualitative data and images taken by the inverted light microscopy shown below were used to represent each
compound and formulation’s ability to prevent the migration of cells across a wound. It also provides insight into the

malignancy of the U87MG cell lines.

From the above results, the 1Cso values were determined for F2 Blank-NLC, Curcumin, F2 Cur-NLC, EPGC, which then
were used to conduct more in-vitro studies. During the Scratch/wound assay experiment, the qualitative data showed
that overall, all tested compounds showed a reduction in the migration of both U87MG and SVG P12 cell lines. The

only sample which did not show an effect to cell migration was F2 Blank-NLC.

U87MG cells were treated with the ICso of F2 Blank-NLC and compared against a control. ‘Before’ values showed
significant confluence before testing. At 0 hours F2 blank-NLC showed an increased reduction in the wound when
compared to the control. At 2 hours F2 blank-NLC still maintained its increased reduction of the wound. At 6 hours the
increased cell migration continues when compared to the control. At 24 hours the F2 Blank-NLC the wound had almost
completely closed, while the control still observed a small wound. By 48 hours both the control and F2 Blank-NLC

showed no wound (figure 4.12).

The Blank NLC’s presented no major difference between the control and NLC over all time points. The qualitative data
collected here reflects the quantitative data found in cell viability, which exhibited cell growth over the 24 & 48 hours.
These results are in line with those found earlier in the study, as seen in figure 4.5 which exhibited an increase of cell
viability when treated with the ICso of F2 cur-NLC. The U87MG cell viability increased due to NLCs providing the
essential building blocks needed for cell growth such as lipids. This would lead to the increased speed to which the

wound closed in figure 4.12.
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Figure 4. 12: Migration of US87MG cells treated with the ICso of F2 Blank-NLC compared against a control, over 0, 2,
6, 24, 48 and 72 hours completed at 4x magnification, N=3. The red line represents the edges of wound.

SVG P12 cells were treated with the I1Cso of F2 Blank-NLC and compared against a control. ‘Before’ values showed
significant confluence before testing. F2 blank-NLC maintained its increased reduction of the wound when compared
against the control throughout all time points. At 24 hours the F2 Blank-NLC the wound showed an almost complete
closure, while the control still indicated a small wound. By 48 hours both the control and F2 Blank-NLC presented a

small wound. Finally at 72 hours the wound was closed completely (figure 4.13).

This coincides with the data found in the viability study, as for 24 hours the cell viability showed an increase in cell
growth in SVG P12 cells seen at the treated volumes at 193.423% + 22.314 increase in cell viability. This increase also
corresponds with 48-hour viability data with almost complete closure of the wound which is represented with the
increase in cell viability seen in figure 4.6 at 153.517% + 38.608. SVG P12 observed the same pattern of following the
cell viability data with increasing migration of the wound from 24 hours to 48 hours. This would be due to the non-
toxic nature of the blank formulation. The excipients which make up the formulation, such as sodium cholate and

Dynasan 114, have shown no negative impact on cell growth (Olbrich et al., 2010 ; Gandola et al., 2020).
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The data represents that the formulation itself did not lead to any reduction in migration and any changes or difference

seen in the cells when loading the phytochemical in the NLCs, could be the effect of the phytochemical alone.

The Blank NLC’s showed no major difference between the control and NLC over all time points. The qualitative data
collected here reflects the quantitative data found in cell viability, which exhibited cell growth over the 24 & 48 hours.
When compared to U87MG data, the wound took a greater length of time to close for both the control and the treated
sample. SVG P12 cells exhibited a decreased wound closure beginning at 6 hours of treatment compared to the control,
this mirrors the increase in wound closure seen in the U87MG data. This suggest the Blank NLCs had a similar impact
on cell growth for both cell lines, this is mirrored in the cell viability studies, as both cell lines exhibited similar increased

in cell viability over 48 hours.

F2 Blank-NLC wound assay data SVGP12

Control
Before 0 Hour 2 Hour

24 Hour 48 Hour

F2 Blank-NLC
Before

Figure 4. 13: Migration of SVG P12 cells treated with the ICso of F2 Blank-NLC compared against a control, over 0, 2,
6, 24, 48 and 72 hours completed at 4x magnification. Data presented are N=3. The red line represents the edges of
wound.

Curcumin was tested against U87MG cells and compared against a control. ‘Before’ values showed significant
confluence before testing. At 0 hours curcumin and the control had similar sized wounds in the plate. At 2 hours

curcumin observed an increase in wound size while the control showed a small reduction in the wound size. At 6 hours
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curcumin exhibited an increased size of the wound when compared to the control. At 24 hours the control wound had
completely closed, while curcumin had a very minor wound. The curcumin wound closed at 72 hours. Curcumin

inhibited an anti-invasive function against U87MG cells by the prevention of wound closure exhibited in figure 4.13.

The anti-migration effect of curcumin may be due to curcumin’s effect on STAT3 phosphorylation, with the inhibition
of the protein suppressing fascin expression in GBs. Fascin is highly expressed in GBs and is known to improve cell
migration via actin cross linker, so the reduction would coincide with the decrease in cell mitigation seen in figure 4.14.

Within U87MG cell lines curcumin exhibited a decrease in fascin production (Park et al., 2019).

Curcumin can also reduce the expression of TNF-a in cancerous cell lines due to limiting production via blocking
receptors, which is known to inhibit the invasion of cancerous cell lines (Ramaswamy et al., 2019). The decreased
migration in U87MG cells could be attributed to curcumins regulation of epithelial-mesenchymal transition-related
proteins, including E-cadherin, vimentin, TCF8 which can alter cell migration as reported by other researchers (Gandola
et al., 2020). TNF-a improves cell migration via the NF-KB and AKT-signalling pathways. These pathways lead to
invasion via epithelial mesenchymal transition induction. While the AKT pathway (protein kinase B) is a downstream
effector of P13K, leading to reduced production of BAD and an increase in capsase-9 production which can lead to

DNA damage and p53 production (Wu and Zhou, 2010).

