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Abstract:

Triple-negative breast cancer (TNBC) is an aggressive subtype characterised by
the absence of estrogen, progesterone, and human epidermal growth factor
receptors, limiting the use of targeted therapies clocking these proteins.
Chemotherapy is still the first line treatment for TNBC and Doxorubicin (DOX)
is a commonly used drug, but its effectiveness is limited by dose-dependent
cardiotoxicity and multidrug resistance (MDR), often mediated by P-
glycoprotein (PgP) efflux. This thesis focused on developing novel pH-
responsive methoxy-poly(ethylene glycol)-poly(e-caprolactone) (mPEG-PCL)
nanoparticles conjugated with doxorubicin (mPEG-PCL-DOX) via azide—alkyne
click chemistry as a new drug delivery system to overcome resistances. The
nanoparticles synthesis showed stability at physiological pH with accelerated
drug release under acidic conditions. In MDA-MB-231 TNBC cells and resistant
derivatives (acquired DOX-resistant and PgP-overexpressing models), mPEG-
PCL-DOX showed slower but sustained cytotoxicity compared with free DOX,

with improved intracellular accumulation.

Importantly, in 3D spheroid models incorporating basement membrane extract
to mimic tumour hypoxia, acidosis, and ECM barriers, mPEG-PCL-DOX showed
superior penetration compared with free DOX, particularly in resistant
spheroids. These findings demonstrate the ability of pH-responsive polymer—
drug conjugates to use the acidic TME, overcome efflux-based resistance, and

enhance therapeutic performance in physiologically relevant models.



Overall, this work highlights mPEG-PCL-DOX nanoparticles as a promising
strategy to improve the efficacy and safety of DOX in TNBC. While current
results are based on in vitro studies, they provide a strong ground for in vivo
evaluation of biodistribution, pharmacokinetics, therapeutic efficacy, and
toxicity. This platform may also be adapted to the use of alternative drugs in
breast cancer subtypes where DOX is not standard treatment, supporting its

broader application in precision nanomedicine.
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Chapter 1 Introduction:

1.1 Breast Cancer

Normal living cells reproduce continuously in controlled cycles. But when this
controlled cycle is interfered with, it can cause an abnormal cell growth that
can transform into the formation of malignant cell growth forming a tumour
mass defined as cancer. Malignant tumours can invade nearby and distant
tissues by spreading through the circulation to form new tumours and
metastatic disease. Even after surgical removal or other form of treatment of
the malignant tumour, there is a chance of a minimal residual disease to remain
and recurrence to occur. This behaviour creates an important clinical challenge
and cancer is still the second cause of total deaths around the world, with 2.3

million new cases were diagnosed in 2020 according to Sung et al. (2021).

Using new and advanced diagnostic tools, scientists managed to identify more
than 100 types of cancer. Breast cancer is the most common cancer among
women globally and the second most common cancer overall. In 2022, there
were approximately 2.3 million new breast cancer cases worldwide, with about
670,000 deaths related to the disease. These numbers are projected to rise
significantly, with estimates indicating a 38% increase in new cases and a 68%
increase in deaths by 2050. On average, 1 in 20 women globally will be
diagnosed with breast cancer during their lifetime, and 1 in 70 will die from it

(Kim et al. 2025).



Breast cancer histopathological classification is based on the microscopic
appearance of tumour cells, following the World Health Organization (WHO)

classification system (Tan et al. 2020). The key histological types include:

1) Ductal Carcinoma In Situ (DCIS): Non-invasive, confinement within
ducts.

2) Lobular Carcinoma In Situ (LCIS): Non-invasive, associated with
increased risks.

3) Invasive Breast Carcinoma of No Special Type (IBC-NST): known as
invasive ductal carcinoma, this is the most common type, characterized
by intermediate to high-grade features.

4) Lobular Carcinoma: Characterized by loss of E-cadherin expression
accounting for 10-15% of breast cancers.

5) Special histologic types (¥20% of breast cancers) with distinctive
features including Tubular carcinoma, Mucinous carcinoma, Medullary
carcinoma, Papillary carcinoma, Metaplastic carcinoma, Apocrine

carcinoma, Neuroendocrine tumours and carcinomas

This classification is complemented by the assessment of the tumour grade
(e.g., Nottingham grading system) assessing key features such as tubule
formation, nuclear pleomorphism, and mitotic count to estimate

aggressiveness (Bloom and Richardson 1957).

This system is widely used in pathology to inform prognosis and treatment

decisions according to tumour type and behaviour (Pareja et al. 2025).



Emerging technologies like artificial intelligence and molecular profiling are
complementing traditional histology to refine classification and therapeutic

targeting (Cserni 2020).

At the molecular level, breast cancer classification is primarily defined by the
presence or absence of three different receptors: estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2
(HER2). The expression of these proteins together with the molecular signature
associated with tumour gene expression profiling led to the classification of
breast cancer into different molecular subtypes, highlighting significant disease
heterogeneity. The main subtypes identified are Luminal A and B, HER2
positive, and Triple negative breast cancer (Sgrlie et al. 2001). Luminal A breast
cancer is ER-positive and/or PR-positive, and HER2-negative. It is characterised
by low proliferation and therefore these tumours present the best prognosis
and respond well to hormone therapy. On the other hand, Luminal B breast
cancer is also ER-positive and/or PR-positive but it may be HER2-positive or
negative. This subtype presents higher proliferation, and it often requires
combined hormone and chemotherapy due its aggressive nature. HER2-
enriched breast cancer is: HER2-positive, ER and PR negative or low. These
tumours are aggressive, but can be treated with HER2-targeted therapies,
including the monoclonal antibody trastuzumab (Herceptin) and pertuzumab
(Perjeta). Finally, Triple-negative breast cancer (TNBC) lacks ER, PR, and HER2
expression. These tumours are aggressive and invasive. Due to the lack of
expression of the receptors, TNBC is mainly treated with non-targeted

therapies including chemotherapy (Carvalho et al. 2025).
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1.2 Triple Negative Breast Cancer (TNBC)

Among the different types of breast cancer, triple negative breast cancer
(TNBC) represents 15 to 20 % of total new cases (Arroyo-Crespo et al. 2019).
Compared to other subtypes, TNBC was characterised by low survival and high

relapse rates.

TNBC still represents an unmet clinical need as this form of breast cancer has a
poor prognosis being particularly aggressive and lacking effective therapeutic

options (Pont, Marqués, and Sorolla 2024).

In addition, TNBC is highly heterogeneous and further classified into 4 different
molecular subtypes with different characteristics, as well as clinical and

therapeutic profiles (Mahmoud, Orddéfiez-Moran, and Allegrucci 2022a).

According to the latest characterisation, TNBC can be classified into the Basal-
like 1 (BL1), Basal-like 2 (BL2), Mesenchymal (M) and Luminal androgen

receptor (LAR) subtypes (Lehmann et al. 2021).

BL1 tumours are characterized by high expression of genes involved in cell cycle
and DNA damage response. They tend to be highly proliferative and show good
response to chemotherapy. BL2 tumours are instead enriched for growth factor
signalling and metabolic pathways, leading to lower pathologic complete
response (pCR) and response to chemotherapy response compared to BL1. M
tumours are enriched in genes involved in cell motility, epithelial-to-

mesenchymal transition, and growth factor pathways. These are more



aggressive and tend to have poorer prognosis, but they can respond to kinase
inhibitors and antiangiogenic therapy. LAR tumours are characterised by
androgen receptor signalling and a luminal gene expression profile despite
being triple-negative. These tumours are less responsive to chemotherapy but
can respond to androgen receptor and agonists and PI3K/mTOR inhibitors
(Mahmoud, Ordéiiez-Mordn, and Allegrucci 2022b). Earlier classifications
included two additional subtypes, the immunomodulatory (IM) and
mesenchymal stem-like (MSL) (Lehmann et al. 2011a), but these are now
considered determined by the contribution of the tumour microenvironment
and stromal components to the gene expression profiling (Mahmoud, Ordénez-

Moran, and Allegrucci 2022c).

These different TNBC subtypes demonstrate different response to therapy and
differ in sensitivity to chemotherapy, immunotherapy, and targeted agents, as

summarised in Figure 1.1.
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Figure 1.1 TNBC therapies based on molecular subtyping. The figure shows
different therapeutic strategies for TNBC subtypes. Figure reproduced from

Xiong, Wu, and Yu (2024). Licence: CC BY 4.0.

Therefore, current therapies for TNBC focus on improving effective treatments

while reducing toxicity, as well as addressing treatment resistance.

Chemotherapy treatment remains the standard of care treatment of early-
stage cancer treatment and is also used as neoadjuvant therapy before surgery

to reduce the tumour mass preoperatively and improve surgical outcomes.



Common drugs used include anthracycline and taxanes, often with the addition
of carboplatin, which improves pathological complete response and overall

survival (Hao et al. 2024).

Recent studies and clinical trials have focused on using shorter, less toxic
regimens combining chemotherapy and immunotherapy with radiation,

resulting in fewer side effects (Ho et al. 2024).

Immunotherapy with immune checkpoint inhibitors (e.g., pembrolizumab) is
integrated into combined treatment for TNBC with immune infiltration and
expressing the checkpoint protein PD-L1, improving overall outcomes (Arora et
al. 2025). This treatment is also combined with the use of antibody-drug
conjugates (ADCs) like Sacituzumab that, when combined with pembrolizumab,
show improved progression-free survival in advanced or metastatic TNBC

(Abelman et al. 2025).

Another targeted treatment is based on PARP inhibitors (e.g., olaparib,
talazoparib), which are the treatment of choice for patients with BRCA1 and
BRAC2 mutations. These are frequent mutations in TNBC, with approximately
30 % of TNBC patients carrying either of them (Engel et al. 2018). Additionally,
women with BRCA1 mutations are at a higher risk of developing TNBC

compared to those with BRCA2 mutations (Chen et al. 2018).

PARP inhibitors target cancer cells' impaired DNA repair mechanisms by
blocking poly (ADP-ribose) polymerase, an enzyme critical in repairing single-
strand DNA breaks. This leads to accumulation of DNA damage and tumour cell
death. This mechanism creates a vulnerability which can be exploited through
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synthetic lethality by combining these drugs with chemotherapy to increase

the DNA damage beyond repair (Jain, Barge, and Parris 2024).

Therefore, despite the latest advances, chemotherapy still represents the
foundation of TNBC treatment, and more research is currently needed to

maximise its therapeutic effect while minimising toxicity.

1.3 Chemotherapy in TNBC

Chemotherapy for TNBC typically involves a combination of several classes of
drugs, each with distinct mechanisms of action and therapeutic targets. The
National Comprehensive Cancer Network (NCCN), a leading US authority in
cancer treatment guidelines (https://www.nccn.org/), recommends a regimen
that includes anthracyclines, taxanes, fluorouracil, cisplatin, and
cyclophosphamide. This multi-drug approach is designed to target cancer cells
at various stages of their life cycle, thereby maximizing therapeutic efficacy

while attempting to limit the development of drug resistance.

1.3.1 Taxanes

Taxanes are a class of drugs including taxol and docetaxel which are widely
used in chemotherapy (Shi et al. 2017). Taxol is an antitumor agent extracted
from the pacific yew tree Taxus brevifolia (Schiff, Fant, and Horwitz 1979). The
mechanism of action of taxol is elicited by inhibition of cell division and
proliferation through interference in microtubule depolymarization which
prevents formation of spindles during mitosis (Yvon, Wadsworth, and Jordan

1999). A gene profiling analysis study of TNBC subtypes conducted by Yin et al.
8



(2020) suggested that the basal like (BL) subtype has increased expression DNA
repair genes and proliferation related genes which can make this specific TNBC
subtype sensitive to taxanes. Treating TNBC patients with basal like subtypes
(BL1 and BL2) with taxane based chemotherapy showed 4 times higher

remission rates than LAR and MSL subtypes (Juul et al. 2010, Bauer et al. 2010).

Taxanes form a key part of neoadjuvant (pre-surgery) and adjuvant (post-
surgery) chemotherapy, often combined with platinum agents like carboplatin.

Their use in combined regimes result in improved pCR rates (Shi et al. 2024).

1.3.2 Cyclophosphamide

Cyclophosphamide (CP) is a drug used as an immune system suppressor and to
treat breast cancer and other types of cancer such as ovarian cancer,
lymphoma and leukaemia. CP is a prodrug which is converted into 4-
hydroxycyclophosphamide and aldophosphamide by the action of microsomal
mixed function oxidases enzymes in the liver (Belfayol-Pisanté et al. 2000).
Aldophospamaide is activated by cytochrome P450 enzymes to produce
nitrogen mustard which is cytotoxic to tumour cells (Frangou, Bertsias, and
Boumpas 2016, Mansilla et al. 2019). The combination of docetaxel and
cyclophosphamide (TC) was found to be very effective in the treatment of
TNBC, but of limited efficacy on the other subtypes of breast cancer

(Nakatsukasa et al. 2017).



1.3.3 Platinum agents

Platinum based chemotherapy such as cisplatin and carboplatin are used as
treatment for various cancer types, including breast cancer (Oun, Moussa, and
Wheate 2018). A phase Il clinical trial performed by J. Zhang et al., 2015
evaluated the efficacy of cisplatin and gemcitabine (GP) on metastatic TNBC
(mTNBC) patients. Results of the study showed that the combination of GP
significantly improved efficacy and safety profiles, especially in the BL subtypes.
Vvon Minckwitz et al., 2014 performed a study on 296 patients to assess the
efficacy of adding carboplatin to neoadjuvant therapy for non-metastatic TNBC
breast cancer. They found that adding carboplatin to anthracycline
chemotherapy and taxane chemotherapy caused a significant increase in pCR
rates in TNBC patients compared to the group of patients that did not get

carboplatin during their treatment.

Platinum chemotherapy is also a valuable component of TNBC treatment by
leveraging the tumour's DNA repair vulnerabilities, especially tumour subtypes
carrying mutations of the DNA repair genes to enhance chemotherapy

response and improve outcomes (Tian et al. 2021).
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1.3.4 Fluorouracil

5-Fluorouracil (5-FU) is an antimetabolites chemotherapy drug for the
treatment of solid tumours. Antimetabolite drugs can either incorporate in the
DNA or inhibit essential cell biosynthesis processes (Che et al. 2017). 5-FU is
converted to the active metabolite flurodeoxyuridine monophosphate by the
action of orotate phosphoribosyl transferase (FAUMP), which creates a stable
complex with thymidylate synthase (TS) to inhibit the production of
deoxythymidine monophosphate (dTMP). The decrease in dTMP production
causes cytotoxicity as this molecule is essential for DNA repair and replication
(zhang et al. 2008, Ochiai et al. 2006). Capecitabine is a rationally designed 5-
FU prodrug which shows selectivity to tumour cells that have increased
expression of thymidine phosphorylase within the tumour cells compared to
the surrounding normal tissues (Chintala et al. 2011). In a phase Il clinical trial
study, results suggested that the combination of cisplatin and capecitabine
administration in metastatic TNBC patients pre-treated with taxanes and
anthracycline resulted in significant efficacy with acceptable side effects (Li et

al. 2015).

1.3.5 Anthracyclines

Anthracyclines represent a critically important class of chemotherapeutic
agents, primarily derived from Streptomyces bacteria, that are widely
recognized for their efficacy in treating a variety of cancers, including breast
cancer. This class of drugs holds a prominent position as cancer

chemotherapeutics, distinguished by the broad-spectrum activity against more
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types of cancers than any other category of chemotherapeutic agents. The
World Health Organization (WHO) has acknowledged the significance of
anthracyclines by including them in its list of essential medicines, underscoring

their vital role in cancer treatment (Mcgowan et al. 2017).

Doxorubicin, a key member of the anthracycline family, is particularly
noteworthy for its clinical importance. Marketed under the brand name
Adriamycin, doxorubicin operates by disrupting DNA replication during cell
division. The chemical structure of doxorubicin, depicted in Figure 1.2,

illustrates its intricate molecular composition.

While doxorubicin is highly effective, its use is often accompanied by a range
of side effects. Common adverse reactions include mouth inflammation,
vomiting, and hair loss. However, more serious complications can arise, with
cardiomyopathy being the most severe. This condition, which can lead to
congestive heart failure, is known to be dose-dependent, as highlighted in the
research by (Chatterjee et al. 2010). Doxorubicin-induced cardiomyopathy is
characterized by the enlargement of the cardiac chambers, resulting in both
systolic and diastolic dysfunction, as described by Takemura and Fujiwara

(2007).

In response to these cardiotoxic effects, an innovative formulation of
doxorubicin was developed. This formulation involves encapsulating
doxorubicin in a pegylated (polyethylene glycol coated) liposome, marketed
under the brand names Doxil and Caelyx. This liposomal form has been

demonstrated to significantly reduce the risk of doxorubicin-induced
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cardiomyopathy compared to the free form of the drug, as evidenced by the

work of (Gabizon et al. 2004).

Figure 1.2 Doxorubicin chemical structure. Adapted from

(https://pubchem.ncbi.nlm.nih.gov/compound/Doxorubicin).

There are two suggested mechanisms of action of doxorubicin within a cancer
cell. The first mechanism is by intercalation between two DNA bases, whereas
the second mechanism is by formation of free radicals which cause damage to
DNA, cell membrane, and proteins (Gewirtz 1999). Intercalation prevents
topoisomerase |l enzyme function which is responsible for ligating then
relaxing supercoils in DNA strands during the transcription process.
Doxorubicin’s role is to stabilize the topoisomerase Il complex regulation of
ligated portion in the double helix which will lead to stopping the replication

process and cell death (Thorn et al. 2011).
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Complementary modes of action also include induction of oxidative stress and
chromatin damage. Importantly, anthracyclines can also promote
inflammatory responses and antitumor immunity (van der Zanden, Qiao, and

Neefjes 2021).

Many researchers have tried to enhance doxorubicin efficacy and reduce its
side effects through increasing the selectivity of the drug to target cancer cells.
A very promising way is to load the drug into polymeric nanoparticles to form
a drug polymer conjugate that can release the drug in cancer cells. In their
study, Pearce et al., (2020) synthesized different polymeric materials based on
2-hydroxypropyl methacrylamide (HPMA) with star (Star-SS-L 15 nm) and
hyperbranched (HB-SS-HH 10 nm) architectures to investigate the ability of
these polymers to deliver doxorubicin to in vitro 2D and 3D models using the
MDA-MB-231 TNBC cell line, and in vivo in murine orthotopic models of human
TNBC. Both polymer doxorubicin conjugates showed significant improvement
in therapeutic effect compared to the free drug. Also, the polymer doxorubicin
conjugates showed decrease in ICso values compared to the free doxorubicin in

TNBC 3D spheroids.

