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Abstract
Zoha Salehi Moghaddam

A Novel Drug Delivery System Incorporates a Functional Composite
Scaffold Derived from Taxifolin with Potential Cytotoxic and Anticancer

Effects on Triple Negative Breast Cancer

Investigate In Vitro Genotoxic and Cytotoxic Effects of Taxifolin and
Taxifolin- PCL Electrospun Scaffold on Triple Negative Breast Cancer

Keywords: Triple Negative Breast Cancer, Taxifolin, Polycaprolactone (PCL), Electrospun
Scaffold, Genotoxic, Cytotoxic, Comet Assay, QPCR, Western Blot, Electrospinning.

Triple-negative breast cancer (TNBC) is characterised by its aggressive nature
and poor prognosis. This study examines the anticancer properties of the
flavonoid taxifolin and its cytotoxic and genotoxic effects on triple-negative breast
cancer (TNBC) and blood cells from healthy individuals and breast cancer
patients. Central to this work is the development of a novel taxifolin delivery
system via electrospun PCL scaffolds to enhance anticancer and therapeutic
efficacy of the drug post-operatively. The Comet assay was utilised to analyse
DNA damage and repair in lymphocytes from breast cancer patients versus
healthy controls. CCK-8, gPCR and Western Blot were employed to study viability,
gene, and protein expression regulation during taxifolin treatment. The process
and formulation of the drug-PCL scaffolds were optimised to produce scaffolds
with no beadings and optimal fibre structures. Thermal and microscopy analysis
indicates no detectable crystals in the scaffold. The results from the experiment
using Comet assay indicate that taxifolin significantly protects DNA in both healthy
and breast cancer samples, effectively decreasing DNA damage in breast cancer
blood samples and showing genotoxicity against TNBC cells. Taxifolin regulates
essential molecular pathways, as evidenced by changes in genes (p53, p21,
p27,and Bcl-2) using qPCR and protein levels (p53, p27, and Bcl-2) using
Western Blot, suggesting its potential in targeted therapy. The optimised taxifolin-
PCL electrospun scaffold enhances cell adhesion, reducing cell viability and
proliferation of TNBC, underscoring the efficacy of localised taxifolin delivery. This
thesis emphasizes the therapeutic potential of a new drug delivery system for
more effective treatment of TNBC.
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Chapter One: Introduction

1.Introduction

1.1 Cancer

Cancer is a significant global health issue, ranking as the second highest cause
of mortality across the world. In 2018, it causes for approximately 9.6 million
deaths internationally, with over 166,000 deaths occurring annually in the UK
alone. Cancer is characterised by the rapid and uncontrolled transformation of
normal cells into malignant tumor cells, which subsequently invade and disrupt
the functioning of healthy tissues .The emergence of cancer is influenced by a
variety of complex factors, including socioeconomic progress, demographic
growth, and the aging population (Bray et al., 2018a). The cancer development is
a multi-stage process driven by mutations resulting from errors in the mechanisms
of DNA repair and replication. The failure to correctly repair DNA damage can lead
to a cascade of mutations within cells, significantly increasing cancer risk (Liu et
al., 2019a). Tumourigenesis is also closely associated with alterations in specific
gene categories: oncogenes, tumor suppressor genes, and genes responsible for
maintaining genetic stability. The activation of oncogenes and the inactivation of
tumor suppressor genes, through various genetic alterations, can drive the
neoplastic process. This occurs by increasing the proliferation of tumor cells and
inhibiting their death, thus promoting cell cycle progression (Cameron and Neil,
2004). Similarly, mutations in genes responsible for DNA repair, such as those
involved in base-excision repair (BER), nucleotide-excision repair (NER),and
involved in mismatch repair (MMR), facilitate carcinogenesis by failing to correct
the minor errors that occur during DNA replication or after exposure to mutagens
(Chatterjee and Walker, 2017).

A key characteristic of tumor cells is their capability to initiate angiogenesis, the
process of new blood vessel formation, which is critical for tumor growth and
metastasis. This is achieved by increasing pro-angiogenic factors and decreasing
anti-angiogenic factors (Lugano et al., 2020). Additionally, cancer cells exhibit

several hallmarks, including resistance to cell death, sustained proliferative
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signalling, replicative immortality, evasion of growth suppressors, the activation of
invasion and metastasis. In a significant update in 2011, Weinberg and Hanahan
introduced additional hallmarks of cancer: evasion of immune detection,
deregulated cellular energetics, and two enabling characteristics: tumor-
promoting inflammation and genome instability (Hanahan and Weinberg, 2016).
Figure 1 provides an overview of the cancer hallmarks, with examples of
therapeutic interventions aimed at disrupting the key characteristics vital for tumor
development and advancement. It highlights a broad spectrum of anticipated
treatments, each targeting distinct molecular pathways and employing varied
mechanisms to address almost every hallmark identified by Hanahan and
Weinberg (2011). Despite the comprehensive approach of these therapies, their

efficacy often does not meet the desired outcomes.
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Figure 1. Presents an outline of the hallmarks of cancer alongside
corresponding potential treatments.

Based on the framework adapted from Hanahan and Weinber. Reprinted
with permission from (Hanahan and Weinberg, 2011).

1.1.1 Breast Cancer

Breast cancer (BC) emerges as the most common cancer type affecting women
globally, representing nearly one quarter of all cancer diagnoses among females.
In 2008, approximately 1.38 million new cases of breast cancer were identified,
and this number has been estimated to increase to 1.7 million by 2020. While
breast cancer is more common in developed nations, survival rates are improving
worldwide. However, survival rates in developing countries remain lower, due to
the factors such as inadequate healthcare services, and the limited breast cancer
screening programs (Osaro, 2016). Research into the epidemiology of breast

4



Chapter One: Introduction

cancer has highlighted the significant role of sex steroid hormones in the disease's
development (Hormones and Group, 2013). Evidence suggests that increased
exposure to certain risk factors, like oestrogens, can enhance the proliferation of
breast cells. Conversely, reducing exposure to these hormones has been
observed to produce protective effects by reducing cell proliferation (Lukasiewicz
et al., 2021). The prolonged exposure of women to steroid hormones is known to
stimulate breast cell proliferation, thereby elevating the likelihood of genetic
mutations that are crucial for cancer growth and progression (Jung et al., 2015).
Furthermore, research indicate that a variety of factors, including lifestyle,
environmental pollutants, sex hormones, reproductive factors, inflammatory
agents, family history aging and oncogenic viruses contribute to the development
of breast cancer (Chace, 2015, Sun et al., 2017).

Figure 2 shows the risk factors and prevention strategies for breast cancer. It uses
a pyramid chart to depict five main critical risk factors: age, family history,
reproductive factors, oestrogen exposure, and lifestyle choices. The diagram also
outlines current preventive measures, including screening methods such as
mammography and MRI, chemoprevention through the use of Selective
Oestrogen Receptor Modulators (SERMs) and Aromatase Inhibitors (Naz et al.,
2019), as well as biological prevention strategies utilizing drugs like Herceptin and
Pertuzumab. Additionally, it highlights the potential of PD1/PDL1 inhibitors, a class
of immunotherapy drugs, as promising approaches in the treatment of Triple-
Negative Breast Cancer (TNBC).
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Figure 2. Shows the risk factors and prevention strategies for breast
cancer.

Reprinted with permission from (Sun et al., 2017).

1.1.1.2 Triple-Negative Breast Cancer (TNBC)

Triple-negative breast cancer (TNBC) is identified by its lack of estrogen (ER),
progesterone (PR), and human epidermal growth factor receptor-2 (HERZ2)
receptors (Yao et al., 2017). It often overlaps with basal-like breast cancer (BLBC),
with gene expression analyses showing that between 56% to 90% of TNBC cases
share similarities with BLBC, in contrast to only 11.5% similarity with non-TNBC
cases (Yin et al., 2020). Epidemiologically, TNBC primarily affects premenopausal
women under 40, totalling about 15-20% of all breast cancer cases (Morris et al.,
2007). TNBC patients experience shorter survival times, with a 40% mortality rate
within the first five years following diagnosis (Dent et al., 2007).This cancer
subtype is highly invasive, with nearly half of TNBC patients developing distant
metastases. The median survival time after such metastasis is only 13.3 months,
and the post-surgery recurrence rate is as high as 25%. Metastasis often targets

the brain and visceral organs, predominantly occurring in the third year after
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diagnosis. The average relapse time for TNBC patients ranges from 19 to 40
months, much shorter than the 35-67 months observed in non-TNBC cases. The
mortality rate for TNBC patients within three months of recurrence reaches as
high as 75% (Yin et al., 2020, Zhang et al., 2015). Due to its unique molecular
characteristics, triple-negative breast cancer (TNBC) does not respond well to
hormonal or targeted molecular therapies. As a result, chemotherapy remains the
primary treatment option. However, the effectiveness of standard chemotherapy
after surgery is limited, and there is a high risk of the cancer returning because of
remaining metastatic cells (Chaudhary et al., 2018). In some regions,
Bevacizumab combined with chemotherapy has been tried for TNBC treatment,
yet it hasn't notably extended patient survival times. This highlights the pressing

need for new treatments and targets (Gui et al., 2018).

from previous investigations, a study in 2011 segmented triple-negative breast
cancer (TNBC) into six unique subtypes based on gene expression analyses of
tumor samples from 587 patients. These subtypes include luminal androgen
receptor (LAR), basal-like 1 (BL1), basal-like 2 (BL2), immunomodulatory (IM),
mesenchymal (M), and mesenchymal stem-like (MSL) (Lehmann et al., 2011) .

1.2 Oxidative Stress

Oxidative stress is significantly linked to various diseases, notably cancer (Liguori
et al., 2018).Research has showed that oxidative mechanisms are involved at
every stage of cancer development, from initiation and promotion to progression
(Reuter et al.,, 2010).The damage to DNA caused by reactive oxygen species
(ROS) is a contributing factor to cancer formation. Oxidative stress develops from
an imbalance between the generation of reactive oxygen and nitrogen species
(RONS) and the body's antioxidant defences. It's established that elevated ROS
levels can damage cellular DNA, proteins, and fats, leading to oxidative DNA
damage and lipid peroxidation (Naveenkumar et al., 2013).
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Oxidative DNA damage has been shown to cause direct genotoxic effects, such
as single or double DNA strand breaks, chromosomal aberrations, and the
activation of various cellular pathways, all of which are linked to cancer (Filaire et
al., 2013).ROS, which include molecules like superoxide (Oz), hydrogen peroxide
(H202), and hydroxyl radical (HO), are reactive molecules and free radicals
derived from oxygen. These can exist at very low concentrations in the
environment and are produced through natural cellular processes (Phaniendra et
al., 2015).

Superoxide radicals, for example, are produced by enzymes like NADPH oxidase
and can spontaneously transform into hydrogen peroxide, a process that
contributes to cellular damage (Collin, 2019). The highly reactive hydroxyl radical
(OH), formed from the interaction of superoxide and hydrogen peroxide, is
particularly destructive, capable of damaging virtually all types of biological
molecules, including the nucleic acids that make up DNA (Pizzino et al.,
2017).This extensive potential for damage highlights the critical role of oxidative

stress in the progression of cancer.

1.3 DNA repair mechanisms

DNA damage in cells can result from changes to DNA's chemical structure, like
breaks in the DNA strands, missing bases, or modified bases (e.g., 8-hydroxy-2-
deoxyguanosine or 8-OHdG) (Ciccia and Elledge, 2010). Every day, a single
human cell can experience up to 70,000 such damages, caused naturally or by
environmental factors like radiation and UV light. Thus, cells have developed
various repair mechanisms to preserve DNA integrity and stability (Tubbs and
Nussenzweig, 2017). These repair systems, found in both complex and simple
organisms, involve numerous proteins that have been preserved through
evolution. They enable cells to identify and fix different types of DNA damage,

whether from environmental sources or errors in replication (Abbotts et al., 2014).
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DNA not only carries genetic information crucial for cell division but also plays a
key role in initiating repair processes closely linked to cell cycle regulation
(Alhmoud et al., 2021). Before a cell divides, checkpoint mechanisms ensure its
DNA is intact to prevent replication of damaged DNA. Failures in these
checkpoints can lead to an accumulation of DNA damage, resulting in mutations
and diseases like cancer (Torgovnick and Schumacher, 2015). Depending on the
nature of the damage, cells activate specific repair mechanisms. These include
five major types, with one such type being single-strand DNA repair through
processes like mismatch repair (MMR), base excision repair (BER), and
nucleotide excision repair (NER). When it comes to repairing double-strand
breaks, cells rely on homologous recombination (HR) and non-homologous end
joining (NHEJ) (Chatterjee and Walker, 2017).

1.3.1 Single Strand DNA Repair

Single-strand DNA repair involves using one strand as a template to correct the
damaged one by replacing the damaged nucleotide with a correct, matching one
from the healthy strand. Base excision repair (BER) is one method that fixes single
damaged bases. This process starts with a specific enzyme, DNA glycosylase,
removing the damaged base, creating a site without a base (known as an AP site).
An enzyme called AP endonuclease then recognizes this site, and DNA
polymerase rebuilds the missing part using the undamaged strand as a guide.
Finally, DNA ligase seals the new piece into place (Drohat and Maiti, 2014).
Nucleotide excision repair (NER) addresses larger, bulky DNA damage typically
caused by UV light and chemicals (Chatterjee and Walker, 2017). Mismatch repair
(MMR) corrects mismatches between bases and fills in gaps created by errors in
DNA replication or recombination, such as incorrect base pairing or slippage by

the DNA polymerase (Reyes et al., 2015).
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1.3.2 Double strand DNA repair

Double-strand DNA repair is one of the most crucial types of DNA lesion because
breaks in both strands of DNA (DSBs) are highly damaging and can lead to cell
death if not repaired, since neither strand can serve as a template for repair.
These breaks, if not properly fixed, may result in deletions or chromosomal
irregularities that contribute to genetic disorders and cancer development
(Dexheimer, 2013). Repairing DSBs is essential for keeping cells alive and

ensuring the genome's stability and integrity (Jensen and Rothenberg, 2020).

There are two main repair strategies for DSBs: homologous recombination (HR)
and non-homologous end joining (NHEJ) (Chang et al., 2017). HR is an accurate
process that repairs damage using a matching chromosome or sister chromatid
as a template, ensuring that the genetic information is correctly restored
(Dexheimer, 2013). NHEJ, on the other hand, quickly joins the broken DNA ends
without needing a template, making it a faster, though sometimes less accurate,
repair method that can lead to genetic information loss (Chang et al., 2017). While
NHEJ operates throughout the cell cycle and is particularly crucial during the G1
phase, HR mainly functions during the late S and G2 phases, where it can use

the identical sister chromatid for error-free repair (Vitor et al., 2020).

1.4 Flavonoids

Breast cancer has emerged as the most frequently diagnosed malignancy and a
primary contributor to cancer-related fatalities among women worldwide (Bray et
al., 2018c). Despite notable advancements in early detection and cancer
treatment modalities (Siegel et al., 2018), a substantial number of patients
continue to struggle with the challenges of metastasis and recurrence, particularly
those afflicted by highly aggressive biological subtypes like HER-2 positive and
TNBC (Cadoo et al., 2013, Gerber et al., 2010). Consequently, there is an urgent
necessity for innovative agents capable of effectively suppressing the excessive

proliferation and metastasis associated with breast cancer.
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In recent years, the exploration of traditional Chinese medicine has gained
momentum, shedding light on naturally extracted dietary substances as practical
additional treatment strategies. These substances have garnered attention for
their unique appeal in cancer treatment due to their ease of accessibility, low
toxicity, and well-tolerated nature in the human body (Carini et al., 2014). As the
quest for novel and feasible breast cancer treatments persists, the exploration of
these naturally derived compounds stands poised to make a significant impact on
the therapeutic landscape.

The consumption of fruits and vegetables is linked to a variety of health benefits,
prompting scientific exploration into the presence of numerous bioactive
compounds and their impact on human health (Ghosh et al., 2014). Over the last
few decades, these bioactive compounds derived from plants have emerged as
novel agents, playing a pivotal role in inhibiting and/or alleviating various human
ailments, including cancer, inflammation, cardiovascular disease, and
neurodegenerative diseases (Ahmadi et al., 2015). Flavonoids, a specific class of
bioactive compounds, have patrticularly stood out for their significant impacts to
human well-being. Defined as hydroxylated phenolic compounds featuring a
benzo-y-pyrone ring in their structure (Mahomoodally et al., 2005), flavonoids
have been the focus of extensive research due to their diverse pharmacological
activities.

Various studies have identified a wide range of pharmacological activities
attributed to flavonoids, encompassing antioxidant, anti-inflammatory,
hepatoprotective, antiangiogenic properties (Butler, 2004), anti-diabetic (Liu et al.,
2014), cardioprotective (Hooper et al.,, 2008), neuroprotective, and anti-
Alzheimer's disease effects (Min et al., 2019). These activities are primarily
influenced by factors such as the degree of hydroxylation, structural class, other
substitutions and conjugations, degree of polymerization, and metal chelation
activity (Heim et al., 2002). Recent research suggests that a higher intake of
flavonoids in the diet is inversely associated with mortality threat (Godos et al.,

2018) and certain types of depression (Godos et al., 2018, Chang et al., 2016).
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Moreover, natural products, including bioactive compounds have emerged as
essential resources in the search for anticancer drugs (Butler, 2004).

Flavonoids, in particular, have demonstrated a significant impact on the treatment
of carcinoma, showcasing strong antioxidant activity that neutralizes the effects
of free radicals due to the presence of hydroxyl groups. Additionally, their ability
to chelate metal ions contributes to their effectiveness in combating the
complexities of cancer (Kumar and Pandey, 2013). As research continues to
unveil the multifaceted benefits of flavonoids, their role in promoting health and

curing various diseases remains an interesting focus for scientific inquiry.

1.5 Taxifolin

Taxifolin, also known as dihydroquercetin ((2R,3R)-2-(3,4-dihydroxyphenyl)-
3,5,7-trihydroxy-2,3-dihydrochromen-4-one) (Figure 3 ), belongs to the flavonoid
family and is commonly found in abundant quantities in onions, citrus fruits,
grapes, olive oil, milk thistle, French maritime bark, and Douglas fir bark
(Weidmann, 2012, Xie et al.,, 2017) . Extensive research has highlighted the
diverse pharmacological activities of taxifolin, encompassing antioxidant, anti-
parasitic, anti-amyloid-beta oligomer formation for Alzheimer's disease
prevention, anti-hyperuricemic, cardioprotective, hepatoprotective, anti-
angiogenic, antinociceptive, and anti-oedematogenic effects (Topal et al., 2016b,
Abugri et al., 2018, Adachi et al., 2017, Guo et al., 2015, Theriault et al., 2000,
Lamy et al., 2014, Cechinel-Filho et al., 2000) .

Notably, taxifolin has been identified as a potential antineoplastic agent in various
types of cancers (Table 1), including breast carcinogenesis, colon carcinogenesis,
skin carcinogenesis, osteosarcoma, Ewing's sarcoma, and prostate cancer (Chen
et al., 2018b, Haque and Pattanayak, 2017, Manigandan et al., 2015, Hossain
and Ray, 2014, Oi et al., 2012, Zhang et al.). Despite these advancements, the
effects, and underlying mechanisms of taxifolin on highly aggressive breast

cancer remain undetermined. The need to unravel the specific impact of taxifolin
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on this subset of breast cancer underscores the ongoing quest for a
comprehensive understanding of its potential as a therapeutic agent in combating

malignancies.
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Table 1.Chemotherapeutic activities of taxifolin.

Reprinted with permission from (Das et al., 2021b)

Cancer In Cell Dose Mechanism of | Ref.
model vivo/in | line/animal action/outcome
vitro model
Breast Invivo | Sprague— 10, 20 and 40 | Altered metabolism | M.\W. Haque, P. Bose, M.U.M. Siddique, P.
Dawley (Turck | mg/kg i.p. through interacting with the | Sunita, A. Lapenna, S.P. Pattanayak, Taxifolin
et al.) rats LXRs, HMG-CoAR and | binds with LXR (a & ) to attenuate DMBA-
inhibits the uncontrolled | induced mammary carcinogenesis through
cell proliferation. mTOR/Maf-1/PTEN pathway, Biomed.
Pharmacother. 105 (2018) 27-36,
https://doi.org/10.1016/j.biopha.2018.05.114.
In vitro | Human breast | 100 mg/kg | Inhibits the cancer cell | [98] J. Li, L. Hu, T. Zhou, X. Gong, R. Jiang,
and In | cancer cell line | orally for | proliferation, migration, | H. Li, G. Kuang, J. Wan, H. Li, Taxifolin inhibits
Vivo MDA-MB-231, | mice and 10, | prevents the EMT process, | breast cancer cells proliferation, migration and
Balb/c mouse | 30, 100 uM | decreases the expression | invasion by promoting mesenchymal to
mammary for cells of mesenchymal markers | epithelial transition via 3-catenin signalin, Life
cancer cell line and promotes MET and | Sci. 232 (2019), 116617,
4 T1 and decreases the protein and | https://doi.org/10.1016/j.1fs.2019.116617.
Balb/c mouse MRNA expressions of f-
catenin. Inhibits the growth
of primary tumors and
prevents the lung
metastasis.
Invivo | Sprague— 10, 20, and | Downregulation of the | M\W. Haque, S.P. Pattanayak, Taxifolin
Dawley rats 40 mg/kg i.p. | expression of CYP1Al and | inhibits 7,12-dimethylbenz(a)anthracene-
CYP1B1 via inhibiting AhR | induced breast carcinogenesis by regulating
signaling pathway. AhR/CYP1Al signaling pathway,
Pharmacogn. Mag. 13 (2018) S749-S755,
https://doi.org/10.4103/pm.pm_315_17.
Lung In vitro | A549 and | 1 mg/kg for | Inhibition of stemness by | R. Wang, X. Zhu, Q. Wang, X. Li, E. Wang, Q.
and In | H1975 cells, | mice and 0, | downregulating the protein | Zhao, Q. Wang, H. Cao, The anti- tumor effect
Vivo and A549 | 25, 50, 100 | expression of SOX2 and | of taxifolin on lung cancer via suppressing
xenograft uM for cells OCT4, and reduced | stemness and epithelial- mesenchymal
BALB/c mice CD133-positive cells. | transition in vitro and oncogenesis in nude
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Reduce the invasiveness
of the cancer stem cells
and the expression of N-
cadherin and vimentin with
increased expression of E-

mice, Ann. Transl. Med. 8 (2020) 590,
https://doi.org/10.21037/atm-20-3329.

prostate cells
PNT2, and

formation of twisted and
elongated spindles in the

cadherin and inhibited
PI3K, TCF4 protein
phosphorylation.

