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Abstract

Breast cancer is the most prevalent and the second leading cause of death
among women worldwide. Metastatic triple negative breast cancer (nNTNBC) is
the most aggressive type of breast cancer, and an effective treatment for mTNBC
patients remains a high unmet medical need. Nowadays, [nab-paclitaxel
(Abraxane®)] based combination therapy is recommended by the National
Comprehensive Cancer Network® (NCCN®) as the first-line treatment for mTNBC.
However, Abraxane® exhibited limited survival benefit as a monotherapy in
cancer patients when compared with the innovator PTX formulation, Taxol®. In
this work, two feasible solutions have been proposed that may further enhance
the chemotherapeutic effect of PTX in the treatment of mTNBC.

Firstly, by increasing the colloidal stability and payload of the nanocarrier, thereby
improving the tumour deposition of PTX. The eligible nanocarrier (HSA-PLA
nanoparticle) was created by the covalent binding of poly(L-lactide) to albumin
cysteine residue. The PTX-loaded HSA-PLA nanomedicine has shown superior
tumoricidal activity when compared to the Abraxane® in 4T1 tumour bearing mice
at the same PTX dose. The final tumour weight of the mice treated with the HSA-
PLA (PTX) was 239.8 + 43.0 mg (n = 5) and was statistically smaller than the
group (n = 5) treated with the Abraxane®, where the tumour weight was 340.6 +
62.8 mg (p < 0.5).

Secondly, by further modifying the albumin, this nanocarrier is enabled to target
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the CD44 and folate receptors of the TNBC tumours. Briefly, this tumour-tropism
nanocarrier (Ac-HSA-PLA nanoparticle) was fabricated by acetylating the
albumin (Ac-HSA) and subsequently conjugating of the polymer PLA to the
acetylated albumin. In MDA-MB-231 tumour bearing mice, the TNBC tumours (n
= 5) were completely eliminated after the treatment with the Ac-HSA-PLA (PTX),
whereas the injected Abraxane® and HSA-PLA (PTX) at the same PTX dose
could not achieve the same results. These promising in vivo results have

encouraged us to further investigate these nanomedicines.

Page | 4



Impact Statement

Since the approval of the paclitaxel nanoformulation (nab-PTX), Abraxane®, as a
chemotherapeutic agent for the treatment of various advanced cancers in 2005,
nab-PTX-based combination therapies have been developed as the current first-
line option for the treatment of advanced cancers. However, Abraxane® exhibited
limited survival benefit as a monotherapy for metastatic breast cancer patients,
when compared to the Taxol® (first generation of PTX injection). In response to
the lack of effectiveness of the Abraxane® in patients, scientists have raised many
assumptions. For example, after intravenous injection, Abraxane® nanoparticles
become unstable when diluted by large amounts of blood and dissociate into
albumin molecules, releasing PTX within a short period of time.

My research is focused on particle engineering to produce nanomedicines that
are aimed at providing solutions for unmet clinical needs. In an elaboration of this
aim, we have proposed two practicable strategies to increase the delivery of PTX
to solid tumours in animal models. Chapter 2, 3 and 4 comprehensively explain
how the tumour deposition of PTX can be increased by improving the colloidal
stability of nanomedicine, as demonstrated by comparing the HSA-PLA (PTX)
with the Abraxane®. In Chapter 5 and 6, by further acetylating the albumin L-
lysine residues, the Ac-HSA-PLA nanocarriers were created. The tumour-tropism
of the Ac-HSA-PLA nanocarriers to the TNBC cells largely improves the

tumourcidal activity of the PTX in tumour-bearing mice.
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In addition, in my PhD project, some interesting points are proposed that may
explain the low effectiveness of the Abraxane® in patients. Firstly, the current
understanding on the morphology of the Abraxane® (albumin-PTX bound
spherical nanoparticle with a size of 130 nm) is potentially problematic. The
morphology of the Abraxane® nanoparticles shown in my TEM images is that of
spherical particles with a diameter of approximately 40 nm, rather than the stated
130 nm in size. Therefore, it is hypothesized that due to the low colloidal stability
of the Abraxane® nanoparticles, they agglomerate into clusters with different
shapes (approx. 130 nm in diameter) in aqueous medium. Details of this finding
are provided in Chapter 3. To the best of our knowledge, the description and
interpretation for the inconsistency of the Abraxane® nanoparticle morphology in
official concepts and the fact shown in the TEM/Cryo-EM images are not currently
available. This work should be the first attempt to prove and explain the low
colloidal stability of the Abraxane® in terms of DLVO theory and thermodynamics.
Secondly, it is found that the pharmacokinetics profiles of the Abraxane® are not
superior to the Taxol® in our preclinical studies, which is rarely mentioned in other
publications. Meanwhile, according to the results of the Abraxane® in phase |
clinical trial, a possible hypothesis was proposed on the cause of the rapid
clearance of Abraxane® nanoparticles in patients. The albumin of the Abraxane®
could be denatured during preparation, as native albumin should have a very long

circulation time in the body (t12 ~ 21 days). Details can be found in Chapter 2.
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Chapter 1. Cancer and Nanomedicine