In addition, the analysis of tumour mass and volume in the murine orthotopic
model treated with both polymer DOX conjugates showed significant decrease
mass and volume and slower rate of tumour regrowth compared to the
treatment with free DOX (Pearce et al. 2020). This study showed that it is

possible to direct nano materials with different conformations to the desired
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tissues and enhance the therapeutic effect by loading the drug to these nano

polymers.

1.4 TNBC and drug resistance

Although new therapies are continuously being developed, drug resistance
continues to be a significant limitation. TNBC exhibits multiple mechanisms of

drug resistance which contribute to its aggressive nature and poor prognosis.

Drug resistance is complex and multifactorial, involving different genetic,
epigenetic, and microenvironmental factors. Therefore, understanding these
mechanisms is required to develop new treatments and drug formulations

aiming to sensitize tumours and improve patient outcomes.

The highly heterogeneous nature of TNBC plays a critical role in drug resistance
as TNBC tumours comprise diverse cell populations with variable responses to
therapy (Nedeljkovi¢ and Damjanovi¢ 2019a). Some TNBC subtypes, like the M
subtype, are particularly enriched in cancer stem cells which are inherently
drug resistant, thus leading to cancer cells surviving treatment and causing

disease relapse (Mahmoud, Ordéfiez-Moran, and Allegrucci 2022d).

Overexpression of drug efflux pumps like ABCG2/BCRP and defects of drug
internalisation also leads to both intrinsic and acquired multidrug resistance by

removing chemotherapeutic agents from cancer cells (Gautam et al. 2025).

Overcoming apoptosis is another major mechanism involved in TNBC drug

resistance.
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TNBC cells often activate signalling pathways that promote survival and resist
apoptosis, such as the PI3K/AKT/mTOR and other key developmental pathways

like the Wnt, Notch, Hedgehog, JAK/STAT and TGF beta signalling pathways

(Nedeljkovi¢ and Damjanovi¢ 2019b) (Figure 1.3).
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Figure 1.3 Mechanisms regulating chemoresistance in TNBC and therapeutic
approached for overcoming the signals involved. Figure reproduced from

(Nedeljkovi¢ and Damjanovi¢ 2019c). License CC BY 4.0.

Besides mechanisms inherent to cancer cells, the tumour microenvironment
(TME) is one of the most critical factors contributing to drug resistance. The

TME of TNBC is a complex ecosystem that surround the tumour, interacting
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with it to aid its survival and growth. Key components of TME are stromal cells,
immune cells, blood vessels and extracellular matrix (ECM), altogether provides
the tumour with the necessary nutrients and oxygen, in addition to facilitating

the metastasis and invading surrounding tissues (Anderson and Simon 2020).

Among stromal cells, the cancer-associated fibroblasts (CAF) communicate
with TNBC cells, as well as immune cells, influencing metastasis, cancer
stemness and immunosuppression. This communication is mediated by both
chemokines and growth factor signalling which can influence cell invasion,
cancer stem cell enrichment and invasion of immune suppressive cells, such as
tumour associated macrophages and regulatory T cells, all contributing to

resistance to therapies (Bai et al. 2021).

The rapid growth of TNBC cells also relies on aerobic glycolysis to generate
energy, producing large amounts of lactate and protons which are exported
out to the ECM using monocarboxylate transporters (MTCs) and leading to the
acidification of ECM. In addition, limited oxygen and nutrients deep within the
tumour core result from poor vascular supply leading to hypoxia driven cell
death and the formation of a necrotic core, which also stimulate glycolysis and
lactate production with generation of protons. All together these conditions
create a pH gradient within the tumour with a higher pH in the edges and lower

pH towards the hypoxic core (Estrella et al. 2013).

Both hypoxia and altered pH enhance TNBC stem cell properties and immune

evasion, thus significantly contributing to drug resistance (Bai et al. 2021).
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To overcome all the mechanisms, current research aims to target the described
resistance pathways with small molecule inhibitors and immunotherapy.
Another innovative approach is through the development of novel drug
delivery systems (e.g., redox-responsive nanoparticles) to be used in
combination therapies that can inhibit survival pathways, and in

immunotherapy enhancements to overcome resistance.

Drug delivery systems based on the use of nanoparticles offer new avenues to
overcome drug resistance by improving drug bioavailability, enhancing

targeted delivery, and modulating the TME.

1.5 Nano drug delivery and polymers

Nano drug delivery systems have been first introduced to overcome drug
delivery constraints due to their chemical properties affecting absorption,
solubility, biodistribution, and intensive metabolism resulting in loss of
therapeutic effect and unwanted drug clearance pharmacokinetics (Duncan
and Gaspar 2011, Gaspar and Duncan 2009). Nano medicines and nano based
drug delivery systems are also the focus of intense research to assess their
effectiveness as curative agents in addition to delivering drugs to the targeted

tissue (Patra et al. 2018).

Nanomaterials are defined by any particles that range between 1 and 100 nm
in size; this size range gives nanomaterials special chemical, structural and
biological properties that can improve therapeutic efficacy and reduce side

effects (Agha Zeeshan Mirza and Farhan Ahmed Siddiqui 2014). There are many
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advantages of using nano scale materials as they are readily internalised inside
cells as there is an inverse relationship between the absorption and the size of
the nanoparticle (Pearce et al. 2020). Also, using them as drug carriers for
cytotoxic agents can reduce the side effects and toxicity in normal cells (Guo
and lJiang 2020). In addition, poorly soluble drugs can be loaded in the
hydrophobic inner core of the nanocarrier acting as a reservoir for the drug to
increase their solubility through exposing the outer hydrophilic shell to the
aqueous environment (Wang, Soltero, and Saihaan 2005, Yan et al. 2011).
Nanoparticles have also been used in gene therapy by delivering nucleic acids
to tumour cells and prevent their degradation by nuclease enzymes (Yingyuad

et al. 2014).

Polymers are one of the most researched nanomaterials; they consist of
repeated monomers that contain both hydrophobic and hydrophilic regions,
where the drug of interest is loaded into the hydrophobic region and the
hydrophilic region gives the polymer its ability to disperse in blood and aqueous
media (Zhou et al. 2014). Homopolymers are composed from only one type of
monomer (e.g. A-A-A-A-A), whereas copolymers are formed by two different
types of monomers, which can form aa statistical copolymer if these monomers
are randomly repeated in their structure (e.g. A-A-B-A-B-B). Also, if monomers
of one type are joined together and monomers of another type are joined
together, they will link to form a block copolymer. Block copolymers can be
classified according to the number of types of monomers e.g. A-A-A-A-B-B-B-B
would be a diblock copolymer and A-A-B-B-A-A or A-A-B-B-C-C would be a

triblock copolymer etc. (Nostrum 2011). Polymers can form in different shapes

19



such as branched, hyperbranched, and linear, and they are bound together
through covalent bonds or electrostatic interactions (Nostrum 2011) (Figure

1.4).

Dendrimer Homopolymer

Diblock copolymer Triblock copolymer (A-B-A)

Triblock copolymer (A-B-C) Random or statistical copolymer

Figure 1.4 Examples of different arrangements of linear homopolymer,
diblock copolymer, triblock A+B+A and A+B+C triblock copolymers, random
or statistical copolymer, and dendrimer. Adapted and modified from (Bansal

et al. 2016).

1.5.1 Different polymer morphologies:

Polymeric materials are preferred for drug delivery as they have great potential
for surface modification to give them better pharmacokinetic control and
attach different types of drugs to enhance the delivery of these drugs. Venditti,
(2019) suggested that different types of morphologies are to be used as they

are easier to modify the surface in terms of functionality and charge. An
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example of these polymer morphologies includes polymeric nanoparticles,

dendrimers, micelles, vesicles and nanocapsules.

1.5.1.1 Dendrimers:

Dendrimers are highly and regularly branched nano polymers that are 1-10 nm
in diameter which contain an inner core. Dendrimer structures consist of the
following: a) inner core, b) multiple layers of repeating units called generations,
c) large number of functional groups present on its surface that plays a
significant role in the dendrimer’s properties (Noriega-Luna et al. 2014) . The
core of the dendrimer is composed of a single or group of atoms and branches
of carbon added together through chemical reactions to form the dendritic
spherical structure. The dendrimer’s core is surrounded by extensive branching
which eventually leads to the formation of many interior layers composed of
repeating units (Sherje et al. 2018). The generation number is determined by

how many branches are present from the central core to the dendrimer.

The number of terminal groups of the dendrimer that are available for drug
attachment is increased as the number of generations increase, resulting in
increased drug loading. Sherje et al., 2018 suggested that the drug molecules
are loaded into the dendrimers structure in three main ways: a) physical
encapsulation of the drug molecules within the voids between dendrimer
branches, b) conjugation of drug molecule with the terminal groups of the

dendrimers, c) electrostatic interactions.

Different types of dendrimers have been investigated in the literature and

found to enhance the drug delivery of many drugs in cancer therapy.
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Chittasupho et al., 2017 investigated polyamidoamine (PAMAM) doxycycline
conjugate (LFC131-DOX-D4) cytotoxicity and cellular binding on T47D and BT-
549-Luc breast cancer cell lines. The PAMAM dendrimer conjugate was
functionalized with an LFC131 peptide which has the ability of recognizing the
increased CXCR4 receptor expression on the breast cancer cell surface. Their
results showed significantly improved in vitro cytotoxicity of LFC131-DOX-D4

compared to non-targeted dendrimers.

1.5.1.2 Polymeric micelles and vesicles

Covalently linked block copolymers can self-assemble to produce polymeric
micelles or vesicle. Polymeric micelles consist of two layers, an inner
hydrophobic core and an outer hydrophilic shell, whereas polymeric vesicles
(polymorsomes) consist of a hallow compartment surrounded by three layers
from the hallow to the shell, which are: 1) hydrophilic region, 2) hydrophobic

region, 3) hydrophilic shell (Mu et al. 2019).

Drug delivery using polymeric micelles and vesicles has proven to be an
excellent way for delivering drugs to site of action, benefiting from their
amphiphilic properties. Water insoluble drugs can be loaded in the micelle
hydrophobic core or hydrophobic part of a vesicle, and hydrophilic drugs are
usually enclosed into the hydrophilic hallow of the vesicle to increase the drug
solubility (Yan et al. 2011, Bansal et al. 2016), while the hydrophilic shell plays
an important role in protecting the hydrophobic region of the micelle and
vesicle from the aqueous biological environment (Ahmad et al. 2014). In their

study Soo Choi et al. (2007) suggested that the nanoparticles renal threshold is
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approximately 5.5 nm, and because of the size of polymeric micelles and vesicle
are greater than 5.5 nm, these polymeric nanoparticles are able to carry
different drugs and prolong systemic circulation time through avoiding kidney
filtration. Different drugs can be covalently bound to polymers or can be linked
through a spacer such as amino acids and peptides which provides fabricability
and flexibility for polymers (Etrych et al. 2002, Khandare and Minko 2006).
Polymer drug conjugate is a term used to describe drug molecules which are
attached to a polymer, and most of the time for the drug to be active the drug
must be released from the polymer, and in this case the polymer drug

conjugate is called a macromolecular pro-drug.

1.5.1.3 Stimuli responsive polymers

Many strategies have been investigated to synthesize ‘smart’ or ‘intelligent’
nano materials which have the ability to load different drugs and release them
to a specific target using internal or external stimuli. Examples of stimuli
responsive polymers are thermo-responsive, pH sensitive, enzymes, magnetic,

light, and ultrasound sensitive polymers.

Thermo-responsive polymers are one of the most investigated smart systems
that have been investigated, and the first thermo-responsive polymer studied
was poly(N) isopropyl acrylamide (Heskins and Guillet 2006). They are
synthesised using a very fine balanced ratio between the hydrophilic and
hydrophobic groups, and because of that, any change in the temperature of
the aqueous polymer solution can cause a different arrangement and

conformation of the water molecules and the polymer blocks (Bajpai et al.
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2008). Thermo-responsive polymers can be divided into two main groups: a)
polymers possessing a Lower Critical Solution Temperature (LCST), b) polymers
possessing an Upper Critical Solution Temperature (UCST). Thermo-responsive
polymers which are below LCST are water soluble and above LCST water
insoluble (Jeong, Bae, and Kim 2000). These polymers are switched on/off by
changing the temperature. Above a certain temperature, thermos-responsive
polymeric micelles undergo a dramatical change in their structure by shrinking
of the shell causing the drug to be released by diffusion (Nakayama et al. 2006).
While UCST polymers operate in the opposite way of LCST polymers, they are
soluble above a certain temperature and insoluble below that temperature

(Matanovi¢, Kristl, and Grabnar 2014).

Thermo-responsive polymers as a drug delivery system have been investigated
for their ability to treat inflammation sites as there is increased temperature at
the site of inflammation compared to other tissues reaching up to 4° to 5° C
increase in some cases (Chanmugam et al. 2017). Also, they can be used by
applying external heat to create a mild hyperthermia in the targeted site of the
body or solid tumours by ultrasound probes, microwave irradiation or near

infrared irradiation (Zhang et al. 2014).

Another type of stimuli responsive polymers are pH-responsive systems; they
are one of the most investigated polymers and are well characterised. Their
characteristics such as solubility, structural conformation or configuration and
volume could be reversibly manipulated through the pH of the surrounding

environment they are in. One of the most used pH responsive polymers is the

24



methacrylic acid copolymers, which are used in the gastrointestinal tract (GIT)
drug delivery according to the pH gradient present. Khan, Prebeg, and
Kurjakovi¢ 1999 suggested that colon targeted oral drug delivery could be
achieved using methacrylic acid copolymers which are only triggered to release
the drug at pH of 7-8, taking advantage of progressively increasing pH along GIT
from the stomach (pH 2-3), small intestine (6-7), and the colon (7-8). Also, pH
value can vary in cancerous tissue and compared to normal tissues as cancer
cells are acidic, with pH ranging between 6 to 7.2 in the cytoplasm and 4.5-6 in
subcellular endosomes. This pH difference provides another application of pH

responsive polymers for selective targeting of cancer cells (Su et al. 2011).

The last stimuli responsive polymers to be mentioned are redox-polymers
which are sensitive to the reducing environment inside the cells. These
polymers are usually made with sulphide groups, and they are easily cleaved
by the activity of glutathione when they enter the cells (Guo et al. 2018).
Compared to normal tissues, tumour tissues have different microcellular
environment such as reducing environment, enzyme environment and acidic
environment. The reducing environment in tumour tissues is controlled by the
oxidation and reduction state of glutathione (GSH). It was reported that the
intracellular concentration of GSH is up to 10 mM and the extracellular
concentration of GSH ranges from 2 to 20 uM in normal tissues (Mura, Nicolas,
and Couvreur 2013). On the other hand, it was suggested that GSH
concentration in tumour tissues was 4 times higher than in normal tissues
(Kuppusamy et al. 2002, Meng, Hennink, and Zhong 2009). These differences

in GHS concentrations allows redox responsive nanocarriers to selectively
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degrade inside tumour cells by cleaving the disulphide bonds to sulfhydryl
groups and releasing the drug inside the cell cytoplasm of tumour cells.
Because of this property, redox responsive nanocarriers have three main
advantages. First, they are stable in normal tissues, which will eventually cause
a reduction of the side effects and cytotoxicity of both nanocarrier and drug.
Second, they show rapid release of drug because of responding to high GSH
concentration which normally range between few minutes to hours. Finally, the
release of the druginside the cytoplasm is expected to give a better therapeutic

effect (Meng et al. 2012).

Taken altogether, the stimuli responsive polymers mentioned above undergo
sharp modification in their structure following stimulation. This stimulation and
conformational change can release the loaded drug rapidly to the desired

target, minimizing the side effects of the drug in normal tissues.

1.5.1.4 Polystyrene nanoparticles

Polystyrene is one of the most studied nanoparticles and many protocols used
to synthesize polystyrene beads (PB) are available. A commonly used method
is the dispersion polymerization (Cho et al., 2016). Compared to other
nanomaterials, polystyrene beads are relatively easy to synthesize, less
expensive, and the size of particles produced lies within a narrow distribution
of size, which can range between few microns to 20 nm. Other advantages of
polystyrene beads are that they can be labelled easily with luminescent and
fluorescent dyes for detection using spectroscopy methods. In addition, they

are visible under an electron microscope without the need of any labelling, and
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surface modification can be done readily. As a result of all these advantages,
they are extensively used in research to understand the safety of nanomaterials
in endocytosis studies (Johnston et al. 2010). Many studies were performed on
the cellular uptake of polystyrene beads which suggest that internalization
pathways are mainly influenced by the type of cell lines used in the experiment.
In addition, the presence of polystyrene beads enhances the uptake of other

nanomaterials (Zauner, Farrow, and Haines 2001, dos Santos et al. 2011).

An interesting study performed by (Tchoryk et al. 2019) used colorectal cancer
spheroids (HCT116) to investigate the effect of different physiochemical
properties of nanoparticles on the penetration and uptake in HCT116
spheroids. In the study, a range of plain polystyrene nanoparticles with
different sizes of 30 nm, 50 nm, and 100 nm were used, in addition to 50 nm
polystyrene with different surface chemistries (uniform plain, aminated, and
carboxylated). The polystyrene size-dependent penetration and localization in
HCT116 were qualitatively presented by confocal images and quantified by
fluorescence activated cell sorter (FACS) analysis using flow cytometry method.
Results showed that the 30 nm polystyrene were taken up in over 70% of cells,
and the 50 nm were taken up in over 80% of cells after 2 hours of incubation
and increasing to over 90% of cells after 6 hours incubation in the spheroid. On
the other hand, a different penetration profile was seen in the 100 nm
polystyrene, after 2 hours of incubation, only 10% of cells showed uptake of
the 100 nm polystyrene, increasing to 22% after 24 h of incubation. Also, 30 nm
and 50 nm polystyrene showed even distribution between the various

concentric cell population segments, while there was no significant penetration
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to the core of the HCT116 spheroid in the 100 nm polystyrene and only found

on the periphery of the spheroid.

Also, the effect of the different surface chemistries in the 50 nm polystyrene
(positively charged aminated and negatively charged carboxylated) on the
penetration was compared to the unmodified plain polystyrene. The
unmodified polystyrene penetration in HCT116 spheroid was 2X higher than

aminated and 8X higher than the carboxylated polystyrene.

Therefore, the (Tchoryk et al. 2019) study highlighted the importance of
controlling the physiochemical properties such as the size and the surface
modification of nanoparticles in order to enhance the delivery of different

drugs into tumours.