Colorectal | In vitro | HCT116, HT29 | 15, 25 mg/kg | Arrest in cellular growth, | S. Razak, T. Afsar, A. Ullah, A. Almajwal, M.
and In | cells and | i.p. for mice | alteration of the molecules | Alkholief, A. Alshamsan, S. Jahan, Taxifolin, a
Vivo Athymic male | and 40, 60 | which regulate the G2 | natural flavonoid interacts with cell cycle

mice uM for cells phase of the cell cycle, and | regulators causes cell cycle arrest and causes
induced apoptosis. | tumor regression by activating Wnt/3-catenin
Decrease the expression of | signaling pathway, BMC Cancer 18 (2018)
[3-catenin, AKT and | 1043, https://doi.org/10.1186/s12885-018-
Survivin genes and protein | 4959-4,
expression.

Liver Invitro | Hep G2 cells 1uM Expression miR-153, miR- | Z. Dostal, M. Sebera, J. Srovnal, K. Staffova,
204, miR-211, and miR- | M. Modriansky, Dual effect of taxifolin on
377-3p was | ZEB2 cancer signaling in HepG2 cells,
downregulated, Molecules 26 (2021) 1476,
upregulation of the ZEB2 | https://doi.org/10.3390/molecules26051476.
protein expression and
inhibits Akt
phosphorylation and thus
diminishing ZEB2 signaling
which in turn triggers the
carcinogenesis.

Prostate Invitro | Human IC50 500 mM | Antiproliferative effect by | Z.R. Zhang, M. Al Zaharna, M.M. Wong, S.K.
androgen- enhanced mitotic arrest | Chiu, H.Y. Cheung, Taxifolin enhances
independent and apoptosis through the | andrographolide-induced mitotic arrest and
prostate cleavage of poly (ADP- | apoptosis in human prostate cancer cells via
carcinoma ribose) polymerase, and | spindle assembly checkpoint activation, PLOS
cells DuU145, caspases-7 and -9 and | One 8 (2013) 54577,
immortalized increased the microtubule | https://doi.org/10.1371/journal.pone.0054577.
human polymerization, induce the

15




Chapter One: Introduction

normal human
foreskin
fibroblasts
Hs27

cancer cells and diminution
of MAD2, improve the
mitotic block, causing the
activation of SAC which
leads to the mitotic arrest.

Invitro | Immature male | IC50 100 uM | Decrease  basal, LH- | F. Ge, E. Tian, L. Wang, X. Li, Q. Zhu, Y.
Sprague— stimulated, 8BR- | Wang, Y. Zhong, R.S. Ge, Taxifolin
Dawley rats stimulated, pregnenolone- | suppresses rat and human testicular
and Human mediated, and | androgen biosynthetic enzymes, Fitoterapia
testes progesterone-mediated 125 (2018) 258-265,

androgen production by | https://doi.org/10.1016/j.fitote.2018.01.017.
Leydig cells and inhibited

3B-hydroxysteroid

dehydrogenase and 17a-

hydroxylase/17, 20-lyase

enzyme activities.

Bone In vitro | Human 25 mg/kg i.p. | Promote the G1 cell cycle | X. Chen, N. Gu, C. Xue, B.R. Li, Plant
and In | osteosarcoma | for mice and | arrest and induction of | flavonoid taxifolin inhibits the growth,
Vivo cell lines, | 0, 5, 10, 25 | apoptosis, downregulation | migration  and invasion of  human

U20Ss and | and 50 uM for | of the expression of AKT | osteosarcoma cells, Mol. Med. Rep. 17 (2018)
Saos-2 and | cells serine/threonine kinase 1 | 3239-3245,
BALB/c nude (Haque and Pattanayak), | https://doi.org/10.3892/mmr.2017.8271.
mice phosphorylated (p-Ser473)

AKT, v-myc avian

myelocytomatosis viral

oncogene homolog (c-myc)

and S-phase kinase

associated protein 2 (SKP-

2)

Skin In vitro | JB6 P+ mouse | 1mgtopically | Suppression of the UVB- | N. Oi, H. Chen, M. Ok Kim, R.A. Lubet, A.M.
and In | epidermal cell | for mice and | induced activation of EGFR | Bode, Z. Dong, Taxifolin suppresses UV-
Vivo line and SKH-1 | 0, 20, 40, 80 | and Akt and prevented | induced skin carcinogenesis by targeting

hairless mice pM for cells downstream signaling | EGFR and PI3K, Cancer Prev. Res. 5 (2012)

cascade, attenuate the
expression of COX-2 and
prostaglandin E2 (PGE2)
and inhibit the cellular
transformation induced by

1103-1114, https://doi.org/10.1158/1940-
6207.CAPR-11-0397.
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EGFR. Suppress tumor
incidence, volume and
multiplicity.

In vitro

SSCC cell line
and the non-
cancer skin
cell line BJ-
5TA

IC50 20 uM
and 110 uM
respectively

Inhibit the development of
SSCC through apoptosis
and cell cycle arrest and
suppress the invasion of
SSCC through the
downregulation of matrix
metalloproteinases (MMP)
MMP-2 and MMP-9
expression.

W. Zhou, Z. Guo, Taxifolin inhibits the scar cell
carcinoma growth by inducing apoptosis, cell
cycle arrest and suppression of
PIBK/AKT/mTOR pathway, J. BUON 24
(2019) 853-858.
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1.5.1 The Chemistry of Taxifolin

Flavonoids, widely recognised as the most prevalent secondary metabolites in
plants, exhibit notable health-enhancing properties (Pingili et al., 2019,
Angelopoulou et al., 2020, Naz et al., 2019, Nabavi et al., 2015). Dietary intake
estimations suggest a range of 50 to 800 mg of flavonoids per day (Pietta,
2000, Xu et al., 2018) . Taxifolin, also known as dihydroquercetin, belongs to
the class of polyphenols and is abundantly present in various sources such as
olive oil, grapes, citrus fruits, onions, as well as conifers like Siberian larch
(Larix sibirica), Pinus roxburghii, Cedrus deodara(Willfor et al., 2009), and
Chinese yew (Taxus chinensis var. mairei) (Li et al., 2008). It is also obtained
from silymarin extract from milk thistle seeds and vinegars aged in cherry wood
(Cerezo et al., 2010).

Taxifolin falls under the subclass of flavanonols, a flavanone within the
flavonoid family. Its core structure (Fig. 1.3) comprises two phenyl groups (ring
A and ring B) linked by a heterocyclic ring termed as ring C (lbrahim, 2000).
Notably, it features a 3-hydroxyl group at the C ring, connected to the B ring at
carbon-2 (Beecher, 2003). This pentahydroxy flavone bears five hydroxyl
groups at positions 3-, 3'-, 4-, 5-, and 7-. According to the IUPAC
nomenclature, taxifolin is identified as (2R, 3R)-2-(3,4-dihydroxyphenyl)-3,5,7-
trinydroxy-2,3-dihydrochromen-4-one, with a molecular weight of 304.25 g/mol
and the molecular formula C15H1207 (Liu et al.,, 2023a). With two
stereocenters on the C-ring, taxifolin exists as four stereoisomers, one of which
is the (2R, 3R) configuration, encompassing two pairs of enantiomers (Palm et
al., 2022, Liu et al., 2023a).
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OH O

Figure 3. The figure illustrates the chemical structure of taxifolin.

Also known as dihydroquercetin, a polyphenolic flavonoid abundant in
various plant sources. Taxifolin belongs to the subclass of flavanonols
within the flavonoid family. Its core structure consists of two phenyl
groups (ring A and ring B) connected by a heterocyclic ring referred to
as ring C. Notably, taxifolin features a 3-hydroxyl group at the C ring,
linked to the B ring at carbon-2, and bears five hydroxyl groups at
positions 3-, 3'-, 4'-, 5-, and 7-. The figure highlights the (2R, 3R)
configuration of taxifolin, one of its four stereoisomers, which comprises
two pairs of enantiomers. The presence of phenolic groups (-OH) at meta-
and para-positions on the aromatic rings contributes to taxifolin's potent
antioxidant activity.

Taxifolin's structure comprises two aromatic rings with phenolic groups (-OH)
positioned meta- and para- to each other, contributing to its potent antioxidant
activity (Sroka and Cisowski, 2003). The antioxidant capability of taxifolin rises
with an increase in the number of hydroxyl groups attached to the aromatic
ring (Galato et al., 2001) . This robust antioxidant activity primarily stems from
the conjugation structures and significance stability of both phenolic rings
(Topal et al., 2016a). Notably, taxifolin's susceptibility to inactivation through
the formation of strong hydrogen bonds with macromolecules is attributed to
the absence of a C2-C3 double bond. The presence of a 3-OH group in the C
ring plays an important role in its modulatory effect against neutrophils'
oxidative burst, while the ortho arrangement of the catechol group in the B ring
is crucial for its modulatory effect against the same (Ribeiro et al., 2018).
Additionally, the presence of the catechol group is vital for taxifolin's inhibitory

effect on the self-assembly of Amyloid B-protein. It has been documented that
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the oxidation of the catechol moiety to o-quinone is responsible for this
inhibitory effect, leading to the formation of covalent conjugates with
susceptible side chains in AB, thus inhibiting A assembly. Notably, the 3'- and
4'-hydroxyl groups of taxifolin are critical for the inhibition of AR aggregation,
while the 7-hydroxyl group and stereochemistry at positions 2 and 3 are not
significant (Sato et al., 2013).

1.5.2 Taxifolin the Treatment of Breast Cancer

Breast cancer, the most prevalent form of cancer among women and a leading
cause of cancer-related mortality, presents a significant global health
challenge. In 2018, there were 2,088,849 new cases of breast cancer identified
worldwide, resulting in 626,679 deaths (Bray et al., 2018b). Projections
indicate a rising prevalence of breast cancer in India, with anticipated rates
increasing from 203.5 per 100,000 females in 2011 to 233 per 1000 females
by 2026 (Kunnavil et al., 2017). Consequently, the necessity for innovative
therapeutic strategies to address breast cancer is clear.

Breast cancer arises from the uncontrolled proliferation of breast cells,
commonly originating from the inner lining of the milk ducts or lobules, driven
by mutations in genes regulating breast cell proliferation (Angeline Kirubha et
al., 2012). Within the cancer microenvironment, rapid cancer cell proliferation
requires elevated rates of lipogenesis and glucose consumption. Various
oncoproteins and oncological signalling pathways modulate the expression of
lipogenic and glycolytic enzymes, enhancing glucose consumption and fatty
acid synthesis during the initial stages of cancer development (Menendez and
Lupu, 2007).

The de novo synthesis of fatty acids is crucial for cancer cell survival and
progression, contributing to membrane formation, signalling mediator
production, and protein modification, among other essential cellular processes
(Vazquez-Martin et al., 2008). Studies indicate a significant increase in the
expression of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-
CoAR) in neoplastic cells, facilitating cholesterol uptake and synthesis (Kotyla,

2010) . Liver X receptors (LXR a & (), critical targets for cancer chemotherapy,
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regulate intracellular cholesterol homeostasis and efflux, modulated by
oxysterol ligands synthesized from cholesterol (McDonnell et al., 2014, Nelson
et al., 2014, Szanto et al., 2004).

Research evaluating the effects of taxifolin on mammary cancer has
demonstrated its potential therapeutic benefits in interrupting carcinogen-
induced lipid and carbohydrate metabolism, acting as an LXR agonist and
HMG-CoAR antagonist. Taxifolin restores altered metabolism by interacting
with LXRs and HMG-CoAR, inhibiting uncontrolled cell proliferation (Haque et
al., 2018).

Epithelial-to-mesenchymal transition (EMT) and its reverse process,
mesenchymal-to-epithelial transition (MET), are fundamental in both normal
development and disease progression, including cancer. EMT involves the
loss of epithelial characteristics and development of mesenchymal features by
cancer cells, facilitating increased polarity and mobility, driven by various EMT-
activating transcription factors, and signalling pathways (Tomaskovic-Crook et
al., 2009) .

Taxifolin demonstrates significant efficacy in combating cancer cell
proliferation, migration, and invasion in aggressive breast carcinoma, as
evidenced by both in vivo and in vitro studies. Li et al. (Li et al., 2019) recently
conducted a comprehensive investigation into the effects and underlying
mechanisms of taxifolin on highly aggressive breast cancer. Their findings
indicate that taxifolin effectively inhibits proliferation, migration, and invasion of
highly aggressive breast cancer cells in a dose-dependent manner. Moreover,
taxifolin promotes the process of mesenchymal-to-epithelial transition (MET),
which counteracts epithelial-to-mesenchymal transition (EMT), as evaluated
by changes in EMT markers and transcriptional factors in breast cancer cell
lines. Notably, the downregulation of (-catenin at both protein and mRNA
levels by taxifolin demonstrates its potential therapeutic benefit, and this effect
is revered by adenoviral overexpression of (3-catenin. Additionally, in a 4T1
xenograft mouse model, taxifolin significantly inhibits primary tumor growth

and reduces lung metastasis in breast cancer.
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To investigate the anti-tumor effects of taxifolin on highly aggressive breast
cancer cells, Li et al. treated human breast cancer cells MDA-MB-231 and
Balb/c mouse mammary cancer cells 4T1 with increasing concentrations of
taxifolin. Proliferative activities were assessed using crystal violet assay for
72 hours and colony formation assay for 10 days, revealing taxifolin's dose-
dependent suppression of proliferation in both cell lines (Figure 4 ).
Furthermore, immunofluorescence (IF) assay was utilised to evaluate the
protein expression of ki-67, a marker of cell proliferation. Results showed a
significant reduction in ki-67 expression levels in taxifolin-treated groups
compared to the control group, confirming the inhibitory effect of taxifolin on
cell proliferation (Li et al., 2019).
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Figure 4. Taxifolin inhibits proliferation of breast cancer cells in vitro.

(A) Viability of highly invasive breast cancer cells, MDA-MB-231, and
4T1 cells was assessed using crystal violet assay after pre-treatment
with varying concentrations of taxifolin (1, 3, 10, 30, 100 uM for MDA-
MB-231 and 3, 10, 30, 100, 150 uM for 4T1) for 72 hours. (B) Colony
formation assay was performed to evaluate the proliferation of MDA-
MB-231 and 4T1 cells treated with taxifolin (30 uM) for 10 days. (C)
Immunofluorescence analysis demonstrates the downregulation of ki-
67 expression in breast cancer cells treated with taxifolin (30 uM) for
24 hours (original magnification, 400x). Nuclei were stained with DAPI
(blue), ki-67 with Alexa Fluor 549 (red), and F-actin with Actin Green™
488 Ready Probes® Reagent (green). All experiments were conducted
thrice in triplicate. Mean £ SD, *P <0.05 and **P <0.01, compared to the
control group. (Reprinted with permission from (Li et al., 2019)

To assess taxifolin's potential in restricting migration and invasion of highly

aggressive breast cancer cells, wound healing and Transwell invasion assays

were conducted on MDA-MB-231 and 4T1 cells (Figure 5 ). In the wound
healing experiment, taxifolin-treated groups exhibited wider wound scratches

compared to the control group at 24 hours, indicating inhibition of cell migration
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in a dose-dependent manner. Similarly, in the Transwell invasion assay, the
number of invaded cells decreased dose-dependently in taxifolin-treated
groups compared to the control group. These findings underscore taxifolin's

potential as a promising therapeutic agent against aggressive breast cancer

(Li et al., 2019).
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Figure 5.Taxifolin suppresses breast tumor growth and reverses
epithelial to mesenchymal transition (EMT) in vivo.

(A) Measurement of tumor volume and weight across different treatment
groups. (B) Immunohistochemistry (IHC) analysis of Ki-67 staining for
cell proliferation and 3-catenin staining in primary tumor tissues (original
magnification, x400). (C) Immunofluorescence (IF) analysis assessing
the expression of vimentin and slug in primary tumor tissues. All data
are presented as Mean = SD, with n =10 samples per group. *P <0.05 and
*P <(0.01, compared to the control group. (Reprinted with permission
from (Li et al., 2019)
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The activation, metabolism, and detoxification of xenobiotics are primarily
regulated by cytochrome P450s (CYPs), a class of hemeproteins. CYP1A1,
CYP1B1, and CYP1A2 are subfamilies of human CYP1, with CYP1ALl playing
a crucial role in metabolizing procarcinogens like polycyclic aromatic
hydrocarbons (PAH). Notably, CYP1Al1 and CYP1B1 are extrahepatic
enzymes implicated in cancer initiation and progression, while CYP1A2 is
primarily expressed in the liver (Schwarz and Roots, 2003, Wang et al., 2009,
Shimada and Fujii-Kuriyama, 2004, Androutsopoulos et al., 2011)

The expression of CYP1A1l and CYP1BL1 is regulated by the aryl hydrocarbon
receptor (Meftahi et al., 2021), a ligand-dependent transcription factor that
binds to xenobiotic responsive elements in DNA, inhibiting AhR transcription.
Several studies have implicated AhR, CYP1A1l, and CYP1B1 as promoters of
breast cancer, with upregulated expressions observed in various breast
cancers (Rodriguez and Potter, 2013, Feng et al., 2013, Powell et al., 2013).
Taxifolin's potential chemotherapeutic activity against 7,12-
dimethylbenz[aJanthracene (DMBA)-induced breast cancer has been
investigated in Sprague—Dawley rats. The research demonstrates taxifolin's
ability to modulate energy regulation in carcinogen-treated rats, significantly
restoring cancer-induced modifications that facilitate tumor growth.
Additionally, taxifolin downregulates the expression of CYP1Al and CYP1B1
by inhibiting the AhR signalling pathway, suggesting its potential as a
chemotherapeutic agent against CYP1A1 and CYP1B1-mediated cancers and
in inhibiting DMBA-induced mammary carcinogenesis in rat models (Haque
and Pattanayak, 2018).

1.5.3 Mechanistic Insights into the Biological Actions of Taxifolin

Chemotherapy failure, often attributed to multidrug resistance (MDR), poses a
significant challenge in cancer treatment. The principal mechanism behind
drug resistance involves increased efflux through ATP-binding cassette (ABC)
efflux transporters, notably P-glycoprotein (P-gp), encoded by the ABCB1
gene (Gillet and Gottesman, 2010). P-gp, a 170 kDa membrane transporter

abundantly present in various tissues, acts as a safeguard against the entry of
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carcinogens and toxins. However, its overexpression leads to MDR
phenomena (Bugde et al.,, 2017). Notably, the nuclear factor erythroid 2-
related factor 2 (Nrf2) has recently been implicated in chemoresistance,
primarily managing antioxidant activity, and regulating oxidative stress
(Alfarouk et al., 2015, Ji et al., 2019, Li et al., 2020, Wang et al., 2020). Nrf2
exerts chemoresistance through upregulating the expression of CD99 (Wu et
al., 2019), inhibition of DNA damage (Xia et al., 2020), and the reduction of
oxidative stress-mediated damage (Cucci et al., 2020).

In a previous study, the impact of taxifolin on human P-gp activity was
investigated, revealing a dose-dependent decrease in ABCB1 expression due
to taxifolin treatment (Chen et al., 2018a). Taxifolin demonstrated
uncompetitive inhibition of rhodamine 123 and doxorubicin efflux, indicating a
significant re-sensitisation of MDR cells to chemotherapeutic agents. These
findings position taxifolin as a potential synergistic treatment for MDR cancers
by modulating P-gp activity.

The primary anticancer activity of taxifolin is closely tied to the regulation of the
B-catenin and PI3K pathways, influencing various cancerous conditions.
Taxifolin has been identified to bind specifically to PI3K and EGFR in the
cancer microenvironment, thereby regulating multiple signaling pathways and
protein expressions (Figure 6). Notably, taxifolin's role in regulating epithelial-
mesenchymal transition (EMT) and stemness emerges as a significant aspect
in various cancer models. The activation of the PI3K/AKT pathway and (-
catenin accumulation in tumors, often associated with mutational inactivation
of the p53 tumor suppressor, disrupts apoptosis and is observed in various
cancers (Yao and Cooper, 1995, Sadot et al., 2001).

Furthermore, taxifolin treatment inhibits the expression of key proteins
associated with cancer development and progression, such as SOX2, OCT4,
N-cadherin, and vimentin (Clevers, 2006). The complex interaction between
Wnt and EGFR signaling in cancers suggests that taxifolin's intervention
disrupts these pathways, preventing cancer progression, metastasis, relapse,
and promoting apoptosis. Additionally, taxifolin's chemotherapeutic activity

involves re-sensitizing resistant cancer cells by inactivating P-gp and inhibiting
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drug efflux (Chen et al., 2018a). This multifaceted approach highlights the
potential of taxifolin as a promising candidate in overcoming MDR and

combating cancer at various levels.
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Figure 6. Brief visual summary depicting taxifolin's anticancer
mechanisms.

The figure illustrates the key actions of taxifolin in modulating the [3-
catenin and PI3K pathways, impacting various signalling pathways and
protein expressions. Highlighting its role in disrupting epithelial-
mesenchymal transition (EMT) and stemness, the figure showcases
taxifolin's influence on crucial markers like SOX2, OCT4, N-cadherin, and
vimentin. The graph also captures taxifolin's intervention in Wnt and
EGFR signalling, emphasizing its potential to inhibit cancer progression,
metastasis, and relapse, while promoting apoptosis. This simplified
graphical summary provides a quick insight into the diverse anticancer
effects of taxifolin. Reprinted with permission from (Das et al., 2021a)
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1.5.4 Taxifolin: Limitations and Considerations

Several studies have highlighted significant problems associated with the
bioavailability of taxifolin following oral administration in rats. For example,
Wang et al. conducted an experiment revealing notably low plasma
concentration levels after oral taxifolin administration at doses ranging from 10
to 100 mg/kg body weight (Varlamova et al., 2023). The determined
bioavailability stood at 0.17%, in marked contrast to intravenous
administration. In a separate study involving male rats, a single oral
administration of taxifolin at doses of 12.5, 25, or 50 mg/kg, as well as
intravenous administration at 50 mg/kg, resulted in the highest taxifolin
concentration detected in various organs, including blood plasma, kidney, liver,
heart, spleen, brain, and skeletal muscles, for up to 24 hours post-
administration (Das et al, 2021a). Notably, the maximum taxifolin
concentration in blood plasma occurred 30 minutes after oral administration,
indicating rapid absorption from the gastrointestinal tract (Gl), with levels
becoming undetectable after 8 hours. This study revealed a bioavailability of
24% compared to intravenous administration. In rabbits, taxifolin's
bioavailability was reported to be 36% after introducing it at doses ranging from
8 to 80 mg/kg (Pozharitskaya et al., 2009). Additionally, it was observed that
taxifolin in rats undergoes conversion to 3'- or 4'-O-methyl taxifolin (Brown and
Griffiths, 1983). Human volunteers consuming 2g of taxifolin showed its
conversion into hydroxyphenyl lacetic acid, a metabolite identical to that
excreted after quercetin ingestion (Booth and Deeds, 1958). These findings
underscore the rapid absorption of taxifolin from the rat Gl tract, its distribution
to various organs, subsequent metabolism, and excretion through urine.
However, the elimination of pure taxifolin through urine is notably limited. On
the other hand, toxicity studies for taxifolin have been conducted, indicating
challenges to obtain optimal doses for both animals and humans. The precise
determination of NOAEL (No Observed Adverse Effect Level) proved
challenging due to the absence of adverse responses even at high taxifolin
concentrations. Consequently, a NOAEL exceeding 1500 mg/kg body mass

was defined for animals, based on a 6-month oral toxicity study in rats.