The wound remaining present at 24 hours represents curcumin’s ability to mitigate wound closure. This reflects the
anticancer capability of curcumin, as cancerous cells have shown an improvement in migration due to the
overproduction of TNF-a. This data also reflects the results found in section 3.1., where curcumin exhibited an ability
to decrease cell viability at both 24 and 48 hours when compared to the non-cancerous cell line. Curcumin wound
closed past 48 hours, this suggests a potential improvement of curcumin, as a slow release may allow curcumin to
remain active around cells without being broken down or removed. This could be achieved via encapsulation with an

NLC.

The prevention of cell migration reflects the data seen in figure 4.7, as over the 48 hours of treatment, curcumin
exhibited a decrease in cell viability. This decrease in cell viability would reduce the cells’ ability to migrate across a

wound.
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Figure 4. 14: Migration of US87MG cells treated with the ICs, of curcumin compared against a control, over 0, 2, 6,
24, 48 and 72 hours completed at 4x magnification. Data presented are N=3. The red line represents the edges of
wound.

SVG P12 cells exhibited a similar pattern to U87MG when exposed to curcumin. ‘Before’ values showed significant
confluence before testing. At 2 hours both control and curcumin exhibited similar wounds in sizes. At 6 hours the
control presented a slight increase in wound closure when compared to curcumin. At 24 hours, the control presented
a slight increase in wound closure when compared to curcumin. At 48 hours the wound was similar in size compared

to the control. At 72 hours the control was closed, while curcumin still showed an observable wound (figure 4.15).

SVG P12 cells showed an increased sensitivity to treatment when compared to the controls with a wound remaining
at 72 hours. While the U87MG due to the high proliferation rate showed no wound when exposed to treatment by 72
hours. A wound remained from 72 hours onward due to curcumin impact on the regulation of anti-apoptotic factors
Bcl-2 and Bcl-XL (Wang et al., 2009). These two proteins prevent apoptosis by decreasing the production of death
deriving cysteine proteases (apoptosome), or inhibition of cytochrome c. Cytochrome C can directly activate caspases
which can cleave DNA and promote apoptosis. Curcumin has shown to reduce these factors, which would reflect the
results seen in figure 4.15 where treated cells exhibited a wound at 72 hours. More cell death would prevent the

migration of cells.
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When compared to U87MG data, the SVG P12 wound remained up to 48 hours instead of closing at 24 hours. However,
after treatment, a wound remained up to 72 hours with SVG P12 treated cells while U87MG cells exhibited no
observable wound at 72 hours. This could be attributed to the highly proliferate nature of U87MG cells, while SVG P12
cells would not contain the mutations and wildtypes found in U87MG which would facilitate greater migration. This is
seen with the increased level of TNF-a found in U87MG when compared to SVG P12 in figure 4.22. In comparison to
cell viability data, the reduction in cell migration found in treated cell lines reflects the data seen in figure 4.7. With

curcumin showing a toxicity to the cell line and ability to reduce cell viability.

Curcumin wound assay data SVG P12

Control

Before 0 Hour 6 Hour 24 Hour 48 Hour
72 Hour
Curcumin

Before 0 Hour 2 Hour 6 Hour 24 Hour 48 Hour

Figure 4. 15: Migration of SVG P12 cells treated with the ICs, of curcumin compared against a control, over 0, 2, 6,

24, 48 and 72 hours completed at 4x magnification. Data presented are N=3. The red line represents the edges of
wound.

72 Hour

F2 Cur-NLC was tested against U87MG cells and compared against a control. ‘Before’ values showed significant
confluence before testing. At 0 hours both the control and F2 Cur-NLC exhibited similar wound sizes. The wound
migration remained consistent from 2 hours to 6 hours between the control and F2 Cur-NLC. At 24 hours F2 Cur-NLC
showed a reduced reduction of the wound when compared to the control. At 48 hours the wound had closed
completely at the control, F2 Cur-NLC exhibited an increase in wound size when compared to the 24-hour sample. At

72 hours the cells began to detach from the bottom of the six well-plate as observed in figure 4.16.

130



One study observed a wound closure after 24 hours using cur-NLC against HaCaT Keratinocytes (Lee et al., 2020).

When compared to results found within this study, prevention of cell migration was much more visible.

This may be attributed to the difference in formulation use. Solutol used in this study improved the total
phytochemical encapsulated in the NLC, leading to an improved prevention of cell migration. The particle size of the
formulation was 142nm + 4.3, which may lead to the increased potential of the NLC in preventing cell migration due
to smaller sizes improving cellular uptake (Augustine et al., 2020). The improved cellular uptake would increase the
curcumin absorption by cells and induce apoptosis. F2 Cur-NLC also exhibited an improved ability to prevent cell
migration when compared to the phytochemical alone. F2 Cur-NLC observed comparable results to curcumin alone
with SVG P12 cells, with wounds remaining up to 72 hours. This is reflected in cell viability data, with F2 Cur-NLC
showing a low ICsp of 25.5ug/ml + 0.929 at 24 hours and greater reduction in cell viability at 7.5pug/ml £ 1.71 at 48

hours. The reduction in cell migration remains constant between these two time points.

NLC data showed a limitation found with the scratch wound assay testing. After 48 hours, cell became detached from
the plate, so cell viability data would only be able to support up to 48 hours. This detachment found at 72 hours may
be due to the increase phytochemical accumulation leading to a decrease in fibronectin which releases in the extra
cellular matrix causing adhesion to the bottom of the plate. Curcumin has shown to decrease extracellular matrix

component and fibronectin production in leiomyoma cancer cells (Gabr et al., 2022).
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Figure 4. 16: Migration of U87MG cells treated with the I1Cso of F2 Cur-NLC compared against a control, over 0, 2, 6,
24, 48 and 72 hours completed at 4x magnification. Data presented are N=3. The red line represents the edges of
wound.