1.6 Nanotherapeutics and drug resistance

The development of new materials and technologies for nanocarriers that
respond to specific stimuli is making significant progress to overcome
therapeutic resistance for cancer treatment. The nano-based technology is
currently surmounting many hurdles common to conventional drug delivery
systems, including poor distribution, indiscriminate toxicity and non-targeted
effects. They allow instead increased drug penetration, precise tumour
targeting and delivery of drugs that can directly target cancer pathways and

drug resistance gene networks, as shown in Figure 1.5.
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1.7 Hypothesis and project aim

Treatment of breast cancer patients with doxorubicin (DOX) is associated with
important toxic effects, including cardiotoxicity. In addition, even after
treatment with such a potent drug breast cancer can reoccur due to the
development of resistance to its cytotoxic effects, mostly due to acquired
mechanisms preventing the drug from entering the cell. One of these
mechanisms is by increasing the expression of efflux transporters such as
MRP1, BCRP, and P-gp which leads to a decrease of drug intracellular
concentrations in the cancer cells. One of many ways of overcoming these
issues is by using conjugated drugs to nanoparticles, which are molecules

ranging from 1 to 100 nm in size.

Many drug polymer conjugates in the literature have shown enhanced toxicity
against cancer cells compared to administration of the drug alone. In this
project, novel nanoparticles conjugated to doxorubicin will be investigated and
it is hypothesised that they will enhance penetration and delivery of the
cytotoxic agent in triple-negative breast cancer (TNBC) cells resistant to
therapy. In addition, it is hypothesised that delivery of DOX through
nanoparticles would sustain the release of DOX in the tumours without the
need to increase or repeat free DOX dosage delivery, which are responsible for

undesired toxic effects to vital organs.

Therefore, the aim of this project is to perform in vitro studies using
monomethoxy poly(ethylene glycol)-poly(e-caprolactone) nanoparticles

conjugated to DOX (mPEG-PCL-DOX) conjugates to test and select the best drug
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delivery that could be extended to in vivo biodistribution studies. The in vitro
studies will involve testing the polymer conjugate in the TNBC cancer cell line
MDA-MB-231 cells sensitive and resistant to DOX to investigating the rate at
which the polymer will undergo endocytosis and exert a cytotoxic effect on

cells cultured in 2D and 3D spheroids cell culture models.
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Chapter 2 Material and methods:

2.1 Materials and reagents

MDA-MB-231 cells were obtained from the NCI60 collection banked at the
Biodiscovery Institute at the University of Nottingham under Prof. Grabowska’s
material transfer agreement. Genetically modified MDA-MB-231 cells
expressing luciferase (MDA-MB-231 Luc) were provided by Prof. Grabowska.
Cell lines were regularly washed, passaged, and fed with fresh medium. Hanks’
Balanced Salt Solution (HBSS) was used for washing cells. Cell culture medium
was prepared by adding 50 ml foetal bovine serum (FBS) and 5 ml L-Glutamine
to a 500 ml RPMI medium bottle. Trypsin EDTA (0.25%) was used for cell
disassociation. Cells were regularly tested for Mycoplasma contamination

using the PlasmoTest™ from InvivoGen.

The experiments were performed in aseptic conditions using a microbiological
safety cabinet class Il (MSC) which was disinfected with IMS 70% and Distel
medical level surface disinfectant before and after use. Costar 96 black, clear
bottom, sterile, and tissue culture treated well plates were used for plating
MDA-MB-231 Luc and taking fluorescence reads. Doxorubicin hydrochloride
(DOX) with molecular weight of 579.98 g/mol was purchased from Merck
(D1515). The PrestoBlue cell viability reagent (A13262) was purchased from
ThermoFisher Scientific. The live/dead stain kit was also from ThermoFisher

Scientific (Fisher L3224).
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2.2 Preparation of mPEG-PCL-DOX pH responsive

nanoparticles:

The method of synthesis for the methoxy poly(ethylene glycol)-poly(e-
caprolactone) (mPEG-PCL) nanoparticles was originally developed by by Dr
Christina Parisi, a PhD graduate from School of Pharmacy, University of
Nottingham. The mPEG-PCL-DOX nanoparticles synthesis was replicated for
this project using the mPEG-PCL polymer stock and used within a week to

ensure the nanoparticles' stability across all experiments.

2.3 Preparation of empty mPEG-PCL micelles:

From the mPEG-PCL stock, 10 mg were measured and dissolved in 1 ml of N-
methyl-2-pyrrolidone (NMP) and kept for 5 min at 37°C. After that, the solution
was added dropwise to 5 ml of deionised water at a rate of 0.2ml/min in a
scintillation vial using a syringe pump while the solution was stirring at 1000
rpm. Finally, the solution was dialysed for 24 h in 1 L of deionised water using

a 3500 g/mol molecular weight cut-off (MWCO).

2.4 Preparation of mPEG-PCL-DOX conjugated nanoparticles:
mMPEG-PCL-DOX nanoparticles were prepared using the copper catalysed azide-
alkyne cycloaddition click chemistry reaction. First, 2.5 mg of modified DOX and
10 mg of mPEG-PCL were dissolved in 1 ml NMP for 5 min at 37°C. Once
dissolved, the solution was added dropwise to 5 ml of deionised water at a rate

of 0.2ml/min in a scintillation vial using a syringe pump while the solution
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stirring was at 1000 rpm. After that, 0.44 mg of sodium ascorbate and 0.359
mg of Copper (ll) sulphate were added to the solution, which was left stirring
overnight. Then 6.4 mg of EDTA were added to the solution to chelate all
copper ions found in the mixture, and the formulation was left stirring for
another 2 h. Finally, the solution was dialysed for 24 h in 1 L of phosphate
buffered saline (PBS) solution, pH 7.4 using a 3500 g/mol molecular weight cut-

off (MWCO) membrane.

2.5 Confirmation of mPEG-PCL-DOX nanoparticles synthesis

using Fourier Transform Infrared (FTIR) spectroscopy:

The Agilent Cary630 FTIR machine was used to characterise the chemical
structure of the empty mPEG-PCL or mPEG-PCL-DOX. For this, 2 ml of the
synthesised mPEG-PCL-DOX or empty mPEG-PCL nanoparticles were freeze-
dried overnight. A small amount if the solid nanoparticles were then pressed
to form a thin pellet. The samples were then analysed using a spectral range of
4000-650 cm™ to record the vibrational fingerprint of the functional groups

present. Results were analysed using the SpectraGryph 1.2 software.

2.6 Measurement of nanoparticles average size and
polydispersity index (PDI):

The Z-average particles diameter (Z-avg) and the polydispersity index (PDI) of
the empty and drug conjugated nanoparticles were determined using dynamic

light scattering (DLS) Zetasizer Nano ZS (Malvern Panalytical).
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2.7 Quantification and pH dependent drug release of DOX from

the nanoparticle’s formulation:

To quantify doxorubicin in the prepared formulation, 100 ul aliquot of mPEG-
PCL-DOX NPs was mixed with 100 ul of Trifluoroacetic acid (TFA) to cleave DOX
from the NPs. After that, the mixture was incubated in a water bath at 37°C for
4 hours. A calibration curve for DOX was prepared for quantifying DOX
concentration released from the nanoparticles. The initial stock DOX
concentration was 12.5 pg/ml, then a series of 1:2 serial dilutions were
generated to establish a range of concentration standards. The analysis of DOX
release was performed by adding the samples into a black flat bottom 96-well
plate, suitable for fluorescence measurement. The quantification of DOX was
performed by a Tecan plate reader, which measured fluorescence intensities
at an excitation wavelength of 470 nm and an emission wavelength of 595 nm.
The fluorescence data obtained from the mPEG-PCL-DOX samples were then
interpolated against the calibration curve of free DOX. Trendline equation
derived from the DOX calibration curve was used to quantify DOX in the

formulation.

Additionally, DOX release in pH 7.4 and pH 5.5 were investigated over 7 days.
For this, the acidic buffer was prepared by adding 1 M HCL to PBS until reaching
the desired pH (5.5). Then, in a falcon tube 1 ml of mPEG-PCL-DOX was added
to a 3500 g/mol molecular weight cut-off (MWCO) membrane and placed in

falcon tubes containing 9 ml of either pH 5.5 or pH 7.4 PBS. After that, 1 ml of
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each tube were aspirated and replaced with fresh PBS of the same pH. The
aspirated samples were placed in black 96 well plate and DOX fluorescence
reads were taken for each day and plotted against the DOX standard curve.
After collecting readings for all days, the DOX cumulative release was

calculated using the following equation:

) (Amount of drug released)tl + t2+..
Cumulative Release (%) = x 100

Total drug loaded initially

Equation 1: Cumulative release % formula.

2.8 Empty mPEG-PCL toxicity on wild type MDA-MB-231

(WT) cell line:

To assess MPEG-PCL nanoparticles toxicity, 10,000 cells/ well were seeded in a
96 well plate incubated overnight to allow cells attachment. On the following
day, empty mPEG-PCL was added to the cells at a concentration of 1 mg/ml.
WT cells viability were followed up at day 2, day 4 and day 6 and compared to
non-treated cells. At each time point, 20 ul of PrestoBlue reagent were added
to each well and incubated for 15 minutes before transferring to an Omega
Fluorostar fluorescence plate reader. Viability reads were taken using 540 nm
excitation and 590 nm emission. Results were analysed using GraghPad Prism

two-way ANOVA test.
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2.9 Development of the resistant MDA-MB-231 cell line by DOX

exposure:

The protocol used for the development of MDA-MB-231 resistant cells (R) was
adapted from Paramanantham et al. 2021. According to this, cells were
exposed to increasing concentrations of doxorubicin. The cells were exposed
to 10 nM DOX at the start of the experiment, reaching 50 nM at the end. Each
concentration was kept the same for a number of passages, considering each
passage was 3-4 days in total depending on cell confluency. The concentrations
and number of passages are shown in Figure 2.1. The R cells were finally kept

in 50 nM doxorubicin RPMI media to preserve the developed resistance.

10|nM 15nM 22.5I nM 33.7nM 50 |nM

P1-P4 P1-P4 P1-P10 P1-P24 P1-P10 then cells are
ready to use

Figure 2.1 Schedule for developing MDA-MB-231 resistant cell line. MDA-MB-
231 cells were treated with increasing concentrations of DOX starting from 10
nM to 50 nM. P1,P2... represent the number of passages that DOX was

maintained at the same concentration.

2.9 Expression of PgP efflux transporters in MDA-MB-231 cells:

Expression of PgP was obtained by transduction of a lentiviral plasmid coding
for the human MDR1 gene. For this, bacterial stabs containing pHaMDRwt

(Plasmid #10957), and pMD2.G (Plasmid #12259) were obtained from
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Addgene. The bacterial stabs were spread over a plate containing Ampicillin

(100 pg/mL) using a sterile loop and incubated overnight at 37C.

From the LB agar plate, a single colony was taken using a sterile loop and
inoculated in LB medium (BD, 244610) supplemented with Ampicillin (100
pug/mL). The liquid culture was incubated overnight at 37C in a shaking
incubator. Glycerol stocks were prepared by taking 600uL of overnight cultures
mixed with 400l of sterile 50% glycerol solution (diluted in distilled water).

The mixture was vortexed, immersed in liquid nitrogen and stored at -80°C.

The plasmids used for transfections into mammalian cells were recovered from
100 to 200 mL of overnight cultures using the Plasmid Midi Kit (QIAGEN,

12143).

For the lentivirus production, 3x10° HEKPIat-E cells were seeded in a T25 flask
and incubated overnight until cells reached ~90% confluence. The medium of
the cells was changed before transfection. Following the XT360 transfection
protocol, the viral envelope vector (1.2 ug of pMD2G (Addgene#12259)) and
the viral vector (4.6 ug of pHaMDRwt, Addgene#10957) were added to the
transfection reagent diluted in Optimem medium in an Eppendorf tube. The
transfection mixture was vortexed and incubated at room temperature for 15
min. The transfection mixture was added dropwise onto the flask, and the cells
were incubated for 2 days. The virus-containing medium was collected 48 hours

after transfection and was filtered using a 0.45uM low protein-binding filter.

One day before the transduction, 2x10°> MDA-MB-231 cells were seeded on

three wells of a 6-well plate and incubated overnight. Next day, the filtered
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medium containing the viral particles was added to the MDA231 cells, and cells
were incubated overnight. The following day, the viral medium was removed

and replaced with a fresh RPMI medium.

To select resistant cells, MDA-MB-231 cells were treated with 10 or 50 nM DOX
for 10 days. After that, the treated cells were seeded into T75 flask until

confluent for further experiments.

2.10 Western blotting:

Protein extraction was performed using the radioimmunoprecipitation assay
(RIPA) buffer (ThermoFisher #89900). For each cell line (MDA-MB-231-W,
MDA-MB-231-R, MDA-MB-231-PgP, MDA-MB-231-PgP-10nM, and MDA-MB-
231-PgP-50nM), cells pellets were collected and resuspended in RIPA buffer
and incubated on ice for 30 minutes. The cells lysate was then centrifuged at
12,000 RCF for 20 minutes at 4°C to separate the soluble protein fraction. After
that, the supernatant was aspirated for each cell line and transferred to a new
Eppendorf tube and stored at -80°C. The total protein concentrations were
measured using the Bicinchoninic Acid (BCA) assay (ThermoFisher A55860). For
each cell line sample, a 1:5 dilution was prepared by mixing 2 ul of the protein
sample and 8 ul of dH20, producing a total volume of 10 ul. Then 1:50 ration
of reagent A to B of BCA working mix was prepared and 10 ul of each diluted
sample was combined with 200 ul of the prepared BCA working mix in a 96 well
plate, covered and incubated at 37 C° for 30 minutes. After that, the plate

placed inin a microplate reader and the absorbance were measured at 580 nm.
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Protein concentrations in the samples were calculated using a known standard

curve.

To prepare samples for the western blotting, the protein concentration was
determined for each cell lysate to load 20 ug of protein per sample, while each
sample was prepared to total volume of 40 ul, consisting of protein lysate,
dH20, and buffers (BOLT LDS Sample buffer (4x) and Bolt reducing Agent (10x))
(ThermoFisher). The sample were then vortexed and subjected to 95-100 C°
heat for 5 minutes to denature and reduce the proteins. Following that, the
samples were placed on ice for 1 minute and centrifuged and stored on ice until

loading.

Electrophoresis was conducted using a mini gel tank system (ThermoFisher).
The tank was filled with 1x running buffer, which was prepared by adding 50
ml of SDS running buffer (20X) to 950 ml of dH20. A precast polyacrylamide gel
(12%) gel was prepared and wells rinsed with running buffer 3 times before
placing into the cassette clamps. 5 ul of protein standard ladder mixture (LiCor
Cameleon) was added to the first well, followed by 20 ul of each protein lysate
samples.The gel was run at 160 V for 50 minutes and after separation of
proteins, the gel was transferred onto a PVDF membrane using a BioRAD Trans-
Blot Turbo transfer system (30 minutes at 25V). After the transfer, the
membrane was blocked using 5% skimmed milk prepared with Tris buffered
saline buffer (TBS-50 mM Tris, 150 mM NaCl, pH of 7.4) containing 20% -Tween-
20 (TBST) and added to the membrane until it is fully covered and incubated

for 1 hour at room temperature. After incubation, the blocking solution was
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discarded, and the membrane were transferred to a falcon tube. MDR-1 (D11)
primary antibody (1:1000) (Santa Cruz Biotechnology #sc-55510) and B-actin
control antibody (1:1000) (Cell signalling #4970) were prepared in 5% skimmed
milk in TBST and added to the membrane and the falcon tube were incubated
overnight at 4 C° on a rotating rocker. On the next day, the primary antibody
solution was discarded, and the membrane was washed 3 times with TBST.
Anti-rabbit secondary antibody (1:10,000) (Cytiva #NA934) was prepared in
milk/TBST and added to the membrane and incubated at room temperature
for 1 hour away from light. The membrane was then washed three times with

TBST and transferred to the LiCor Odyssey M imaging system.

2.11 qPCR:

2.11.1 Total RNA extraction

RNA was extracted from the cell pellets using the NucleoSpin RNA Midi kit
(Qiagen, #74134) according to the manufacturer’s instructions. To extract the
RNA, 350 pL of Buffer RA1 containing 10% B-mercaptoethanol were added to
each cell pellet and vortexed. The solution was loaded onto a NucleoSpin® filter
and centrifuged for 1 minute at 11.000 x g. The filter was the discarded, and
350 uL of Ethanol (70%) was added to the flow-through and vortexed. The
mixture was loaded into a NucleoSpin® RNA column and centrifuged for 30
seconds at 11.000 x g. The column was placed in a new collection tube and 350
puL of MDB (Membrane Desalting Buffer) was added and centrifuged again for

1 minute at 11.000 x g. After this, contaminant DNA was removed by adding
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95 ul rDNase solution onto the column (10 pL reconstituted rDNase and 90 uL
dilution buffer). and incubated at room temperature for 15 minutes. Columns
were the washed by adding 200 uL of Buffer RAW2 and centrifuging it for 30
seconds at 11.000 x g. This was followed by another wash with 200 puL of Buffer
RA3 and finally by another with adding 250 pL of Buffer RA3, always
centrifuging it at 11.000 x g. Finally, the RNA was eluted in 60 uL RNase-free

H20 by centrifugation for 1 minute at 11.000 x g.

The RNA concentration was determined using a Nanodrop 2000
spectrophotometer (Thermo Scientific) measuring the absorbance at 260nm
and RNA purity was assessed as the A260/280 nm absorbance ratio (1.8-2.0
was accepted as good quality). The RNA samples obtained were stored at - 80°C

until further analysis.

2.11.2 cDNA synthesis:

The SuperScript™ IV First-Strand Synthesis kit (InvitrogenTM) was used cDNA
synthesis according to the manufacturer’s instructions. A maximum amount of
5 ug of the template RNA was used in the reaction. For primer annealing, the
following reagents were added to a PCR tube: 1 uL of 50 uM random hexamers
primer, 1 uL of 10 uM dNTP, < 5 ug of template RNA, and DEPC-treated water,
to a final volume to 13 puL. The reaction was heated at 65°C for five minutes and
then incubated on ice. For the reverse transcription reaction, the following
components were then added to each tube: 4 uL of 5x SSIV buffer, 1 uL of 100
mM DTT, 0.5 pL of RNaseOUT recombinant RNase inhibitor, 0.5 uL ddH,0, and

1 pL of SuperScriptTM IV reverse transcriptase enzyme. The tube was then
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incubated at 50°C for 10 minutes, followed by incubation at 80°C for 10 minutes

to inactivate the enzyme. cDNA samples were stored at - 20°C.