28



Chapter One: Introduction

Calculating the acceptable daily intake (ADI) from the NOAEL, the suggested
taxifolin ADI for humans is 15 mg/kg body mass (1050 mg/day for a 70 kg
adult), assuming a safety factor of 100. It's crucial to note that additional health
benefits are not anticipated beyond daily intakes higher than 1.5 mg/kg body
mass (100 mg/day for a 70 kg adult), making excessive taxifolin consumption
devoid of added benefits (Turck et al., 2017).

To address concerns related to bioavailability enhancement, solubility,
permeability, and the reduction of toxic effects associated with taxifolin, a
potential solution involves loading it within polymeric biomaterials for sustained
and localized delivery. This innovative approach holds promise in optimising
taxifolin's therapeutic efficacy while minimizing adverse effects, providing a

nuanced solution to its bioavailability challenges.

1.6 Drug Delivery Systems (DDS)

Drug delivery systems (DDS) represent a complex array of engineered
technologies aimed at coordinating the targeted delivery and controlled
release of therapeutic agents. In the landscape of breast cancer treatment,
localized DDS have emerged as a symbol of hope, offering modified solutions
to overcome the limitations inherent in systemic drug administration. These
limitations include challenges such as poor solubility, narrow therapeutic
windows, unfavorable pharmacokinetics, low selectivity, inadequate
biodistribution, and rapid in vivo degradation (Allen and Cullis, 2004). Thus,
the integration of polymeric scaffolds loaded with anticancer drugs presents a
promising avenue for enhancing the efficacy of breast cancer therapeutics.
Nano-based DDS, a fundamental for cancer therapy, utilised the enhanced
permeation and retention (EPR) effect to passively accumulate in tumor sites.
However, the heterogeneous nature of the EPR effect often challenges their
effectiveness, resulting in suboptimal drug accumulation within tumors.
Despite this, the versatility of nanostructured DDS has facilitated their
integration into polymeric scaffolds, offering a multifaceted approach to drug
delivery. By encapsulating anticancer drugs within polymeric scaffolds,

researchers aim to enhance drug stability, prolong circulation time, and
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optimise drug release kinetics(De Jong and Borm, 2008). These polymeric
scaffolds, ranging from hydrogels to nanofibres, serve as a reservoir for
sustained drug release, thereby maximizing therapeutic efficacy while
minimizing systemic toxicity (Islam et al., 2022, Wilhelm et al., 2016, Lammers
et al., 2016)

Enhancing nano-based approaches, implantable DDS have emerged as a
convincing alternative for localized drug delivery in breast cancer treatment.
These effective systems, often fabricated from biocompatible and
biodegradable polymers, are strategically positioned at tumor sites or resection
sites, furnishing a channel for targeted and localized drug release. Loaded with
anticancer drugs, these polymeric scaffolds offer a controlled release
mechanism, ensuring sustained therapeutic concentrations at the tumor site
while minimizing off-target effects. Moreover, the tunable properties of
polymeric scaffolds allow for precise modulation of drug release kinetics,
catering to the unique therapeutic requisites of breast cancer treatment
(Fakhari and Anand Subramony, 2015).

The mechanism of drug release from polymeric scaffolds is closely linked to
biomaterial properties. Biodegradable biomaterials rely on passive diffusion
and polymer biodegradation to facilitate drug release, offering precise control
over release kinetics. Non-degradable systems, on the other hand, provide
greater control over drug release kinetics, making them suitable for sustained
release applications. Through meticulous biomaterial selection and design
optimisation, polymeric scaffolds hold immense promise in augmenting the

array of breast cancer therapeutics.

1.6.1 Biomaterial Selection for The Fabrication of Drug-Loaded
Scaffolds

As breast cancer treatment strategies develop, there is a growing emphasis
on developing efficient drug delivery systems (DDS) to enhance therapeutic
outcomes. This pursuit has led to extensive exploration of a wide range of
polymers suitable for scaffolds in drug loading applications. These polymers,

originating from both synthetic and natural sources, offer diverse properties
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and functionalities that can be customized to meet the specific requirements
of localized drug delivery for breast cancer therapy. Synthetic polymers
provide versatility in terms of mechanical strength, degradation rate, and drug
release kinetics. For instance, some synthetic polymers exhibit
biocompatibility, biodegradability, and ease of processing, making them
preferred choices for constructing drug-loaded scaffolds. Their slow
degradation rates allow for sustained drug release, ensuring prolonged
therapeutic efficacy. Natural polymers, on the other hand, possess inherent
biocompatibility and bioactivity, making them attractive candidates for DDS
fabrication. By utilizing the unique properties of these polymers, researchers
can design DDS with tailored features such as biodegradability, controlled drug
release, and site-specific targeting, to enhance the efficacy and safety of
breast cancer therapy. Furthermore, advances in fabrication techniques
enable precise control over scaffold architecture and drug distribution, further
optimising therapeutic outcomes. The exploration of diverse polymers for DDS
fabrication represents a promising avenue for advancing localized drug
delivery in breast cancer therapy, offering the potential for enhanced efficacy,
reduced side effects, and improved patient outcomes.

For instance, poly (lactic-co-glycolic acid) (PLGA), a synthetic copolymer
derived from lactic acid and glycolic acid, emerges as a prominent candidate
in the realm of DDS for breast cancer treatment. Renowned for its
biocompatibility and tunable degradation kinetics, PLGA exhibits exceptional
versatility in controlling drug release profiles. Its degradation products are non-
toxic and easily metabolized by the body, making it a safe choice for clinical
applications (Chen et al., 2023a, Zhu et al., 2023b). Furthermore, polylactic
acid (PLA), a biodegradable polyester derived from renewable resources,
offers biocompatibility and tunable degradation kinetics suitable for DDS.
Gelatin, a natural protein derived from collagen, presents opportunities for
scaffold fabrication due to its biocompatibility, biodegradability, and cell-
adhesive properties.

Another polymer that could be use for this purpose is polyethylene glycol

(PEG) which is a synthetic polymer with hydrophilic properties, offers
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remarkable biocompatibility and stealth-like characteristics when used in DDS.
PEGylation of scaffolds prolongs systemic circulation time, reduces
immunogenicity, and enhances tumor targeting through the enhanced
permeability and retention (EPR) effect. PEG-based DDS demonstrate potent
antitumor efficacy while minimizing off-target effects (Seyhan et al., 2023, Zhu
et al., 2023a).

Chitosan, a natural polysaccharide derived from chitin, presents intriguing
opportunities for DDS owing to its biodegradability, mucoadhesive properties,
and intrinsic antitumor activity. Chitosan-based scaffolds enable sustained
drug release, enhance cellular uptake of therapeutic payloads, and exhibit
synergistic effects when combined with chemotherapy or immunotherapy
agents. Moreover, chitosan's immunomodulatory properties hold promise for
bolstering antitumor immune responses (Pasquier et al., 2023, Su et al., 2024).
Poly (caprolactone) (PCL), a synthetic polyester renowned for its
biodegradability and mechanical robustness, emerges as a cornerstone in the
arsenal of polymers for DDS. PCL scaffolds offer prolonged drug release
profiles over extended periods, providing sustained therapeutic efficacy.
Additionally, PCL's versatility in processing allows for the fabrication of
complex scaffold architectures, enabling precise control over drug delivery
kinetics. Compared to other polymers, PCL exhibits superior mechanical
properties and prolonged degradation kinetics, making it an ideal candidate for
long-term drug delivery applications (Nwazojie et al., 2023b, Mitxelena-
Iribarren et al., 2022).

In summary, the diverse range of polymers available for DDS underscores the
multifaceted approach to breast cancer treatment. By harnessing the unique
properties of synthetic and natural polymers, researchers continue to innovate
in the development of tailored drug delivery strategies that optimise therapeutic
outcomes while minimizing systemic toxicity. Among these polymers, PCL
stands out for its exceptional mechanical properties, prolonged degradation
kinetics, and versatility in fabrication, making it a superior choice for long-term

drug delivery applications in breast cancer therapy.
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1.6.2 PCL-Based Drug-Loaded Scaffolds

As the exploration of polymer-based drug delivery systems (DDS) for breast
cancer therapy unfolds, Poly(caprolactone) (PCL) emerges as one of the most
promising polymers for this application. PCL, a synthetic, semi-crystalline,
biodegradable polyester derived from g-caprolactone monomers, presents
several important qualities that demonstrate its strong suitability for use in drug
delivery systems (DDS), highlighting its potential to improve therapeutic
interventions.

One of the important characteristics of PCL is its biodegradability. Upon
implantation, PCL undergoes gradual hydrolytic biodegradation in vivo,
yielding biocompatible by-products that are easily metabolized and eliminated
from the body. This controlled degradation kinetics of PCL aligns well with the
need for sustained drug release over extended periods, ensuring prolonged
therapeutic efficacy while minimizing the risk of adverse effects associated
with burst release profiles (Labet and Thielemans, 2009, Woodruff and
Hutmacher, 2010a). Moreover, PCL exhibits excellent mechanical properties,
including flexibility and toughness, rendering it capable of withstanding
physiological stresses within the complex tumor microenvironment. This
mechanical robustness of PCL scaffolds is particularly advantageous for
implantable DDS, as it ensures structural integrity during handling,
implantation, and in situ drug release. Additionally, ability of PCL to maintain
its structural integrity over prolonged periods facilitates the sustained delivery
of therapeutic agents to the target site, thereby enhancing treatment efficacy
(Gorna and Gogolewski, 2003).

Furthermore, PCL offers remarkable versatility in fabrication, allowing for the
development of complex scaffold architectures tailored to specific therapeutic
requirements. Whether in the form of fibres, films, microspheres, or porous
scaffolds, PCL can be processed using a variety of techniques such as
electrospinning, solvent casting, or 3D printing. This versatility enables precise
control over drug loading capacities, release kinetics, and spatial distribution
within the tumor microenvironment, optimising therapeutic outcomes while

minimizing off-target effects (Barud and De Sousa, 2022, Sun et al., 2023). In
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addition to its inherent properties, PCL can be readily functionalized to report
desired functionalities such as enhanced tumor targeting, controlled drug
release, or stimuli responsiveness. Surface modification techniques, including
chemical conjugation, surface coating, or incorporation of targeting ligands,
empower researchers to tailor PCL-based DDS for specific tumor types or
patient populations. By considering these functionalization strategies, PCL
scaffolds can be engineered to overcome biological barriers, improve cellular
uptake, and enhance therapeutic efficacy (Qi et al., 2006, Han and Wu, 2022).
In a study by Nwazojie (Nwazojie et al., 2023a), targeted drug-loaded polymer-
based microsphere-like scaffolds were experimentally and analytically
evaluated for their potential in localized cancer drug delivery (Figure 7). These
scaffolds, composed of a blend of polylactic-co-glycolic acid and
polycaprolactone (PLGA-PCL), were investigated for their sustained release
capabilities over a three-month period using encapsulated targeted drugs
(prodigiosin-EphA2 or paclitaxel-EphA2) as well as control drugs (prodigiosin
and paclitaxel). The in vitro analysis revealed a sustained and localized drug
release profile characterised by non-Fickian Korsmeyer—Peppas kinetics
model across a range of temperatures, including body and hyperthermic
temperatures. Furthermore, cell-based assays utilizing alamar blue and flow
cytometry demonstrated significant cytotoxicity and cell death, evidenced by
cell inhibition and late apoptosis in triple negative breast cancer (TNBC) cells
(MDA-MB 231) upon exposure to the various drug-loaded polymer
formulations. In vivo studies conducted on nude mice models with
subcutaneous TNBC showed promising outcomes, with localized release of
the EphA2-conjugated drugs resulting in complete elimination of residual
tumors post-local surgical resection. Additionally, ex vivo histopathological
analysis of euthanized mice revealed no cytotoxicity and absence of breast
cancer metastases in vital organs such as the liver, kidney, and lungs even 12
weeks post-treatment. These findings underscore the potential of
encapsulated EphA2-conjugated drugs in achieving specific targeting,
localized delivery, and sustained release for the effective elimination of locally

recurring TNBC tumors following surgical resection (Nwazojie et al., 2023a).
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Figure 7.Targeted drug-loaded polymer-based microsphere-like
scaffolds were experimentally and analytically evaluated for their
potential in localized cancer drug delivery.

A) Representative photographs of mouse treatment groups
captured at various time points post-treatment with different
drug-loaded microsphere-like scaffolds following the resection
of a 1l4-day induced subcutaneous breast cancer tumor. B)
Optical images illustrate representative H&E histological
staining of kidneys, liver, and lungs from various early-stage
treatment groups. Additionally, optical images of the lungs
treated with different formulations are presented. The findings
reveal that 12 weeks post-treatment with drug-loaded
microsphere scaffolds, multiple metastatic foci or nodules were
observed in the lungs of control mice and those treated with
PGS and PTX-loaded microsphere formulations. However, mice
treated with targeted loaded drugs (PGSEphA2 and PTXEphA2)
microsphere formulations showed no detectable metastasis in
the lungs. Reprinted with permission from (Nwazojie et al.,
2023a)
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In another recent study conducted by Mitxelena-Iribarren (Mitxelena-Iribarren
et al., 2022) highlights the potential of drug delivery systems in reducing side
effects and enhancing treatment efficacy through controlled release targeted
at tumor cells. They indicated that coaxial electrospun fibres could offer
improved control over the release profile of drugs. The objective of the study
was to encapsulate and release various anticancer drugs, namely 5-
Fluorouracil and Methotrexate, from a polymeric fiore mat. They revealed
successful integration of the anticancer drugs into the scaffolds. Furthermore,
the results underscored the potential of the polymeric solution for

encapsulating and releasing diverse drugs for cancer treatment.

1.7 Aim and Objectives

The primary aim of this thesis is to investigate the potential of taxifolin, a natural
flavonoid with known anti-cancer properties, as a therapeutic agent for the
treatment of triple-negative breast cancer (TNBC). This research focuses on
assessing the cytotoxic and genotoxic effects of taxifolin on DNA, gene and
protein expression levels associated with TNBC progression, as well as its
genotoxic impact on the health of blood cells in both healthy individuals and
those with breast cancer. Additionally, the study aims to optimise the delivery
of taxifolin through electrospun polycaprolactone (PCL) scaffolds to enhance
its efficacy and evaluate its influence on cancer cell behavior. By integrating
materials science with cellular and molecular biology approaches, this study
seeks to contribute to the development of innovative postoperative treatments
for TNBC.

Objectives

1. Genotoxicity Assessment: Assess the genotoxic effects of taxifolin

on healthy and breast cancer blood lymphocytes (Chapter 3)

2. Cytotoxicity Evaluation: Assess taxifolin's cytotoxic effects on the
MDA-MB-231 breast cancer cell line (Chapter 3)
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3. Gene Expression Analysis: Evaluate the impact of taxifolin on the
gene expression levels of p53, p21, p27, and Bcl-2 during TNBC
treatment (Chapter 4)

4. Protein Expression Analysis: Evaluate the impact of taxifolin on the
protein expression levels of p53, p27, and Bcl-2 during TNBC
treatment (Chapter 4)

5. Formulation Optimisation and Scaffold Characterisation: Optimise
the formulation and process parameters of electrospun PCL
scaffolds to enhance their physicochemical properties and
incorporate the anti-cancer drug taxifolin for postoperative breast

cancer treatment (Chapter 5)

6. Thermal and Physical Properties Assessment: Investigate the
thermal and physical stability of taxifolin, PCL, and their mixtures to
ensure optimal performance in scaffold applications for
postoperative breast cancer treatment (Chapter 5)

7. Taxifolin Release Dynamics: Characterise the scaffold (with or
without taxifolin) and explore the release of taxifolin from

microparticles and within the PCL scaffold (Chapter 5)

8. Cellular Impact Assessment: Investigate the effects of taxifolin and
taxifolin-loaded scaffolds on the proliferation of MDA-MB-231 cell
lines (Chapter 5)
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2. Materials and Methods

Introduction

This chapter introduced materials and methods employed for the experimental
work carried out in this work in order to achieve the aim and objectives
accordingly. Where appropriate al the chemicals and supplies have been
tabulated and the procedures along with different techniques have been
covered at the start of each section and the number of experiments for statical
analysis including P Values have been covered in figure captions and related
graphs. Please note that for obtaining P Values and graphical presentation
Graph Pad has been used and the results have been presented accordingly.

Also please note that Standard Error of Mean (SEM) where calculated using
graph pad and this has been reported accordingly for each relevant figure and
where P Values less than 0.0001 **** (****p<(0.0001) have been given for highly
significant results. For P Value less than 0.001 *** (***p<0.001) has been
indicated and marked accordingly for each graph. For P Value less than 0.01

and 0.05, ** (**p<0.01) and * (*p<0.05) have been allocated, respectively.

Materials

Table 2, presented below, details the materials and reagents utilised in this
research study, including their corresponding CAS numbers and supplier

identifiers.

Table 2. Materials

Chemicals And Reagents Company / Distributor Catalogue
Number

Taxifolin Sigma —Aldrich, UK 78666

MDA-MB-231 n/c (Provided by School | ECACC

of Pharmacy, University | 92020424
of Bradford)
Low Melting Point Agarose Invitrogen, UK 39346-81-1
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Ultra-Pure Agarose (Vodicka et | Thermo Fisher Scientific, | 16500500
al.) UK
Dimethyl Sulfoxide (DMSO) Sigma —Aldrich, UK 67-68-5
Edta (Na2edta.2h20) Sigma —Aldrich, UK 6381-92-6
Ethidium Bromide Sigma —Aldrich, UK n/a
Phosphate Buffered (PBS) Sigma —Aldrich, UK P4417
Sodium Chloride (Nacl) Sigma —Aldrich, UK 7647-14-5
Sodium Hydroxide (Naoh) Sigma —Aldrich, UK 1310-73-2
Triton X-100 Sigma —Aldrich, UK 9002-93-1
Trizma Base Sigma —Aldrich, UK 77-86-1
RPMI Medium 1640 | Gibco, Thermo Fisher | 61870036
+Glutamax-1 Scientific
RPMI-1640 Medium Gibco, Thermo Fisher | 11875093
Scientific
Distilled Water (DH20) n/a n/a
Trypsin-EDTA (0.05%) Thermo Scientific 11580626
Lithium Heparin Tube 9ml Griener Bio-One, Austria | n/a
Safety Blood Collection Set Griener Bio-One, Austria | n/a
Foetal Bovine Serum Sigma —Aldrich, UK n/a
2-Mercaptoethanol Sigma —Aldrich, UK 60-24-2
Trypan Blue Sigma —Aldrich, UK 72-57-1
Potassium Chloride Sigma —Aldrich, UK 7447-40-7
Ethanol Sigma —Aldrich, UK 64-17-5
Cell Counting Kit - 8 (CCK8) Sigma —Aldrich, UK n/a
Acrylamide 30% Sigma —Aldrich, UK 79-06-1
Protease Inhibitor Sigma —Aldrich, UK 66701-25-5
Novex™  Tris-Glycine  Mini | Thermo Fisher Scientific, | XP04125BOX
Protein Gels UK
Anti-Bcl-2 Antibody Abcam, UK ab32124
Recombinant Antimutant P53 | Abcam, UK ab32049

Antibody

40




Chapter Two: Materials and Methods

Recombinant Anti-P21 | Abcam, UK ab109520
Antibody

Anti-GAPDH Abcam, UK Ab8245
p27 Kipl Polyclonal Antibody | Abcam, UK PA5-27188
Anti-Rabbit  1gg, Hrplinked | CELL SIGNALLING | 7074S
Antibody TECHNOLOGY

Bovine Serum Albumin Sigma —Aldrich, UK 9048-46-8
Bromophenol Blue Sigma —Aldrich, UK 115-39-9
RNase/DNase-free water Qiagen n/a
Western Ecl Substrate, 200 Bio-Rad

Sybr® Green Supermix Sigma —Aldrich, UK n/a
Iscript™ CDNA Synthesis Kit Bio-Rad, UK n/a
Qiaamp® RNA Blood Mini Qiagen 52304
GAPDH primer Qiagen n/a

Hs Bcl-2 1 SG Quantitect | Qiagen QT00025011
Primer Assay

Hs_CDKN1B-2 (P27) Primer | Qiagen 249900
Assay

Hs_ CDKN1A-Va.l- Qiagen QT00062090
SG_1 SG(P21) Primer Assay

P53 Primer Qiagen QT00050785
protein ladder (Precision Plus | Bio-Rad 1610394
Protein™ Dual Colour

Standards)

Chemiluminescence (ECL) | Thermo Fisher Scientific | n/a
Reagents

Mini Gel Tank Thermo Fisher Scientific | n/a

Bolt™ 4-12% Bis-Tris Plus Thermo Fisher Scientific | n/a

4X Bolt™ LDS Sample Thermo Fisher Scientific | n/a

20x Bolt™ Mes Sds Thermo Fisher Scientific | n/a

10x Bolt™ Sample Reducing Thermo Fisher Scientific | n/a

Ripa Lysis & Extraction Thermo Fisher Scientific | n/a
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PCL Thermo Fisher Scientific | 178301000

Chloroform Merk 02487-5ML

Methanol Merk 67-56-1

Formaldehyde Thermo Fisher Scientific | 50-00-0

Rhodamine Phalloidin Thermo Fisher Scientific | R415

DAPI Thermo Fisher Scientific | D1306
Equipment

The following Table 3 enumerates the materials and reagents employed in this

study, specifying their Chemical Abstracts Service (CAS) numbers and

supplier codes.