72 Hour

F2 Cur-NLC was tested against SVG P12 cells and compared against a control. ‘Before’ values showed significant
confluence before testing. At 0 hours both the control and F2 Cur-NLC exhibited similar wound sizes. The wound
closure remained consistent from 2 hours to 6 hours between the control and F2 Cur-NLC. At 24 hours F2 Cur-NLC
showed a reduced reduction of the wound when compared to the control. At 48 hours the wound had closed
completely at the control, F2 Cur-NLC exhibited a detachment of the cells from the bottom of the six well plate which

continued into the 72-hour test observed in figure 4.17.

This detachment of cells may be due to curcumins ability to reduce the production of extracellular components and
fibronectin production (Gabr et al., 2022). SVG P12 has shown an increased sensitivity to NLC treatment after 24 hours
when treated with F2 cur-NLC with no ICsp at 24 hours, while having an ICso of 11.9ug/ml + 1.752 at 48 hours. This
reflects the scratch wound assay data, which exhibited detachment beginning at 48 hours. While 24 hours exhibited
no ICso in cell viability testing, which reflects the wound between the control and treated samples having similar

widths. Detachment occurred 24 hours earlier in SVG P12 data when compared to U87MG results.

132
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Figure 4. 17: Migration of SVG P12 cells treated with the ICso of F2 Cur-NLC compared against a control, over 0, 2, 6,
24, 48 and 72 hours completed at 4x magnification. Data presented are N=3. The red line represents the edges of
wound.

It was noticed that early time points 0, 2 and 6 hours the treated U87MG cell with ICs, concentration of EPGC exhibited
slight reductions in the wound width as compared to the control. However, after 24 hours of treatment with EPGC,
the U87MG cells showed a distinctive reduction in cell migration when compared to the control. In comparison cell
viability data showed after 24 hours EPGC reduced cell viability across the tested range of concentrations (Figure 4.17).
After 48 hours the control exhibited no visible wound with 100% viability, while U87MG cells treated with EPGC still
exhibited the presence of a wound, as also observed by the cell viability data following 48 hours of treatment (Figure

4.17).

EPGC has demonstrated the potential in inhibition of cell malignant ability to migrate and invade, preventing the
development of metastasis, which is the major cause of patient death. PI3K signalling aids in promoting cell
proliferation it is formed from two parts most importantly phosphatidylinositol-3-kinase (PI3K). PI3K is an intracellular
kinase, it plays a key role in the signal transduction pathways via the binding of extracellular signals to cell surface
receptors (Zhao et al., 2021). They are triggered by the activation of extra cellular signals, such as growth factors,
hormones, and cytokines. Binding of factors such as epidermal growth factors (EGFR) are known to auto phosphorylate

PI3K, recruiting the protein. RAS, a major oncogenic marker in human cancer is affected by PI3K, RAS binds to and
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activates p110y catalytic subunit, leading to an increase in PI3K activity. P13K hyper-activation leads to increased

proliferation, metastasis, and invasion of cancer cells (Rascio et al., 2021).

EPGC wound assay data U87MG
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Figure 4. 18: Migration of U87MG cells treated with the ICso of EPGC compared against a control, over 0, 2, 6, 24,
48 and 72 hours completed at 4x magnification. Data presented are N=3.

EPGC was tested against SVG P12 cells and compared against a control. Before values showed significant confluence
before testing. EPGC compared against the control exhibited a similar rate of wound reduction from 0, 2 and 6 hours.
At 24 hours EPGC exhibited a small reduction in the wound when compared to 6 hours, whilst the control exhibited a
significant reduction in the wound. At 48 hours the control wound closed where EPGC treated cells wound did not

close until 72 hours (Figure 4.19).

This data reflets those found in section 3.1 with 24 and 48 hours seeing an ICso of 20ug/ml £ 1.528 and 19ug/ml +2.021

respectively. This would present as a reduction in wound migration when compared to the control.

The reduction in cell migration may be due to EPGCs ability to overexpress the p53 pathway. P13K is an AZD6482
inhibitor and exhibited a decrease in cell migration when treated with 10uM/ml of EPGC when treating human GB

cells lines (Xu et al., 2019).
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In comparison to the U87MG cells, SVG P12 cell lines exhibited a prolonged wound with closure only occurring at 48
hours for the control. This contrasted with U87MG which exhibited a wound closure of the control at 24 hours. This
could be potentially due to U87MG cells being highly proliferate, as they contain a p53 wildtype; this leads to lower
expression of the apoptotic pathways and increasing cell migration. Within the tested cells, EPGC exhibited a wound
up to 72 hours in U87MG cells and only up to 48 hours in SVG P12 cells. This suggests that EPGC exhibited an improved
toxicity and ability to prevent migration in the cancerous cell line compared to the healthy glial cells. This is reflected
in the cell viability data, where EPGC had a lower IC50 of 14pg/ml + 1.756 (24 hours) and 11ug/ml + 1.258 (48 hours)

for US7MG cells. SVG P12 exhibited an increased IC50 of 20ug/ml + 1.528(24 hours) and 19ug/ml + 2.021 (48 hours).

EPGC wound assay data SVG P12

Control

Before 0 Hour 2 Hour 6 Hour 24 Hour 48 Hour
72 Hour

EPGC

Before 0 Hour 2 Hour 6 Hour 24 Hour 48 Hour

Figure 4. 19: Migration of SVG P12 cells treated with the ICso of EPGC compared against a control, over 0, 2, 6, 24, 48
and 72 hours completed at 4x magnification. Data presented are N=3.