2.11.3 Quantitative real-time PCR (qPCR):

For gPCR analysis, a SYBR green master mix (Applied Biosystems, #A25742) was
prepared for each primer set. The final volume of each reaction was 15 uL and
contained 7.5 puL SYBR Green, 0.3 uL of each forward and reverse primer, 0.75
ML cDNA, and 6.2 pL ddH20. PCR amplification was performed using the 7500
Real-Time PCR Systems (Thermo Fisher) with an amplification program

following the following steps:

1) initial denaturation stage: 2 minutes at 95 ¢C
2) 40 cycles of 15 seconds of denaturation at 95 2C, annealing for a minute
at 59 2C followed by a melting curve.

3) extension of 7 minutes at 722C.

Threshold cycle (Ct) values and melting curves were obtained upon programme
completion. The Ct values were then exported to a Microsoft Excel spreadsheet
for further analysis. The graphs were created by GraphPad Prism 9 software.
The AACt method of relative quantification was used to calculate the Fold
changes in gene expression using the 60S acidic ribosomal protein PO (RPLPO)
as the housekeeping gene (primers listed in Table 2.1). All experiments were

performed using three biological replicates.
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Table 2-1: Primers used for qPCR.

Gene Primer Sequences (5'-3')

RPLPO Forward ACAACCCAGCTCTGGAGAAA
Reverse TGCCCCTGGAGATTTTAGTG

DMRI Forward GCTGTCAAGGAAGCCAATGCCT
Reverse TGCAATGGCGATCCTCTGCTTC

2.12 Half maximum inhibitory concentration (IC50) studies in
2D models:

A 96-well plate was prepared by seeding each well with a density of 10,000
cells. The cells were then incubated at 37°C with 5% CO2 overnight to allow
cells adhesion. Subsequently, the treatment solutions of free DOX (300 nM)
and mPEG-PCL-DOX (1mg/ml) were prepared. The initial top concentration of
each treatment was established at 2 uM. From this stock solution, a series of
1:2 serial dilutions were created to obtain a range of concentrations for the
treatment assay. These dilutions were then added, and the plate was incubated
for a period of 48 hours. Following the incubation period, a volume of 20 ul of
Presto Blue reagent was added to each well. The plates were then incubated
for an additional 15 minutes, then fluorescence was measured in an Omega
Fluorostar fluorescence plate reader using 560/590 nm (excitation/emission).
Results were analysed with the Graph Pad Prism software using inhibitor vs

response analysis.
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2.13 2D cellular uptake images using EVOS system for free DOX
and mPEG-PCL-DOX:

The EVOS M7000 imaging system was used to investigate free DOX and mPEG-
PCL-DOX cellular uptake. In a 96 well plate, 10,000 cells were seeded and
incubated overnight. On the next day, 300 nM of DOX or mPEG-PCL-DOX (1
mg/ml) were added to the wells and incubated for 2 h, 4 h, 8 h, and 24 h. At
each time point, the cells were fixed with 2% paraformaldehyde (PFA) and
incubated for 15 minutes. Cells were washed with PBS and the cell’s nuclei
were next stained using 0.1 ug/ml DAPI nuclear stain prepared in PBS
(incubated 10 minutes). After that, the plate was transferred to the EVOS and

images were captured using the DAPI (blue) and RFP (red) channels.

2.14 DOX and mPEG-PCL-DOX cytotoxic effect on 2D models
viability:

In a 96 well plate, 1000 cells/ well were seeded and incubated for 24 h at 37°C
with 5% CO2 to allow cell adhesion. On the following day, 300 nM of free DOX
or mPEG-PCL-DOX (1 mg/ml) were added to the plate and returned to the
incubator. After each 2 days, 20 ul of Presto Blue reagent was added to each
well. The plates were then incubated for an additional 15 minutes, then
fluorescence was measured in an Omega Fluorostar fluorescence plate reader
using 560/590 nm (excitation/emission). After collecting the viability of all time

points, the data were analysed using GraghPad Prism two-way ANOVA test.
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2.15 Preparation of pH 6.5 acidic media:

To prepare the acidic media, 15 ml of HEPES buffer and 15 ml of MES buffer
were added to 500 ml of RPMI medium. The solution was mixed and incubated
in a water bath for minimum 1 hour. Using a pH meter, the pH of the medium
was altered using NaOH and HCL to reach pH 6.5. After that, 50 ml of FBS and
5 ml of L-Glutamine were added to the medium. Finally, the medium was filter
sterilized using 0.22 um filters. Before each use, the pH was checked again using

the pH meter.

2.16 Spheroids culture:
To optimise the cell seeding, cells were prepared in 200 ul of medium and
seeded under the following conditions in an Ultra Low Attachment 96 well

plate.

1) 1000 cells/200 ul + 100 ug/ml BME,
2) 2000 cells/200 ul + 100 ug/ml BME,

3) 1000 cells/200 ul without addition of BME.

Images for each condition were taken using the EVOS microscope on day 3 and

day 7.

Following cell number optimisation, 2000 cells/well in addition to 100 ug/ml or
200 ug/ml BME were used to optimise the BME concentration. On day 7, cells
were labelled with the live/dead stain kit . The spheroids were washed twice

with PBS, removing as much liquid possible at each time without damaging the
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spheroids. After that, enough staining solution was prepared for a volume of
100 ul/spheroid (the concentration needed was 2 ul/ml Ethidium homodimer
and 0.5 ul/ml calcein AM prepared in PBS and covered in foil to protect it from
light). After this, the staining solution was carefully added to the spheroids, and
the plate was incubated in dark at 37 C° for at least 15 minutes. Finally, the
plate was transferred to the EVOS fluorescence microscope and the RFP
channel was used to visualize dead cells (red) while the GFP channel was used

for live cells (green).

2.17 DOX and mPEG-PCL-DOX uptake in spheroids models:

For each MDA-MB-231 model, the spheroids were formed as explained above.
On day 4, 300 nM of free DOX or mPEG-PCL-DOX nanoparticles (1 mg/ml) were
added to the spheroids. The red fluorescence of DOX was captured using the

EVOS fluorescence microscope at day 8 using RFP channel.

2.18 DOX and mPEG-PCL-DOX cytotoxic effect on spheroids
viability:

A 96 ultra-low attachment wells plates were prepared, each well containing
2,000 cells/well with addition of 100 ug/ml BME. The plates were then
centrifuged at 300 g for 10 minutes to facilitate uniform spheroid formation.
Post-centrifugation, the plates were incubated for 4 days to allow for the

spheroids to form before any treatment was applied. On day 4, the first plate
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received 0.3 uM of Free DOX and 0.3 uM mPEG-PCL-DOX. The viability of
spheroids was assessed 2 days post-treatment using 20 ul of Presto Blue
reagent and an Omega Fluorostar fluorescence plate reader using 560/590 nm
(excitation/emission). After measuring the viability of all time points, the data

were analysed using GraghPad Prism two-way ANOVA test.

2.19 DOX quantification using LC-MS:

To quantify intracellular concentrations of DOX, 8x10° cell/well of WT, R and
PgP cells were seeded in 6 well plates and incubated overnight. On the
following day, free DOX (300 nM) or mPEG-PCL-DOX nanoparticles (1Img/ml)
were added to each well and returned to the incubator. After reaching the
required time points (2 h, 4 h, 8 h and 24 h), cells are washed twice with PBS
and then lysed using ice cold LC-MS grade methanol for 15 minutes. After this,

0.5 ml of the lysate was transferred into an LC-MS vial for analysis.

The Shimadzu SIL-HTc Autosampler coupled with QTRAP 4000 mass
spectrometer was used to quantify DOX in the samples using an Acquity UPLC
BEH C18 column (1.7 um, 2.1 x 100 mm). The mobile phase consisted of 0.1%
formic acid in water (A) and 0.1% formic acid in methanol (B) delivered in a
binary flow at 0.15 ml/min. The gradient program was as follows: 5% B (0—1
min), increased to 90% B at 3 min, ramped to 95% B at 5 min, held until 6 min,
then returned to 5% B at 6.1 min and re-equilibrated until 9.5 min. The injection
volume was 20 ul. Also, a range of known DOX concentrations from 0 to 500

nM was used to create a standard curve to calculate DOX concentrations in the
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samples. Quantification was based on peak area response, and all analyses

were conducted in triplicate to ensure reproducibility.
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Chapter 3 : Synthesis and characterisation of novel pH-
responsive mPEG-PCL-DOX nanoparticles delivery

system:

3.1 Introduction:

Nanoparticles-based drug delivery systems are becoming an important area of
scientific research for cancer treatment due to their tumour-specific delivery
and reduced unwanted toxicities and side effects. Among nanoparticle systems
are the methoxy poly(ethylene glycol)-poly(e-caprolactone) (mPEG-PCL)
copolymers, which have unique physicochemical properties compared to other
nanoparticles. The amphiphilic nature of mPEG-PCL copolymers leads to self-
assembly into micelles, with an outer PEG hydrophilic shell and an inner PCL
hydrophobic core. This micellar assembly aids in encapsulating hydrophobic
drugs like doxorubicin in the hydrophobic core. In addition, outer PEG polymers
exhibit enhanced permeability and retention (EPR) properties and help
increasing drug bioavailability through stealth behaviour, as well as by
minimising reticuloendothelial system (RES) clearance and prolonging

bioavailability time in vivo.

Among the innovative technologies in mEEG-PCL nanoparticles is the
development of pH-sensitive drug systems, which take advantage of the acidic
tumour microenvironment (pH 5.0-6.5) compared to the normal tissue

environment (pH 7.4). These pH-sensitive systems are designed to selectively
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trigger the release of encapsulated or conjugated drugs in the acidic tumour

microenvironment, improving drug efficacy and reducing systemic toxicities.

Different methods for chemotherapy drugs conjugation and encapsulation into
mMPEG-PCL nanoparticles have been described. These include physical
encapsulation, in which the drug is trapped within the hydrophobic core of the
micelle during self-assembly, through nanoprecipitation, solvent evaporation,
or dialysis techniques. The other method is chemical conjugation, in which the
drug is covalently linked to the polymer backbone or terminal groups via
cleavable linkers, such as ester and Schiff bases, allowing controlled and stimuli
responsive release. Each of these methods has advantages and limitations. For
example, physical encapsulation is easy, cost effective and does not require any
chemical modifications of the drug. However, its drug loading is often low and
may exhibit premature release of the drug. On the other hand, chemical
conjugation offers stable attachment enables controlled or stimuli-responsive
drug release, but its synthesis is complex and requires functionalization and
chemical modification of both the drug and polymer, which may compromise

the drug’s activity.

Several studies have shown the effectiveness of nanoparticle-mediated drug

delivery in breast cancer.

An interesting study performed by Carrillo-Castillo et al. 2020 showed
successful encapsulation of the Methotrexate (MTX) anticancer drug into
MPEG-PCL nanoparticles. A drug release study was performed for 30 days, and

enhanced release of MTX was found at pH 5.5 compared to pH 7.4 on day 30.
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In the same paper a drug efficacy study was carried out using the MCF-7 breast
cancer cell line which demonstrated the MTX/mPEG-PCL IC50 was estimated to
be 30 ugmL?, whereas the IC50 of free MTX could not be reached at the end of
the experiment, indicating that nanoparticles were superior in killing cells over

the free MTX.

Also, another interesting mPEG-PCL pH-sensitive nanoparticle study was
published by Zhai et al. 2018, in which a pH-sensitive mPEG-PCL was conjugated
with DOX chemically through an acid-cleavable imine bond. In vitro drug
release studies were conducted for 48 h in different pH media. Results showed
that there was a minimal release at pH 7.4, where only 20% of DOX was
released from mPEG-PCL, with a significant increase at pH 6.5 (42.8+1.5 %) and
pH 5.0 (60.31£0.8 %), indicating their potential to deliver DOX specifically into
the acidic tumour tissues. Also, cellular uptake studies confirmed the
internalisation of nanoparticles in the MCF-7 cell line, while in vitro cytotoxicity

studies indicated a controlled release profile.

Because of mPEG-PCL great potential to deliver anticancer agents to cancer
cells, this thesis will focus on investigating novel the efficacy of mPEG-PCL
conjugated with doxorubicin in triple negative breast cancer. The particles used
in this project will be synthesised by click chemistry, where the formed triazole
ring linker between the mPEG-PCL and DOX provides a chemically stable bond
at physiological pH, which helps reducing premature drug release in systemic
circulation. In addition, the imine cleavable bond allows precise pH responsive

release inside endosomes and lysosomes once internalised by cancer cells. This
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approach is specifically aimed at overcoming TNBC drug resistance, especially
multidrug resistance produced by overexpression of drug transporters, such as

the P-glycoprotein (PgP).
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3.2 Results

3.2.1 Preparation of empty mPEG-PCL nanoparticles and pH

responsive mPEG-PCL-DOX conjugated nanoparticles:

Due to its strong solvating properties, NMP effectively caused dissolution of
the mPEG-PCL polymer. Nanoprecipitation of the mPEG-PCL occurred as the
solvent quality changed from organic (NMP) to aqueous (deionised water),
which lead to rapid precipitation of mPEG-PCL due to its decreased solubility in

the aqueous medium as shown in Figure 3.1.
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Figure 3.1 Synthesis of empty mPEG-PCL nanoparticles (NPs).
Nanoprecipitation of mPEG-PCL molecules, which aggregates to form mPEG-

PCL nanoparticles.
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Figure 3.2 Chemical structure of Modified DOX. Alkyne group was added to

DOX to facilitate the conjugation to the mPEG-PCL nanoparticles.

1 Modified DOX o o H
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Figure 3.3 Formation of mPEG-PCL-DOX conjugated nanoparticles.

Conjugation of DOX to the mPEG-PCL using Azide-Alkyne click chemistry.

The modified DOX shown in Figure 3.2 contains an alkyne group reacted with

the azide group in mPEG-PCL by click chemistry, as described in Figure 3.3. This
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reaction involved the cycloaddition of an azide to an alkyne to form a 1,2,3-
triazole linker. This process is catalyzed by copper (Cu(l)) in the most widely
used version of this reaction, known as the Cu-catalyzed azide-alkyne
cycloaddition (CUAAC). The imine group (-C=N-) found in Schiff base in the
modified doxorubicin would be responsible for the pH sensitive release of the
drug in the acidic microenvironment of cellular compartments in cancer cells

such as endosomes and lysosomes

3.2.2 Confirmation of Click reaction using FTIR:
To confirm the final chemical structure and the conjugation between azide
mPEG-PCL and alkyne modified DOX, Fourier Transformed Infrared (FTIR)

spectroscopy was used. As shown in

Figure 3.4, the FTIR spectrum shows a peak representing azide in mPEG-PCL
(blue) that disappeared completely in mPEG-PCL-DOX (red) at ~2100 cm™2. Also,
a prominent peak at ~1730 cm™ representing ester carbonyl (C=0) in mpEG-
PCL was reduced significantly in mPEG-PCL-DOX, accompanied by the
appearance of a peak at ~1650 cm™ in mPEG-PCL-DOX. Another interesting
observation was the broadening peak in the region ~3200-3600 cm™ in mPEG-
PCL-DOX representing OH stretching, while it was absent in mPEG-PCL

spectrum.
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The disappearance of the azide peak at ~2100 cm™ in mPEG-PCL-DOX suggests
that the azide groups are completely reacted. Also, the peak appeared at ~1650
cml suggesting triazole ring formation and confirming reaction completion.
The disappearance of the ester carbonyl group at ~1730 cm™ could result from
shielding from the formed triazole ring. Lastly, the appearance of a broad band
between ~3200-3600 cm™ in mPEG-PCL-DOX and its absence in the mPEG-PCL
spectrum supports the conjugation of DOX, as the broadened band is

attributed to the DOX O-H vibrations. All previous observations (

Figure 3.4) provide strong evidence for the successful conjugation of DOX onto

mMPEG-PCL via CuAAC click chemistry.
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Figure 3.4: FTIR spectra of azide functionalized mPEG-PCL (blue) before conjugation, and after DOX conjugated to mPEG-PCL (red).
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3.2.3 Characterisation of mPEG-PCL, mPEG-PCL-DOX, and
mPEG-PCL-DOX-CyS5.5 nanoparticles size and PDI (dialysed in
PBS):

Although the initial characterisation of the nanoparticles was performed by a
formed postgraduate researcher in the lab (Dr Christina Parisi), the
nanoparticles size and polydispersity index (PDI) were replicated to ensure
accurate nanoparticles synthesis each time. mPEG-PCL-DOX nanoparticles
average size was measured to be 63.4 + 0.7 d.nm (Figure 3.5). Encapsulation
efficiency and drug loading for mPEG-PCL-DOX were 46 + 0.93 % and 11.73

0.73 %, respectively (Table 3-1).

The synthesis of mPEG-PCL nanoparticles was improved from the original
protocol by changing the dialysis medium from de-ionised water to PBS buffer

to stabalize the pH of the formulation of the nanoparticles.
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Figure 3.5 : Nanoparticles characterisation showing particles size (d.nm)) for

Empty mPEG-PCL and mPEG-PCL-DOX using DLS. (n=3) £SD.

Dynamic light scattering (DLS) results shown in Figure 3.5 confirmed the
synthesis of the empty and conjugated nanoparticles. The correlogram shown
in Figure 3.7 represents the intensity autocorrelation function obtained from
Dynamic Light Scattering (DLS) analysis. The DLS technique measures
fluctuations in scattered light intensity resulting from the Brownian motion of
nanoparticles in suspension. These fluctuations are correlated over time to
generate an autocorrelation curve, from which the hydrodynamic diameter
and polydispersity index (PDI) are calculated using the Stokes—Einstein
equation. The single exponential decay curve of the correlogram shown in

Figure 3.7 indicates a monodisperse sample with nanoparticles of similar size.
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Figure 3.6 Nanoparticles characterisation showing polydispersity index (PDI)

for Empty mPEG-PCL and mPEG-PCL-DOX using DLS. (n=3) +SD.
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Figure 3.7: mPEG-PCL-DOX nanoparticles correlogram (n=3). Each colour

represents a replicate.
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3.2.4 Quantification of DOX concentration in the synthesised

mPEG-PCL-DOX nanoparticles:

To quantify the amount of DOX encapsulated DOX, mPEG-PCL-DOX were
incubated 1:2 with trifluoroacetic acid (TFA), a strong acid with a pH of 0.5, for
4 hours. The highly acidic TFA was used to trigger the release of all DOX from

mPEG-PCL nanoparticles.
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Figure 3.8: Fluorescence intensity readings of mPEG-PCL-DOX nanoparticles

with or without incubation with TFA. mean +SD (n=3).