1.1 Introduction

The aim of this project is to design and create new chemical entity delivery
systems to provide solutions for improving the chemotherapeutic effect of
anticancer drugs. Before presenting the data and outcomes achieved in this
project, a comprehensive review for the background of this project has been
demonstrated in Chapter 1. The introduction covers the general overview of
cancer and provides a detailed classification of different cancer types to give an
overall understanding of the disease and explain relevant terminologies used in
this thesis.

Among all types of cancer, breast cancer has the highest incidence rate. Then
breast cancer murine models were chosen as the in vivo test subjects to evaluate
tumoricidal activity of our paclitaxel nanoformulations. Thus, the subdivisions of
breast cancer, current treatment strategies for each subtype of breast cancer, and
challenges for the treatment of triple-negative breast cancer are all clearly
described in this part. Subsequently, the next generation therapeutic formulation
— nanomedicine has been introduced in this chapter. Cancer nanotechnology is
considered as the most promising approach to improve the overall survival of

advanced cancer patients. Meanwhile, the major obstacles and future
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expectations of nanomedicine have also been discussed. At last, the motivation

and rationale of this project have been deeply expounded.

1.2 Overview of Cancer

Cancer is a general term for fatal diseases caused by abnormal differentiation,
division and uncontrolled growth of cells with aberrant genomes: also known as
malignant tumours and neoplasms, and cancer is also the major cause of death
globally [1]. According to global statistical data [2] provided by the World Health
Organization (WHO), approximately 16.7% of the deaths were due to cancer in
2020.

Cancers are generally divided into two major categories: malignant tumours and
hematologic cancers. The carcinogenesis of normal cells is due to the malignant
alteration of proto-oncogenes, tumour suppressor genes, or DNA repair genes of
cells [3]. The cytogenetic errors may lead to the fundamental abnormality in any
cell, theoretically allowing cancer to occur anywhere in the body. If the cancer
originates in solid tissues, such as myoideum and organs, cancerous cells may
develop into malignant tumours due to rapid and unlimited proliferation in situ.
Hematologic cancer, also called blood cancer, is due to abnormalities of blood
cells or immune cells derived from blood stem cells in the bone marrow. Normally
hematologic cancers do not form solid tumours, such as leukaemia, multiple

myelomas and Hodgkin lymphomas [4].
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1.2.1 Introduction — Malignant tumours

Cancerous cells do not respond to signals and instructions for stopping
proliferation or apoptosis, as normal cells do. Therefore, cancerous cells in solid
tissues are able to multiply themselves infinitely and form primary solid tumours
[5]. Owing to the continuous proliferation of cancerous cells, tumours require
more nutrients and oxygen for supporting their rapid growth. Thus, cancer cells
release angiogenic growth factors such as vascular endothelial growth factor and
angiogenin to build the extra blood vessels from the existing vasculature to take
nutrients and oxygen from the blood circulation. This process is called tumour
angiogenesis [6]. Meanwhile, tumour cells also secrete the lymphangiogenic
growth factors, such as vascular endothelial growth factor C and D, to induce the
formation of Iymphatic vessels. This process is known as tumour
lymphangiogenesis [7].

A key function of the blood circulation [8] is to transport and deliver endogenous
substances, xenobiotics and cells to and from organs and tissues. Conversely,
lymphatics maintain homeostasis [9] by draining the interstitial fluid and cleaning
extravascular substances. As the primary tumour can build both of blood vessels
and lymphatic vessels, the free cancer cells divided from solid tumour can be
probabilistically spread to other sites through the built vasculatures, such as

hematogenous spread and lymphogenous spread, to develop secondary tumour
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[10]. This process is called cancer metastasis (Fig _1). Metastatic cancer, also
called advanced or stage IV cancer, is the leading cause of death in patients

diagnosed with malignancy.