72 Hour

3.3. Cell cycle analysis

To understand the reason for cell inhibition, it was important to perform the cell cycle analysis to provide more insight

into which phase of the cell cycle was inhibited.
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During cell cycle study, the control U87MG cells exhibited the highest percentage of cell cycle arrest at GO/G1 phase

at 53.067% * 3.623, followed by 18.747% + 1.786 and 14.960% * 0.442 for G2/M and S phase, respectively.

SVG P12 control cells showed the greatest amount of cell cycle arrest at the GO/G1 phase of the cycle at 35.087% *

1.439, followed by G2/M phase with a percentage of 27.53% + 0.555 and 12.847% * 1.737 for the S phase.

U87MG cells treated with Blank NLCs in this study exhibited a cell prevalence of 43.240% +5.487 for GO/G1 and a
prevalence of 22.607% +5.265 for the S phase. Finally, the treated cells exhibited a prevalence of 19.21% +0.5476 at
the G2/M phase of the cell cycle. SVG P12 cells treated with Blank NLC in this study exhibited a cell prevalence of
30.293% * 1.028 for GO/G1 and a prevalence of 14.16% + 0.745for the S phase. Finally, the treated cells exhibited a

prevalence of 26.703% + 0.246at the G2/M phase of the cell cycle.

F2 Blank-NLC showed no significant difference between U87MG control samples and treated cells (p>0.05) (figure
4.20). There was also no significant difference between SVG P12 control sample and SVG P12 F2 Blank-NLC (p>0.05)
(figure 4.21). F2 Blank-NLC followed the pattern of the control for both U87MG and SVG P12 cells. This would be due
to the lack of toxicity found in F2 Blank-NLC as seen in the cell viability assay represented in figure 4.6. This indicated

that the formulation itself was not influencing the overall toxicity and targets of action of U87MG and SVG P12 cells.

U87MG cell treated with curcumin in this study reported a cell prevalence of 48.237% +13.950 for GO/G1 and 13.760%
+1.146 for S phase respectively (Figure 4.20). Curcumin treated U87MG cells showed a prevalence of 26.43% +12.362
at G2/M phase. Curcumin exhibited no significant difference between the control and tested samples. However, cell

cycle arrest was observed in the G1/G0 phase and a G2/M increase.

SVG P12 cells treated with curcumin reported a cell prevalence of 19.547% + 5.651for GO/G1 and 18.143% * 2.916 for
S phase respectively (Figure 4.21). Curcumin treated U87MG cells showed a prevalence of 23.293% + 1.097 G2/M

phase.

Curcumin exhibited non-significant exhibited cell arrest in the G2/M phase of the cell cycle. Comparable results were
found by Cheng et al., (2016) who treated U87MG cell lines at higher concentrations of 40uM of curcumin. This study
treated cells with the equivalent of 10uM, suggesting a higher dosage of treatment may induce the expected cell cycle
arrest at a significant level. This shows that curcumin if treated in higher concentrations, would lead to specific cell

cycle arrest in the G2/M phase in the cell cycle.
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Curcumin treated U87MG induces cell cycle arrest in the G2/M phase via the up regulation of p21 and de-regulation
of cyclin D1. This process occurs independently from the p53 pathway. The increased regulation of p21 means an
increased inhibition of CDK2 and CD1 leading to a reduction in the number of cells dividing into the G2 phase (Byeong
et al., 2008). This is reflected in SVG P12 which showed significant reduction in the G2 phase when compared to the
control. Cell viability data also mimics this reduction in the G2 phase with SVG P12 cells exhibiting an ICso of 8.2ug/ml

+ 0.473 after 24 hours of treatment.

Further testing and repeats at greater concentrations of curcumin may show more impactful results. This would help
define and separate the results from the control to gain greater understanding of the impact curcumin has on the cell

cycle.

Curcumin also exhibited a non-significant arrest in the G1/GO phase of the cell cycle when compared against the
control in US7MG treated cells. This significant decrease was also observed in SVG P12 cells in the G1/GO phase.
Curcumin has shown to alter the ratio of BCL2:BAX via the mitochondria-mediated pathway in U87MG cells (Karmakar
et al., 2007). BCL2 enhances GO and delays the transition into the S phase, with an increase in BCL-2 that curcumin
facilitates would lead to the observed cell cycle arrest seen in this study. BCL2 is an agnostic competitor to BH3
(BAX/BAK) which facilitate cell proliferation and work as antiapoptotic agents. Curcumin also regulates P53 expression,
downregulating this protein. This downregulation of P53 leads to the increased ratio of BCL2:BAX, leading to further

GO/G1 arrest (Wong et al., 2021).

The cell cycle arrest seen in both U87MG and SVG P12 cells reflects curcumin ability to induce apoptosis in cancerous
and healthy glial cells. The data found here reflects the results seen in 3.1. where curcumin presented a low ICso for
both the U87MG and SVG P12 cell lines. By encapsulating the phytochemical in an NLC, SVG P12 tested cells exhibited
a less severe arrest in the GO/G1, showing the reduced toxicity to the SVGP12 cell line. This is also reflected in figure

4.8, to which the ICso of SVGP12 cells was increased when compared to curcumin alone.

U87MG cell treated with F2 Cur-NLC in this study reported a cell prevalence of 49.677% +7.204 for GO/G1 and 18.653%
+2.776 for S phase respectively (Figure 4.20). F2 cur-NLC treated U87MG cells showed a prevalence of 17.453% +3.043
G2/M phase. Curcumin exhibited no significant difference between the control and tested samples. SVG P12 cells

treated with F2 cur-NLC reported a cell prevalence of 31.813% * 3.612 for GO/G1 and 12.753% + 1.423 for S phase
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respectively (Figure 4.21). F2 cur-NLC cells showed a prevalence of 32 + 1.762 G2/M phase. US7MG treated cells
exhibited no significant difference between either phases, while SVG P12 exhibited a significant increase between the

G2 phase.