As shown in Figure 3.8, the fluorescence intensity of mPEG-PCL-DOX
nanoparticles incubated with TFA was very significant (P<0.001) compared to

those without TFA.
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The DOX standard curve was then used to quantify the DOX amount in the
nanoparticle formulation and calculate drug loading and encapsulation

efficiency.

As shown in Table 3-1, the concentration of DOX in the formulation was
calculated to be 195.6 + 4.04 ug/ml, and the encapsulation efficiency was 46.92

1 0.93 %, while the drug loading was 11.73 £ 0.73 %.

Table 3-1: Size and PDI for empty mPEG-PCL, mPEG-PCL-DOX, mean 1SD

(n=3). Encapsulation efficiency and drug loading mean +SD of mPEG-PCL-DOX.

: Encapsulation
NPs DOX concentration Size (nm) Pdl Drug Loading (%)
{ug/mi) Efficiency (%)
Empty mPEG-PCL - 34.06+0.25 0.144 +0.005 .
mPEG-PCL-DOX 195.6 +4.04 63.4+0.7 0.180+0.018 46.92+ 0.93 11.73+0.73

3.2.5 mPEG-PCL-DOX release study:

The in vitro cumulative release of DOX from the nanoparticles was measured
for seven days, as shown in Figure 3.9, using buffers at different pH. In this
experiment, pH 7.4 was used to mimic normal physiological conditions, and pH

5.5 was used to mimic the tumour microenvironment.
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Figure 3.9: mPEG-PCL-DOX nanoparticles drug release study in pH 7.4 (black)
and pH 5.5 (red) mean +SD over 7 days.

As shown in Figure 3.9, the cumulative DOX release from mPEG-PCL in both pH
conditions started on day 2 and exhibited a gradual increase in the release of
DOX, but with much higher rates at pH 5.5. For pH 7.4, the maximum release
reached was 23.6 % * 2.9 %. On the other hand, DOX release from mPEG-PCL

was significantly enhanced at pH 5.5 to reach 78.6 % + 5.1 %.

Altogether the results of this chapter demonstrate the successful synthesis of
the pH sensitive nanoparticles encapsulating DOX. The synthesis of the
nanoparticles proved stable after buffering at pH7.4, while the release of the
DOX was enhanced by lowering the pH at 5.5, thus mimicking the effective

release in the acidic conditions of the tumour microenvironment.
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3.3 Discussion

Novel pH-responsive mPEG-PCL-DOX nanoparticles were synthesised and
characterised as a potential of a targeted delivery system for TNBC. To this end,
modified DOX was conjugated chemically via copper-catalyzed azide-alkyne
cycloaddition (CuAAC) click chemistry, which led to the formation of a 1,2,3
triazole ring with a pH-sensitive imine group as a release trigger site designed

to hydrolyse an acidic environment.

The size and PDI of empty mPEG-PCL and mPEG-PCL-DOX were characterised
using DLS as shown in Table 3-1 and Figure 3.5, demonstrating an average size
of 34.06 £ 0.25 d.nm for empty mPEG-PCL and 63.4 + 0.7 d.nm form mPEG-PCL-
DOX. These sizes have been previously demonstrated to be suitable for
endocytosis (Sousa De Almeida et al. 2021). The size difference between the
empty mPEG-PCL and mPEG-PCL-DOX could be due to the DOX molecules'
weight within the nanoparticles, which indicates a successful synthesis. Also,
the single exponential decay observed in the DLS correlogram in Figure 3.7
confirmed the monodispersed nanoparticles with a low PDI (0.180 + 0.019),
indicating a uniform size distribution and reproducible nanoparticles synthesis

protocol for mPEG-PCL-DOX.

The quantification of conjugated DOX in mPEG-PCl showed significant increase
in fluorescence intensity signal (P<0.0001) in nanoparticles treated with TFA
compared to non-treated, confirming the release of DOX from mPEG-PCL. The
drug loading DOX within the mPEG-PCL nanoparticles was quantified to be

11.73 + 0.73 % and 46.92 + 0.93 % for encapsulation efficiency, highlighting
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mMPEG-PCL-DOX as a candidate to retain and deliver DOX to targeted cells. The
in vitro drug release profiles were found to be pH-dependent, reflecting the
nanoparticles' pH-sensitive behaviour. At physiological pH (7.4), mimicking
normal systemic conditions, the release of DOX was minimal, reaching only
about 23.6 + 2.9% over seven days. On the other hand, at acidic pH (5.5),
representing the tumour microenvironment, a significantly higher cumulative
release of approximately 78.6 £ 5.1% was observed. This accelerated release
results from the hydrolysis of the Schiff base linker within the nanoparticles at
lower pH values, enabling enhanced DOX release specifically within acidic cell
compartments such as endosomes or lysosomes and tumour

microenvironment.

These finding suggests that mPEG-PCLDOX nanoparticles may be used as a
targeted therapy in cancer treatment, benefiting from the acidic
microenvironment of cancer to trigger the targeted release of DOX
intratumorally, and possibly minimising side effects. The reduction of systemic
toxicity not only increases the safety and tolerability of treatment potentially
permitting higher, more effective drug dosing but also improves patient quality
of life. This approach is increasingly validated in review literature as a critical
advantage of nanoparticle-mediated drug delivery in oncology (Cheng et al.

2025).
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Chapter 4 : 2D TNBC cell lines studies

4.1 Introduction:

Triple negative breast cancer (TNBC) is one of the most aggressive and
challenging subtypes of breast cancer, characterised by high heterogeneity and
rapid disease progression. In addition, TNBC is characterised by the lack of
expression of molecular targets such as estrogen, progesterone and HER2
receptors, thus limiting therapeutic options for treatment. Chemotherapy is
still the first line of treatment for TNBC, however not all patients respond due
to inherent and acquired resistance. Indeed, chemotherapy drugs such as
doxorubicin, which are part of the main treatment in TNBC, become less
effective due to the rapid emergence of multidrug resistance. This resistance is
driven by various mechanisms, including the overexpression of ATP-binding
cassette (ABC) transporters, alterations in apoptotic pathways, enrichment of
cancer stem cells, and the unique features of the tumour microenvironment,
such as hypoxia and acidosis (Raman et al.,, 2025a; Nedeljkovi¢ and
Damjanovi¢,2019). For these reasons, patients’ survival rates decrease within
3-5 years of diagnosis, as the survival rates of TNBC patients are only 77%
compared to 90% for other types of breast cancer (Ossovskaya et al. 2011, Wei

et al. 2024).

Expression of drug efflux mediated by ATP-binding cassette (ABC) transporters
is one of the most studied mechanisms of resistance in TNBC. Three main ABC
transporters are significantly overexpressed in TNBC compared to other breast
cancer subtypes, the ABCC1/MRP1 transporter (multidrug-resistant protein
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1), the ABCG2/BCRP transporter (breast cancer resistance protein), and the
ABCC11/MRP8 transporter (multidrug-resistant protein-8). Expression of
ABCC1 confers resistance to various drugs, including taxanes and
anthracyclines. On the other hand, ABCG2 specifically induces chemoresistance
in cancer stem cells by effluxing various drugs, such as 5-fluorouracil and
doxorubicin (Raman et al., 025b). In addition, the P-glycoprotein (PgP),
encoded by the ABCB1 gene, is another type of ABC transporter that plays a
major role in TNBC resistance. Its structure comprises two nucleotide-binding
domains and two transmembrane domains, with multiple drug-binding sites
that allow it to recognise, bind, and efflux a broad range of substrates, including
drugs like anthracyclines and taxanes, thereby reducing their intracellular
accumulation and diminishing their cytotoxic effect. Overexpression of PgP is
triggered by the cell’s exposure to chemotherapy itself and epigenetic changes
induced by effectors within thetumour microenvironment (Ambudkar et al.
2003, Wu et al. 2016). To counteract PgP-mediated drug resistance in TNBC,
research has focused on several strategies, such as nanoparticles-based
delivery systems which facilitate drug entry through endocytosis rather than
passive diffusion, thereby bypassing membrane efflux pumps (Mirzaei et al.
2022). Other strategies include direct inhibition of the PgP ATP-binding
domains. For example, ELACRIDAR (GF120918) is a potent PgP inhibitor which
acts as a non-competitive inhibitor, which binds to an allosteric site on PgP and
modifies its ATPase activity, leading to the prevention of PgP from pumping
drugs out of the cells and allowing higher intracellular accumulation and

cytotoxicity of drugs. In their study, Chen et al. 2017 found that ELACRIDAR was
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able to restore sensitivity in docetaxel-resistant non-small cell lung cancer
(NSCLC) cell lines overexpressing PgP, as results showed significant reduction
in IC50 values when cells were treated with the inhibitor. Although ELACRIDAR
showed promising results in preclinical trials, its clinical translation has been
limited, as its ability to overcome drug resistance in patients is moderate, due
to the complexity of tumour biology and pharmacokinetics challenges (Lai et

al. 2020).

In this project, we aimed to test the effect of nanoparticles to deliver
doxorubicin to bypass drug resistance in TNBC. Therefore, the aim of this
chapter was to test the effect of pH-sensitive nanoparticle to mediate
intracellular delivery of doxorubicin in control (wild type) and drug-resistant

TNBC cell lines cultured in conventional two dimension culture conditions.
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4.2 Results:

4.2.1 Empty mPEG-PCL toxicity in wild type MDA-MB-231

(WT) cells:

As it is well-documented that certain nanoparticles may induce cytotoxic
effects independently of any therapeutic payload (Xuan et al. 2023), it was first
necessary to determine whether any potential cytotoxicity observed in treated
samples could be attributable to the conjugated doxorubicin (DOX) rather than
to the mMPEG-PCL carrier system itself. Therefore, empty mPEG-PCL
nanoparticles were first tested by treating the WT cell line with the empty
particles for up to 6 days.
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Figure 4.1: Viability assay of empty mPEG-PCL in WT cells compared to
untreated (Control) cells. Figure shows fluorescence intensity on days 2, 4,
and 6. Data are expressed as mean + SD (n=3). Data were analysed by two-way

ANOVA test relative to control cells at each time point.
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As shown in Figure 4.1, there was no statistically significant viability difference
between cells treated with empty mPEG-PCL and non-treated (control) across

days 2, 4, and 6, confirming no toxic effect mediated by the carrier particles.

4.2.2 DOX vs mPEG-PCL-DOX nanoparticles ICso in WT:

The next step was to examine the cytotoxic efficacy of free doxorubicin (DOX)
in WT cells. To this end, dose-response experiments were performed with cells
treated with concentrations ranging from 1 nM to 2 uM of free DOX for 48
hours. Cells viability was calculated, and dose vs response curves were plotted
using GraphPad prism to calculate the half-maximal inhibitory concentration

(ICso) values (Figure 4.2).
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Figure 4.2: Dose vs response curves of free DOX. The figure shows WT cells
viability measured by PrestoBlue viability assay after the exposure to free DOX

(red). The figure shows mean ICso and 95% Cl.
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As shown in Table 4-1, the calculated ICso for free DOX was 0.305 uM with a

95% confidence interval (Cl) ranging from 0.245 to 0.379 uM.

Table 4-1: Calculated IC50 values for DOX.

Free DOX
ICy, (UM) 0.305
95% CI (uM) 0.245t0 0.379

4.2.3 Uptake of free DOX and mPEG-PCL-DOX nanoparticles

in WT cells:

The cellular uptake of DOX and mPEG-PCL-DOX nanoparticles was next
examined using fluorescence microscopy. For this, WT cells were treated with
300 nM (ICsp concentration) with either free DOX or mPEG-PCL-DOX, and
fluorescence images were captured at 2, 4, 8, and 24 hours post-exposure. The
300 nM. To ensure like-with-like comparisons between free DOX and DOX—NPs,
the free DOX concentration was matched to the DOX-equivalent present in the
nanoparticle dose. The DOX-equivalent was experimentally determined by
complete release of DOX from nanoparticles using trifluoroacetic acid (TFA),

followed by fluorescence quantification against a DOX calibration curve.
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WT DOX 8 h

WT DOX 24 h

WT mPEG-PCL-DOX 8 h

WT mPEG-PCL-DOX 24 h

Figure 4.3: Fluorescence microscopy images of WT cells treated with free DOX
or mPEG-PCL-DOX nanoparticles. Images were captured using an EVOS
microscope at 2, 4, 8, and 24 hours post-treatment. DOX was visualized via the
RFP channel (red), and cell nuclei were stained with DAPI (blue). Scale bar =150

pum (20x magnification).



As shown in Figure 4.3, both free DOX and mPEG-PCL-DOX exhibited time-
dependent uptake into WT MDA-MB-231 cells. However, the fluorescence
signal intensity associated with free DOX was consistently higher than that of
mMPEG-PCL-DOX, particularly at later time points (8 and 24 hours). Additionally,
cells treated with free DOX displayed more pronounced nuclear-associated
fluorescence, as shown by the overlap between the red (RFP) and blue (DAPI)
channels. In contrast, cells exposed to mPEG-PCL-DOX showed comparatively
lower nuclear DOX fluorescence intensity across all time points, with DOX

fluorescence localised both around the nucleus and cytoplasm.

The intracellular concentration of DOX as free drug or drug released from the
nanoparticles was further quantified by liquid chromatography-mass
spectrometry (LCMS) at 2, 4, 8 and 24 hours. The measured concentration
represents total cell-associated DOX extracted from lysed cells, including both

released and residual nanoparticle-associated drug.

The concentration of DOX measured was extrapolated from a standard curve,

which was first created by detection of known drug concentrations (Figure 4.4).
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Figure 4.4: LCMS standard curve for DOX concentration determination.

The quantified intracellular DOX concentration was time dependent for both
the free form and the nanoparticles conjugated form. WT cells treated with
mMPEG-PCL-DOX showed a higher intracellular accumulation of DOX when the
cells were treated with free DOX compared to mPEG-PCL-DOX, with statistically
significant difference at 4 h (P<0.03), 8 (P<0.003) and 24 h (P<0.02) as shown in

Figure 4.5.
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Figure 4.5: Intracellular concentration of free DOX and nanoparticles
conjugated DOX in WT cells. Quantification was performed by LCMS at 2, 4, 8
and 24 h, and DOX was quantified using a DOX calibration curve. Data were

analysed using two-way ANOVA and are presented as mean = SD (n = 3).

These data suggest that the nanoparticles are efficiently internalised, and
they produce intracellular concentrations of DOX over time to levels which

are comparable and superior to the free drug.

4.2.4 WT viability after exposure to free DOX and mPEG-PCL-
DOX nanoparticles:

To evaluate the effect of long exposure to treatment, WT cells were exposed
to 300 nM of free DOX or mPEG-PCL-DOX nanoparticles. Viability readings were
calculated on days 2, 4, 6, 8, 10 and 12, and compared to untreated WT control

cells.
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Figure 4.6: Viability of WT MDA-MB-231 cells treated with free DOX or mPEG-
PCL-DOX nanoparticles over a 12-day period. Cell viability was measured on
days 2, 4, 6, 8, and 12 post-treatment. Data were analysed using two-way

ANOVA and are presented as mean £ SD (n = 3).

A time dependent decrease in WT cells viability was observed for both DOX and
mMPEG-PCL-DOX, as presented in Figure 4.6. The cytotoxic effect of free DOX
was significantly higher at days 2, 4, and 6 (P<0.0001) compared to mPEG-PCL-
DOX nanoparticles. The mPEG-PCL-DOX showed a slower toxic effect that was

sustained over time.

Considering the results of the drug uptake, there was no direct correlation

between uptake and rate of cytotoxicity could be observed.
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4.2.5 Establishment of resistant MDA-MB-231 (R) via chronic
exposure to DOX:

To assess whether the delivery of doxycycline with nanoparticles could be
beneficial in the treatment of cancer developing drug resistance, the next step
was to develop MDA-MB-231 cells resistant to doxycycline. This was achieved
by treating the WT MDA-MB-231 cells for a period of six months with increasing
concentrations of the drug up to maximum concentration of 0.5 uM and by

maintaining the resistant cell line in the presence of the drug.

As shown in Figure 4.7, during this time the resistant cells maintained a normal

morphology, although cell growth was dependent on the presence of DOX.

Figure 4.7 Morphology of R cells cultured for 6 months with increasing

concentrations of DOX. Bar=100 um
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4.2.6 Resistant MDA-MB-231 (R) IC50:

To verify the development of doxorubicin resistance, an ICso study was
performed on the MDA-MB-231-Resistant (R) cell line following exposure to
increasing concentrations of DOX ranging from 1 nM to 8 uM. Cell viability was

evaluated using the PrestoBlue assay after 48 hours of treatment.
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Figure 4.8 Dose vs response curve for DOX in R and WT cells. Dose—response
curve for free DOX in MDA-MB-231-R (R) cells. Cell viability was measured using
the PrestoBlue assay following treatment with increasing concentrations of
DOX, starting from 8 uM with 1:2 serial dilutions. Data are presented as mean

+SD (n =6).

Table 4-2: 1C50 mean and 95% Cl values in uM for free DOX in R cells (n = 6).

R WT
ICqq (UM) 1.405 0.305
95% CI (uM) 1.054 to 1.882 0.245t00.379
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As shown in Figure 4.8 and Table 4-2, the mean ICso for free DOX in R cells was
determined to be 1.405 uM, with a 95% confidence interval (Cl) ranging from
1.054 to 1.882 uM (n = 6). This value was approximately 4.6 fold higher
compared to that measure in WT cells, confirming the acquisition of resistance

when compared to the parental wild-type cell line.

4.2.7 Uptake of free DOX and mPEG-PCL-DOX nanoparticles
in R cells:

To investigate the intracellular uptake behaviour of free DOX and mPEG-PCL-
DOX nanoparticles in DOX-resistant MDA-MB-231-R (R) cells, fluorescence
imaging was performed using the EVOS system. Cells were treated with 300 nM
of either free DOX or mPEG-PCL-DOX for varying durations. The red
fluorescence signal (RFP channel) corresponded to DOX fluorescence, while

nuclei were counterstained with DAPI (blue).

RDOX2h

R mPEG-PCL-DOX 2 h
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Figure 4.9 : Fluorescence microscopy images of R cells treated with free DOX
or mPEG-PCL-DOX nanoparticles. Images were captured using the EVOS
system at 2, 4, 8, and 24 hours post-treatment. DOX was visualized via the RFP
channel (red), and cell nuclei were stained with DAPI (blue). Scale bar = 150 um

(20x magnification).