Table 3. Equipment

Equipment’s And Other Services

Company / Distributor

Amersham™ Hybond™ Polyvinylidene
Difluoride (PVDF) Blotting Membrane
(0.45 Mm X 150)

GE Healthcare Life Sciences, Germany

Biodrop™ Touch Duo

Spectrophotometer

BioDrop Ltd, Cambridge, UK

Bolt™ Welcome Pack + Iblot™ 2 System

Thermo Fisher Scientific

Centrifuge Mistral 3000

MSE, Albertville, USA

Centrifuge (Biofuge 28 RS)

Heraeus, Sepatech, Germany

CCD Camera

Hitachi KPMI/EK Monochrome,

Liquid Nitrogen dewar

Bio-star, UK

Corning® 15 ml Centrifuge Tubes

Sigma-Aldrich, UK

Corning® Cell Culture Flasks (25 Cm?)

Sigma-Aldrich, UK

Culture Flasks (25&75 Cm 2

Sigma-Aldrich, UK

Electrophoresis Power Supply

Consort (E861), Belgium

Electrophoresis Tank (HU20)

Scie-Plas, Renfrewshire, UK

Falcon Tubes

BD, Swindon, UK

Freezer -20° C

Sanyo, Ultra-low, Japan
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Freezer -80° C

Sanyo, Ultra-low, Japan

Fluorescent Microscope

Leica, Weztler, Germany

Fume Cupboard

Milton, UK

Fume Hood Ray Air

Maiche Aire, Bolton, UK

Ice Maker (Scotsman AF 100)

Namur, Belgium

Incubator 37° C With 5% CO2

Andor Technology Ltd, Belfast

Inverted Microscope

Olympus, CK2, UK

Light Microscope

Nikon, Japan Germ

Komet 6 Software

Kinetic Imaging, Nottingham,

Kinetic Imaging Statistic Software

n/c

Microcentrifuge MSE

GMI, Alberville, USA

Microplate Reader

Dynex technology, Sussex, UK

Microscope (Ortholux)

Leitz, Sturttgart, Germany

Magnetic stirrer

SMI Stuart Scientific, Essex, UK

Mini Gel Tank

Thermo Fisher Scientific, UK

Multiskan Plus spectrophotometer

Lab-systems Group, UK

Pipettes

Gilson, Middleton, WI, USA

Ph Meter

Dunmow, UK

Power Pack Supply

Pharmacia LKB, Uppsala, Sweden

Water Bath

Grant instruments, Cambridge, UK

96 Well Plates

VWR, UK

6-Well Cell Culture Plates

Sigma —Aldrich, UK

SLS Lab Basics Pipette Filler

Scientific laboratory

Spectrophotometer Lab-systems Group, UK
Vortex Mixer n/a

Heat Block n/a

Syring 2116882

Eppendorf ® Tubes (1ml) Sigma —Aldrich, UK
Cover Glass VWR

Haemocytometer n/a

Superfrost Microscope Slides

Thermo Fisher Scientific

Ergoone® Starter Pack 4

Starlab, UK
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Pipette Tips

VWR

Black Box

Sigma-Aldrich, UK

Dry Incubator With 37° C And 5%Co2

Leec LTD, Nottingham, UK

GB Box

Gene flow

Magnetic Stirrer

n/c

Electrospinning Machine

n/c

SEM machine

Hitachi TM3000

iS50.ABX (FTIR Machine)

Thermo Fisher Scientific

D8 Discovery (XRDP Machine)

n/c

TGA Machine

TA Instruments, USA

DSC Machine TA Instruments, USA
Pan TA Instruments, USA
UV Spectroscopy Machine n/c
Glass Beaker n/c
Conical Flask n/c

Beaker Test Tube Holder with CE ISO n/c

2.1 Preparation of Taxifolin

The compound under investigation was taxifolin, which was provided in the
form of a white crystalline powder. Taxifolin exhibits a solubility of 0.5 mg/ml
when dissolved in a 1:1 aqueous solution of DMSO and PBS, adjusted to a pH
of 7.2. The solution was freshly made for every experiment, as the storing for

more than one day was not recommended.

2.2 Blood Samples

After completing the consent form, whole blood samples were collected from
fifteen breast cancer patients and fifteen healthy female volunteers using
heparinized anticoagulant tubes. Ethical approval was granted by the
University of Bradford’s Sub-Committee for Ethics in Research involving
Human Subjects (Reference no.: 0405/8). The breast cancer blood samples
were obtained from the Ethical Tissue Bank (license 12191), while the healthy
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samples were sourced under the IRAS/NRES application 12/YH/0464.
Following collection, all blood samples were diluted 1:1 with RPMI-1640
medium, after which 10% DMSO was added. Each diluted blood sample was
then aliquoted into labelled microcentrifuge tubes (Eppendorf) and initially
stored in a -20°C freezer for 24 hours before being transferred to a -80°C

freezer.

2.3 Cell Culture

The human breast cancer cell line MDA-MB-231 was used in this study. The
cells were originally provided by the School of Pharmacy at the University of
Bradford and were maintained using standard culture methods. Aseptic
procedures were rigorously adhered to during cell culture preparation. The
Class Il microbiological safety cabinet was initially sterilized using UV light for
15 minutes. Subsequently, the cabinet was cleaned with 70% ethanol prior to
use. Furthermore, all consumables used within the cabinet were pre-sterilized

to ensure a sterile environment.

2.3.1 Growth Medium

Growth medium for cell culture was prepared according to the specifications
for the MDA-MB-231 cell line, under aseptic conditions. The medium used was
Roswell Park Memorial Institute (RPMI) 1640 + GlutaMAX. To the 500 ml of
medium, 10% (v/v) foetal bovine serum (FBS) and 1% sodium pyruvate were

added, both of which were stored in aliquots at 4°C.

2.3.2 Frozen Cells Resuscitation

The used cell line was preserved in liquid nitrogen to ensure its viability over
extended durations. Approximately 1 x 10° cells were suspended in a solution
of 10% dimethyl sulfoxide (DMSO) supplemented with RPMI 1640 GlutaMAX
medium. This mixture was then placed in a Nunc cryovial before being stored

in liquid nitrogen. Upon removal from liquid nitrogen, a cryovial was incubated
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at room temperature for less than 1 minute before being completely thawed in
a 37°C water bath. Prior to this procedure, the cell culture hood had been
sterilized using 70% (v/v) ethanol, and the cryovial was also sanitized with 70%
(v/v) ethanol. Once thawed, the cells were gently resuspended with an
equivalent volume of pre-warmed RPMI 1640 GlutaMAX medium. This cell
suspension was transferred into a 15 ml sterile plastic tube containing 5 ml of
RPMI 1640 GlutaMAX complete medium. The cell suspension was centrifuged
for 5 minutes at 1000 rpm to pellet the cells and remove DMSO. After
discarding the supernatant, the cell pellet was resuspended in 10 ml of fresh
RPMI 1640 GlutaMAX medium. Finally, the cell suspension was transferred to
a T75 cell culture flask and incubated at 37°C with 5% CO:2 in a humidified

environment.

2.3. 3 Cell Culture

A Class Il microflow sterile cabinet was used for culturing the breast cancer
cell line MDA-MB-231 in this project. Cell cultures were maintained at an
appropriate density in RPMI 1640 GlutaMAX medium. The cells, which were
in a monolayer, were passaged according to standard methods. Every two
days, the old medium was replaced with fresh medium. Passaging of the
cell line was performed when the cells reached approximately 75%
confluency. The flask contents were gently washed twice with sufficient
phosphate-buffered saline (PBS) to eliminate any traces of RPMI. Following
this step, 1 ml of 0.25% trypsin-EDTA solution was added to the flask for
trypsinization, and the flask was incubated for about 5 minutes at 37°C. After
incubation, trypsin activity was neutralized by adding 5 ml of RPMI 1640

GlutaMAX medium upon cell detachment.

The detached cells were centrifuged for 5 minutes at 1000 rpm at room
temperature. The supernatant was gently discarded, and 5 ml of fresh
medium was added to gently resuspend the pellet of cells. Afterwards, the
cells were counted, and a specified quantity of cell suspension was seeded
into new T75 flasks with a suitable volume of RPMI 1640 GlutaMAX
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medium. All flasks were then incubated at 37°C and 5% CO: to achieve an
adequate cell density, which was essential for further work.

2.3.4 Cell Counting

Cell counting was performed using a Neubauer haemocytometer. A volume
of 10 pl of the cell suspension was carefully added to each chamber of the
haemocytometer. The cells within five squares of each chamber were
counted using an inverted microscope, and an average count was
determined. The equation employed to determine cell density is presented

as follows:

Cell density (Cells/ml) = Average number of cells countedx10*

2.3.5 Freezing Cells
Stocks of frozen cells were produced using approximately 1 x 108 cells in a
cell suspension composed of 90% complete RPMI 1640 GlutaMAX medium

and 10% (v/v) DMSO as a cryoprotectant.

2.3. 6 Cell Counting Kit-8 (CCK-8) Assay

CCK-8 was utilised to assess cell viability due to its higher accuracy and
convenience compared to other cytotoxicity assays (Cai et al., 2018, Cai et al.,
2019). The dehydrogenase activity within cells reduces Dojindo's water-
soluble tetrazolium salt (WST-8), resulting in the formation of a soluble orange-
colored formazan dye. The quantity of formazan dye, as detected by a plate
reader, is directly proportional to the number of live cells (Chamchoy et al.,
2019) .

A 100pl suspension of MDA-MB-231 cells was cultured in 96-well plates,
achieving a final density of 5x10° cells/ml. The cells were incubated for 24
hours at 37°C in a humidified atmosphere containing 5% CO2 to allow
adherence before treatment. The first column of the 96-well plate, serving as
a blank, contained 200uL of RPMI medium without any cells. After 24 hours,

the cells were exposed to various concentrations of taxifolin for durations of 30
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minutes, 2, 12, and 24 hours. Subsequently, 10pl of CCK-8 reagent was added
to each well and incubated for 1-4 hours at 37°C. The absorbance of the
solution was measured at a wavelength of 450nm using a Multiskan Plus
spectrophotometer. The mean absorbance for each concentration was
calculated by subtracting the average absorbance of the blank wells (mean
background absorbance) from the average absorbance of the test wells, and
a corresponding dose-response curve was generated. The lowest effective
concentration of taxifolin was determined using GraphPad Prism® software for
the MDA-MB-231 cell line. Wells untreated with taxifolin served as the control
for calculating the percentage of cell viability. All experiments and sample

analyses were performed in triplicate.

2.3.7 Data Analysis
The growth inhibition percentages were calculated using ( 1) as follows :

(%)of growth inhibition=100% x

(mean absorbance of control cells—mean absorbance of treated cells) (1)
(mean absorbance of control cells—mean absorbance of the blank)

2.4 Comet Assay

The comet assay (Figure 8) is a standard method used to measure DNA
damage, DNA repair, and genotoxicity testing in individual cells. DNA structure
breakage and damage typically result from exposure to carcinogens, ultraviolet
(UV) radiation, oxidative stress, and certain drugs, which can lead to various
diseases, including cancer. There are two types of DNA damage: single-strand
breaks (SSBs) and double-strand breaks (DSBs), with the latter being
considered the most lethal to cells. DNA damage may actively repair
mechanisms or initiate other cellular processes, highlighting the significance
of the comet assay technique in evaluating final DNA damage and predicting
tumour response to different genotoxic stresses. The assay is based on the
ability of the damaged DNA portion, known as the tail, away from the
undamaged DNA part, referred to as the head, in response to an electric field
(Cordelli et al., 2021a).
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Figure 8. A typical comet assay illustrates damage in the DNA of
lymphocytes from whole blood, where the head represents
undamaged DNA, and the tail signifies damaged DNA.

2.4.1 Cell Treatment for lymphocytes of Healthy and Breast Cancer
Whole Blood

The comet assay technique started with the thawing of frozen blood samples
prior to use. The samples were thawed for less than 10 minutes in a dark room
at room temperature. After the thawing step, 100l of blood was gently added
to Eppendorf tubes containing different test agents. These agents included a
negative control (NC) with 900 pl of RPMI-1640 media and a positive control
(PC) consisting of 60ul of H202 added to 840ul of RPMI-1640. The maximum
doses of taxifolin were calculated, and the respective maximum dose with the
least damage to DNA was determined. A 40pul (2.4 mM) of the compound was
added to 860ul of RPMI-1640 media. To assess the effect of taxifolin in a highly
oxidative environment, a sample was co-treated with 60ul (0.06 mM) of H202.

The final volume in each Eppendorf tube was adjusted to 1 ml.

The tubes, now containing blood and test agents, were incubated at 37°C and
5% CO2 for 30 minutes. Following incubation, the tubes were centrifuged at
3000 rpm for 5 minutes. Subsequently, 930 pl of the supernatant was gently
discarded from the top of each tube, and 100 pl of Low Melting Point Agarose
(LMPA) at 38°C was added to each cell pellet, followed by gentle
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resuspension. This mixture of LMPA and cell suspension was then layered
onto slides pre-coated with a thin layer of 1% Ultra-Pure Agarose (Vodicka et
al.). All pre-labelled slides were covered with coverslips and placed in an ice
tray for 5 minutes. The coverslips were then removed, and the slides were
immersed overnight in a cold, freshly prepared lysing solution at 4°C (2.5 M
NaCl, NaOH, 10 mM Trizma base, 100 mM Na2EDTA2H20, 10% DMSO, and
1% Triton X-100, pH 10)

After at least 2 hours, the slides were extracted from the lysing solution and
horizontally positioned in a gel electrophoresis tank filled with freshly made
alkaline buffer at 4°C (10M NaOH, 200mM Na2EDTA 2H:0, pH 10). To ensure
complete coverage, all slides were submerged in the buffer and maintained at
4°C for 30 minutes to allow supercoiled DNA to unwind before commencing
electrophoresis. Electrophoresis was conducted at 300 mA and 25 volts (0.74
V/cm) for 30 minutes using a power supply, with the voltage being adjustable

by altering the buffer level.

Finally, the slides were removed from the alkaline buffer and laid down
horizontally. They were then washed gently with a neutralizing buffer (400mM

Trizma, pH 7.5) three times, for 5 minutes each.

2.4.2 Staining and Scoring

Ethidium bromide (20pg/ml) was used as a dye for DNA staining. 120ul of stain
was added to each slide, at room temperature and covered with a cover slip.
Ethidium bromide should be handled carefully as it is highly carcinogen. All the
slides were kept in a closed and damp black box at 4°C. The cells were
counted by a fluorescence microscope at 200 X magnification, equipped with
a CCD camera while connected to image analysis software called Komet 6.
The data of tail DNA and olive tail moment were both used to decrease the
variability in results. 100 cells were randomly chosen and evaluated from each
slide. The average data of two parameters, olive tail moment and tail DNA,
were both analysed to measure the exact level of DNA break and damage.

The results were analysed using one-Way analysis of variance (Vodicka et al.)
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with Dunnett's multiple comparison test using GraphPad prism 8.1.2. The p-
values were considered significant at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

2.4.3 Comet Assay with Cell Line

The RPMI 1640 + GlutaMAX media in confluent twelve-well plates containing
the MDA-MB-231 cell line were replaced with fresh media, and the cells were
then treated with different doses of taxifolin. The treated cells were incubated
for 30 minutes at 37°C in an atmosphere containing 5% CO2. Afterwards, the
treated cells were washed twice with PBS, then 500yl of trypsin was added to
each well, and the cells were incubated at 37°C for 5 minutes to facilitate
detachment. To stop trypsinization, 2ml of media was added to each well.
Subsequently, the cell suspension was centrifuged for 5 minutes at 1000 rpm
at room temperature. The supernatant was gently discarded, and 1ml of cold
PBS was added to gently resuspended the cell pellet. This step was repeated
three times.

The final cell pellet was gently resuspended with 200ul of media, and 40ul of
the cell suspension was mixed with 100pl of LMPA and then layered onto a
slide pre-coated with a thin layer of 1% UPA. Each sample was prepared with
three slides. All pre-labelled slides were covered with coverslips and
transferred to an ice tray for 5 minutes. All subsequent steps are described in
sections 2.4.1 ,and 2.4.2.

2.5 RT-gPCR (Reverse Transcriptase- Quantitative Polymerase Chain
Reaction)

Quantitative real-time polymerase chain reaction (RT-gPCR) was used to
analyse gene expression. P53, p21, p27, and Bcl-2 expression levels were
guantified by SYBR Green qPCR Master Mix. GAPDH was used as a
housekeeping gene. After cell seeding, the cells were treated with 2.4 mM
taxifolin and incubated for 12 hours. Following this, the cells were washed
with ice-cold PBS before the trypsinisation step. Later, the cells were
collected in a centrifuge tube and centrifuged for 5 min at 1,000 g to produce

a pellet. The supernatant was discarded, and the pelleted cells were
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subjected to another wash with cold PBS. The cells were placed in an
Eppendorf tube and centrifuged for 5 min at 3000 rpm. Then, the PBS was
discarded, and the cell pellets either were used directly for the RNA
extraction step or were stored at -70°C for later use. These experiments
were replicated three times using samples from three different cell culture

passages.

2.5.1 mRNA Extraction and Quantification

The mRNA extraction was performed using the RNeasy Mini Kit, following the
manufacturer's instructions. The pellet was disrupted by adding 350 ul of Buffer
RLT, which had been pre-mixed with 10 ul of B-Mercaptoethanol (B-ME). The
mixture was vortexed to ensure thorough mixing. The lysate was then directly
pipetted into the QIAshredder spin column placed in a collection tube and
centrifuged at maximum speed for 2 minutes. After discarding the QIAshredder
spin column, the homogenized lysate was retained. To this, 350 ul of 70%

ethanol was added and mixed well by pipetting.

The sample was carefully transferred into a new QIlAamp spin column in a
collection tube and centrifuged at 28000 x g for 15 seconds. After discarding
the collection tube and flow-through, the QIAamp spin column was placed into
a new collection tube. Following the preparation steps, 700 ul of Buffer RwW1
was added to the column and centrifuged under the same conditions,

discarding the collection tube and flow-through afterward.

Before the initial application, 4 volumes of 96-100% ethanol were mixed with
Buffer RPE. Then, 500 pl of the prepared Buffer RPE was pipetted into the spin
column and centrifuged at 28000 x g for 15 seconds. After opening the QlIAamp
spin column, an additional 500 pl of Buffer RPE was added, and the column
was centrifuged for 3 minutes at 20,000 x g. To ensure no carryover of Buffer
RPE, the column was placed in a new collection tube and centrifuged at full

speed for 1 minute.
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Finally, the QIAamp spin column was placed into a collection tube, and 50 pl
of RNase-free water was pipetted onto the QIAamp membrane for elution by

centrifugation at 28000 x g for 1 minute.

The quality and purity of the extracted RNA were assessed using a
NanoDrop™ 1000 spectrophotometer by measuring the absorbance at
260/280 nm. The RNA samples were then used for cDNA synthesis and can
be stored at -80°C until needed for the gPCR experiment.

2.5.2 Complementary DNA (cDNA) Synthesis

Complementary DNA (cDNA) synthesis was carried out using the iScript™
cDNA Synthesis Kit, stored at -20°C. Before each experiment, the components
of the kit were thawed on ice. A 20 pul reaction volume was prepared according
to the manufacturer's instructions ( Table 4 ) , involving the orderly addition of

the following components:

e 4 pl of 5x iScript Reaction Mix, containing the necessary buffers and
dNTPs for reverse transcription.

e 1 pl of iScript Reverse Transcriptase, the enzyme responsible for
synthesizing cDNA from RNA.

e Avariable amount of RNase-free water to adjust the reaction volume.

e Avariable amount of the mRNA sample, ranging from 100 fg to 1 pg of
total RNA, serving as the template for cDNA synthesis.

Table 4.cDNA synthesis was performed using the reaction mix
provided by the iScript™ cDNA Synthesis Kit.

Components Volume per reaction
5x iScript reaction mix 4ul
iScript reverse transcriptase 1l
Nuclease free water Xl

RNA template (100 fg to 1 pg total | X pl
RNA)
Total 20 ul
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cDNA synthesis reactions were performed using a thermal cycler, following the
specified amplification conditions in the order listed:

e Incubation (primer annealing) step at 25°C for 5 minutes.
* CcDNA synthesis step at 42°C for 15 minutes.
e Enzyme inactivation step at 95°C for 5 minutes.

The synthesized cDNA can be stored in a -20°C freezer until use.

2.5.3 RT-gPCR Method

Following the synthesis of the cDNA, the real-time PCR reaction was set up in
96-well plates for each target gene to be measured. Each target was assayed
in triplicate to reduce variability, using a UV-irradiated hood on a Quant3
system. The 20pl real-time PCR reaction mixture consisted of 4pul of diluted
cDNA, 1yl of specific pre-designed primers (p53, p21, p27, Bcl-2) for each
target gene, 5ul of RNase/DNase-free water, and 10ul of SYBR™ Green PCR
Master Mix. The housekeeping gene, referred to as GAPDH, served as an
endogenous control for reaction normalization. All pre-designed primers
oriented from 5’ to 3’. The reaction volume per well was 20 pl, with the protocol

set for 40 cycles.

The qRT-PCR machine settings were as follows:

e Pre-denaturation at 50°C for 2 minutes
e Denaturation at 95°C for 10 minutes
e 40 cycles of denaturation at 95°C for 15 seconds

e Annealing and extension at 60°C for 1 minute

2.5.4 Data Analysis

In quantitative PCR (gPCR) experiments, the quantification cycle, commonly
referred to as the threshold cycle (CT), plays a pivotal role. This cycle is
characterised by the point at which the fluorescence generated by the

amplification of the PCR product exceeds the background signal, marking the
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onset of its exponential growth. The CT value serves as a numerical indicator
that precisely reflecting the quantity of target gene present within the sample.
Notably, there is an inverse relationship between the CT value and the amount
of the target gene, where lower CT values indicate a higher concentration of

the gene of interest (Schmittgen and Livak, 2008).

For comparative analysis, GAPDH was employed as a housekeeping gene,
providing a reference point for normalisation and ensuring the reliability of
expression data across different samples. The analysis process involves the
calculation of relative gene expression, employing the ACT method. This
approach facilitates the determination of CT values, thereby enabling the

indirect quantification of gene expression relative to the control samples.

The initial step in this process involves calculating the ACT value for each

sample, according to the following equation ( 2) :
ACT=CT target gene—CT housekeeping gene  (2)

Where CT target gene represents the threshold cycle of the gene under
investigation, and CT housekeeping gene corresponds to the threshold cycle
of the housekeeping gene, such as GAPDH, serving as an internal control.
Subsequent to the calculation of ACT values, the analysis proceeds to the

determination of AACT values for each sample, utilizing the formula ( 3) :

AACT=ACT sample—-ACT control cells  (3)

This calculation enables the assessment of gene expression changes between
treated and untreated cells, facilitating the normalization and comparison of

expression levels across different conditions.