There was a significant increase of prevalence between the G2 phase of SVG P12 cells with 27.53% + 0.555 in the
control cells and 32% + 1.762 with F2 Cur-NLC (p<0.05), shown in figure 4.21. Zanotto-Filho et al., (2013) highlighted
the effect of Cur-NLCs against U251MG glioma cells. They exhibited no reduction in G1 and S phase of the cell cycle
and a significant increase in the G2 phase at 12pg/ml when compared against the control. These results were in line

to what found in this study.

The increase in the G2 phase seen in SVG P12 treated cells could be attributed to curcumins ability to inhibit the Akt
phosphorylation on Ser473. Akt is a downstream effector of P13K, and its inhibition reduces the BAD production and
Caspase 9/ Nuclear factor (NF-KB). BAD is a proapoptotic molecule, which binds to BCL-2 and deactivates their

intended function of inducing apoptosis (Chattopadhyay et al., 2001).

U87MG cells exhibited a non-significant decrease in the G1 phase. This decrease in the G1 phase may be due to
curcumin ability to impact the retinoblastoma pathway. U87MG cells exhibited a non-significant decrease in
prevalence in the G1/G0 when compared against the control. Retinoblastoma is often dysregulated in GBs and plays
an important in cell proliferation. It consists of five components: RB-family of pocket proteins (RB, p107, p103),
CDKN2A/ pl6ink4a, Cyclin D1, dependent protein kinases (cdk4/6), and E2F. CDKN2A acts as a negative regulator that
inhibits the activity of CDK4/6 and competes with cyclin D1. CDK4/6 and cyclin D1 complex prevents the
phosphorylation of the retinoblastoma protein, which binds E2F protein, preventing E2F-regulation gene expression.

This inhibition leads to arrest in the G1/S phase.

There are little to no studies showing the impact on the cell cycle of curcumin against SVG P12 both in an NLC and as
a phytochemical alone. This shows the novelty of this study and the first to test the impact. In the future further testing

should be completed to corroborate the results.

When compared to the phytochemical alone F2 cur-NLC had an improved prevalence overall for both U87MG and SVG
P12 cell lines. This reflects cell viability data found in section 3.1. as the encapsulated phytochemical had increased

ICso when compared to the phytochemical alone.
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U87MG cells treated with ICso of EPGC in this study reported a cell prevalence of 45.770% +1.683 for GO/G1 and
14.885% +3.472 for S phase respectively (Figure 4.20). EPGC treated U87MG cells showed a cell cycle arrest of 29.810%
+3.352 at G2/M phase. The GO/G1 and S phase following the same pattern of the control in terms of cell cycle arrest.
However, a significant increase in G2/M phase (p<0.05) was observed of cell cycle arrest. Within GO/G1 EPGC exhibited

a non-significant decrease when compared against the control.

Within SVGP12 cells EPGC showed a cell cycle arrest of 12.233% + 2.89 in the G1 phase of cell cycle, with a significant
(p<0.05) decrease when compared against the control. G1 phase also presented with this significant difference at 9.7%

1 0.9461 of cell cycle arrest. S phase exhibited no significant difference, following the pattern of the control.

P53 is an important pathway for tumour suppression and is triggered by extrinsic and intrinsic stress signals such as
heat/cold shock, mitotic spindle damage or DNA damage. The activation of the protein eventually leads to cell cycle
arrest in the G1/M or G2/M phase. P53 in cell cycle arrest specifically depletes regulators of cell cycle progression such
as cyclins (A, F1, F2, D) and induce the formation of suppressor complexes such as p21Waf leading to G2/M cell cycle
arrest (Gouasias et al., 2022). P53 is also shown to activate BH3- members of the Bcl-2 protein family, (BAX/ BAK)

which act as an agnostic preventing the cell-proliferation BCL-2 promotes (Hardwick and Soane, 2013).

EPGC is known to increase accumulation of p53 in cancerous cell lines (Jin et al., 2013). H1299 (human lung cancer
cells) showed an increase of p53 stability, whilst promoting nuclear localisation of the protein at 5uM of treatment
after 24 hours (Jin et al., 2013). Also, Saldanha et al., (2014) showed EPGC at 5mM had G2/M phase cell cycle arrest
for RKO cells when compared against the untreated control. Furthermore, Agarwal, et al., (2008) reported ROS to
cause apoptosis in cells by interfering with DNA replication and decreasing mitochondrial membrane potential, causing

G2/M phase arrest.

Agarwal et al., (2008) also reported that EPGC at 50 and 100uM concentrations showed a 1.7-fold and 2-fold increase
in ROS, respectively. The increased abundance of ROS found in cells treated with EPGC has the potential to increase
DNA damage, promoting p53 production therefore further increasing cell cycle arrest in G2/M phase. These results
are well in agreement with this study as seen in Figure 4.20, the increased cell cycle arrest in the G2 phase when

U87MG cell lines were treated with EPGC in comparison to the control.
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The data indicated that EPGC has a potent anticancer effect, via the cell cycle arrest in G2/M phase of the cell cycle.

EPGCs ability to promote accumulation of p53 in cancerous cell to induce cell cycle arrest.