As shown in Figure 4.9, both free DOX and mPEG-PCL-DOX showed time-
dependent uptake in MDA-MB-231-R cells. However, noticeable differences in
fluorescence distribution were observed between the two treatments. Free
DOX produced a strong and diffuse red fluorescence signal that prominently
overlapped with the DAPI-stained nuclei, indicating efficient nuclear
accumulation. On the other hand, cells treated with mPEG-PCL-DOX exhibited

weaker red fluorescence with limited nuclear overlap.
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Importantly, the rate of uptake in R cells was lower in R cells compared to WT
for both the free DOX and mPEG-PCL-DOX, as a weak signal started to be
observed only after 8 hours and 24 hours for DOX and mPEG-PCL-DOX,

respectively.

Consistent with this, the intracellular concentrations of DOX measured by LCMS
over time were also lower, both with the free drug and nanoparticle delivery.
However, the concentration of DOX with the nanoparticles was still higher that

that with the free drug (Figure 4.10).
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Figure 4.10: R cells intracellular concentration of free DOX and nanoparticles
conjugated DOX. Quantification was performed LCMS at 2, 4, 8and 24 h, and
DOX was quantified using a DOX calibration curve. Data were analysed using

two-way ANOVA and are presented as mean + SD (n = 3).
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4.2.8 Viability of R cells after exposure to free DOX and
mPEG-PCL-DOX nanoparticles

To evaluate the ability of mPEG-PCL-DOX nanoparticles to deliver DOX and
overcome acquired resistance, a long-term viability study was conducted with
MDA-MB-231-R (R) cells. Cells were treated with either free DOX or mPEG-PCL-
DOX at a concentration of 300 nM. Viability was assessed over a 12-day period

on days 2, 4, 6, 8, and 12 using the PrestoBlue viability assay.
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Figure 4.11: Viability of R cells treated with free DOX or mPEG-PCL-DOX
nanoparticles over a 12-day period. Cell viability was measured on days 2, 4,
6, 8, and 12 using a fluorescence-based assay. Data were analysed using two-

way ANOVA and are presented as mean + SD (n = 3).

As shown in Figure 4.11, a marked difference in cell viability was observed
between treatment groups over time. Free DOX-treated R cells showed
consistently low viability, whereas cells treated with mMPEG-PCL-DOX

unexpectedly maintained significantly higher viability across all time points.
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For this resistant cell line, there was no direct correlation between uptake and
rate of cytotoxicity in both wild type and DOX resistant cells could also be

observed.

4.2.9 Establishment of resistant MDA-MB-231 by expression of
PgP

To further investigate the effect of different mechanisms of drug resistance on
the drug uptake, a second doxorubicin-resistant cell model was developed by
introducing the MDR1 gene into wild-type MDA-MB-231 cells through lentiviral
transduction to cause overexpression of the P-glycoprotein (PgP) efflux
transporter. To select resistant cells, the transduced cell population was
treated with two different concentrations of DOX (either 10 nM or 50 nM) to

eliminate non-resistant cells.

Resistant cells presented a normal morphology over a number of passages after

selection, similar to the WT cell line (Figure 4.12).

Figure 4.12 Morphology of PgP expressing cells selected with 50nM DOX.
Bar=100 um.
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PgP protein expression was subsequently confirmed by western blot analysis
of untreated, 10 nM-treated, and 50 nM-treated cells. For comparison, WT
and MDA-MB-231-R cells were included to assess relative MDR1/PgP
expression levels, whereas MCF-7 cells, a breast cancer cell line sensitive to

DOX, were used as a negative control.

MDA-MB-231-PgP no treatment
MDA-M-B231-PgP 10 nM treatment
MDA-M-B231-PgP 50 nM treatment
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Figure 4.13: Western blotting of PgP (MDR1) expressing cells . Western
blotting image showing MDR1 (~170 kDa) expression of MDA-MB-231-WT,
MDA-MB-231-R, non-treated MDA-MB-231-PgP, MDA-MB-231-PgP treated
with 10 nM, MDA-MB-231-PgP treated with 50 nM. MCF7 served as negative

control. B-actin expression was used as sample loading control.
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Figure 4.13 shows a strong MDR1 band at ~170 kDa in PgP cells treated with 50
nM DOX, while fainter bands were observed in PgP cells treated with 10 nM
DOX. Also, no bands were detected in MCF7 negative control, WT, PgP
unselected cells or R cells. B-actin was used as a loading control to confirm

equal protein loading across all samples.

To further confirm the overexpression of P-glycoprotein, quantitative PCR
(gPCR) was also performed to assess MDR1 mRNA expression in the newly
developed MDA-MB-231-PgP cell line. Expression levels were evaluated in cells
without DOX selection, as well as in those selected with 10 nM and 50 nM DOX.

Comparative analysis was performed against WT MDA-MB-231, MDA-MB-231-

R.
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Figure 4.14: Relative MDR1 gene expression levels in various cell lines as
determined by qPCR. Figure shows relative fold change of MDR1 expression in

different cell lines. Data are presented as mean + SD (n=3).
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A highly significant difference in the expression was observed in PgP cells
treated with 50 nM DOX compared to cells treated with 10 nM DOX (P<0.0001),
while there was minimal expression of MDR1 gene in WT, R, DOX non-treated

PgP (Figure 4.14).

Based on this result, the MDA-MB-231-PgP cell line treated with 50 nM DOX
was used in subsequent experiments to evaluate the uptake of DOX and mPEG-

PCL-DOX.

4.2.10 Resistant MDA-MB-231 PgP IC50:
To evaluate the DOX cytotoxic response in PgP cells, a dose response study was
performed to determine IC50 values. Cells were treated with increasing

concentration of DOX for a period of 48 h. The results are presented in Figure

4.15 and Table 4-3.
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Figure 4.15: Dose vs response curve for DOX in PgP and WT cells. Dose—
response curve for free DOX in MDA-MB-231-PgP (PgP) cells. Cell viability was
measured using the PrestoBlue assay following treatment with increasing

concentrations of DOX. Data are presented as mean £ SD (n = 3).

Table 4-3: 1C50 mean and 95% Cl values in uM for free DOX in PgP cells (n =
6).

PgP WT
IC50 (uM) 9.3 0.305
95% CI (uM) 7.6to 11.7 0.245t0 0.379

As presented in Figure 4.15 and Table 4-3, the ICso free DOX was calculated to

be 9.3 uM with 7.6 to 11,7 uM 95% ClI.

To investigate whether inhibition of P-glycoprotein (PgP) could restore drug
sensitivity in PgP-overexpressing cells, MDA-MB-231-PgP cells were treated
with free DOX in the presence of the drug Elacridar (0.2 uM), which is a specific
PgP inhibitor. Cells were treated with Elacridar at the time of seeding, and

viability was assessed after 48 hours.
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Figure 4.16: Dose-response curves of free DOX and mPEG-PCL-DOX in PgP
cells in the presence of Elacridar (0.2 uM). Cell viability was measured using
the PrestoBlue assay following treatment with increasing concentrations of

DOX. Data ae presented as mean + SD (n = 3).

Table 4-4: I1Cso values and 95% confidence intervals for free DOX in MDA-
MB-231-PgP cells with Elacridar and WT cells.

PgP +1 WT
IC50 (uM) 0.380 0.305
95% CI (uM) 0.265 to 0.545 0.245t0 0.379

As shown in Figure 4.16 and Table 4-4, co-treatment with Elacridar enhanced
the cytotoxicity of DOX in PgP cells. The I1Cso of free DOX decreased to 0.380

UM (95% Cl: 0.265-0.545 uM), which is relatively similar to the WT IC50.
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4.2.11 Uptake of free DOX and mPEG-PCL-DOX
nanoparticles in PgP cells:

To examine the influence of PgP overexpression on DOX cellular uptake, MDA-
MB-231-PgP cells were treated with 300 nM of either free DOX or mPEG-PCL-
DOX. Fluorescence microscopy using the EVOS imaging system was used to

visualize DOX fluorescence (red, RFP channel) and nuclear staining (blue, DAPI

channel) at 2, 4, 8 and 24 h after exposure.

PgP DOX 2 h

PgP mPEG-PCL-DOX 2 h
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PgP DOX 24 h

PgP mPEG-PCL-DOX 24 h

Figure 4.17: Fluorescence microscopy images of MDA-MB-231-PgP cells
treated with free DOX or mPEG-PCL-DOX (300 nM). DOX was detected using
the RFP channel (red), and cell nuclei were stained with DAPI (blue). Images
show intracellular uptake differences between the free and nanoparticle-
conjugated drug forms at 2, 4, 8 and 24 h. Scale bar = 150 um (20x

magnification).

As shown in Figure 4.17, the uptake of free DOX in MDA-MB-231-PgP cells
appeared limited, with minimal red fluorescence and little nuclear
accumulation. In contrast, cells treated with mPEG-PCL-DOX exhibited stronger

intracellular red fluorescence and nuclear-associated signal.

The effect of efflux transporters in on DOX intracellular concentration was

also investigated, as shown in Figure 4.18.
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Figure 4.18: PgP cells intracellular concentration of free DOX and
nanoparticles conjugated DOX. Quantification was performed LCMS at 2, 4,
8and 24 h, and DOX was quantified using a DOX calibration curve. Data were

analysed using two-way ANOVA and are presented as mean = SD (n = 3).

In PgP cells, the intracellular accumulation of DOX was lower than that
measured in wild type cells and similar to the levels measured in the DOX
resistant cells R). Consistently, the concentration measured after delivery with

the nanoparticles was mostly higher than that of the free drug delivery.

4.2.12 Viability of PgP cells after exposure to free DOX and
mPEG-PCL-DOX nanoparticles

PgP cells were next treated with 300 nM of either free DOX or mPEG-PCL-DOX
nanoparticles to evaluate their long-term cytotoxic effect and sustained release
characteristics. Using a fluorescence-based viability assay, cell viability was

assessed across eight days at specified time points—days 2, 4, 6, and 8.
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Figure 4.19: Viability of PgP cells treated with free DOX or mPEG-PCL-DOX
nanoparticles over a 8-day period. Cell viability was measured on days 2, 4, 6
and 8, using PrestoBlue viability assay. Data were analysed using two-way

ANOVA and are presented as mean + SD (n = 3).

Figure 4.19 shows the cytotoxicity of free DOX and mPEG-PCL-DOX
nanoparticles on PgP cells. At day 2, there was no cytotoxic effect of free DOX
or conjugated DOX. The toxicity of free DOX stated at day 4 and this was
modestly lower than the mPEG-PCL-DOX. This difference was maintained up to

day8, when there was no statistical difference between the two treatments.

To further study the effect of PgP resistance, cells were treated with 300 nM of
free DOX or mPEG-PCL-DOX in the presence of Elacridar (0.2 uM), and viability

was evaluated on days 2, 4, and 6.

These results are consistent with the data obtained from the uptake
experiment and a direct correlation between uptake and rate of cytotoxicity in
both wild type and PgP DOX resistant cells could be observed.
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Figure 4.20 Viability of PgP cells plus ELACRIDAR treated with free DOX or
mPEG-PCL-DOX nanoparticles over a 6-day period. Cell viability was measured
on days 2, 4 and 6, using PrestoBlue viability assay. Data were analysed using

two-way ANOVA and are presented as mean + SD (n = 3).

As shown in Figure 4.16, both treatment groups showed reduced viability
across the measured time points after co-treatment with the PgP inhibitor.
Importantly, no statistically significant differences in viability were observed
between the two formulations at any time point, with viability values like those

measured in the wild type cells.
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4.2.13 Effect of drug treatment in acidosis:

As the release of DOX from the nanoparticles has been designed to be pH
dependant, the next step in the project was to evaluate the influence of acidic
pH on drug efficacy. To this end, we compared the effect of free DOX and
mPEG-PCL-DOX on the different cell lines, either drug sensitive or resistant.
Therefore, cells were treated with 300 nM of either drug formulations under
mildly acidic conditions (pH 6.5), mimicking the pH conditions found in the
tumour microenvironment, which may facilitate the release of DOX from the

nanoparticles.

To visualize DOX or mPEG-PCL-DOX nanoparticles uptake in the acidic medium,
fluorescence microscopy was used to confirm the different cell lines uptake

after 4 days of exposure.

WTDOX96 h

WT mPEG-PCL-DOX96 h
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Figure 4.21: DOX and mPEG-PCL-DOX (300 nM) uptake in WT, R, PgP and PgP
+ inhibitor cell lines cultured in slightly acidic medium. DOX was detected
using the RFP channel (red), and cell nuclei were stained with DAPI (blue).
Images show intracellular uptake differences between the free and
nanoparticle-conjugated drug forms at 96 h. Scale bar = 150 pum (20x

magnification).

As shown in Figure 4.21, all cell lines showed uptake of DOX and mPEG-PCL-

DOX in the acidic medium, including cells PgP cells treated with the inhibitor.
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4.2.14 Cell viability in acidosis
The viability for each cell line was followed for up to 10 days or up to when

most of cells were non-viable.
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Figure 4.22: WT cells viability on day 2 and 4, after treating cells with either
DOX or mPEG-PCL-DOX. Cell viability was measured on days 2, and 4 using
PrestoBlue viability assay. Data were analysed using two-way ANOVA and are

presented as mean + SD (n = 3).

Treating wild type (W) cells with DOX caused a significant cytotoxic effect
(P<0.0001) as the mean viability of cells was 30.86 + 0.89 % compared to 38.57
1 0.31 % for cells treated with mPEG-PCL-DOX nanoparticles on day 2. On day
4, there was no significant difference in W cells viability and the cells showed

very low survival (<10%).

The viability of de DOX resistant cell line (R) was also followed for 10 days as

shown in Figure 4.23.
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Figure 4.23: R cells viability on day 2, 4, 6 8 and 10, after treating cells with
either DOX or mPEG-PCL-DOX. Cell viability was measured on days 2, 4, 6, 8
and 10 using PrestoBlue viability assay. Data were analysed using two-way

ANOVA and are presented as mean £ SD (n = 3).

There was no significant difference observed between R cells treated with DOX
or mPEG-PCL-DOX across all days, with viability reducing progressively

throughout the treatment.

The viability of PgP-resistant cells also decreased over time, although to a less
extent compared to the R cells. However, there were no significant difference
in PgP cells viability between DOX or mPEG-PCL-DOX across all days of

experiment, as shown in Figure 4.24.
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Figure 4.24: PgP cells viability on day 2, 4, 6 8 and 10, after treating cells with
either DOX or mPEG-PCL-DOX. Cell viability was measured on days 2, 4, 6, 8
and 10 using PrestoBlue viability assay. Data were analysed using two-way

ANOVA and are presented as mean £ SD (n = 3).

Treatment with the PgP inhibitor ELACRIDAR reversed the sensitivity of the
cells to treatment, achieving very low viability on day 4 to an extent that was
similar to that measured with WT cells. On day 4, no statistically significant
difference in the PgP cells viability was recorded between DOX or nanoparticles

treatment (Figure 4.25).

Therefore, these data suggest that differently from the results obtained from
experiments performed at physiological pH, no direct correlation between

uptake and rate of cytotoxic in both wild type and DOX resistant cells.
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Figure 4.25: PgP + inhibitor cells viability on day 2 and 4, after treating cells
with either DOX or mPEG-PCL-DOX. Cell viability was measured on days 2, and
4 using PrestoBlue viability assay. Data were analysed using two-way ANOVA

and are presented as mean = SD (n = 3).
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4.3 Discussion:

This study aimed to investigate the cytotoxic effect of novel polymeric mPEG-
PCL nanoparticles conjugated with doxorubicin though a pH responsive linker
to overcome drug resistance in TNBC. To this end, different of isotypes of MDA-
MB-231 cells were created to assess resistance to DOX treatment. The first
model created was cells chronically treated with DOX (R), and the second was
cells engineered to over express P-glycoproteins through MDR1 gene
transduction. These resistant cells were compared to wild type cells (WT). R
cells acquired resistant was confirmed by DOX IC50 study, with the I1C50
calculated to be 1.4 uM, compared to the parent WT cells which was 0.3 uM as
shown in Table 4-1 and Table 4-2. For PgP cells, the overexpression of P-
glycoproteins was assessed using western blotting which showed a strong band
at ~170 kDa in PgP cells selected using 50 nM DOX. For further confirmation, a
gPCR study showed significantly higher MDR1 gene expression in PgP cells
selected with 50 nM DOX than any other cell lines, confirming successful
transduction MDR1 gene into the cells (Figure 4.14). Also, in PgP cells the DOX
IC50 value shifted from 0.3 uM to 9.3 uM after overexpressing the PgP efflux

pump, as shown in Table 4-3.

These two different cell models were created given the different mechanisms
of resistance to DOX. Indeed, chronic exposure to DOX has been associated
with the upregulation of Epidermal Growth Factor Receptor (EGFR), and
activation of its downstream signalling (Paramanantham et al. 2021b, Tian et

al. 2023).
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On the other hand, resistance to DOX mediated by expression of PgG involves
overexpressing transmembrane glycoproteins which actively efflux drugs,
keeping low intracellular concentrations, thus lowering its cytotoxicity (Bao et
al. 2012). Importantly, similar links to elevated PgP and chemoresistance to
DOX have been reported in MDA-MB-231 and other breast cancer cell lines

(Mirzaei et al. 2022, Bao et al. 2012).

Before assessing the therapeutic performance of the mPEG-PCL-DOX, it was
crucial to exclude the polymeric nanoparticle induced toxicity without the DOX
conjugation on the cells, as some nanoparticles may induce toxicity by itself
(Xuan et al. 2023). As shown in Figure 4.1, there was no statistically significant
difference in the WT cells control and WT cells treated with empty mPEG-PCL
after 2, 4 and 6 days of exposure, which subsequently confirms that any
cytotoxic effect on cells were driven by the conjugated DOX and not from the
nanoparticles itself. This finding aligns with reports that PEG-PCL nanoparticles
systems are generally safe biodegradable/biocompatible with minimal intrinsic
cytotoxicity at comparable doses, which makes them promising tools in drug

delivery (Grossen et al. 2017, Cuong et al. 2010).