Finally, to quantify the normalized fold change in gene expression between
treated and untreated samples, the AACT value is applied to the following

formula, yielding the fold change equation (4): Fold change=2-24CT  (4)
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2.6 Western blot assay

2.6.1 Cell Culture Methodology

The MDA-MB-231 breast cancer cell line was cultured at a seeding density of
1x108 cells per well in six-well plates. The cells were grown in RPMI 1640
medium+ Glutamax and supplemented with 10% foetal bovine serum (FBS)
and 1% sodium pyruvate to promote optimal growth. Cultures were maintained
under aseptic conditions, including the use of a laminar flow hood, to prevent
contamination. Incubation occurred at a steady 37°C in an atmosphere of 5%

COg2 for 72 hours, facilitating adequate proliferation.

To evaluate the biological response to treatment, cells were exposed to a 2.4
mM taxifolin after 12 hours of initial incubation. A parallel set of negative control
cultures was maintained to level the effects of the treatment conditions. These
experiments were replicated three times using samples from three different

cell culture passages.

2.6.2 Protein Extraction

The culture medium from each well was carefully transferred to Eppendorf
Tubes® and centrifuged at 400 x g for 3 minutes. After discarding the
supernatant, the cell pellets were washed twice with cold PBS. Subsequently,
the pellets were resuspended in 100 ul of RIPA buffer, with an additional 2 pl
of protease inhibitor cocktail added to the cells. The cells were then incubated
for 30 minutes on ice. Following this, the cell suspension was sonicated for
approximately 5 seconds twice at 30 W to shear the genomic DNA. This was
followed by centrifugation at 14,000 x g at 4°C for 10 minutes, and the
supernatant was transferred to other labelled tubes. Protein quantification was
performed using the micro-BCA protein assay, and the remaining cell lysates

were stored at -80°C.
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2.6.3 Protein Quantification

The total protein concentration was determined using a micro-BCA protein
assay kit. For this assay, a standard curve was generated using various
concentrations of bovine serum albumin (BSA) (0.125, 0.250, 0.5, 0.750, 1.00,
1.5, and 2 mg/ml). Five pl of each standard and sample were dispensed into
separate wells of a 96-well plate in triplicate, along with 250pul of diluted dye
reagent. These mixtures were agitated on a shaker for 30 seconds and then
allowed to incubate at room temperature for 5 minutes. The optical densities
of both the BSA standards and the unknown samples were measured at 562

nm.

2.6.4 Sodium Dodecyl Sulphate-Polyacrylamide Gel (SDS- PAGE)

Protein samples were prepared by combining each sample with 2X sample
buffer at a 1:1 ratio, followed by heating in boiling water for 5 minutes. The use
of Laemmli buffer is critical in this process due to its content of 2-
mercaptoethanol, which reduces disulfide bonds. Additionally, the buffer
contains SDS detergent to denature proteins and impart a negative charge to
them, allowing separation based on size rather than charge. Bromophenol blue
is included in the buffer for visual tracking of the samples, and glycerol is added
to increase the viscosity of the samples. After boiling, samples were

centrifuged for 10 seconds.

For electrophoresis, the pre-made gel were placed in a running tank filled with
electrophoresis buffer (25 mM Tris base, 192 mM glycine, and 0.1% (w/v)
SDS), and 20 pg of protein was loaded into each well. Additionally, one lane of
each gel was allocated for 10 pl of protein ladder to facilitate molecular weight
estimation. Care was taken to load each sample gently and slowly to ensure it
remained within its designated lane. Electrophoresis was performed using the
Power Pack™ Basic, starting at a low voltage of 50 Volts for 30 minutes to
achieve clear and sharp bands, followed by a constant voltage of 100V for 1
hour and 30 minutes. The progress of electrophoresis was monitored by
observing the migration of the pre-stained protein ladder and the dye front,

which indicated the completion of the separation process. It is noteworthy that
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gels of lower percentage are used to separate larger proteins, while higher
percentage gels are more effective for smaller proteins.

2.6.5 Transfer to Membrane
Following electrophoresis, the proteins were transferred onto a nitrocellulose
membrane using the iBlot® Gel Transfer Device . This process was conducted

for 7 minutes at a consistent voltage of 25V.

2.6.6 Blocking Phase

Subsequent to the transfer, the nitrocellulose membranes underwent a
blocking phase. This involved incubation in a blocking solution comprising 5%
(w/v) BSA dissolved in Tris-buffered saline mixed with Tween 20 (TBS-T),
which includes 150 mM NaCl, 20 mM Tris base, and 0.1% (v/v) Tween 20,
adjusted to a pH of 7.4. The membranes were incubated for one hour at room
temperature with gentle agitation. Following this, the membranes were washed

three times with TBS-T, each wash lasting 10 minutes.

2.6.7 Primary Antibody

The membranes were incubated with a primary antibody specific to the target
protein. This incubation took place overnight at 4°C with continuous shaking.
The rabbit monoclonal primary antibody was employed as a loading control to
ensure consistent protein loading across samples. Monoclonal antibodies
were chosen for their advantages in generating a stronger signal, minimizing
background noise, and offering high specificity towards the antigen. The
primary antibodies used, including GAPDH (diluted 1:10,000), p53 (1:1,000),
P21 (1:1,000), P27 (1:1,000), and Bcl-2 (1:1,000), were diluted in TBS-T
containing 5% (w/v) BSA. Following incubation, membranes were washed

three times with TBS-T, each wash lasting 10 minutes.

58



Chapter Two: Materials and Methods

2.6.8 Secondary Antibody

Subsequently, the membranes were treated with an Anti-Rabbit IgG H&L
(HRP) secondary antibody, aimed at detecting the sites bound by the primary
antibody. This secondary antibody was prepared at a 1:3,000 dilution in TBS-
T supplemented with 5% (w/v) BSA. The incubation was carried out at room
temperature for one hour with gentle agitation. After this, the membranes
underwent four washes with TBS-T, each extending for 15 minutes, to remove

unbound antibodies.

2.6.9 Detection

For detection, the membrane was treated with enhanced chemiluminescence
(ECL) reagents. This involved incubating the membrane in equal volumes of
ECL solution 1 and 2 for 1 minute at room temperature. After removing excess
detection reagent, the membrane was positioned in a GB Box, for imaging.

Images were captured and stored for subsequent analysis.

2.6.10 Data Analysis

The relative protein expression levels were quantified using ImageJ software,
with GAPDH employed as the loading control to ensure equal protein amounts
were analysed. The results were expressed as the mean + SEM from three
independent experiments conducted on the TNBC cell line. To evaluate the
statistical significance of differences across various treatment concentrations,
data analysis was performed using GraphPad Prism® software, version 8.4.0.
A two-way ANOVA, complemented by Dunnett's post hoc test, was utilised to

identify significant differences.

2.7 Formulation and Characterisation of Scaffold

There are various methods for creating porous scaffolds from biodegradable
PCL polymers, including solvent casting (Ghosal et al., 2018b, Patricio et al.,
2014), 3D printing , hot melt extrusion (Wang et al., 2016b), phase separation
(Katsogiannis et al., 2015), and electrospinning (Chen et al., 2007). These

techniques are noted for their ability to generate PCL fibres with precise micro-
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and nano-structures. However, challenges such as complex solvent
management, low drug encapsulation efficiency, lengthy processing times,
and high costs have been identified. Electrospinning stands out as a method
capable of addressing these issues, facilitating the production of 3D
nano/micro-fibre networks suited for tissue engineering. The quality of
electrospun fibres (Deitzel et al.,, 2001), however, is influenced by several
factors, including voltage (Thompson et al., 2007), polymer solution
concentration (Jacobs et al., 2010), flow rate (Zargham et al., 2012), choice of
solvent (Qin and Wu, 2012, Enis et al., 2017), and environmental conditions
like humidity and temperature (Robb and Lennox, 2011, Tan et al., 2005) .
Importantly, the solution's viscosity, surface tension, and conductivity, along
with the electrospinning conditions, significantly impact the scaffold's and
fibres' characteristics. Encapsulation efficiency (loading) can also be an issue
in electrospinning. Itis related to the interaction between the drug, the polymer,
and the solvent system. Also, the morphology of the drug in the mesh, which

is amorphous or crystals (Gaydhane et al., 2023).

2.8 PCL Polymeric Solution with and Without Taxifolin

PCL was selected for its notable strength, biocompatibility, and its capability to
encapsulate drugs for sustained release. Its significant characteristic is its slow
degradation rate under physiological conditions, distinguishing it from other
biodegradable polyesters for extended use applications. The polymer, bought
from Sigma-Aldrich, has an average molecular weight of 80,000 and a density
of 1.145 g/ml at ambient temperature. A variety of solvents, including
tetrahydrofuran (THF), N, N-dimethylformamide (DMF), dichloromethane
(DCM), chloroform (CF), acetone (AC), and methanol, were tested for their
efficacy with PCL and taxifolin. It was determined that chloroform ,bough from
Merk (analytical grade), and methanol bough from Merk (analytical grade) are
the most suitable solvents for this combination. Thus, chosen, these solvent

as they will be evaporated could have minimal toxicity in the case of traces.

PCL pellets were initially tested for their solubility in various solvents, including

DMF, THF, DCM, acetone, methanol, and chloroform. The tests revealed that
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methanol and chloroform were the only solvents that provided a satisfactory
mixture for dissolving the drug along with PCL. The specific formulations for
each polymer solution, containing 2%, 5%, and 10% (w/w) of taxifolin, are

detailed below:

1. For a 10% taxifolin concentration (w/w): 450 mg PCL + 50 mg taxifolin
+ 3.25 g chloroform + 0.75 g methanol.

2. For a 5% taxifolin concentration (w/w): 475 mg PCL + 25 mg taxifolin +
3.25 g chloroform + 0.75 g methanol.

3. For a 2% taxifolin concentration (w/w): 490 mg PCL + 10 mg taxifolin +

3.25 g chloroform + 0.75 g methanol.

2.9 Electrospinning

The electrospinning process is a leading method in tissue engineering for
producing scaffolds and fabricating biomaterials. This technique utilises
electric force to create fibres ranging from nano to micro scale, which are
essential for scaffold production (Hiep and Lee, 2010). The process involves
an electric field between a positively charged electrode at the needle tip and a
grounded electrode at the collector surface. When the electric charge exceeds
the surface tension of the polymer solution, it leads to solvent evaporation and
the creation of polymer jets, resulting in scaffolds with desired thickness. The
fibre diameter and scaffold thickness are depending on factors such as flow
rate, solution concentration, and polymer amount, higher voltages producing
thinner fibres (Deitzel et al., 2001, Beachley and Wen, 2009).

Electrospinning has several advantages over traditional methods, including
the production of scaffolds with thin fibres, high porosity designed for cell
growth (Zhang et al., 2012, Stitzel et al., 2006). Despite its simplicity and speed
in fabricating 3D scaffolds, challenges remain in creating complex structures
for different applications (Lu et al., 2013). Electrospun scaffolds simulate the
natural extracellular matrix, supporting diverse tissue engineering fields,
including bone, blood vessels, muscle, and skin (Yoshimoto et al., 2003,
Riboldi et al., 2005, Kumbar et al., 2008, Marelli et al., 2010).
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A standard electrospinning setup includes a high voltage power supply, a
syringe pump, and a collector. Despite its regular setup, various critical
parameters such as solution properties, operational conditions, and ambient
parameters significantly impact the morphology of the resulting polymeric
scaffolds. A freshly prepared feedstock solution of Polycaprolactone (PCL) with
a molecular weight of 80,000 was dissolved in a methanol and chloroform
mixture at a 2:7 (W/W)5 ratio. This solution was stirred for approximately 24
hours using a magnetic stirrer, as depicted in Figure 9. After stirring, the
solution underwent a degassing process to remove any bubbles or gases. It
was then transferred into standard 10 ml BD syringes with a 15.9 mm diameter,

which are suitable for electrospinning.

Figure 9. Solution/feedstock preparation for electrospinning.

To ensure successful fibre production, careful attention was given to forming a
stable Taylor cone at a reasonable distance from the collector plate, made of
aluminium foil, with the process conducted at a controlled flow rate. The
electrospinning setup included a 20G needle, a fixed distance of 130 mm from
the needle tip to the collector, and a 60-minute spinning duration for each
sample solution. These conditions facilitated the formation of the Taylor cone,
as illustrated in Figure 10. The process was carried out at an ambient

temperature of approximately 22+1°C and a humidity level (RH) around 33%.
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Figure 10. Taylor cone structure obtained during electrospinning
process.

The applied voltage was maintained between approximately 6.5-8.5 kV to
enhance the likelihood of forming a stable Taylor cone. The flow rate was
initially set at 1 ml/hr in the software and later reduced to 0.5 ml/hr to optimise
the extrusion rate of the solution. A stable Taylor cone was identified by the
presence of a stable catenary curve visible from one jet, as observed via
camera, along with the deposition pattern on the collector plate. At a flow rate
of 1 ml/hr, single jet was observed, resulting in the formation of the desired
scaffold. Reducing the flow rate to 0.5 ml/hr led to a more consistent deposition
pattern and alignment with a single jet and resulting in appropriate fibre
morphology through SEM imagery, as demonstrated in Figure 11, which
displays the entire process of scaffold production.
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Figure 11. The Process of producing scaffold.
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2.10 SEM

To study the morphology and surface topography of the electrospun scaffolds,
a scanning electron microscope (SEM), specifically the Hitachi TM3000
Tabletop device from Japan, was utilised. The scaffolds were trimmed to
approximately 5mm? for analysis. The samples were coated with gold
nanoparticles for 10 minutes for improve the final images. Images were
captured in a vacuumed SEM chamber at an accelerating voltage of 5KV.
These images were then analysed using ImagelJ, a Java-based image
processing program developed by the National Institutes of Health and the
Laboratory for Optical and Computational Instrumentation at the University of
Wisconsin, USA. This analysis aimed to determine the average fibre diameter
(in ym), average pore size (in um?), and percentage of surface porosity. For
each of these parameters, the average values were calculated based on 20

measurements per image.

2.11 TGA, and DSC

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
are the most widely used thermal analysis techniques in the characterisation
of crystalline and amorphous (non-crystalline) materials with diverse
applications. DSC measures various thermal transitions of a material when
heated or cooled in a controlled manner. These transitions include melting and
glass transition (Tg) temperatures, crystallisation, polymorph conversion,
solvation, dehydration, and chemical reactions, which typically obvious as
steps or peaks, depending on the material. This will be explained on later in

this section.

Thermogravimetric analyses (TGA) and differential scanning calorimetry
(DSC) tests were conducted to characterise the properties of taxifolin, PCL,
their physical mixture (10% w/w), and their electrospun scaffold (10% w/w).
The TGA test utilised the TA Instruments Discovery Series TGA machine, as
shown in Figure 12. Samples were placed in pans and heated from room
temperature to 600°C at a heating rate of 20°C/min, under a nitrogen

atmosphere with a flow rate of 20 ml/min.
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The DSC device (TA Instruments Discovery), also referenced in Figure 13, was
initially calibrated using an indium reference sample. Samples were sealed in
aluminium pans, with the covers pierced to allow moisture and gaseous
degradation products to evaporate. The samples then underwent a heat-cool-
heat cycle under a nitrogen gas atmosphere at a flow rate of 50 ml/min. Initially,
the samples were heated to 200°C at 10°C/min, then cooled to -90°C at the
same rate before undergoing another heating cycle to 400°C at 10°C/min. Heat
flow was compared against an empty reference pan as a baseline. TGA and

DSC data were recorded using TA Instruments Trios software version 5.0.

Figure 13. DSC machine used for physio- thermal analyses.

66



Chapter Two: Materials and Methods

2.12 XRPD and TFIR

PCL mesh was prepared with and without taxifolin (10% w/w) via the
electrospinning process. The structural and optical properties were
investigated using X-ray powder diffraction (XRPD) with a D8 Discovery
instrument and Fourier transform infrared spectroscopy (FTIR) with an
IS50.ABX machine.

2.13 Release Study of Taxifolin

UV spectroscopy is a commonly used technique to characterise chemicals,
including their concentration and the purity, by analysing absorption in the
ultraviolet region of the electromagnetic spectrum. The spectrum could act as
a unique fingerprint for recognising the compound. This technique involves
measuring the photon emission at a specified wavelength, which excites the
molecules' electrons to elevated energy levels that could lead to the
production of the absorption spectrum. The maximum absorption wavelength
(max) of a compound, where the compound absorbs light most effectively , is
usually used to identify the concentration of the compound (Perkampus, 2013)

UV spectroscopy can be employed to verify drug loading and release from
dosage forms ,including meshes. In fact, the intensity of the absorption
provides information into the compound's concentration with the sample
(Perkampus, 2013).

Samples weighing 3.6 mg, including PCL scaffolds, 10% w/w taxifolin
scaffolds, and physical mixtures of PCL and the drug (10% w/w), were
investigated. Additionally, a raw sample of taxifolin at 0.36 mg (to represent the
same amount of the drug in 10% scaffolds and physical mixture) was also
examined. Each sample was placed into a dissolution basket from a "British
Pharmacopoeia type 1 dissolution apparatus” into a 50 ml glass beaker holding
40 ml of distilled water. The beaker was agitated using a magnetic stirrer at 75
rpm, with the basket suspended in the water 2 cm above the magnetic stirrer

at room temperature (22+1°C).

67



Chapter Two: Materials and Methods

Samples of 5 ml were withdrawn from each beaker at 15, 30, 60, 120, 240,
and 360 minutes, and fresh 5 ml of water was added to replace the withdrawn
volume, creating a "sink condition”. The drug concentration was measured
using UV spectroscopy, with each sample scanned between 200-450 nm. The
concentration was determined at the Lambda max (Amax = 288 nm), and the
drug concentration was calculated from the absorbance using an equation
obtained through plotting the standard curve for known concentrations of
taxifolin. The potential interference from other excipients was investigated,

revealing no overlapping peaks at the lambda max.

At the end of the experiment, the 10% wi/w taxifolin scaffolds were crushed to

measure the total amount of drug inside.

This actual average drug percentage was considered when in vitro treatment

of cells was conducted in the next step of this project.

2.14 In Vitro Cell Viability of Scaffolds using Florescence Microscopy

The MDA-MB-231 triple-negative breast cancer (TNBC) cell line was cultured
by seeding cells at a density of 5x10° cells/ml in each well. These wells
contained samples that weighed 3.6 mg and either polycaprolactone (PCL)
scaffolds, taxifolin scaffolds with a 10% w/w concentration, or physical mixtures
of PCL and taxifolin (also at a 10% w/w concentration), along with negative
controls. Each experimental sample had three replicates and was arranged in
24-well plates. The cells were grown in RPMI+ GlutaMAX media at 37 °C in a
5% CO2 atmosphere for both 3 and 6 days. After media removal, the wells

underwent three washes with PBS.

The cells were fixed by applying 1 ml of 4% w/v formaldehyde solution for 30
minutes at room temperature. This step was followed by two washes with 1 ml
of PBS and a 30-minute with 0.1% Triton X-100 at 25 °C. After two additional
PBS washes, 200 pL of Rhodamine Phalloidin stain, prepared as per the
manufacturer’s guidelines, was added to each sample. This staining procedure
was carried out for 30 minutes in a dark environment at 25 °C. Subsequently,
the samples were washed with 1 ml of PBS and then stained with DAPI (4',6-
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diamidino-2-phenylindole) by adding 50 pL of the DAPI solution to each sample
and incubating for 15 minutes.

Following two final washes with 1 ml of PBS, cell viability was assessed after
10 minutes. Florescent Microscopic examination was conducted, and
photographs were captured and analysed to evaluate the experiment's

outcomes.
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3.Assessment of Taxifolin's Potential Cytotoxic and Anticancer

Effects on Breast Cancer Using Comet Assay

3.1 Introduction

The Comet assay, also known as single-cell gel electrophoresis, is an efficient,
cost-effective, sensitive, straightforward, and fast technique for assessing the
extent of DNA damage at the individual cell level. This technique quantifies the
amount of DNA migrating out of the nucleus, forming a distinctive comet shape
on an agarose gel. The extent of DNA migration from the nucleus correlates
directly with the length of the Comet tail, providing a quantifiable measure of
DNA genotoxicity. This relationship is crucial for evaluating DNA damage ,
utilizing parameters such as the ratio between the head size and tail length to
indicate the level of genotoxicity (Collins et al., 2008)

The Comet test is a technique applicable for evaluating genotoxic DNA
damage and DNA repair capacity made by various agents, including
pharmaceuticals, chemicals, biological stress, food supplements and radiation
(Nandhakumar et al., 2011).

The Comet assay experiment operates on the principle that damaged DNA
migrates through an agarose gel more rapidly than undamaged DNA. This
migration results in a visible tail when viewed under a microscope, with this tail
length serving as a direct indicator of the extent of DNA damage (Olive, 2002).
The body’s cells possess repair mechanisms designed to address diverse
types of DNA damage, thereby preventing permanent changes to the DNA
structure (Dhawan et al., 2009) The alkaline Comet assay, in particular, is
used to detect single DNA strand breaks (SBs) and alkali-labile sites (Alfarouk
et al., 2015), relying on the electrophoresis of single nucleoids to produce a
Comet-like shape (Vodicka et al., 2020).

Comet assay results can provide vital insights for understanding genetic the
level of DNA damage and assessing potential human health risks. Blood
lymphocytes are a subset of cells fundamental to the immune system, can be
utilised in the Comet assay , and are present in peripheral blood samples.
These cells’ high mitotic index, indicating active proliferation and susceptibility
to genotoxicity-induced DNA damage, make them suitable for this kind of

analysis. The assay involves exposing cells to a test drug, followed by
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chemical lysis. The lysed cells are then embedded in agarose, and the
resulting gel undergoes electrophoresis. Cells with damaged DNA travel faster
than those without damage , adopting the characteristic Comet shape. The tail
length used to quantify the DNA damage extent (Cordelli et al., 2021b)
compared to other methods for evaluating DNA damage and repair, the Comet
test offers clear advantages, providing an accurate assessment tailored to
specific cell types (Garcia-Rodriguez et al., 2019) .

This study focuses on determining the impact of various taxifolin doses on DNA
damage or repair in lymphocytes from healthy individuals, breast cancer
patients, and the MDA.MD.231 breast cancer cell line, using the Comet assay.
The evaluation involved quantifying the DNA migrated outside of the nucleus
and the length of comet tail, taking the distinct Comet form. Hydrogen peroxide
(H202) served as a genotoxic substance for positive control at a 0.06 mM
concentration. Dose response experiments were conducted to determine the
optimal taxifolin doses for the study.