Primary tumour
Tumour angiogenesis
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Fig 1. Schematic illustration of tumour angiogenesis, lymphangiogenesis and
metastasis. Cancer cells of malignant tumour are able to secrete the angiogenic growth
factors to build extra blood vessels from the existing blood vasculature - tumour angiogenesis.
Meanwhile, lymphangiogenesis launched by tumour induces the generation of extra lymphatic

vessels from the normal lymphatics. Free cancer cells metastasize to the secondary site

through the circulatory system to form the metastatic tumours. Created with BioRender.com.
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1.2.2 Introduction — Hematologic cancers

Hematologic cancers are normally different from solid malignant tumours [11],
and they are caused by abnormalities in blood cells or immune cells derived from
blood stem cells in bone marrow. Stem cells in the bone marrow can eventually
differentiate into red blood cells, platelets and white blood cells [12], as shown in
Fig 2. Those blood cells have different functions in the circulatory system and
immune system. For example, red blood cells carry oxygen from the lungs and
return carbon dioxide to the lungs, platelets are involved in blood clotting and
hemostasis, plasma cells produce different antibodies, and white blood cells play
an important part in the immune system [13].

The formation of blood cancer cells is generally considered as genetic errors that
occur during the differentiation or proliferation of different blood cells [14]. As a
result, these abnormal blood cells lose their intrinsic immune functions, and the
uncontrolled proliferation of cancerous blood cells reduces the production of
normal blood cells, further weakening the immune system.

For instance, acute lymphocytic leukaemia arises from the cancerous changes of
lymphoid progenitor cells and rapid proliferation of abnormal immature blood cells
[15]. The uncontrolled growth of malignant lymphoblasts largely occupies the
space of bone marrow that is used for the production of other normal blood cells

[16]. Moreover, these malignantly immature blood cells are unable to develop into
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normal lymphocytes and cannot contribute to the immune defence against
infections. The job of plasma cells in the bone marrow is to produce antibodies
for infected pathogens. Myeloma cells are abnormal plasma cells that produce
useless proteins called paraproteins [17]. Continuous production of myeloma
cells leads to bone destruction, immunologic deficiency, renal diseases and the
spreading of this proliferative disease to multiple sites in the bone marrow, known

as multiple myeloma.
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Fig 2. The tree of blood cells. Red blood cells, platelets and white blood cells are derived
from blood stem cells in the bone marrow. Malignant transformation of blood cells will lead to
blood cancers. For example, the cancerous plasma cells will develop into myeloma. Blood

cancers arisen by abnormally proliferated white blood cells are broadly classified as

leukaemia. Created with BioRender.com.
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1.2.3 Introduction — Tumours

The concept of the word ‘tumour’ is not equal to ‘cancer’ [18]. A tumour refers to
a solid mass of any abnormally proliferative cells. Thus, tumours are divided into
benign tumours, premalignant tumours and malignant tumours.

Benign tumours [19] are not cancerous and are unable to metastasize to other
sites and invade nearby tissue. The common benign tumours [20] include
adenomas, lipomas, myomas, fibroids, nevi, haemangiomas, meningiomas,
neuromas and osteomas.

Premalignant tumours refer to tumour cells that have the possibility to transform
into malignant cells from a benign state. For example, human papillomaviruses
infect squamous epithelia to induce the abnormal proliferation of cells, with the
resulting cervical dysplasia being able to develop into cervical cancer [21] as time
goes on.

The characteristics of uncontrollable growth, aggressiveness, metastasis and
fatality are used to differentiate malignant tumours from benign tumours and
premalignant tumours. Based on different types of cells, malignant tumours [22]

are generally divided into carcinomas and sarcomas.
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1.3 Classification of Malignant tumours

Cancer may be subdivided into more than one hundred types. Patients with
malignant tumours account for approximately 90% of cancer cases [23].
According to the specific cellular type for the tumour composition, malignant

tumours are mainly grouped into carcinomas and sarcomas.

1.3.1 Solid tumour — Carcinomas

The formation of carcinomas [24] is due to the malignantly abnormal proliferation
of epithelia that are derived from ectoderm and endoderm germ layers during
embryogenesis. Carcinomas start from the skin or the epithelial tissues lining or
covering the organs and account for more than 80% of cancer cases. Based on
the different phenotypes and sites of epithelial cells, carcinomas are generally
divided into adenocarcinoma, transitional cell carcinoma, squamous cell
carcinoma, basal cell carcinoma, etc.