Although the internalization of the mPEG-PCL-DOX nanoparticles and the free
DOX showed different patterns of accumulation across the different models,
all of them showed a time dependent accumulation. The fluorescence images
revealed a higher accumulation of free DOX compared to mPEG-PCL-DOX in WT
and R models, with more florescence signal in WT cell nuclei than R cells (Figure

4.3 and Figure 4.9). In the contrary, the intracellular accumulation of mPEG-
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PCL-DOX was much higher than free DOX in PgP cells model (

PgP DOX 24 h

PgP mPEG-PCL-DOX 24 h

Figure 4.17), as the images showed minimum or no DOX signal in cells treated
with free DOX, which suggest that efflux membrane transporters were
successful in pumping out the drug and preventing the accumulation inside the
cells, while the accumulation of mPEG-PCL-DOX indicate the potential of the
nanoparticles to escape the cell membrane efflux transporters. Multiple
studies are in line with these finding and showing that the use of nanoparticles
can enhance the uptake and accumulation of DOX in cancer cells

overexpressing PgP efflux pumps (Dong et al. 2009).

Viability studies revealed that free DOX was more potent than the mPEG-PCL-
DOX nanoparticles in WT and R models. It is also worth mentioning that mPEG-

PCL-DOX caused almost no cytotoxic effect on R model at all time points of the
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study. These observations are in line with EVOS images which showed a better

accumulation of free DOX compared to the mPEG-PCL-DOX nanoparticles.

On the other hand, DOX was significantly more potent than mPEG-PCL-DOX in
PgP model at days 4 and 6, but on day 8, there was no significant difference
observed between the potency of DOX and mPEG-PCL-DOX on PgP cells. Such
delayed potency is typical for a pH responsive DOX carriers which are relatively
stable at pH 7.4 and gradual accelerated release is observed at endosomal and
lysosomal pH (~6.0-5.0) (Nayanathara et al. 2023). Additionally, combination
therapy with ELACRIDAR PgP inhibitor enhanced the cytotoxicity of the free
DOX and mPEG-PCL-DOX nanoparticles (Figure 4.20), as the inhibitor bind to
the transporter’s substrate-binding sites and preventing DOX recognition and
expulsion. Also, there was no significant difference in the PgP cells viability
observed for both treatments at all days of study. These findings confirm
evidence that elacridar is a potent third-generation P-gG inhibitor that can

resensitise resistant cells (Stasiak et al. 2025).

A promising finding was observed when the viability experiments were
replicated in slightly acidic media, mimicking the acidic tumour
microenvironment. EVOS fluorescence images captured on day 4 showed a
successful accumulation of both free DOX and mPEG-PCL-DOX on and around
cell’'s nucleus (Figure 4.21). As shown in Figure 4.22 and Figure 4.25 the
cytotoxic effect of free DOX was highly significant on day 2 in WT and PgP + |
cells than the mPEG-PCL-DOX nanoparticles, but this significant difference

disappeared on day 4, as the free DOX and the mPEG-PCL-DOX exhibited nearly
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the same cytotoxic effect, which was expected because of the nature of the pH
responsive nanoparticles, as discussed above. It was also notable that changing
the acidity of WT medium enhanced the killing effect (<5 % viable cells) of
MPEG-PCL-DOX compared to neutral medium (~50 % viable cells) at day 4
(Figure 4.6 and Figure 4.22). For the R model, viability studies showed
enhanced cytotoxic effect in acidic medium compared to neutral medium,
especially in cells treated with mPEG-PCL-DOX nanoparticles (Figure 4.11 and
Figure 4.23). Similar findings were published by Chen, W. L. et al. 2017 ,
demonstrating that pH responsive nanoparticles (DOX/DA) showed better
accumulation and cytotoxicity in pH 6.8 compared to pH 7.4. Contrarily, the
slightly acidic medium caused no significant difference in the viability of the
PgP model between the free DOX and mPEG-PCL-nanoparticles treatments
(Figure 4.24). This could be due to the overexpression of PgP opposing the
enhanced release with a very efficient efflux as the nanoparticle delivery may
not affect the ability to pump the realised drug outside of the cells, as

previously reported (Dong et al. 2009).

The quantification of DOX intracellular concentration using LC-MS showed that
MPEG-PCL-DOX concentrations in general was significantly higher than free
DOX in all models. There was better accumulation of free DOX in WT compared
to R and PgP models (Figure 4.5, Figure 4.10 and Figure 4.18), which could be a
result of the resistant mechanism in actively pumping DOX out of the cells,
keeping low concentrations of intracellular DOX. Although mPEG-PCL-DOX
accumulation was higher, the viability studies showed a delay in the onset of

the cytotoxic effect compared to free DOX. One explanation of that could be
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endosomal and lysosomal sequestration, which has been reported extensively
in literature (Zhitomirsky et al. 2014, Lee and Tannock 2006), as DOX is a weakly
basic drug that becomes protonated and trapped within acidic endosomal and
lysosomal compartments. This sequestration reduces its availability in the
cytoplasm and nucleus, delaying and limiting its cytotoxic effects on DNA. This
can explain the fluorescence images of WT and R models in which the
nanoparticles were localized within the cytoplasm and around the nucleus,
with gradual release in acidic compartments, while free DOX accumulated on
the nucleus directly. Similar findings were reported by Wang et al. (2020),
where pH responsive micelle based on mPEG-PCL were used and loaded with
DOX. The study found high perinuclear accumulation of the nanoparticles
compared to nuclear accumulation of free DOX, consistent with the data

presented here.

Altogether, the data presented in this chapter point to a promising effect of the
nanoparticles as a delivery system that could be used to overcome drug
resistance in TNBC. However, the complex nature of the tumour
microenvironment and the different mechanisms of drug resistance need to

carefully be considered when designing their chemical properties.

These data presented in this chapter highlight the potential for using novel
mMPEG-PCL-DOX to selectively release DOX in the acidic tumour
microenvironment which triggers the release of DOX to the required site,

minimizing side effects on other organs.
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Therefore, the next step in the project will be examining the penetration and
cytotoxic effect of mMPEG-PCL-DOX nanoparticles in TNBC spheroids,

representing a closer to patient model compared to cells cultured in 2D.

Chapter 5 : 3D TNBC cell lines studies:

5.1 Introduction:

One of the major challenges that both clinicians and scientists face in cancer
research is that the drug efficacy is very different in the patient’s body
compared to 2D monolayer cells cultured in the laboratory setting and used in
preclinical research. This is one of the main reasons why also many clinical trials
fail, and cancer drugs present the highest attrition rate in drug discovery (Kuo
and Barrett 2024). These simplified models do not reflect or mimic the
conditions of the tumour environment in a living organism by lacking the
complexity of 3D interactions, oxygen and nutrient gradients as well as the
presence of other cell types, which all together make up tumour

microenvironment (TME) (Edmondson et al. 2014). Three dimensional (3D)
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spheroids represent a more clinically relevant model to study cancer. These
spheroids are formed by aggregation of cancer cells into spherical clusters
which resemble how tumour form and grow. There are many advantages in
using spheroids in cancer research, as they recreate the real tumour features
by forming an outer layer consisting of actively growing cells and an inner
hypoxic core, due to the limited oxygen and nutrient reaching this part of the
tumour growth (Nath and Devi 2016). Also, spheroids models benefit from
preserving the natural cell to cell and cell to extracellular matrix (ECM)
interactions, which play an important role in tumour growth and response to
drugs. These interactions are largely lost in 2D cultures compared to spheroids,
which produce their own ECM, activating signalling pathways which are

important for TNBC survival and metastasis (Imamura et al. 2015).

In addition, the complexity of 3D spheroid models can be increased by co-
culturing cancer cells with stromal, vascular and immune cells to study the TME

contribution to resistance to therapy, tumour growth and immune evasion.

Importantly, spheroids can predict treatments outcomes more accurately than
2D monolayer models, therefore they are instrumental in reducing the high
failure rates of new cancer therapy as they can better predict and inform drug
efficacy in animal models and clinical trials (Lv et al. 2017). Overall, the use of
3D spheroids bridges the gap between the simple monolayer cell culture and
the complex animal model, providing an affordable, reliable and realistic way

to mimic the complex TME.
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Leveraging on this evidence, the aim of this chapter was to use wild type and
resistant MDA-MB-231 cells grown in 3D spheroids to test the toxic effect of
DOX delivered as free drug or mPEG-PCL-DOX nanoparticles, and to evaluate

drug toxicity in the 3D models compared to cell cultured in 2D.

5.2 Results:

5.2.1 Optimization of MDA-MB-231 spheroids growth:

To study the toxic effect of free DOX and mPEG-PCL-DOX nanoparticles on
MDA-MB-231 spheroids, an optimization study was carried out to determine
the optimal conditions for spheroid formation and growth. Cell plated in low
adherent plates failed to form spheroids without the addition of ECM proteins.
Therefore, the Cultrex Basement Membrane Extract was added to support the

formation of WT MDA-MB-231 spheroids.

As shown in Figure 5.1, the addition BME was essential to the formation of WT
spheroids. Without BME, cells aggregated into loose, small and irregular
clumps, which lacked cohesion and formed poorly defined spheroids. On the
other hand, the presence of BME supported the formation of large, dense, and

well-rounded spheroids with well-defined boundaries and regular edges.
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Figure 5.1 WT MDA-MB-231 cells spheroids formation brightfield images.
Images show spheroids formation using different cell seeding number with or
without the addition of 100 ug/ml BME. Scale bar = 650 um. The figure shows

representative images of 2 replicated experiments with 3 spheroids.

Two different concentrations of BME (100 ug/ml or 200 ug/ml) were tested to
determine the best conditions to sustain spheroid viability across 7 days of

culture.

The fluorescence live/dead stain images of WT spheroids shown in Figure 5.2
indicate that BME could sustain the formation of compact spheroids at both
concentrations. Both concentrations also sustained viability, however cell were
more viable in 100 ug/ml BME (green fluorescence) and had fewer dead cells
(red fluorescence) compared to spheroids formed using 200 ug/ml BME.
Therefore, the concentration of 100 ug/ml BME was chosen to support the
growth of spheroids as it was shown to be the best concentration with less cell

death.
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Figure 5.2 WT MDA-MB-231 cell line live/dead staining images, using 100
ug/ml BME or 200 ug/ml BME. Images were captured at day 7. Dead cells are
shown in red and live cells are shown in green. The figure shows representative

images of 2 replicated experiments with 3 spheroids. Scale bar = 650 um.

5.2.2 Determination of DOX IC50 values in spheroids of wild

type and resistant cells:
An 1C50 study was conducted on WT (wilde type), R (DOX resistant), PgP (PgP
resistant) and PgP + inhibitor to determine the impact of 3D cell growth on DOX

resistance.

As shown in the dose-response curves in Figure 5.3 and IC50 values in Table
5-1, there were clear differences in the sensitivity to doxorubicin among the
four types of spheroids. WT spheroids had the lowest IC50 (0.182 uM),
indicating the highest sensitivity to DOX compared to the resistant spheroids,
which showed increased IC50s of about 4-fold. Importantly, the addition of the
PgP inhibitor was able to reduce the IC50 to 0.235 uM, restoring the sensitivity

of PgP spheroids to DOX.
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Figure 5.3 Dose vs response curve for DOX in WT, R, PgP and PgP + | spheroids.
Cell viability was measured after 3 days of incubation using the PrestoBlue
assay following treatment with various concentrations of DOX starting from 10

UM then 1:2 serial dilutions. Data are presented as mean + SD (n = 3).

Table 5-11C50 mean and 95% Cl values in uM for free DOX in WT, R, PgP and
PgP + | spheroids (n = 6).

wWT R PgP PgP + I
IC50 (uM) 0.182 0.744 0.827 0.235
95% CI (uM) 0.131t00.248 0.655t00.846 0.563t01.226  0.189t0 0.291
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5.2.3 Uptake of free DOX and mPEG-PCL-DOX in spheroids:

The uptake of free DOX and mPEG-PCL-DOX nanoparticles uptake into the
spheroids was next investigated using fluorescence microscopy. The spheroids
were left to form for 4 days, then 300 nM of free DOX or mPEG-PCL-DOX
nanoparticles were added and incubated until day 8. The spheroids images
were captured at day 4 before adding the treatment, and at day 8 using

brightfield, and the RFP channel for DOX detection.

In WT spheroids the uptake of DOX was limited by the dense formation of the
spheroids, which restricted the diffusion of DOX and resulted in lower
penetration and accumulation. On the other hand, DOX accumulation was
slightly enhanced when delivered through mPEG-PCL-nanoparticles compared

to free DOX (Figure 5.4).
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Figure 5.4 Fluorescence microscopy images of WT spheroids treated with free
DOX or mPEG-PCL-DOX nanoparticles. Images were captured using the EVOS
system at day 8. DOX was visualized via brightfield and the RFP channel (red)
Scale bar = 275 um. The figure shows representative images of 2 replicated

experiments with 3 spheroids.

The R spheroids uptake of free DOX exhibited less accumulation than mPEG-
PCL-DOX nanoparticles. Notably, post treatment spheroids with DOX or mPEG-
PCL-DOX caused spheroids boundaries to become ragged, diffused and
disintegrated, accompanied with loss of the compact spherical and more
irregular shape, with the presence of cells debris around the spheroids (Figure

5.5).
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Figure 5.5 Fluorescence microscopy images of R spheroids treated with free
DOX or mPEG-PCL-DOX nanoparticles. Images were captured using the EVOS
system at day 8. DOX was visualized via brightfield and the RFP channel (red)
Scale bar = 275 um. The figure shows representative images of 2 replicated

experiments with 3 of spheroids.

For PgP spheroids uptake, the efflux transporter played a crucial role in
preventing free DOX from penetrating the spheroids, as there was no
fluorescence detected in spheroids treated with free DOX, while the spheroid
structure remained intact and preserved. On the other hand, mPEG-PCL-DOX
showed successful penetration and accumulation across all parts of the of the
spheroids structure, with spheroids becoming less compact and the edges

becoming less defined (Figure 5.6)
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Figure 5.6 Fluorescence microscopy images of PgP spheroids treated with free

DOX

275um 275um

et
275um 275um

mPEG-PCL-DOX

DOX or mPEG-PCL-DOX nanoparticles. Images were captured using the EVOS
system at day 8. DOX was visualized via brightfield and the RFP channel (red)

Scale bar = 275 um. The figure shows representative images of 2 replicated

experiments with 3 spheroids.

The addition of Elacridar (PgP inhibitor) in PgP spheroids caused a great
enhancement of the uptake of both DOX and mPEG-PCL -DOX nanoparticles. In
spheroids treated with nanoparticles, the DOX red fluorescence was stronger,
with deeper penetration, and the spheroids had less defined boundaries and

density compared to spheroids treated with free DOX, as shown in Figure 5.7.
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Figure 5.7 Fluorescence microscopy images of PgP + ELACRIDAR spheroids
treated with free DOX or mPEG-PCL-DOX nanoparticles. Images were

captured using the EVOS system at day 8. DOX was visualized via brightfield
and the RFP channel (red) Scale bar = 275 pm. The figure shows representative

images of 2 replicated experiments with 3 spheroids.

5.2.4 Spheroids viability in physiological medium:

The effect of prolonged treatment with free DOX and mPEG-PCL-DOX
nanoparticles on the viability of the different spheroids was next investigated.
The treatment was tested for up to 12 days to allow more time for penetration

and DOX release within the spheroids.

As shown in Figure 5.8, WT spheroids treated with either free DOX or mPEG-
PCL-DOX showed a progressive reduction in the spheroid’s viability over time.
Both treatments showed significant cytotoxicity as the viability decreased from

day 2 reaching to day 12, indicating a cumulative cytotoxic effect. Notably,
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statistical analysis showed non-significant differences between the two
formulations at most time points, except for day 12, when mPEG-PCL-DOX

achieved a statistically greater reduction in viability.
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Figure 5.8 WT spheroids viability on days 2, 4, 6, 8, 10 and 12 after treating
spheroids with either DOX or mPEG-PCL-DOX. Cell viability was measured
using PrestoBlue viability assay. Data analysed using two-way ANOVA and

presented as mean + SD (n = 3).

In R spheroids, both treatments were able to reduce viability to similar values
at all time points, with no treatment able to reduce the viability below 50%.
There was no statistically significant difference in the viability of spheroids

treated with free DOX or mPEG-PCL-DOX nanoparticles (Figure 5.9).
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Figure 5.9 R spheroids viability on days 2, 4, 6, 8, 10 and 12 after treating
spheroids with either DOX or mPEG-PCL-DOX. Cell viability was measured
using PrestoBlue viability assay. Data analysed using two-way ANOVA and

presented as mean £ SD (n = 3).

For PgP spheroids, there was no significant difference in the viability of
spheroids treated with DOX or mPEG-PCL-DOX across all days of experiment.
Interestingly, the viability of spheroids dropped at day 8 to below 50 % and

remained lower than that measured with R spheroids (Figure 5.10).
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Figure 5.10 PgP spheroids viability on days 2, 4, 6, 8, 10 and 12 after treating
spheroids with either DOX or mPEG-PCL-DOX. Cell viability was measured
using PrestoBlue viability assay. Data analysed using two-way ANOVA and

presented as mean + SD (n = 3).

Finally, adding the Elacridar PgP inhibitor enhanced the cytotoxic effect of both
free DOX and mPEG-PCL-DOX, as shown in Figure 5.11. Although there was no
statistically significant difference between the two treatments on the viability
of spheroids, adding PgP inhibitor caused a progressive cytotoxic effect on the

spheroid viability to be lower than 10 % at day 8.
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Figure 5.11 PgP + ELACRIDAR spheroids viability on days 2, 4, 6,and 8, after
treating spheroids with either DOX or mPEG-PCL-DOX. Cell viability was
measured using PrestoBlue viability assay. Data analysed using two-way

ANOVA and presented as mean + SD (n = 3).

5.2.5 Spheroids viability in acidic medium:

The viability of spheroids was also measured in the acidic medium, mimicking

the pH of the tumour microenvironment.

At day 2, free DOX exhibited statistically significant toxicity compared to mPEG-
PCL-DOX. This significant difference diminished at day 4, as there was no
significant difference between spheroid treated with free DOX or mPEG-PCL-
DOX nanoparticles, with viability reduced to very low levels in both conditions

(Figure 5.12).
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Figure 5.12 WT spheroids viability on days 2 and 4, after treating cells with
either DOX or mPEG-PCL-DOX. Cell viability was measured using PrestoBlue
viability assay. Data analysed using two-way ANOVA and presented as mean +

SD (n =3).