The Comet assay uses Olive Tail Moment (OTM) and %Tail DNA as

parameters for measuring genotoxic DNA damage and repair in lymphocytes.

3.2 Materials and Methods

All equipment and chemicals used in the Comet assay are listed in Tables 2
and 3 . The Comet assay method and CCK-8 is presented in Chapter 2
(Section 2.4), and ( Section 2.3.6), respectively.
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3.3 Results and Discussions
3.3.1 Results

3.3.1.1 Investigating the Effects of Varied Doses of Taxifolin on the
Genotoxicity of Lymphocytes in Whole Blood Samples from Healthy
Donors Using Comet Assay

The Comet assay was used to evaluate the genotoxic potential of taxifolin on
whole blood samples from healthy donors. Five samples treated with different
doses of taxifolin were examined to see if changes in doses were linked to
changes in genotoxicity. The results, presented as the Olive Tail Moment
(OTM) (Figure 14) and Tail DNA% (TDNA %) (Figure 15).

Graphs for both TDNA% and OTM showed that untreated sample ( negative
controls) has significantly lower DNA damage level than the sample treated
with 0.06 mM concentration of H202 (positive control) with very strong statical
significance (****p<0.0001, ***p<0.001).

The OTM results indicated that the genotoxicity increased in sample treated
with taxifolin compared to the untreated samples but decreased compared to
H20: treated samples. All treated samples, except for the one with 4.8 mM
taxifolin (*p<0.05), showed no significant difference in genotoxicity compared
to the negative control . However, 0.9 mM of taxifolin treatment significantly
reduced the genotoxicity compared to positive control (**p<0.01), even though
it was not statically significant compared to the negative control.

Similarly, TDNA% analysis indicated an overall increase in the genotoxicity in
the treated samples compared to the negative control and a decrease
compared to the positive control. None of the treated samples showed
significant differences compared to negative control. However, the sample
treated with 1.2 mM of taxifolin showed a significant reduction in the
genotoxicity compared to the positive control (**p<0.01).

After conducting a thorough analysis, we concluded that 0.9 mM and 1.2 mM
doses of taxifolin were most effective in minimising genotoxicity in healthy

blood samples.
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Figure 14. Genotoxicity was assessed in lymphocytes of whole blood
from five healthy donors (n=5) at various doses of taxifolin using the
Olive Tail Moment in comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**n<0.01; **p<0.001; ***p<0.0001; ns = not significant.
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Figure 15. Genotoxicity was assessed in lymphocytes of whole blood
from five healthy donors (n=5) at various doses of taxifolin using the
Tail DNA in comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; **p<0.001; ***p<0.0001; ns = not significant.
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3.3.1.2 Investigating the Potential Beneficial Effects of Taxifolin on
lymphocytes in Healthy Donor Blood by Using the Comet Assay to
Evaluate Genotoxicity at Optimal Doses

This study aims to examine the genotoxicity of taxifolin on lymphocytes from
healthy blood samples. Fifteen samples from healthy doners were treated with
two different doses of taxifolin, 0.9 mM and 1.2 mM. Additionally, some
samples were co-treated with 0.06 mM of hydrogen peroxide (H2032), which is
the same concentration used in the positive control group. This co-treatment

aimed to assess the effect of taxifolin in a highly oxidising environment.

The results, as shown in the OTM (Figure 16) and TDNA (Figure 17), indicated
a significant increase in genotoxicity in the positive control compared to

negative control (****p<0.0001).

The DNA damage at both taxifolin concentrations did not statistically differ from
negative control. However, the most reduction in the genotoxicity was
observed with the 1.2 mM dose, suggesting it was slightly more effective than

lower than 0.9 mM dose.

Moreover, This study explored the genotoxic effects of H202 and how taxifolin
might reduce these effects. The impact of taxifolin at 0.9 mM and 1.2 mM
concentration was compared in the presence of H202 with a positive control .
The genotoxic effects of H202 decreased in samples co-treated with taxifolin
and hydrogen peroxide. The results showed that the reduction of H202's
effects by these samples was not statistically significant compared to the
positive control. However, the sample treated with 0.9 mM taxifolin showed
slightly more reduction in H202 effects compared to the sample treated with
1.2 mM. Thus, the sample treated with 0.9 mM taxifolin showed the lowest
genotoxicity among the samples co-treated with taxifolin and H202, as its OTM
slightly decreased compared to that the 1.2 mM dose. However, the difference
was not statistically significant.

A similar trend was seen in the TDNA results, with 1.2 mM dose maintaining

the lowest genotoxicity among all treated samples.
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Figure 16. lllustrates the genotoxicity of the optimal doses of taxifolin
on lymphocytes of whole blood from fifteen healthy donors (n=15)
using the Olive Tail Moment in comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001; ns = not significant. (H202)
hydrogen peroxide.
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Figure 17. lllustrates the genotoxicity of the optimal doses of taxifolin
on lymphocytes of whole blood from fifteen healthy donors (n=15)
using the Tail DNA in comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; ***p<0.001; ***p<0.0001; ns = not significant. (H202) hydrogen
peroxide.
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3.3.1.3 Investigating the Potential Beneficial Effects of Optimal Doses
of Taxifolin on Lymphocytes in Breast Cancer Blood by Using the
Comet Assay to Evaluate Genotoxicity at Optimal Doses

This study aims to examine the genotoxicity of taxifolin on lymphocytes from
breast cancer blood samples. Fifteen samples from breast cancer doners were
treated with two different doses of taxifolin, 0.9 mM and 1.2 mM. Additionally,
some samples were co-treated with 0.06 mM of hydrogen peroxide (H2032), the
same concentration used in the positive control group, to assess taxifolin’s

effect a highly oxidising environment.

The results, as shown in the OTM (Figure 18) and TDNA (Figure 19), indicated
no significant difference in genotoxicity between the positive and negative

control.

Results from the OTM and TDNA showed that DNA damage at both taxifolin
concentrations were statistically different from the negative control, with the
OTM results at (*p<0.05) for both concentrations, and the TDNA results at
(*p<0.05, **p<0.01), respectively. This suggest that the most reduction in
genotoxicity was observed at the 1.2 mM dose ,indicating it was slightly more
effective than the 0.9 mM dose.

Moreover, This study explored the genotoxic effects of H202 and how taxifolin
might reduce these effects. The impact of taxifolin at 0.9 mM and 1.2 mM
concentration was compared in the presence of H202 with a positive control .
The genotoxic effects of H202 decreased in samples co-treated with taxifolin
and hydrogen peroxide, with statistically significant reduction compared to the
positive control (*p<0.05, **p<0.01). However, the sample treated with 0.9 mM
of taxifolin showed a slightly more reduction in H20:2 effects compared to the
sample treated with 1.2 mM. Thus, the sample treated with 0.9 mM taxifolin
showed the lowest genotoxicity among the samples co-treated with taxifolin
and H20z2, although the difference was not statistically significant.
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Figure 18. lllustrates the genotoxicity of the optimal doses of taxifolin
on lymphocytes of whole blood from fifteen breast cancer patients
(n=15) using the Olive Tail Moment in comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; **p<0.001; ***p<0.0001; ns = not significant. (H202) hydrogen
peroxide.
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Figure 19. lllustrates the genotoxicity of the optimal doses of taxifolin
on lymphocytes of whole blood from fifteen breast cancer patients
(n=15) using the Tail DNA in comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; ***p<0.001; ***p<0.0001; ns = not significant. (H202) hydrogen
peroxide.
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3.3.1.4 Investigating the Potential Beneficial Effects of Optimal Doses
of Taxifolin on Lymphocytes in Breast Cancer and Healthy Donor
Blood by Using the Comet Assay to Evaluate Genotoxicity at Optimal
Doses

The comparison of results in section 3.3.1.2 and section 3.3.1.3, especially
regarding OTM (Figure 20) and TDNA (Figure 21), between the negative
control samples of cancer and healthy individuals, revealed that the negative
control for cancer sample exhibited higher genotoxicity compared to that of
healthy sample (***p<0.001, ****p<0.0001).

The pictures depicting the OTM and TDNA showed that taxifolin-treated
cancer samples generally showed significant reductions in genotoxicity
compared to the cancer negative control. Conversely, all healthy samples
treated with taxifolin showed a general non-significant increase in genotoxicity
compared to the healthy negative control .Additionally , In both cancer and
healthy samples co-treated with taxifolin and H202 ,compared respectively to
cancer and healthy positive controls, the same trend was observed .

The comparison between healthy samples and the healthy negative control
revealed that the 1.2 mM dose exhibited the lowest genotoxicity among all
healthy-treated samples. Similarly, the 1.2 mM dose in cancer samples
showed the lowest genotoxicity among all cancer-treated samples compared
to the cancer negative control, which was statistically significant in both olive
tail moment and tail DNA assessments (*p<0.05,**p<0.01), respectively.
Overall, a reduction in genotoxicity was observed in all cancer -treated
samples compared to the cancer negative control, whereas all treated healthy
samples showed a non-significant increase in the genotoxicity compared to
the healthy negative control. Moreover, in all samples treated with taxifolin +
H202, a reduction in genotoxicity was noted when compared to both cancer
and healthy positive controls. In summary, the results for TDNA and OTM
assessments closely paralleled each other, with the 1.2 mM dose showing the
least genotoxic effect on the treated samples, for both cancer and healthy

samples.
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Figure 20. Compares the genotoxicity of taxifolin on lymphocytes of
whole blood from fifteen breast cancer patients (n=15) and fifteen
healthy donors (n=15) using the Olive Tail Moment in comet assays.

3 Healthy(H)

@ BreastCancer(BC)

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; **p<0.001; ****p<0.0001, ns = not significant. Explanatory

notes: (H) healthy; (BC) breast cancer; (H202) hydrogen peroxide.
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Figure 21. Compares the genotoxicity of taxifolin on lymphocytes of
whole blood from fifteen breast cancer patients (n=15) and fifteen
healthy donors (n=15) using the Tail DNA in comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001; ns = not significant. Explanatory
notes: (H) healthy; (BC) breast cancer; (H202) hydrogen peroxide.
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3.3.1.5 Assessing Taxifolin-Induced Apoptosis in MDA-MB-231 Breast
Cancer Cells Across Varying Doses and Durations: A CCK-8 Assay
Analysis

Different concentrations of taxifolin (0.6 mM, 1.2 mM, 2.4 mM, and 3.6 mM
)were used to evaluate its apoptotic effects on the MDA-MB-231 breast cancer
cell line over various time intervals (30 minutes, 2 hours, 12 hours, and 24
hours), as shown in Figure 22.

The results demonstrated that taxifolin at 0.6 mM maintained the highest cell
viability within O to 24-hour range. It was observed that 2.4 mM of taxifolin
presented the lowest cell viability at the time intervals ranging from 0 to 30
minutes, 2 to 12 hours, and 12 to 24 hours, indicating it as the optimal dose for
inducing apoptosis. However, between 30 minutes to 2 hours, the most
effective dose was 3.6 mM, showing the lowest cell viability.

The absorbance rate, directly correlates with cells viability , was used to assess
the stability and apoptotic impact of taxifolin on breast cancer cell over different
time periods. The findings suggest that 2.4 mM of taxifolin is the optimal dose
for apoptosis induction between 0 to 30 minutes and from 2 to 24 hours.
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CELL VIABILITY%
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Figure 22. lllustrates the apoptosis rate of the MDA-MB-231 breast
cancer cell line under various doses of taxifolin for different durations
in the CCK8 assay.
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3.3.1.6 Investigating the Effects of Varied Doses of Taxifolin on the
Genotoxicity of MDA-MB-231 Breast Cancer Cell Line Using Comet
Assay

The Comet assay was used to evaluate the genotoxicity of taxifolin on MDA-
MB-231 breast cancer cell line. Cells were cultured and then treated with
different doses of taxifolin to examined if changes in taxifolin dosage were
associated with a change in genotoxicity. The results are presented as the
OTM (Figure 23) and TDNA% (Figure 24).

The graphs for both TDNA% and OTM showed that the untreated sample (
negative controls ) showed significantly lower genotoxicity compared to the
samples treated with 0.06 mM concentration of H20:2 ( positive control ), with
a very strong statical significance (****p<0.0001).

The OTM results indicated that genotoxicity was higher in samples treated with
taxifolin than untreated samples (negative control) but lower than in H202-
treated samples (positive control) . All treated samples, except for those with
1.2 mM of taxifolin (*p<0.05) and 2.4 mM of taxifolin (***p<0.001) ,
demonstrated no significant genotoxicity difference compared to the negative
control .

Similarly, TDNA% analysis showed an overall increase in genotoxicity in the
treated samples compare to the negative control and a decrease compared to
the positive control. However, some treated samples showed no significant
differences compared to negative control. Notably, samples treated with 1.2
mM of taxifolin (*p<0.05) and 2.4 mM of taxifolin (**p<0.01) showed a

significant increase in genotoxicity compared to the negative control.
After a comprehensive analysis of both TDNA% and OTM data, we concluded

that the 2.4 mM doses of taxifolin was the most effective in improving

genotoxicity in MDA-MB-231 breast cancer cell line.
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Figure 23. Genotoxicity was assessed on the MDA-MB-231 breast
cancer cell line at various doses of taxifolin using the Olive Tail
Moment in comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**n<0.01; **p<0.001; ***p<0.0001; ns = not significant.
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Figure 24. Genotoxicity was assessed on the MDA-MB-231 breast
cancer cell line at various doses of taxifolin using the Tail DNA in
comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; ***p<0.001; ***p<0.0001; ns = not significant.
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3.3.1.7 Investigating the Beneficial Effects of Taxifolin on MDA-MB-231
Breast Cancer Cell Line by Using the Comet Assay to Evaluate the
Genotoxicity at Optimal Doses

This study aims to examine the genotoxic effects of taxifolin on MDA-MB-231
breast cancer cell line. Cells were cultured and then treated with an optimal
dose of taxifolin, 2.4 mM. Additionally, one sample was co-treated with 2.4 mM
of taxifolin and 0.06 mM of hydrogen peroxide (H2032), the same concentration
used in the positive control group, to assess taxifolin’s effect a highly oxidising

environment.

The results, as shown in the OTM (Figure 25) and TDNA (Figure 26), indicated
a highly significant difference in genotoxicity between the positive and negative
control(****p<0.0001).

Further analysis of OTM and TDNA showed that DNA damage at taxifolin
concentration was statistically different from the negative control (*p<0.05).

Moreover, the impact of taxifolin at 2.4 mM concentration was compared in the
presence of H202 with a positive control .The genotoxic effects of H20:2
increased in samples co-treated with taxifolin and hydrogen peroxide, with a

statistically significant increase compared to the positive control (*p<0.05).
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Figure 25. Genotoxicity was assessed on the MDA-MB-231 breast
cancer cell line at the optimal dose of taxifolin using the Olive Tail
Moment in comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; **p<0.001; ***p<0.0001; ns = not significant. (H202) hydrogen
peroxide.
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Figure 26. Genotoxicity was assessed on the MDA-MB-231 breast
cancer cell line at the optimal dose of taxifolin using the Tail DNA in
comet assays.

Error bars represent the standard error of the mean (SEM). *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001; ns = not significant. (H202)
hydrogen peroxide.
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3.3.2 Discussion

This study used Comet assay to investigate the efficacy of taxifolin on human
lymphocytes from fifteen healthy individuals and fifteen breast cancer patients.
Taxifolin has been demonstrated in various in vitro and in vivo studies to have
promising applications in health, acting as an agent with anticancer, antiviral,
antimicrobial, anti-HIV, antifungal ,and anti-inflammatory activities
.Furthermore, the potent inhibitory effects of taxifolin on multiple cancer types,
including breast ,lung , colorectal, liver , brain , bone , and skin cancers , have
been documented (Liu et al., 2023b, Das et al., 2021b). However, None of the
previous studies have explored impact of taxifolin on DNA damage in human

blood lymphocytes and TNBC using Comet assay.

Due to its sensitivity, simplicity, ease of use, time efficiency, and cost-
effectiveness, the Comet assay was chosen for assessing DNA integrity in
cells (Gopalan et al., 2011). Peripheral lymphocytes present in whole blood
serve as an excellent surrogate model for genotoxicity assessment. These
cells, circulating throughout the body, are susceptible to both endogenous and
exogenous DNA damage caused by physio-chemical genotoxic insults
(Najafzadeh et al., 2011).

Whole blood from healthy volunteers and breast cancer patients was treated
in vitro, with different doses of taxifolin for 30minutes at 37°C. H202 (0.06 mM)
served as PC. Subsequent analysis of blood lymphocytes for OTM and % DNA
tail revealed that taxifolin treatment did not significantly damage DNA in
lymphocytes of healthy individuals across various doses compared to
untreated cells (Figure 16 and Figure 17). Optimal doses were identified as
0.9mM and 1.2 mM. Conversely, in breast cancer patients’ lymphocyte, the
same taxifolin concentrations reduced the genotoxicity compared to the

untreated cells (Figure 18 and Figure 19).

The assay results also highlighted protective effect of taxifolin against H202-
induced oxidative stress in DNA from both healthy individuals and breast
cancer patient. In samples co-treated with taxifolin and H202, the level of DNA

damage significantly decreased compared to the PC.
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TNBC represents the most challenging breast cancer subtype, characterised
by low survival rates. About 50% of patients with early-stage TNBC experience
disease recurrence, and 37% die within the first 5 years post-surgery(Ahmad
et al., 2024, Costa and Gradishar, 2017). TNBC cells, treated in vitro, with
different taxifolin doses for 30minutes at 37°C and compared against a 0.06
mM H202 positive control, showed significant DNA damage induction at
optimal taxifolin concentrations. The most effective dose was 2.4 mM(Figure
23 and Figure 24). Additionally, cells co-treated with the optimal taxifolin
concentration and H202 exhibited increased the genotoxicity compared to the
positive control (Figure 25 and Figure 26), suggesting taxifolin maintains its
genotoxicity effect in presence of oxidative stress . Significantly, DNA damage

level increase in TNBC cells compared to the PC in these scenarios.

Cell viability of the MDA-MB-231 breast cancer cell line was assessed using
different taxifolin concentrations through the CCK-8 assay over interval from
30 minutes to 24 hours (Figure 22).

The finding indicated that 2.4 mM taxifolin significantly reduced cell viability
within these time intervals, ranging between 0 to 30 minutes and from 2 to 24
hours, indicating it as the optimal dose for apoptosis induction. This doss’s
absorbance rate, directly correlating with cells viability, confirmed the stability
and apoptotic impact of taxifolin on breast cancer cells across different periods.
The findings suggest that 2.4 mM of taxifolin is the optimal dose for apoptosis
induction, confirming that the CCK-8 assay results are in alignment with the

TNBC Comet assay findings.
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4. Effect of Taxifolin on Major Signal Transduction Pathways in Triple
Negative Breast Cancer Cell Line (TNBC), MDA-MB-231

4.1 Introduction

4.1.1 Rt-PCR (Quantitative Reverse Transcription Polymerase Chain
Reaction)

Various methods can be employed to detect DNA amplification, one of which
is real-time amplification utilizing gRT-PCR (quantitative reverse transcription
polymerase chain reaction). This technique was introduced by Kary Mullis in
1983 and was honoured with the Nobel Prize in Chemistry in 1993. This
method involves the detection of fluorescence signals that increase in intensity
with each gPCR cycle, which reflects the amplification of DNA. The quantity of
this amplified DNA is determined at specific times by detecting fluorescence
(Bashari, 2020). In each cycle, the levels of fluorescence gradually increase
until they are measurable. The 'quantification cycle' is the point at which the
precise amount of target DNA within a specific sample can be measured (Kralik
and Ricchi, 2017). This technique is noted for its exceptional sensitivity and
rapidity, thereby making it highly relevant across various fields. It is employed
by both researchers and clinicians for tasks such as gene cloning, sequencing,
diagnosing diseases, and conducting complex genomic analyses. PCR has
wide-ranging utility, capable of processing diverse DNA sources such as

microbes, peripheral blood, and tissues (Zhu et al., 2020).

PCR plays an important role in analysing tumours by facilitating the isolation
of DNA. Consequently, proto-oncogenes and tumour suppressor genes can be
extracted and quantified. The precision of gPCR is highlighted by its capability
to accurately measure and isolate a specific target gene (Narrandes and Xu,
2018). Moreover, gPCR can be used to target a single cell as well as various
DNA combinations, including proteins and mRNA (Stahlberg and Kubista,
2014).

To proceed with the PCR reaction, several components are needed, including
the DNA polymerase enzyme, primers, and nucleotides. DNA polymerase links

individual nucleotides together, leading to the formation of the PCR product.
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DNA consists of Adenine (A), Cytosine (C), Guanine (G), and Thymine (T), and
DNA polymerase utilises these bases to generate the final PCR product.
Primers, which are short DNA fragments that match the sequence of the target
DNA, are essential for amplifying specific DNA sequences. These primers
serve as starting points for DNA polymerase to build upon. PCR involves
thermal cycling, which includes denaturation, annealing, and extension steps.
In the denaturation step, the DNA double helix unwinds and becomes single-
stranded DNA at a temperature of 94°C for 30 seconds to 2 minutes. Following
this, during annealing (at 45°C to 72°C for 30 seconds), primers specifically
base-pair with the single-stranded DNA, allowing the two DNA strands to serve
as templates for the polymerase enzyme to target the specific DNA of interest.
The temperature in the annealing step is determined by the primer sequence
through experimental optimisation. The extension step occurs at either 72 or
78 °C, where DNA synthesis from the primers takes place(Kadri, 2019).

p53 is a suppressor gene that codes for the p53 protein, playing a crucial role
in managing stress factors in human cells (Blagih et al., 2020). The p53 protein
responds to elevated stress signals, which can be caused by abnormal
expression of oncogenes, metabolic disorders, telomere erosion, or DNA
damage. The p53 signalling mechanism is complex, influenced by various
oncogenes and cellular conditions. The outcomes of p53 activation include
temporary cell cycle arrest, apoptosis, maintenance of metabolic balance, and
DNA repair (Hassin and Oren, 2023). The regulation of p53 involves the
accumulation of posttranslational modifications, triggering its interaction with
proteins. This interaction leads to sub-cellular relocation and activation of
genes associated with the signalling pathway (Liu et al., 2019b). Furthermore,
p53 can induce DNA repair pathways to reduce damage. The regulation of
specific DNA repair genes depends on the type of DNA damage, with p53
controlling crucial genes like BER (Base Excision Repair), NHEJ (non-
homologous end-joining), and NER (Nucleotide Excision Repair) (Williams and
Schumacher, 2016).