Adenocarcinoma refers to the malignant tumours formed by cancerous glandular
cells. The glandular epithelial cells are important parts of glands, which process
and release secretory products and fluids. The adenocarcinomas caused by
gland carcinogenesis (Fig 3) are the most common in many cancers, such as
non-small cell lung cancer, prostate cancer, pancreatic cancer, oesophageal

cancer, colorectal cancer, breast cancer, and stomach cancer [25].
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Fig 3. Adenocarcinoma originating from glandular cells. The glandular epithelial cells are
the important parts of glands, which process and release secretory products and fluids.
Adenocarcinoma is one subclassification of carcinomas. Created with BioRender.com.

Squamous cell carcinomas involve the carcinogenesis of squamous cells (Fig 4).
Squamous epithelial cells have a flat cellular morphology and are located at the
outermost layer of the skin, endothelium, mesothelium and the lining of the hollow
organs [26]. The majority of non-melanoma skin cancer, head and neck cancer,
oesophageal cancer, and non-small cell lung cancer are squamous cell

carcinomas [27].
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Fig 4. Squamous cell carcinoma starts from squamous cells. The majority of non-
melanoma skin cancer, head and neck cancer, oesophageal cancer, and non-small cell lung

cancer is squamous cell carcinoma. Created with BioRender.com.
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Basal cell carcinoma is the most common skin cancer. The cuboid basal cells can
be found at the bottom layer of the epidermis, and they constantly divide and
differentiate into new skin cells to push and replace the old skin cells [28].
Radiation exposure to the skin can induce the carcinogenesis of basal cells. The
resulting basal cell carcinomas rarely metastasize to other sites and can be cured
by surgery in most cases [29].

Transitional cell carcinomas involve the carcinogenesis in transitional epithelium
tissues that cover the bladder or line the hollow organs. Transitional cell

carcinomas mainly occur in the urinary system [30].

1.3.2 Solid tumour — Sarcomas

Sarcomas refer to the diverse array of primary malignant tumours that grow in the
supportive and connective tissues of the body, such as bones, cartilage, tendons,
fat, muscle etc [31]. In contrast to the cancer cases of carcinoma, the incidence
of sarcomas is much lower [32], approximately 1% of total malignant tumours.
Normally, sarcomas can be divided into two major groups — primary bone
sarcomas and soft tissue sarcomas [33].

Bone sarcomas represent a rare collection of sarcomas with heterogeneous
behaviours affecting bones. The most common bone sarcomas [34] are

osteosarcomas, Ewing sarcomas, chondrosarcomas and giant cell tumours.
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Soft tissue sarcomas involve a series of uncommon malignantly mesenchymal
tumours [35]. Soft tissue sarcomas can start from any part of the body that
contains connective and supportive tissues, such as cartilage, muscle, fat,
vasculature, nerves, tendons, ligaments and any joint tissues etc. The common
soft tissue sarcomas [36] include leiomyosarcomas, liposarcomas, fibrosarcoma,
rhabdomyosarcomas, synovial sarcomas, angiosarcoma, Kaposi’'s sarcoma,
malignant peripheral nerve sheath tumours, gastrointestinal stromal tumours, and

follicular dendritic cell sarcomas.

1.4 Breast cancer

Among all kinds of cancer, breast cancer has the highest incidence rate and the
second highest mortality rate in the world, based on the cancer statistics of the
WHO (Fig_5). Moreover, approximately 40% of breast cancer patients
experienced the recurrence of breast cancer after the primary therapy and the
metastasis of cancer cells is the leading cause of death in breast cancer patients
[37].

In terms of the physiology of the breast, breast cancer represents a group of
malignant tumours originating from different tissues in the breast, and breast
cancer is generally divided into breast carcinomas and sarcomas [38]. The breast

contains connective and supportive tissues, such as fat, muscle, vascular system,
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skin, mammary glands and ducts. The diagrammatic sketch of the cross-section

anatomy of the female breast is shown in Fig 6.
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Fig 5. Cancer statistics obtained from World Health Organization (WHO). Breast cancer
has the highest incidence rate and second mortality rate in the world. The numbers beside the
legend indicate the age-standardized incidence or mortality rate of per 100,000 persons of

each cancer. Source: World Health Organization.
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Anatomy of the female breast

Chest wall

Fig 6. Anatomy of the female breast. Connective and supportive tissues in the breast include
fat, muscle, skin and vascular system. The most commonly carcinogenic tissues are ducts

and lobes. Created with BioRender.com.