R spheroids showed a cumulative cytotoxic effect in both treatments across all
days (Figure 5.13). There was no significant difference between spheroids
viabilities treated with free DOX or mPEG-PCL-DOX across all days. Notably, the
slightly acidic medium improved the cytotoxic effect of both the free DOX and

the nanoparticles.
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Figure 5.13 R spheroids viability on days 2, 4, 6 and 8, after treating cells with
either DOX or mPEG-PCL-DOX. Cell viability was measured using PrestoBlue
viability assay. Data analysed using two-way ANOVA and presented as mean +

SD (n =3).

PgP spheroids were found to be resistant to both treatments, with no statistical
difference in the viability of spheroids treated with DOX or mPEG-PCL-DOX, as
shown in Figure 5.14. The experiment was stopped at day 4, as in day 6 the

spheroids lost their shape and there were almost no viable cells.
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Figure 5.14 PgP spheroids viability on days 2 and 4, after treating cells with
either DOX or mPEG-PCL-DOX. Cell viability was measured using PrestoBlue
viability assay. Data analysed using two-way ANOVA and presented as mean +

SD (n =3).

However, treatment with the Elacridar PgP inhibitor enhanced both free DOX
and mPEG-PCL-DOX cytotoxic effect, with significant difference for mPEG-PCL-
DOX nanoparticles at day2. The addition of Elacridar instantly reduced the
viability of spheroids to less than 20 % at day 2, and less than 10 % at day 4

(Figure 5.15).
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Figure 5.15 PgP + | spheroids viability on days 2 and 4, after treating cells with
either DOX or mPEG-PCL-DOX. Cell viability was measured using PrestoBlue
viability assay. Data analysed using two-way ANOVA and presented as mean +

SD (n = 3).

5.2.6 Comparing cytotoxic effect between 2D and 3D models:

To gain better understanding into the therapeutic potential of the mPEG-PCL-
DOX nanoparticles, the cytotoxic effects in both 2D and 3D models were

compared to free DOX.

In the WT model, both free DOX and mPEG-PCL-DOX were more potent in 2D
monolayer compared to 3D spheroids. These differences were observed at

days 6 and 8 and were statistically significant (P<0.05) as shown in Figure 5.16.
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Figure 5.16: WT viability in 2D and 3D models treated with DOX or mPEG-
PCL-DOX nanoparticles. Cell viability was measured using PrestoBlue viability
assay. Data analysed using two-way ANOVA and presented as mean £ SD (n =

3).

Free DOX caused significant cytotoxic effect in days 6 and 8 in 2D compared to
3D also in the R model. Interestingly, mPEG-PCL-DOX nanoparticles showed a

highly significant potency in R spheroids than 2D cells (P<0.001) at day 8 as

shown in Figure 5.17.
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Figure 5.17 R viability in 2D and 3D models treated with DOX or mPEG-PCL-
DOX nanoparticles. Cell viability was measured using PrestoBlue viability assay.

Data analysed using two-way ANOVA and presented as mean + SD (n = 3).

At days 2 and 4, there was no significant difference in the cytotoxicity of DOX
and mPEG-PCL between 3D spheroids and 2D PgP cells. At day 6, both free DOX
and mPEG-PCL-DOX showed significantly higher toxicity in 3D spheroids
(P<0.001). At day 8, free DOX produced significantly higher toxicity in 3D PgP
spheroids compared to 2D cells (P<0.001). Also, mPEG-PCL-DOX caused higher
cytotoxic effect at day 8, but it was not statistically significant as shown in

Figure 5.18
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Figure 5.18 PgP viability in 2D and 3D models treated with DOX or mPEG-PCL-
DOX nanoparticles. Cell viability was measured using PrestoBlue viability assay.

Data analysed using two-way ANOVA and presented as mean + SD (n = 3).

The addition of ELACRIDAR resensitized the cytotoxic effect of both free DOX
and mPEG-PCL-DOX in 2D and 3D PgP spheroids with no significant differences

at day 6 of the study, as shown in Figure 5.19.
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Figure 5.19 PgP plus ELACRIDAR viability in 2D and 3D models treated with
DOX or mPEG-PCL-DOX nanoparticles. Cell viability was measured using

PrestoBlue viability assay. Data analysed using two-way ANOVA and presented

as mean + SD (n = 3).
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Therefore, these data show that the 3D spheroid model performed well in
predicting drug toxicity responses and that sustained drug delivery through

nanoparticles could enhance drug sensitivity in drug resistant cells.
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5.3 Discussion:

Recapitulating the complex nature of the TME is critical for mimicking the effect

of drugs on tumours growing in a patient.

The establishment of viable and compact MDA-MB-231 spheroids in the
presence of BME emphasized the critical role of extracellular matrix (ECM)
components in maintaining the spheroids’ structure and viability. Without
BME, the cells aggregated into irregular clumps that lack structural integrity,
while adding BME promoted the formation of dense, and round spheroids with
well-defined edges as shown in Figure 5.1. This observation agrees with
previous reports that ECM proteins such as laminin and collagen are essential
components for cohesion and survival, as they help in cell -cell and cell-matrix
interactions (Nath and Devi 2016, Keller, Rudolf, and Hafner 2019). Similarly,
(Vinci et al. 2012) showed that basement membrane components facilitate the

formation of physiologically relevant spheroids that mimic TME.

It was also found that 100 ug/ml BME supported the spheroids viability more
effectively than 200 ug/ml, which suggest that higher BME concentrations may
obstruct nutrient and oxygen diffusion, which ultimately leads to higher cell

death, as shown in Figure 5.2.

The spheroids IC50 results confirmed the resistance of R and PgP models
compared to WT model, in which the IC50 was the lowest (0.182 uM) whereas
R and PgP models were almost 4 fold higher, reflecting their resistance to free
DOX, as shown in Table 5-1 and Figure 5.3. However, inhibition of PgP spheroids

with ELACRIDAR restored DOX sensitivity, mirroring the 2D culture results.
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Similar findings were reported by a study by (Salata and Lopes 2022a), which
found that adding ELACRIDAR to the treatment can effectively resensitize TNBC

cells to chemotherapeutics.

Drug uptake experiments using fluorescence microscopy showed that free DOX
exhibited limited penetration into WT and R spheroids. In contrast, mPEG-PCL-
DOX nanoparticles improved drug penetration and accumulation in WT, and no
difference was observed compared to free DOX in R spheroids. Most notably,
PgP spheroids treated with free DOX showed minimum penetration, which
indicates that the majority of free dux was being pumped out by the PgP
transporters, while the mPEG-PCL-DOX showed strong penetration and
distribution throughout the spheroid structure. These results strongly suggest
that the nanoparticles can overcome efflux-mediated barrier, which is
supported by previous studies (Dong et al. 2009, Ho-Lun et al. 2006, Famta et

al. 2021).

The prolonged viability studies showed that both free DOX and mPEG-PCL-DOX
produced cumulative cytotoxic effect in WT across 12 days, with significantly
higher toxicity produced by the nanoparticles at day 12, suggesting that the
nanoparticles provide sustained drug release and retention properties.
However, in both R and PgP spheroids, there was no significant difference
between the two treatments on the viability of the spheroids. This could be
due to drug efflux due to enhanced expression of transporters. When viability
was assessed in acidic medium (pH 6.5), intended to mimic the tumour

microenvironment, cytotoxicity was enhanced for both formulations in all
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models. This observation highlights the benefit of pH-responsive release
mechanisms, as acidic environments promote hydrolysis and destabilization of
nanoparticle—drug linkages, thereby enhancing intratumorally drug release

(Nogueira et al. 2020).

In agreement with the PgP model spheroid uptake, the addition to ELACRIDAR
enhanced the cytotoxic effect of both free DOX and mPEG-PCL-DOX, reducing
the viability of the spheroids to less than 10% at day 8. This finding highlights
that efflux transporters represent one of the main barriers to chemotherapy
efficacy in TNBC but can be effectively targeted by combination strategies.
Similar finding was reported by (Salata and Lopes 2022b), which found that
combining ELACRIDAR with paclitaxel nanoemulsion (PE-NETri) increased the
cytotoxicity in MCF7 and MDA-MB-231 cells. These findings emphasized the
therapeutic potential of combining nanocarriers with efflux inhibitors in

resistant breast cancer.

The comparison between 2D and 3D cultures cytotoxic responses were found
to be spheroids models specific. In WT, the viability was lower in 2D models
compared to 3D spheroids in both free DOX and mPEG-PCL-DOX. This might be
as a result of the better penetration in 2D monolayer compared to the more
complex structure of the spheroids. The R model was comparable to WT,
except that the mPEG-PCL-DOX performed better in 3D nanoparticles at the
latest time point, suggesting that more time is required for drug release in 3D.
In the PgP model, both treatments worked better in 3D spheroids, which was

shown by the enhanced drug accumulation, especially for the nanoparticles as
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previously mentioned. Similar work was performed by Oliveira et al. (2016), in
which the developed solid lipid nanoparticles loaded with DOX showed a

prominent cytotoxicity and penetration of spheroids.

Therefore, based on the results obtained, mPEG-PCL-DOX nanoparticles
exhibited superiority over free DOX in penetration and accumulation of 3D
spheroids. The enhanced performance of mMPEG-PCL-DOX in combination with
ELACRIDAR confirm their potential in overcoming efflux mediated multidrug

resistance, which might be a promising approach for the treatment of TNBC.
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Chapter 6 : General Discussion

Overcoming drug resistance and reducing off-target toxicity of conventional
chemotherapeutics is a critical challenge in treating breast cancer. Due to its
intrinsic heterogenicity, lack of molecular targets, and tendency to develop
MDR, TNBC is the most therapeutically challenging subtype of breast cancer.
Chemotherapy, including anthracyclines, taxanes, platinum agents, and
cyclophosphamide, have demonstrated limited long-term efficacy, with high
relapse rates and poor overall survival compared to receptor-positive breast
cancers (Lehmann et al. 2016). Among these agents, doxorubicin (DOX)
remains a cornerstone drug due to its broad-spectrum cytotoxicity; however,
its clinical utility is severely compromised by dose-dependent cardiotoxicity
and the emergence of MDR mechanisms mediated by ATP-binding cassette
(ABC) transporters such as P-glycoprotein (PgP/ABCB1) and multidrug
resistance-associated proteins (MRPs) (Belger et al. 2023, Mirzaei et al. 2022).
The use of nanotechnology for targeted drug delivery has been extensively
investigated as a promising strategy to overcome MDR and improve cancer
therapy. Nanoparticles such as mPEG-PCL copolymers are especially
advantageous due to their amphiphilic nature, controlled size, stealth
properties, and modifiability for stimuli responsive release. Therefore, this
study aimed to investigate the development and evaluation of novel pH
responsive mPEG-PCL nanoparticles conjugated with doxorubicin (mPEG-PCL-
DOX) through a cleavable pH sensitive bond for the treatment of resistant

models of TNBC.
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The nanoparticles were successfully synthesised using azide alkyne click
chemistry, confirmed by FTIR through disappearance of the azide peak at
~2100 cm™ and formation of a triazole band at ~1650 cm™, with DLS showing
particles size of 48.56 + 0.184 d.nm and acceptable PDI (0.180), a size range
suitable for tumour accumulation through the enhanced permeation and
retention (EPR) effect (Danhier et al. 2012). The nanoparticles release studies
confirmed the design principle of pH responsiveness, as the mPEG-PCL-DOX
nanoparticles showed stability at physiological pH and significantly enhanced
doxorubicin release under acidic conditions, which are representative of the
tumour microenvironment and closely aligning with previous reports on acid-
sensitive delivery systems (Zhai et al. 2018). The conjugate design in this study
therefore fits within the broader category of “smart” nanocarriers that use

tumour-specific stimuli to improve drug selectivity.

In vitro studies were conducted on MDA-MB-231 cell line, and two drug
resistant models were established, which acquired resistance to DOX through
continuous DOX exposure or overexpression of PgP efflux transporters. Both
resistance models showed higher IC50 values compared to the parent WT
model, and reduced intracellular accumulation of DOX, confirming the
development of DOX resistance. In the drug sensitive WT model, results
demonstrated that free DOX is more rapidly cytotoxic and accumulates in
higher concentrations in the nucleus than mPEG-PCL-DOX at equivalent doses.
However, the mPEG-PCL-DOX nanoparticles exhibited a slower, sustained
release profile and presented a delayed but significant reduction in viability,

especially upon prolonged exposure, a potential for minimizing off-target
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toxicity and enabling lower dosing frequencies. In PgP resistant cells,
fluorescence microscopy and LC-MS quantification of novel DOX conjugated
nanoparticles demonstrated a significant bypass of the PgP-mediated efflux
and intracellular accumulation compared to free DOX. These observations
align with previous studies where polymer-drug conjugates, such as HPMA-
DOX micelles achieved enhanced cytotoxicity in resistant breast cancer cells
by avoiding transporter recognition (Pearce et al. 2020). Moreover, the use of
Elacridar, a known PgP inhibitor, resensitised PgP-overexpressing cells to both
formulations, further confirming the centrality of ABC transporter-mediated
resistance and the therapeutic potential of combined therapeutic strategies

(nanoparticles delivery + efflux inhibitors).

Under acidic extracellular conditions (pH 6.5), which mimic the tumour
microenvironment, both uptake and cytotoxicity of mPEG-PCL-DOX improved
further, consistent with the design intent and prior literature reporting the
enhanced release and activity of acid-sensitive prodrugs and nanocarriers.
Comparable strategies, including pH-sensitive liposomes and micelles, have
shown improved therapeutic indices in preclinical TNBC models (Chen, W. L.
et al. 2017b). This confirms the necessity of accounting for TME acidity when

designing next-generation formulations for solid tumours.

A major advance of this work is the inclusion of 3D spheroid models to better
simulate the in vivo tumour microenvironment, including hypoxic and acidic
gradients, ECM influence, and complex multicellular structures. Consistent

with the literature, it was confirmed that ECM components (BME) are essential
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for the formation of compact, viable spheroids. The superiority of mPEG-PCL-
DOX over free DOX, especially in terms of spheroid penetration and
accumulation was pronounced in PgP spheroids, especially when
accompanied with ELACRIDAR PgP inhibitor, supporting the hypothesis that
polymeric nanoparticles can overcome not only transporter mediated
resistance, but also the barriers imposed by the dense 3D tumour. This
observation is consistent with reports by Tchoryk et al., (2019), who
demonstrated that nanoparticle size and surface chemistry critically
determine penetration in 3D models, and by Pearce et al. (2020), who showed
that polymer-DOX conjugates reduced tumour mass and delayed regrowth in
vivo compared with free DOX. By directly demonstrating improved
penetration in multicellular spheroids, the project of this thesis provides
important evidence that the developed nanoparticles may overcome one of

the major barriers limiting chemotherapeutic efficacy in vivo.

When compared to the broader landscape of nanoparticle drug delivery
systems for TNBC, the present work offers several advantages. Liposomal
formulations such as pegylated liposomal DOX (Doxil®) have successfully
reduced cardiotoxicity, but shown limited efficacy against resistant TNBC due
to poor penetration and lack of responsiveness to tumour specific stimuli (Mi
2020, Zeng et al. 2023). Dendrimer-based conjugates offer high drug loading
and surface functionality, but often raise concerns regarding biocompatibility

and clearance (Madaan et al. 2014, Kaurav et al. 2023). The relative simplicity,
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biocompatibility, and dual targeting features (EPR and pH-responsiveness) of
the present system present it as a promising technology that warrant further
development. The consistent correlation between improved nuclear
accumulation, cellular uptake, and pH-responsive release lays a strong
foundation for in vivo preclinical studies. These results are extension to the
field of nano delivery that pH responsive, biodegradable polymeric
nanoparticles can provide an effective strategy to address the fundamental
challenge of drug resistance in TNBC and potentially other multidrug-resistant
solid cancers. By aligning drug release kinetics to the TME properties, such

systems may maximize tumour exposure while minimizing systemic toxicity.

6.1 Thesis limitations:

Although the present study demonstrates considerable potential, several
limitations must be addressed. This work was performed using the MDA-MB-
231 cell line, but its validity using another cell lines must be investigated. As
TNBC is an heterogeneous disease composed by several tumour molecular
subtypes, the project would have benefitted by validation using different

subtype-like cell lines to establish the general applicability of the nanoparticles.

In addition, in vitro models, including 3D spheroids, do not fully capture the
complexity of human tumours, including immune interactions, vascular
architecture, and pharmacokinetic variability. Therefore, a limitation of this
study is the sole focus on in vitro models and future work should address this

shortcoming by extending the use of the nanoparticles in mouse models of
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TNBC. While the present system enhanced DOX delivery, single-agent
chemotherapy may be insufficient to achieve durable responses in TNBC,
where combination approaches are increasingly favoured (Chalakur-
Ramireddy and Pakala 2018). Therefore, additional strategies should have
focussed on the use of combination therapies to explore the efficacy of DOX
release from nanoparticles and other synergistic drugs to target TNBC

vulnerabilities.

6.2 Future work:

As discussed above, this work was performed using the MDA-MB-231 cell line
and the novel nanoparticles should be investigated using other TNBC cell lines
for their penetration, accumulation and effectiveness. Moreover, the work was
limited to in vitro systems, and future work should focus on extending these
findings into in vivo studies to evaluate biodistribution, pharmacokinetics,
tumour accumulation, and systemic toxicity in orthotopic TNBC models. /n vivo
biodistribution studies using fluorescent or radiolabelled nanoparticles should
assess tumour accumulation versus off-target organ deposition, while
pharmacokinetic analyses should determine circulation half-life and clearance.
Therapeutic efficacy should be evaluated through tumour regression,
recurrence rates, and survival outcomes, with comparisons made to free DOX
and liposomal formulations. Cardiotoxicity, a key clinical limitation of DOX,
must be carefully assessed through echocardiography, serum biomarkers (e.g.,
troponins), and histopathology. Additionally, the potential of conjugating

alternative drugs should be explored for the treatment of TNBC subtypes
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where doxorubicin is not part of the standard therapeutic regimen, such as
taxane-based therapies (e.g., paclitaxel, docetaxel) or platinum-based
therapies (e.g., cisplatin, carboplatin) that are increasingly used in BRCA-
mutated TNBC. Such studies would allow assessment of whether the improved
cytotoxicity and penetration observed in vitro translate to enhanced tumour

regression, delayed recurrence, and reduced cardiotoxicity in vivo.

In addition, drug-conjugated nanoparticles could be used in combination with
other emerging therapies for TNBC, including PARP inhibitors, checkpoint
inhibitors and small molecule inhibitors targeting upregulated signalling

pathways in TNBC molecular subtypes.

Altogether, these future studies will validate the effectiveness of the novel
nanoparticle drug delivery system and pave the way to better treatment of

TNBC for the benefit of breast cancer patients.
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