The first identified target gene of p53 is Cdknla (p21), which encodes a cyclin-
dependent kinase inhibitor playing a central role in cell cycle regulation. When

activated by p53, p21WAF1/CIP1 binds to cyclin-dependent kinase 2 (CDK2),
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leading to the downregulation of CDK2 activity and G1 cell cycle arrest
(Kashyap et al., 2021).

Furthermore, p27, a key member of the cyclin-dependent kinase inhibitor
family and a putative tumour suppressor, plays a vital role in tumour
suppression. It controls DNA replication repair processes, cell differentiation,
and survival through complex regulatory mechanisms. p27 binds to and
inhibits the activity of cyclin-CDK complexes. This inhibition prevents the
phosphorylation of target proteins that are necessary for the progression of the
cell cycle, especially the transition from the G1 phase to the S phase (DNA
synthesis phase) (Sun et al., 2016). A study has demonstrated a correlation
between the expressions of p53 and p27 in human breast tumours. Further
laboratory research emphasizes the critical role of p53 in augmenting p27
expression following HER2 activation. This observation holds importance for
the outcomes of Trastuzumab therapy, since the enhancement of p27
expression, a key mechanism through which this monoclonal antibody exerts
its therapeutic action, might be restricted to tumours that can express p53,
whether mutated or wild-type (Casalini et al., 2007) .

4.1.2 Western Blotting (WB)

The Western blot (WB) method, often referred to as immunoblotting, is an
effective and rapid quantitative and qualitative tool for detecting specific
proteins in a broad spectrum of biological samples, such as tissue and cellular

homogenates (Mishra et al., 2017).

This technique unravels significant data not reachable through other
immunoassay methods. In this technique, it is essential that the sample
contains the protein of interest. This technique outputs results as bands, and
by comparing the thickness of these bands to a control, it is possible to
determine whether there has been an increase or decrease in protein
expression. This information is important for genetic studies involving
modifications to a protein's gene, including partial duplications or deletions.
This technique, with its precise and sensitive gel electrophoresis, enables the
detection of protein quantities as minute as 0.1 ng (Sule et al., 2023).
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The strength of WB lies in its ability to isolate a target protein from a complex
mixture of proteins. This separation is achieved through SDS-PAGE gel
electrophoresis, running proteins based on their molecular weight (Mishra et
al., 2017). Considering the fragile nature of the gels used in this process,
proteins are transferred onto more robust membranes, such as polyvinylidene
fluoride (PVDF) or nitrocellulose. This not only addresses the fragility of the
gels but also retains a copy of the gel patterns. The transfer is facilitated using
an electrical current. Detection of proteins involves applying a specific primary
antibody to bind the protein of interest, followed by a secondary antibody that
attaches to the primary antibody. Finally, detection reagents such as
radioisotopes, fluorophores, and enzymes are used to visualize the proteins
either directly on the membrane with an imaging system or through

chemiluminescence on X-ray film (Bass et al., 2017).

Following the results from the cell viability (CCK-8) and Comet assay, we
observed that taxifolin induces cytotoxic and genotoxic effects in the MDA-MB-
231 breast cancer cell line. Notably, taxifolin demonstrated a DNA repair effect
in lymphocytes from breast cancer patients by significantly reducing hydrogen
peroxide-induced DNA damage. Furthermore, it exhibited no significant DNA
damage effect in lymphocytes from healthy individuals, as determined by the

comet assay.

To further understand the molecular mechanisms behind these effects, the
influence of taxifolin on the gene expression levels of p53, p21, p27, and Bcl-
2 at the mRNA level in the MDA-MB-231 breast cancer cell line was
investigated. Moreover, the impact of taxifolin on the protein levels of p53, p27,
and Bcl-2 in the MDA-MB-231 breast cancer cell line using quantitative PCR

and Western blotting techniques was analysed.

4.2 Materials and Methods

The chemicals and equipment used in the quantitative real-time PCR (qRT-
PCR) and Western Blot (WB) analyses are detailed in Tables 2 and 2,
respectively. The methodology for the gRT-PCR is outlined in Section 2.5,
while the protocol for the WB assay is elaborated in Section 2.6.
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4.3 Results and Discussions

4.3.1 Real-Time Qrt-PCR Results
Analysis Of P53, P21, P27 And Bcl-2 Gene Expression In MDA-MB-231,
Triple Negative Breast Cancer (TNBC) Cell Line

The gRT-PCR was performed to analyse cell cycle regulatory, p53, p21, p27
and apoptosis-related gene, Bcl-2. The results were shown in Figure 27 . All
data from the treatment groups were compared against the negative control
group (NC) and normalised against the internal housekeeping gene, GAPDH.
These experiments were replicated three times using samples from three

different cell culture passages.

Taxifolin treatment at a concentration of 2.4 mM significantly increased the
expression levels of the p53, p21, and p27 genes at the mRNA level in TNBC
cells, with statistical significances noted as p<0.01, p<0.0001, and p<0.001,
respectively. In contrast , this treatment notably decreased the expression of
the anti-apoptotic gene Bcl-2, with a statistical significance of p<0.05. In
addition, exposure to H202 did not markedly affect the expression levels of p27
and Bcl-2 genes at the mRNA level. However, it resulted in a significant
increase in the expression of the p53 and p21 genes, with p values of p<0.05
and p<0.0001, respectively.
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Figure 27. The effect of taxifolin at the dose of 2.4 mM on the p53, p21,
p27 and Bcl-2 gene expression levels in the MDA-MB-231 breast
cancer cell line.

Error bars represent the standard error of the mean (SEM). (ns = not
significant, *p<0.05; **p<0.01; **p<0.001; ***p<0.0001). All data from the
treatment groups were compared against the negative control group
(NC) and normalised against the internal housekeeping gene, GAPDH.
These experiments were replicated three times using samples from three
different cell culture passages. The treatment groups included untreated
cells (NC), 0.06 mM H202 as a positive control (PC) group, and 2.4 mM
taxifolin. The 2.4 mM taxifolin showed a significant down-regulatory
effect on Bcl-2 expressions. However, the mRNA p53, p21, and p27
expressions were significantly upregulated by taxifolin (concentration,
2.4 mM).
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4.3.2 Western Blotting (WB) Results

The Effect Of Taxifolin at 2.4 mM concentration On p53, p27, And Bcl-2
Protein Expression In Triple Negative Breast Cancer (TNBC) Cell Line,
MDA-MB-231

In this research, a series of Western blotting (WB) experiments were
conducted to investigate how 2.4 mM taxifolin treatment influences the protein
expression levels of p53, p27, and Bcl-2 in MDA-MB-231. For this study, data
from the taxifolin treatment group was compared with a negative control group
and normalised to GAPDH as the internal reference protein. These
experiments were replicated three times using samples from three different
cell culture passages, aiming to validate the findings from real-time PCR
experiments. Specifically, there was a focus on the effects of taxifolin on the
protein expression level of the tumour-suppressor p53, the cell cycle regulator
p27, and the anti-apoptotic protein Bcl-2 in MDA-MB-231. p53 is known for its
crucial role in maintaining cellular stability and responding to various stressors.
It regulates gene expression to control DNA repair, senescence, cell
proliferation, and cell death (Lacroix et al. 2020). By studying p53, we aimed
to understand the role of this protein in taxifolin mediated effect in TNBC cell
line. The data analysis revealed that taxifolin at the 2.4 mM concentration,
significantly upregulated the protein expression levels of p53 and p27 (**P
<0.01), (****P < 0.0001), respectively. As illustrated in Figure 28 (A and B), the
expression of p53 increased by 1.5-fold with taxifolin 2.4 mM concentration
treatment, compared to the negative control group. Similarly, the p27
upregulated to 2.2-fold in comparison with the control group. In contrast, there
was a significant downregulation in the expression of the BCL-2 protein (*p<
0.05), which indicates the induction of apoptosis. Figure 28 (A and B)
demonstrates a 0.5-fold reduction in BCL-2 expression after treating with 2.4

mM taxifolin, compared to the negative control group.

In addition, the analysis of the results for positive controls showed that 0.06
mM of H202 significantly upregulated the expression of the p53 protein by 1.5-
fold compared to the negative control group (**p<0.01). in contrast, there was
a significant downregulation in the expression of the Bcl-2 protein by 0.6-fold

compared to the negative control group (*p < 0.05).
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Figure 28. The effect of taxifolin at the dose of 2.4 mM on the protein
expression levels of p53, p27 and Bcl-2 in MDA-MB-231 breast cancer
cell line.

Error bars represent the standard error of the mean (SEM). (ns = not
significant, *p<0.05; **p<0.01; **p<0.001; ***p<0.0001). All data from the
treatment groups were compared against the negative control group
(NC) and normalised against the internal housekeeping gene, GAPDH.
These experiments were replicated three times using samples from three
different cell culture passages. The treatment groups included untreated
cells (NC), 0.06 mM H202 as a positive control (PC) group, and 2.4 mM
taxifolin. The 2.4 mM taxifolin showed a significant down-regulatory
effect on Bcl-2 protein expressions level. However, the protein
expression level of p53, p21 and p27 were significantly up regulated by
2.4 mM taxifolin. (A) Immunoblot analysis of the p53, p27 and Bcl-2
proteins in TNBC cell line treated with taxifolin (concentration, 2.4 mM).
(B) Bar graphs exhibiting the fold changes in the protein expression
levels.
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4.3.3 Discussion

Genomic DNA is a crucial molecule which is essential for the survival and
proper functioning of all living organisms. It is constantly subjected to various
genotoxic agents and radiation that can pose a threat to the stability of genome
(Carusillo and Mussolino, 2020). In a dynamic cellular healthy environment,
DNA integrity is maintained through repair mechanisms to keep DNA damage
to a minimum. However, malfunctioning of these repair systems can lead to
genetic disorders or diseases with multifactorial origins. The significance of
such damage varies depending on whether it occurs in somatic or germline
cells, potentially leading to genomic alterations that drive evolutionary

processes (Chatterjee and Walker, 2017).

Genomic instability is a prevalent feature in most human cancers, often caused
by defects in one or more of the six key DNA repair pathways. These pathways
include Nucleotide Excision Repair (NER), Base Excision Repair (BER),
Mismatch Repair (MMR), Homologous Recombination Repair (HRR),
Translesion DNA Synthesis (TLS), and Non-Homologous End Joining (NHEJ)
(Ferguson et al., 2015). The collapse or compromise of these pathways can
lead to unchecked cellular proliferation and tumour growth, underlying the
pathogenesis of numerous cancer types (Torgovnick and Schumacher, 2015)
. Moreover, genomic instability is not solely the product of direct damage to
DNA. It can also be mediated by genetic or epigenetic alterations in important
genes, including tumour suppressor genes, oncogenes, and DNA repair
genes. Notably, mutations in genes like P53, BRCAL, and BRCA2 are
associated with various human cancers, highlighting the critical role of these
genes in maintaining genomic stability (Tang et al., 2021).

Breast cancer, a particularly significant form of cancer, is often linked to
deficiencies in these DNA repair pathways. it has a strong association with
deficient DNA repair mechanisms, highlighting the importance of these
pathways in preventing the progression of this devastating disease (Feng et
al., 2018). TNBC is a specific type of cancer characterised by the lack of
oestrogen, progesterone, and absence of HER2 overexpression; therefore, it
is associated with a relatively poor prognosis. Currently, chemotherapy is one

of the few systemic treatment options available for TNBC. However, because
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these treatments often have serious side effects, there is an urgent need to
develop new treatments that are easier to tolerate (Yin et al., 2020).

The protein p53 functions as a critical tumour suppressor. Its key role is to
facilitate DNA repair by halting the cell cycle to allow the repair mechanisms to
correct any instability in the genome. This process demonstrates p53's
versatility in offering protection against cancer by maintaining a balance
between damage and repair processes to ensure genomic stability.
Additionally, p53 directly influences various DNA repair mechanisms. For
instance, Nucleotide Excision Repair (NER) addresses helix-distorting lesions
which are commonly resulting from UV exposure, whereas Base Excision
Repair (BER) is responsible for fixing oxidative base modifications. Mismatch
Repair (MMR) corrects misplaced nucleotides that occur during DNA
replication. Double-strand breaks caused by ionising radiation are typically
managed by either Homologous Recombination (HR) or Non-Homologous End
Joining (NHEJ) (Alhmoud et al., 2021, Williams and Schumacher, 2016) . A
fully functional p53 is essential for maintaining DNA integrity; its dysfunction
can lead to increased mutation rates (Williams and Schumacher, 2016) . It is
well-established that p53, by stimulating p21, can interact with the proliferating
cell nuclear antigen (PCNA), a complex involved in halting DNA replication and
supporting repair processes. Research has consistently highlighted p53's roles
in arresting the cell cycle to allow for genomic repair and in minimizing the
spread of DNA damage. This understanding suggests that elevating p53 levels
could suppress the proliferation of cancer cells by promoting DNA repair, cell
cycle arrest, and apoptosis (Chen, 2016). Defects in DNA repair mechanisms
can lead to significant DNA damage in TNBC, making these cells an
appropriate choice for this study. The MDA-MB-231 as a triple negative breast
cancer cell line lacks molecular targets and therefore has limited treatment
options. Consequently, the sensitivity of the genome in this cell line to drugs
serves as a particularly important indicator of susceptibility to TNBC (Lee et
al., 2020).

In this research, we focused on the tumour-suppressor p53 gene at the gene

level, recognizing its crucial role in encoding proteins that protect against
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genome mutations through DNA interaction and gene expression regulation.
Our findings indicate that a 12-hour exposure to 2.4 mM taxifolin significantly
elevates the levels of p53 in the MDA-MB-231 breast cancer cell line, both at
the mMRNA and the protein levels as depicted in Figures 27 and 28. This
elevation suggests that taxifolin may induce p53-mediated cell cycle arrest and
DNA repair mechanisms in TNBC. Therefore, our results indicate that the
protective effects of taxifolin might be attributed to the tumour-suppressing

activity of the p53 gene.

Confirming our findings, previous research has shown that increased
expression of p53 could indirectly leads to the upregulation of the p27 gene
(Casalini et al., 2007). Notably, Cyclin dependent kinase inhibitor p27, also
referred to as KIP1 act as factor that inhibits the cell cycle progression through
molecular mechanisms called cyclin-dependent kinases (CDKs). The
reduction of p27 protein expression levels can therefore lead to unchecked cell
growth and potential cancer development (Jiao et al., 2021) . Consistently, our
study showed similar patterns in the regulation of p53 and p27. we observed
that in the TNBC, treatment with taxifolin led to a significant increase in the
expression of p27,(Figures 27 and 28 ). This result consistent with the
previously discussed upregulation of p53, suggesting a potential indirect
relationship between these two critical genes in the cellular response to

taxifolin.

In the context of breast cancer research, p21 is known as a gene with two key
roles. It primarily acts as a central regulator of cell cycle arrest, a process
dependent on p53 and activated by various factors, including DNA damage,
the activation of oncogenes, and low oxygen levels (hypoxia). This highlights
the complex indirect interaction between p53, and p21 in controlling the
progression of the cell cycle, which significantly influences the development of
cancer (Kashyap et al., 2021, Georgakilas et al., 2017). Consistently, we
observed that in the TNBC, treatment with taxifolin led to a significant increase
in the gene expression level of p21, which consistent with the previously

discussed upregulation of p53 (Figures 27 ).
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Our study's results also are consistence with existing literature on the
NUCKS1-SKP2-p21/p27 pathway, highlighting its essential role in cell cycle
management. This pathway ensures a balance between cell growth and arrest,
critical for preserving genomic stability and supporting developmental and
maintenance processes in tissues. It specifically regulates the cell cycle's G1
to S phase transition, preventing premature or unregulated cell division that
could lead to DNA damage and potentially oncogenesis. Central to this
regulatory pathway is p53, a key tumour suppressor protein that, in response
to DNA damage, inhibits NUCKS1. This inhibition decreases SKP2 levels,
causing an increase in the inhibitors p21 and p27, and consequently, halting
the cell cycle. The disruption of this pathway in cancers highlights its critical
role in cell proliferation control and highlights the potential for targeted
therapeutic interventions. Additionally, data from The Cancer Genome Atlas
(TCGA) validate the importance of the NUCKS1-SKP2-p21/p27 pathway in the
complex regulation of the cell cycle and its disruption in cancer, opening up
promising pathways for the development of new cancer treatments (Hume et
al., 2021) .

Our study also observed a significant downregulation of the Bcl-2 levels in the
breast cancer cell line treated with taxifolin (Figures 27 and 28). This finding is
consistent with the previous research suggesting that inhibition of the Bcl-2
protein can effectively suppress the growth of TNBC cells in a mouse model
(Inao et al., 2018).

Moreover, the present study demonstrated that the p53, and p21 genes
expression level and p53 protein expression level in the TNBC cell line were
upregulated by the stimulus of H202, while Bcl-2 in protein expression level
was down-regulated (Figure 27 and Figure 28). these results are consistent
with a previous study where the H20: triggers apoptosis in H9C2 cells by
increasing in p53 expression and decreasing the Bcl-2 level (Gao et al., 2021).
Our results are also aligning with another study demonstrating the
effectiveness of H20: in inducing apoptosis in TNBC cells using mesoporous
nanoreactors. These nanoreactors release H202 in the acidic environment of

tumours, targeting and damaging cancer cells while being enhanced with
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immune-stimulating antibodies to boost the body's anti-tumour response. This
innovative approach significantly reduces TNBC tumour growth(Chen et al.,
2023b).
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Chapter Five
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5. Optimisation, Characterisation, and Cellular Impact of Taxifolin-

Loaded PCL Scaffolds for Postoperative Breast Cancer Treatment
5.1 Introduction

5.1.1 Taxifolin

Many phytochemicals, including flavonoids and their derivatives from natural
food products, have anti-cancer properties that can prevent cancer
progression. Taxifolin serves as an example of bioactive flavonoid, offering a
wide range of health benefits due to its potent antioxidant capabilities, which
help prevent various malignancies in human. Taxifolin (dihydroquercetin) has
shown promising inhibitory effects on malignancies, inflammation, microbial
infections, oxidative stress, liver diseases, and cardiovascular diseases.
Studies in vitro and in vivo have showed minimal to no adverse effects on
healthy cells, highlighting Taxifolin's anti-cancer activity (Das et al., 2021a). As
a flavonoid, Taxifolin may undergo polymorphic modifications. This study
employed several techniques for Taxifolin's characterisation, including
Scanning Electron Microscopy (SEM), X-ray Powder Diffraction (XRPD),
Fourier Transform Infrared Spectroscopy (FTIR), and Thermal Analysis (TGA
and DSC).

SEM was used to examine the solid phase morphology of raw Taxifolin
powder, and XRPD helped identify potential crystalline structures. However,
confirming Taxifolin's polymorphism has proven challenging due to the

complexity of such analyses.

Crystal structures enable pharmaceutical companies to lower drug design
costs and adjust the chemical properties of compounds. Thus, one of the
primary goals in drug design is to understand the polymorphic properties of
active pharmaceutical ingredients (APIs) (Savaliya et al., 2016, Chadha et al.,
2012). The European Pharmacopeia defines polymorphism as the ability of a
compound in the solid state to display different crystal structures. This aspect
of APIs is crucial in pharmaceutical science since the molecular arrangement

significantly affects their physicochemical properties (Pogoda et al., 2016).
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Flavonoids use in medicine is limited by their poor water solubility and low
bioavailability. Efforts to modify their properties have included developing new
polymorphic forms through crystal engineering, complex formation, and nano
sizing. Taxifolin is a commercially available flavonoid, with its chemical
structure presented in Figure 29 (Terekhov et al., 2020a).The main natural

sources of Taxifolin are also shown in Figure 29 (Terekhov et al., 2020a).

Figure 29. Chemical structure of taxifolin.

Reprinted with permission from (Terekhov et al., 2020a)
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Figure 30. Natural sources of taxifolin.
Reprinted with permission from (Terekhov et al., 2020a).
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5.1.2 Biomaterials as Biodegradable Polymers

Biodegradable polymers like Poly(e-caprolactone), Polylactic acid, Polyglycolic
acid, and Poly (lactic-co-glycolic acid) are recognised for their biocompatibility,
essential for tissue repair (Cheng et al., 2017, Jérdbme and Lecomte, 2008) .
However, further research is needed to understand their in vivo degradation
rates, which should be slower than the tissue regeneration rate to prevent
complications such as aneurysms (Guo and Ma, 2014, Jérbme and Lecomte,
2008, Xu et al., 2014). Factors including material chemistry, hydro-properties,
solubility, and surface energy are important in polymer selection (Mayer et al.,
1997). Compared to biological scaffolds, synthetic polymers offer cost-
effectiveness, uniformity in large-scale production, longer shelf life, and the
possibility to optimise degradation, mechanical, and chemical properties,
making them superior in flexibility and functionality (Perez-Puyana et al.,
2020).

PCL (Poly(e-caprolactone)) is a semi-crystalline synthetic, biocompatible, and
biodegradable polymer widely used in tissue scaffolds due to its delayed
degradation over 2 to 3 years, providing enough time for natural tissue
engineering. The degradation by-products are water-soluble and non-toxic
(BaoLin and Ma, 2014, Guo and Ma, 2014, Rai et al., 2012) .

PCL, with its low melting point of 60 °C, is easily moulded into scaffolds and
offers good mechanical toughness. Its properties can be adjusted for specific
tissue or cell types, promoting cellular adhesion and proliferation. PCL
scaffolds have been developed for a variety of cells, including fibroblasts,
mesenchymal cells, smooth muscle, and chondrocytes (Cheng et al., 2017,
Zhang et al., 2012, Qin and Wu, 2012). Various methods for producing porous
PCL scaffolds, including solvent casting, 3D printing, phase separation, and
electrospinning, have been reported (Ghosal et al., 2018a, Wang et al., 2016a,
Sakaguchi et al., 2015, Chen et al., 2007). One major advantage of using PCL
is its slower degradation rate , because of this property PCL can be used to
modify the release of drugs (Woodruff and Hutmacher, 2010b). Through
electrospinning, PCL is dissolved in a variety of solvents such as

dichloromethane or acetone to produce fibres with varying diameters and
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characteristics, suitable for diverse applications (Roh et al., 2008, Lu et al.,
2000, Piterina et al., 2009).