Little to no other relevant research has been completed on the effects of EPGC on U87MG and SVG P12 cell lines, this
also includes other major GB cell lines. Leaving few options for comparison to validate the data found in this study.
This indicates a need to conduct further research in this field. For future testing, cell cycle analysis would be completed

for longer time points such as 24, 48 and 72 hours, and it would be good to test the EPGC loaded NLC to evaluate their
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Figure 4. 20: Cell cycle analysis of U87MG cells represented with a percentage of prevalence of G1, S phase and G2
when compared to the amount of cells total. F1 Blank-NLC, Curcumin, F2 Cur-NLC and EPGC treated US87MG cells
are all represented and compared for significance against an untreated control. Data presented are N=3, mean/SD.
Significant difference represented as p<0.05*.
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Figure 4. 21: Cell cycle analysis of SVG P12 cells represented with a percentage of prevalence of G1, S phase and G2
when compared to the amount of cells total. F1 Blank-NLC, Curcumin, F2 Cur-NLC and EPGC treated SVG P12 cells

are all represented and compared for significance against an untreated control. Data presented are N=3, mean/SD.
Significant difference represented as p<0.05 *.
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2.4. Enzyme-linked immunosorbent assay (ELISA)

After cell cycle analysis, ELISA investigations were completed to ascertain the level of TNF-a in U87MG and SVG P12
using ICso values. TNF-a is a cytokine which regulates the inflammatory response and triggers formation of different
signalling complexes which promote cell proliferation (Jang et al., 2021). TNF-a has been shown to upregulate IL-8
while enhancing the invasion of the cells (Wang and Lin, 2008). TNF-a has been shown to have increased levels in
U87MG cells, to which they are accredited to enhancing the invasion via inducing protein stabilization of Snail and -
catenin. The inhibition of GSK-3 B-mediated phosphorylation via NF-kB and Akt signalling pathways. This pathway plays
a role in invasion of tumour cells promoting Epithelial-mesenchymal transition induction. (Ramaswamy et al., 2019).
This is corroborated by the results found in this study with U87MG having an increased expression when compared to

SVG P12 in the control groups.

Due to the impact on invasion that TNF-a has shown, ELISA testing was completed to make a comparison of results

indicated also in the scratch wound assays. TNF-a was tested in both SVG P12 and U87MG cells with curcumin, EPGC,

141



F1 Blank-NLC and F2 Cur-NLC against a control with a concentration curve (figure 4.23) used to calculate the level of

TNF-a of treated cells.

TNF-a was chosen over IL-6 due to its role in tumour migration which could corroborate qualitative data seen in wound

assay data. IL-6 has also been extensively studied by many other papers, while TNF-a has not been so well researched.
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Figure 4. 22: Concentration of TNF-a within samples curcumin, EPGC, F2 Blank-NLC and F2 Cur-NLC based against
the values given from the concentration curve with a mean (n=3). Data presented are N=3, mean/SD. Significant
difference represented as p<0.05 *.
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Figure 4. 23: Concentration curve of TNF-a tested with known values and measured in arbitrary unit (AU). Data are
n=3, mean/SD.

The F2 Blank-NLC showed no significant difference between the control and U87MG treated cells (p>0.05) (figure
4.22). SVG P12 also follows the pattern of control in levels of TNF-a detected. This reflects the same findings of the
wound assay data to which F2 Blank-NLC did not alter the ability for U87MG and SVG P12 to migrate across the wounds
as seen in figures 4.12 and 4.13. These results were comparable to findings by Kumari et al., (2021), which reported
no significant change in TNF-a levels between the control and their Blank-NLC. This ensures that the NLC itself was not
the cause for the change in TNF-a levels. This is due to the fact the factors which make up an NLCs having little to no
impact in reducing the viability of cells and reducing levels of TNF-a. No other studies have shown the impact of Blank-

NLCs on TNF-a levels, demonstrating the novelty of our research and leading to exploring more studies.

Curcumin exhibited a non-significant reduction in levels of TNF-a from 26.579 +0.018 with the control to 23.333%
0.0086 to treated cells (p>0.05) (figure 4.22). Treated SVG P12 cells followed the pattern of control with low level of
TNF-a when compared to U87MG cells. However, Curcumin is known to inhibit TNF-a by hydrophobic, van der Waals
forces and binding to the TNF-a as reported by Wang et al., (2009), which observed similar levels of TNF-a expression
after 20 umol/l (7.2pg/ml) of curcumin after 6 hours. This was in line with results found in our study. TNF-a levels of
curcumin were in line with the control, may also be indictive of curcumins ability to increase the expression of p53 to
induce apoptosis in GB cells. Increased levels of p53 have shown increased levels of TNF-a in apoptotic cells Therefore,

curcumin’s ability to increase p53 levels may skew the TNF-a decrease which was predicted (Satapathy et al., 2021).
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F2 Cur-NLC exhibited a significant decrease between the U87MG control and treated cells (p<0.05). With a difference
of 26.579AU $0.018 with the control and 5.439AU +0.0016 with F2 Cur-NLC. The SVP 12 treated cells followed the
pattern of the control with a non-significant increase in TNF-a levels. This shows that encapsulation in the NLC
improved curcumins ability to reduce the expression of TNF-a when compared to the phytochemical alone. The
reduction of TNF-a corroborates with the data found in wound assay with the improved reduction of TNF-a leading to
improved prevention of cell invasion and migration. This could be due to NLC's sustained release of the phytochemical
which has been shown to improve the accumulation of curcumin in the U87MG cells as reported by other papers (Salvi
and Pawar, 2019). This data is reflected in the wound assay with F2 Cur-NLC showing a reduction in cell migration
when compared to the control and curcumin alone. The reduced levels of TNF-a would reduce the ability of the
cancerous cell to migrate across the wound due to them no longer activating the PI3K-Akt/ ANXA1 which regulate

proliferation and migration via the PI3k/AKT signalling (Wei et al., 2021).

EPGC exhibited a significant decrease between the U87MG control and treated cells (p<0.05) (figure 4.22). A difference
of 26.579AU +0.018 between the control and EPGC (9.912AU + 0.004). There was no significant decrease between SVG
P12 control and EPGC (p>0.05) (figure 4.22). Comparable results were found by Wang et al., (2014) where 25 pmol/I
(equals to 54.54ug/ml) of EPGC showed a decrease of NFkB due to the reduction of TNF-a from 25AU in the control to
10AU in 25 umol/l (54.54ug/ml) to EPGC. EPGC reduces the levels of TNF-a via the activation of Hippo/ YAP pathway
which in turn reduces the expression of IncRNA TUG1, reducing the levels of TNF-a. This is reflected in data shown by
the U87MG wound assay; where 24 hours shows a reduction in cell migration when compared against the control. The
reduced levels of TNF-a would reduce the ability of the cancerous cells to migrate across the wound. As the PI3K-Akt/
ANXA1 pathway is no longer active in regulating proliferation and migration (Wei et al., 2021). Further studies will be
explored in the future to confirm the effect of the phytochemical alone (EPGC) and the difference when loaded into

the NLCs.
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4. Conclusion

Both Curcumin and EPGC showed positive anti-proliferate effects against GBs U87MG cell lines. When compared
against their encapsulated counterparts a substantial reduction in SVG P12 cell line toxicity was observed at 48 hours.
All blank formulations tested portrayed no reduction in cell viability for both cell lines at all time points, indicating
safety of the Blank-NLC formulations acting as a point of comparison for loaded formulations and the phytochemical
alone. In the scratch/wound assay the data reflected the cell viability data with a reduction in U87MG cell migration
and proliferation in all samples, excluding the blank formulations which showed no difference in migration when
compared against the control. Additionally, Cell cycle analysis for all studied samples indicated no difference in the
pattern of the control for all samples suggesting higher concentrations or longer treatment periods were needed when
U87MG were treated. For the SVG P12, data indicated a decrease in G1 phase for Curcumin and EPGC, indicative of

curcumins’ ability to target those phases in the studied cell cycle and concentration.

Furthermore, reductions in TNF-a were not observed in SVG P12 cell lines in all the studied samples when compared
against the control. While U87MG cells observed a change in TNF-a levels using F2 Cur-NLC was much-decreased when
compared to the phytochemical alone. EPGC also indicated a major decrease in TNF-a levels from the control. These
reflect the reduction of wound migration when compared against scratch wound assay data. The blank formulations
demonstrated no difference when compared to the control. This indicated the potential of encapsulating
curcumin/EPGC in a NLC for improving treatment of GBs and EPGC. These data highlighted the initial effect of the
phytochemical alone and when loaded into NLC formulation, which may play a potential role in GB treatment and
delivery to BBB. Further studies will still be needed to fully understand the behaviour of the NLCs and their mechanism

of action when loaded with phytochemical compounds like curcumin and EPGC.
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Chapter 5: Summary

To conclude this study attempted to research and develop potential treatments for GBs using novel encapsulation
methods such as NLCs. Phytochemicals were chosen due to their known impact and toxicity against cancerous cell
lines. Curcumin had been heavily researched in both NLCs and brain cancer with only a few of those delving into
treatment against GB. Due to its high expulsion from the BBB, EPGC has limited research in its use as a treatment

against GBs.

When developing the NLCs a set of product parameters and process parameters were determined to help maintain
and develop an NLC with the potential to cross the BBB. These parameters included being under 200nm, a PDI below
0.3 and a zeta potential between +30-60mv. The excipients used in all the generated NLCs were chosen based on their
ability to improve potential BBB crossing and maintain long term stability of the NLCs. Curcumin had two NLCs made,
with optimisations occurring to improve the TD of the formulation with the addition of Solutol. Optimisations to EPGC
NLCs also occurred to improve all values set in the product parameters. The successful NLCs were characterised via
many methods such as TGA, DSC and FTIR. Characterisation exhibited potential successful encapsulation via
observation of peaks and melting points and comparing them to Blank-NLCs and phytochemical alone. They also
suggested the drugs remained amorphous in the NLCs, requiring further analysis using XRD. Both NLCs were also tested
for short term stability to gauge their potential for storage without use of freeze drying. Both NLCs exhibited high
stability up to 21 days, with any further testing showing a shift of the product parameters outside the desired ranges.
Due to both NLCs not remaining stable for an extended period of time, their particle sizes were tested in potential
rehydrating agents used after freeze drying. EPGC NLC and Curcumin NLC observed a stable particle size in , which

both can be used as rehydrating agents for future freeze-drying experiments.

Once the NLC was optimised and characterized further optimisation was completed via the use of a refined HPLC
method. A method for EPGC and curcumin was optimised based off methods researched and validated using ICH
guidelines. This allowed for an accurate quantification of curcumin and allowed for TD/drug loading. For curcumin
NLCs two batches were created, with Solutol added to the second batch to improve drug loading after HPLC testing.

While an appropriate HPLC method was found for EPGC. When testing the EPGC NLCs for drug loading the NLCs formed
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noise on the chromatogram. This suggests that further optimisation of the HPLC method could occur. In future studies,

testing EPCG on the same column as curcumin may yield more promising results in NLC characterisation.

Within in vitro testing the effectiveness of the phytochemical and NLCs were tested and actively compared against
one another. Blank NLCs were also tested alongside the phytochemicals, this was to ensure that the NLC itself was not
causing the toxicity to the chosen cell lines or negatively impacting the results. This was proven and allowed for a fairer

comparison of results.

When encapsulated curcumin was compared against the phytochemical alone, overall toxicity was decreased to the
SVG P12 cell lines, while still maintaining a toxicity to the cancerous glial cells. This highlights the ability of the F1/F2
cur-NLC to reduce potential damage to healthy cells when used as treatment. EPGC NLC also exhibited a decrease in
toxicity to the SVG P12 cell lines compared to the phytochemical on its own. All tested samples presented a greater
toxicity to the cells after 24 hours, with EPGC NLC only presenting an ICso after 48 hours. This reflects the long-term
application of treatment. To further develop these results, an extended period beyond 48 hours may be tested to
monitor the NLCs impact on cell viability. In scratch wound assay testing, Curcumin NLC exhibited an increased impact
on the ability to prevent wound migration compared to the phytochemical alone. This was true amongst both cell
types. This data was also corroborated in TNF-a testing, which plays a role in cell migration. Curcumin NLC exhibited
increased reduction in TNF-a levels compared to the phytochemical alone. EPGC alone exhibited a major impact to
reduce wound migration with a lower impact on SVG P12 cells compared to the U87MG cells. ELISA TNF-a

corroborated this data, with EPGC reducing levels of TNF-a to a higher degree when compared against the control.