5.1.3 Electrospinning

The electrospinning process is a leading method in tissue engineering for
producing scaffolds and fabricating biomaterials. This technique utilises
electric force to create fibres ranging from nano to micro scale, which are
essential for scaffold production (Hiep and Lee, 2010). A standard
electrospinning setup includes a high voltage power supply, a syringe pump,
and a collector. Despite its regular setup, various critical parameters such as
solution properties, operational conditions, and ambient parameters

significantly impact the morphology of the resulting polymeric scaffolds.
These parameters fall into three categories:

e Environmental parameters, including temperature, humidity, and
electromagnetic field interferences, can significantly alter fibre
formation.

e Solution properties, which include molecular weight, viscosity, polymer
concentration, vapour pressure, and electrical conductivity. These
factors directly affect fibre's characteristics.

e Operational conditions, such as the distance between the collector and
the needle tip, the feeding rate, and applied voltage play crucial roles in
shaping the architecture of scaffold .

The effect of these parameters on the final fiore morphology have been
thoroughly studied, particularly to produce PCL and PLGA scaffolds (Morteza
Bazgir, PhD thesis, 2021, UoB), demonstrating the versatility of

electrospinning and potential for diverse applications.

Therefore, for applications in tissue engineering and cancer research,
polymeric scaffolds must exhibit essential properties, including a highly porous
structure with a large surface area, adequate structural strength, and stable
thermal and chemical characteristics (Dhandayuthapani et al., 2011, Coombes
et al., 2004). These properties are crucial for supporting cell adhesion and
proliferation in both in vitro and in vivo settings. The properties are significantly
influenced by the fabrication process of the scaffolds and the materials used.
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Achieving the right balance in these properties confirms the functionality and
effectiveness of the scaffolds in regenerative medicine and cancer research,
with characterisation techniques playing a vital role in assessing these criteria
(Coombes et al., 2004, Peng et al., 2008, Kim, 2008, Velasco et al., 2015,
Bose et al., 2012).

In this chapter, we explore various characterisation methods to assess the
morphological structure of PCL electrospun scaffolds, both with and without
taxifolin. These techniques are essential for determining the biocompatibility of
the scaffolds with tissue engineering applications. Through characterisation,
we gained valuable insights into the porosity of the scaffolds, surface area,
structural integrity, and thermal and chemical stability, whether taxifolin is
present or absent. This information is crucial for estimating of the effectiveness
of PCL electrospun scaffolds to promote cell adhesion and proliferation,

thereby determining their potential impact on biomedical applications.

5.2 Materials and Methods

The chemicals and equipment used in this chapter are detailed in Tables 2 and
3, respectively. The methodologies are respectively outlined from Section 2.7
to 2.14.

5.3 Results and Discussion

5.3.1 Characterisation of the Electrospun PCL Scaffolds: Morphology
and Surface Topography

Taxifolin powder and the scaffolds, both with and without drug, were examined
using scanning electron microscopy (SEM). The results are discussed below

in this section.

5.3.1.1 SEM Morphological Analysis of Taxifolin

For morphology analysis, SEM was used, and images are presented in Figure

31 A-C. The figure shows the morphology of the raw taxifolin powder at
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magnification of 100X, 1000X and 5000X, respectively. The images
demonstrates that the taxifolin powder particles are not monolithic, showing a

variety of particle sizes with irregular shapes.

(A)

Figure 31. The morphology of the raw taxifolin powder used in this
work.

A) Morphology at 100X magnification ; B) Morphology at 1000X
magnification; and C) Morphology at 5000X magnification.

5.3.1.2 SEM Analysis of Electrospun Scaffolds with and Without
Taxifolin

To examine the morphology and surface topography of the electrospun
scaffolds, SEM ( Hitachi TM3000 Tabletop device, Japan) was used in this
work. The scaffolds were cut into ~5mm? pieces, and images were captured in
a vacuumed SEM chamber at an accelerating voltage of 5KV. ImageJ, a Java-
based image processing program developed by the national institutes of health
and the laboratory for optical and computational instrumentation at the
University of Wisconsin, USA, was used to analyse SEM images. This analysis
showed the average fibre diameter (in um), average pore size (in yum?, and %
of the surface porosity, with each parameter’s average value calculated from
20 measurements per image. Table 5 shows the SEM micrographs of all the
electrospun PCL samples with and without taxifolin (2, 5 and 10% drug/taxifolin
W/W).
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The SEM images (Figure 32) clearly indicate that the electrospinning process
produced appropriate fibre structures from the PCL solutions without beading.
This study did not observe any “beads-on-strings” morphology features, due
to mainly the optimal electrospinning condition such as voltage( 7-8 KV),
distance from the needle to collector( 130 mm), and proper mixing of the PCL

with solvents and taxifolin.

Previous research studies (M. Bazgir, PhD thesis, 2021, UoB), reported
polymer concentration as a critical factor in bead formation, with low PCL
concentration resulting in spherical beads due to insufficient polymer presence
for a homogenised solution. This study found that using chloroform and
methanol as solvents prevents bead formation. On the other hand, using
Dimethylformamide (DMF) and Tetrahydrofuran (THF) as solvents led to
polymeric chain disruption and bead formation (M. Bazgir, PhD thesis, 2021,
UoB). However, this work achieved optimum fibre production by maintaining
an appropriate PCL polymer concentration in the solution which allowed the
presence of sufficient molecular chain even after solvent evaporation during

the electrospinning .

Furthermore, for this work, the optimum voltage for ejecting fibres from the
Taylor cone was determined to be between 7 to 8 kV. It was also observed
that the formation of the optimum single-jet was possible by increasing the

applied voltage towards 8 KV, and hence more desirable fibre structure.

The SEM images (Figures 32) show that the electrospun PCL samples
possess the optimum characteristics for tissue engineering. This is due to the
fact that the fibres are evenly (almost uniformly) distributed on the collector.
Hence, the PCL scaffolds had the optimum fibre arrangements both with
10%,5%, and 2% taxifolin and without taxifolin. Furthermore, it can be
observed that optimal scaffold properties are achieved when no beading is

present within the fibre structures, which was the case in our optimal scaffolds.

The incorporation of different doses of taxifolin into the drug delivery system
resulted in the development of a dendritic fibre structure. This structural
formation clearly demonstrates the integration of taxifolin within the scaffold,

as substantiated by the SEM images presented in Figure 32.
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100X 1K 2.5K 5K 10K

With 2%Taxifolin With 5%Taxifolin With 10%Taxifolin Without Taxifolin

Figure 32. SEM images of all the electrospun PCL samples without and
with taxifolin (10,5, and 2 w/w % drug/taxifolin) at 5 magnification
values
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5.3.1.3 Scaffold Fibre Diameter, Fibre Length, and Percentage of
Porosity

Fibre diameter, percentage porosity ,and distribution within electrospun
scaffolds play a crucial role in tissue formation, function, cell adhesion , and
differentiation. Scaffolds act as a temporary extracellular matrix (ECM),
facilitating cell regeneration (Kiziltay et al., 2015). They should have a highly
porous structure to support uniform cell distribution , internal cellular growth,
the diffusion of oxygen and nutrients , as well as facilitate host-cell infiltration
and neovascularisation (Dhandayuthapani et al., 2011, Liverani and
Boccaccini, 2016) . Therefore, parameters such as average fibre diameter,
fibre distribution, pore size, shape, surface roughness and pore distribution are
significant for optimum production of scaffolds. It is known that too small pore
diameter will prevent ECM production and cellular penetration (Oh et al., 2007,
Dash and Konkimalla, 2012, Dhandayuthapani et al., 2011).

The table 5 presents the average fibre diameter, average pore size and
percentage surface porosity of the PCL scaffolds with and without taxifolin.
The values align with previous studies, confirming that optimal scaffold pore
size typically range from 20-500 pym. Larger pore size and increased structural
porosity increase the cell migration, nutrition, and waste exchange within the
scaffold (Murphy and O’Brien, 2010) .

That said, however, very large pores decrease specific surface area available
for cell attachment and impact cell activity. This relationship between scaffold
pore size and cell activity is complex, thus there are conflicting reports within
the published literature on the optimum pore size required for successful
tissue-engineering. Previous studies in bone tissue engineering have
suggested mean pore sizes range of 96—150 um for optimal attachment, while
other studies have reported larger pores (300—800 um) are significant for
successful bone growth in scaffolds (Murphy and O’Brien, 2010). These
conflicting results indicate the need for a balance between optimal cell

attachment and bone growth facilitation.

The table shows that the diameter of the fibres increases with increasing drug
concentration from 2-10% probably due to surface loading (Eren Boncu and
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Ozdemir, 2022). Interestingly, the pure PCL fibres have a larger diameter than
the 5% concentration. This could be due to the interaction between the drug
and the polymer causing a plasticising effect and thus reducing viscosity and
impacting the crystallisation properties of the polymer. As the drug
concentration increases to 10%, however, the diameter increases probably
due to phase separation and crystallisation of the drug. A similar pattern was
observed with the average pore size. On the other hand, there is no obvious
link between drug level and surface porosity or fibre percentage.

Table 5.Average fibre diameter, average pore size and percentage
surface porosity of the PCL scaffolds with and without taxifolin

Average FibrelAverage PoreSurface Fibre
Diameter (um HSize (um +SD) |Porosity Percentage (%)
SD) Percentage
(%)
Scaffold 6.2461 + 35.732+ 30.66% 70.80%
without b 5 - 5
Taxifolin
Scaffold 8.86575+ 42.7823+ 20.10% 81%
with10% |5.6 8.4
Taxifolin
Scaffold 4.70915+ 37.91705+ 33.7% 69.11%
with5% 2.1 5.8
Taxifolin
Scaffold 3.5628+ 33.4561+ 21.58% 78.27%
with2% 1.07 3.2
Taxifolin
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5.3.2 Thermal and Morphological Analyses for Taxifolin: TGA, DSC,
TFIR and XRPD

5.3.2.1 TGA, and DSC

Figure 33 shows the TGA (Thermogravimetric Analysis) graph for taxifolin with
no observable weight loss due to moisture content within in the range of ~ 20—
100°C. The taxifolin melting point is ~ 230°C, which is followed by the
decomposition. Therefore, this TGA result confirm taxifolin’s thermal stability
up to just below its melting point, with decomposition starting above this
temperature. The decomposition occurs in two stages between 230-400°C and
then between 400-550°C.

drug

Waight (%)

T T T T T T T
100 200 300 400 500

Temperature T *C)

Figure 33. TGA thermogram for taxifolin

DSC profile of taxifolin (Figure 34) shows two endothermic peaks, at ~90°C
and ~110°C, respectively, which are related to two clear dehydration
processes. The exothermic peak observed at ~0°C is related to the defrosting
effect of the frozen water molecules within taxifolin, which begins at sub-zero

temperatures with the start of DSC process. Also, according to the
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manufacturing and storage of taxifolin at -20°C, all samples contain moisture,
l.e., physically absorbed water, which is released totally by ~ 120°C.
Interestingly this water loss was not observed in the TGA. However, the
exothermic peak in the DSC (Differential Scanning Calorimetry) matches those

in the literature (Terekhov et al., 2020a).

drug 150 C Discovery DSC,20/06/2023 14:20:25
2.04000 mg
Heat/Cool/Heat Aluminum
Tim Zoha PCL electrospun
c:\users\zsalehim\onedrive - university of bradford\tga, dsc\final results tga.dsc\dsc\dsc. 100-150 c\zoha\drug 150 c.tri
drug 150 C
0.4

Ramp 10.00 °C/min to 150.00 °C
Ramp 10.00 °C/min to -90.00 °C
Ramp 10.00 °C/min to 150.00 ¢
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Figure 34. DSC thermogram of the heat-cool-heat cycle of taxifolin
powder

The TGA and DSC results for the pure PCL polymer (Figures 35 and 36) show
that the degradation of PCL polymer starts after 340°C. The glass transition
temperature (Tg) is ~60°C ,and the onset of melting point occurs at ~60°C in
both first and second heating cycles, with the maximum peak at ~60°C in the
first heating cycle and ~57°C for the second heating cycle. The DSC

thermogram indicates endothermic peak for moisture loss between 92-110°C

116



Chapter Five: Results

in both heating cycles ,as this pan was not pierced. This moister loss is not
reflected in the TGA graph, likely due to the sample’s low moisture content.
These findings align with Tg and Tm data reported in the literature (Piyasin

et al., 2019).

Discovery TGA,11/07/2023 06:28:22

PCL pure
13.7753 mg
Ramp Platinum HT
c:\users\zsalehim\onedrive - university of bradford\tga, dsc\final results tga.dsc\tga\pcl pure.tri
PCL pure
120
— pcl pure
100 ~
80 -|
9
= 60 |
=
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40 |
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0 T T T T T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600

Temperature T (°C)

Figure 35. TGA profile for pure PCL

The above TGA results confirmed thermal stability for PCL up to ~350°C, with
the pure PCL weight loss remained constant until complete decomposition at
~ 430°C. This means there is no detectable moisture content in the PCL

powder.
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Figure 36. DSC thermogram of the Heat-cool-heat cycle of pure PCL

The DSC results of the physical mixture of 10% taxifolin in PCL (figure 37)
shows a melting point transition peak at ~ 56°C. This reduction in the melting
point of PCL may be attributed to the crystal lattice of the polymer being
weakened by the presence of the drug (Hock et al., 2008). A subtle
endothermic transition (~ 96°C) is observed. This could be potentially
attributed to the water evaporation , as it appears exactly in the same
temperature as in pure polymer. This transition might also correspond to the
drug melting point , but the drug low concentration in the sample (10% w/w)

may make it harder to detect with DSC.
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PCL with 10% drug physical mixture 150 C Discovery DSC,20/06/2023 18:51:46
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Figure 37. DSC thermogram of the heat-cool-heat cycle of PCL
physical mixture with taxifolin

Figure 38 shows the DSC results of pure PCL scaffold. The data from the
heating cycles show the Tg of the polymer at ~60°C, recrystallisation at 35°C
,and the melting point at ~56°C. There is also a relatively pronounced,
compared to raw PCL sample, evaporation endothermic peak between 92-
104°C. The cooling cycle reflects the same events in reverse order.

Figure 39 shows the DSC thermogram of the PCL scaffold containing 10 %
w/w taxifolin. Interestingly, no new thermal events are observed in this graph
when compared to Figure 36 of the pure polymer. In other words, there seems
to be no detectable melting endothermal peak correlating to the drug. This
could be due to the interaction between the PCL and the drug preventing the

crystallisation of taxifolin fully or partially. Due to the small amount of taxifolin
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in the pan, detecting the presence of amorphous taxifolin is unlikely as the Tg

transition is usually more subtle than the melting counterpatrt.

pure scaffold
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Figure 38. DSC thermogram of the heat-cool-heat cycle of PCL scaffold
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Figure 39. DSC thermogram of the heat-cool-heat cycle of the
electrospun PCL scaffold with 10%(w/w) taxifolin
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5.3.2.2 XRPD and TFIR

XPRD

Figures 40 and 41 show the XRPD (X-ray Powder Diffraction) results for PCL
scaffolds, showing couple of diffraction peaks at 26 =21.5° and 23.8° which
are related to the planes at (110) and (200) , respectively, crystallographic
planes of semi-crystalline PCL. XRPD (or PXRD) is typically used for
examining polymer and pharmaceutical drugs (e.g., taxifolin) and their
mixtures. It helps determine the presence of crystalline, semi-crystalline, or
amorphous phases within drug or the polymer matrix and their combinations.
Our PXRD results suggest that the drug 20 peaks are not visible in the mixture
with polymer, possibly indicating that the drug is in amorphously dispersed
within the polymer fibres or the crystals are small and embedded within the
polymer matrix so that they are not detected by the machine. This is especially

common at low drug loadings .

FTIR Vibrational Modes and Wave Numbers for Pure PCL

FTIR (Fourier-Transform Infrared Spectroscopy) results (Figure 42) for
taxifolin shows absorption peaks between 3400-3600 cm™ which correlates
with the alcoholic OH groups of the drug. This peak however is subtle in the
10% scaffold probably due to the low concentration of the drug. The peak at
2950 cm in both PCL and 10% scaffolds correlates with the CH and CH:2
bonds. Meanwhile the peak at 1700 cm™ correlates with the C=0 and it is
similar in both PCL and 10% scaffolds. The C=0 bond in the taxifolin appears
at 1600 cm which seems to have shifted slightly up to 1630 cm! indicating
potential interaction between the drug and the polymer in this location. Finally,
the PCL peaks around 1150 maybe correlates with the ether bond and has not
shifter in the scaffold. In conclusion, there seems to be no significant
interaction between the drug and the polymer detected by FTIR apart from the
C=0 bond of taxifolin which has shifted slightly up in the scaffold (Terekhov et
al., 2020b, Mecozzi et al., 2012)
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drug tax (Coupled TwoTheta/Theta)

1 2%dng
| 5%dng

10% drug
|| No drug 1 hrspin

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 40. XRPD results for PCL scaffolds.
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Figure 41. XRPD results for taxifolin.
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Figure 42. FTIR results for taxifolin.
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5.3.3 Drug Release from Electrospun Scaffolds in Aqueous Media
In order to measure the concentration of taxifolin released from the scaffold in
the dissolution media, a standard curve was constructed using several known

concentrations of pure taxifolin in water. The curve is presented in Figure 43.
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Figure 43. Standard curve for taxifolin concentration vs UV absorption
in distilled water.

The graph is linear with R?= 0.999, which increases confidence in the results.
The drug release studies were conducted for the 10% w/w scaffold and control
samples, including pure drug, a physical mixture of taxifolin and PCL (in the
same ratio as in the scaffold), placebo scaffold (Without the drug), as detailed

in section 2.13.

Figure 44 presented the results, showing the percentage of drug release form
PCL scaffolds over time. Approximately, 80% of the drug released within the
first 15 min of the dissolution test. Afterwards, the release profile fluctuates
towards 100% (amount of drug release at 6 hours). It must be noted that the
dissolution was carried out in 40 ml of water under "sink conditions”. These
conditions may not fully replicate those within breast tissue, where the fluid
availability is more limited compared to the 40 ml used in this study. The
chosen water volume was based on measurement practically rather than an
attempt to simulate in vivo environment. Nevertheless, it is expected that the

limited fluid volume in situ would be the rate-limiting factor for drug release
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under in vivo conditions. The experiment’s goal was to observe release trends
rather than to achieve exact release measurements in the media (Kanaujia et
al., 2015).
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Figure 44. The drug release profile shows the percentage of the total
release for each sample at each sampling time point. The taxifolin
scaffold data is the average % release of two samples.

At the end of the experiment, the 10% w/w taxifolin scaffolds were crushed to
measure the total amount of drug inside. The results showed an actual drug
concentration of 4% wi/w, rather than the expected 10% wi/w initially dissolved
in the mixture before electrospinning. The total accumulative release of
taxifolin from the 10% w/w scaffold amounted to approximately 40% of the
initially loaded taxifolin dose after 360 minutes. This means that only 40% of
the drug was incorporated into the mesh during the electrospinning process.
This loss may result from phase separation between the drug and the polymer,
causing drug loss as dust particles and potential inhomogeneity within the

mesh. The drug release data align with the earlier observation that the
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minimum drug crystallization, as shown in SEM and DSC analyses, suggest
that amorphous content dissolves more readily than its crystalline form.

Thus, the scaffold initially thought to contain 10% w/w taxifolin effectively, it
actually contains only 4% w/w. This revised drug loading was considered in

the in vitro treatment of the cells was conducted in the next step of this project.

5.3.4 Cellular Staining Morphology Analysis in TNBC Cells

This study shows a detailed investigation of Triple-Negative Breast Cancer
(TNBC) cells over a culture period ranging from 3 days (Figure 45) to 6 days(
Figure 46), utilizing fluorescent microscopy to assess cellular viability and
morphology after applying specific staining protocols. Staining with 4',6-
diamidino-2-phenylindole (DAPI) and Rhodamine Phalloidin allowed for the
visualization of nuclear and cytoskeletal structures, respectively. DAPI staining
targets nuclear DNA, making it visible in blue and facilitating the counting and
morphological assessment of cell nuclei. Rhodamine Phalloidin stains actin
filaments and reveals them in red, offering insights into the cytoskeletal

structure.

The experimental setup included various groups: a negative control, a positive
control, scaffolds with and without 10% taxifolin, a physical combination of
taxifolin and PCL, and a group treated only with taxifolin. This classification
enabled a comparative analysis of cell adhesion, viability, and proliferation
across different conditions.

Key findings from the cellular staining analysis include:

e Comparative assessments of the negative and positive controls
validated the cell culture methods used. Specifically, positive control
cells subjected to oxidative stress (0.06 mM H,O,) exhibited expected
damage and reduced numbers, show up the reliability of the

experimental controls.
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e Scaffolds without taxifolin promoted cell adhesion, indicating their
biocompatibility and suitability for cell culture.

e Incorporation of taxifolin into scaffolds led to an obvious reduction in
TNBC cell presence, suggesting a potential inhibitory effect of taxifolin
on cell viability or proliferation.

e Analysis of cells treated with a physical mixture of taxifolin, and PCL
showed significant reductions in cell numbers and alterations in cell
morphology compared to the negative control, indicating the effects of
taxifolin on cellular integrity.

e Samples treated solely with taxifolin displayed evident cell apoptosis
compared to the negative control, highlighting taxifolin's potential role in
inducing apoptosis in TNBC cells.
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Day 3
Rhodamine Phalloidin DAPI Merged Image

Negative
Control

Scaffold with Scaffold without Positive
(PCL & Taxifolin ) Taxifoli n Taxifoli n Control

Physical Micture

Taxifolin

Figure 45. Day 3 confocal microscopy of the triple-negative breast
cancer cell line (MDA-MB-231).

Nuclei stained with DAPI (blue) and actin filaments stained with
Rhodamine Phalloidin (red). The merged image showcases the
combination of DAPI and Phalloidin staining, highlighting both nuclei
and actin filaments.
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Day 6
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Figure 46. Day 6 confocal microscopy of the triple-negative breast
cancer cell line (MDA-MB-231).

Nuclei stained with DAPI (blue) and actin filaments stained with
Rhodamine Phalloidin (red). The merged image showcases the
combination of DAPI and Phalloidin staining, highlighting both nuclei
and actin filaments.

130



Chapter Five: Results

Time-series observations, especially on day 3 and day 6, showed consistent
cellular responses to the treatments over time, with the impact of taxifolin on
cell viability and number becoming more obvious by day 6. This study
highlights the refined effects of taxifolin on TNBC cells and highlights taxifolin's
potential role in inducing apoptosis in TNBC cells, whether administered
directly or incorporated into the electrospun scaffold. Previous studies utilising
PCL as a scaffold for culturing MDA-MB-468 breast cancer cells ha