Cell cycle analysis exhibited curcumin NLC had a reduced impact on cell prevalence for SVG P12 cell lines when
compared to curcumin alone. With cell cycle arrest occurring in the G1 phase for both curcumin alone and the NLC.
EPGC also exhibited G1 arrest with an increase to the G2/M phase. In the future EPGC NLC could be tested for its ability

to prevent migration and its impact on the cell cycle.

Overall, testing completed in this study followed methods and achieved assumed results. Where major points of
improvement was tied to extending testing periods and further optimisations of HPLC methodology. The major points
to highlight in this study is that curcumin and EPGC were successfully encapsulated in an NLC that fell under set

optimum parameters.
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A method was optimised for quantifying curcumin in a HPLC. Both Curcumin NLC and EPCG NLC exhibited a reduced
toxicity to the SVG P12 cell line when compared to free phytochemical maintaining anti-cancer capabilities. The aims
and hypothesis set for the study were met and proven in in vitro testing. Whilst the objectives set in the study were

undertaken and completed using the varied methods and tests seen throughout the chapters.

The research undertaken in this study merely scratches the surface of the potential that has been seen for
phytochemicals encapsulated in NLCs. There are many avenues of future research and tests that may be completed
to further develop and consolidate the data found here. When this work is carried forward tests such as specific
antibodies attached to the NLCs surface to improve specific targeting can be undertaken. Within NLC optimisation,
long term stability using freeze drying may be completed for future storage options. The EE and TD could be tested
over an extended period to monitor the NLCs stability. In terms of retaining the phytochemical; extending testing on
HPLC over an extended period. The NLCs could also be observed for their true size with use of transmission electron
microscopy. In terms of in vitro work, cell cycle analysis/cell viability could be run over greater time periods, such as
72 hours, to reflect wound assay data. ELISA testing on more important molecules used in the cell cycle, such as IL-6,
would provide greater insight on how the mechanism of curcumin and EPGC work for cancer treatment. PCR and

western blots could be used to determine the up or downregulation of proteins in the cell cycle after treatment.

The future of this research still presents many insightful tests and data which may shed light on an under looked cancer

treatment.
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Chapter 7: Appendix

Table A 1:The phases in which the EPGC-NLC was diluted for total drug loading.

4.5ml THF to 4.5 MB 1ml of
4ml THF to 1ml formulation | phase A 4ml of mobile phase to 1ml of B | Split peak
4ml THF to 1ml formulation | 1ml of THF 8ml MB 1ml of A | 4ml of mobile phase to 1ml of B | Split peak
3 4ml THF to 1ml formulation | 11ml MB 1ml of A 4ml of mobile phase to 1ml of B | Split peak
3ml THF to 1ml MB to 1ml
4 formulation 11ml MB 1ml of A 4ml of mobile phase to 1ml of B | Split peak
5 4ml THF to 1ml formulation | 11ml Acetonitrile 1ml of A 4ml of THF to 1ml of B Split peak
6 4ml THF to 1ml formulation | 3ml THF to 2ml of A 9ml of MB to 1ml| B Split peak
7 4ml THF to 1ml formulation | 9ml MB 1ml of A 4ml of mobile phase to 1ml of B | Split peak
11ml MB 1ml of A (60:40
8 4ml THF to 1ml formulation | water to ACN) 4ml of mobile phase to 1ml of B | Split peak
11ml MB 1ml of A (70:30
9 4ml THF to 1ml formulation | water to ACN) 4ml of mobile phase to 1ml of B | Split peak
11ml MB 1ml of A (80:20
10 4ml THF to 1ml formulation | water to ACN) 4ml of mobile phase to 1ml of B | Split peak
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Figure A.1: HPLC peak of method 1 (seen in table A1) of EPGC dug loading optimisation.
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Figure A. 2: HPLC peak of method 2 (seen in table A1) of EPGC dug loading optimisation.
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Figure A.3: HPLC peak of method 3 (seen in table A1) of EPGC dug loading optimisation.
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Figure A. 4:HPLC peak of method 4 (seen in table A1) of EPGC dug loading optimisation.
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Figure A.5: HPLC peak of method 5 (seen in table A1) of EPGC dug loading optimisation.
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Figure A. 6: HPLC peak of method 6 (seen in table A1) of EPGC dug loading optimisation.
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Figure A. 7: HPLC peak of method 7 (seen in table A1) of EPGC dug loading optimisation.
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Figure A. 8: HPLC peak of method 8 (seen in table A1) of EPGC dug loading optimisation.
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Figure A. 9: HPLC peak of method 9 (seen in table A1) of EPGC dug loading optimisation.
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Figure A. 10: HPLC peak of method 10 (seen in table A1) of EPGC dug loading optimisation.

[ DADTE, Sig=230,18 Ref=360,100 (MEGAN _ 5 2023-06-08 13-05-200002-0301.0)
maLl b

:

T ||

2,343

3154

Figure A. 11: HPLC peak of method 11 (seen in table A1) of EPGC dug loading optimisation.
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Figure A. 12: Peak of F1 Cur-NLC with method 1 of THF seen in table 5 after 2 weeks of leaving the formulation at ambient
temperature.
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Figure A. 13: Peak of F1 cur-NLC nanostructured lipid carrier entrapment efficiency.
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Figure A. 14: Peak of F2 cur-NLC nanostructured lipid carrier entrapment efficiency.
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Figure A. 15: Optimisation peak for EPGC.
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