The malignant genetic changes of different cells in the breast result in the
carcinogenesis in different breast tissues. Therefore, there are some different
kinds of breast cancers [39]. These include pre-malignant tumours in the breast,
such as ductal carcinoma in situ and lobular carcinoma in situ. The breast
malignant tumours consist of invasive ductal carcinomas, invasive lobular
carcinomas, inflammatory breast cancer, Paget's disease of the breast,
angiosarcoma, papillary carcinomas and phyllodes tumours [39].

Breast cancer surgery, such as a lumpectomy or mastectomy, is the main strategy
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for the treatment of early-stage breast cancer. However, the high recurrence rate
of breast cancer is a constant threat to the lives of patients. Therefore, apart from
breast surgery, some adjuvant systemic treatments are also important for patients
to reduce the recurrence rate of breast cancer, such as chemotherapy, hormone
therapy, and immunotherapy, etc [40].

The combination of treatment strategies depends on the intrinsic nature of
cancerous cells, such as the presence or absence of hormone receptors
expressed by the cancer cells. Carcinogenesis of the breast is due to the genetic
mutations of cells. For examples, the errors of tumour suppressor genes (BRCA1,
BRCA2, CHEK2 or PALB2 gene) [41,42] lead to neoplasms. The heterogeneity
of cancer is due to the diverse subtypes of cancerous cells that arise due to
various genetic errors in cellular differentiation and proliferation. Based on the
molecular subtypes of breast cancer cells, breast cancers can be subdivided into
luminal A breast cancer, luminal B breast cancer, normal like breast cancer, HER?2
enriched breast cancer and triple negative breast cancer [43]. The characteristics

of these subtypes are summarized in Table 1.
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Table 1. Characteristics of five molecular subtypes of breast cancer.

Molecular subtypes Cellular signatures Prognosis

HR+ (ER+ and/or PR+)

Luminal A breast cancer HER2- Good

Ki-67 low level

HR+ (ER+ and/or PR+)

Luminal B breast cancer HER2- Intermediate

Ki-67 high level

HR+ (ER+ and/or PR+)

Normal-like breast cancer HER2- Intermediate

Ki-67 low level

HR- (ER- and PR-)
HER?2 enriched breast
HER2+ Poor
cancer
Ki-67 any level

HR- (ER- and PR-)
Triple negative breast
HER2- Worst
cancer
Ki-67 any level

Abbreviations: HR - hormone receptor; ER — estrogen receptor; PR — progesterone

receptor; HER2 — human epidermal growth factor receptor 2.
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1.4.1 Luminal A breast cancer

The cancerous cells of luminal A breast tumour contain estrogen-receptor (ER)
and/or progesterone-receptor (PR) and no human epidermal growth factor
receptor 2 (HERZ, -), and have a low Ki-67 index [43]. The Ki-67 index is positively
correlated with the aggressiveness of cancer [44]. Thus, luminal A breast cancer
has the best prognosis in comparison with other types of breast cancer. Therefore,
utilizing hormone therapy before or after surgery is the best choice for luminal A

breast cancer patients as well as those with metastatic luminal A breast cancer.

1.4.2 Luminal B breast cancer

In contrast to the luminal A breast cancer, luminal B cancerous cells have a higher
Ki-67 index and may express the human epidermal growth factor receptor 2,
resulting in a worse prognosis [43]. Luminal B breast cancer is more aggressive

than the luminal A breast cancer.

1.4.3 HERZ2 enriched breast cancer

HERZ2 enriched breast cancer is characterized by the overexpression of the
human epidermal growth factor receptor 2 and the absence of hormone receptors

(ER-, PR-) on the cancerous cells. The prognosis of the HER2 enriched breast
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cancer is worse than the luminal A and B breast cancer, and the prognosis
biomarker (Ki-67 index) is unclear in this type breast cancer [45]. The
overexpressed protein (HER2) can be effectively targeted in breast cancer

treatment using drugs such as trastuzumab and pertuzumab [46].

1.4.4 Normal like breast cancer

For this cancer, the cancerous cells have similar immunohistochemistry markers
with the luminal A type breast cancer, such as a low level of Ki-67 index, ER
and/or PR positive expression and negative expression of the HER2 [47].
Therefore, the prognosis of normal like breast cancer is better than the luminal B

breast cancer, but worse than the luminal A breast cancer [43].

1.4.5 Triple negative breast cancer (TNBC)

Unlike the other subtypes of breast cancers, the cancer cells of triple negative
breast tumours do not develop estrogen or progesterone receptor as well as no
human epidermal growth factor receptor 2 (HER2) [48]. As a result, the options
for clinical treatment for TNBC patients are limited and insufficient, because of
the lack of targeting receptors on TNBC cells [48]. Meanwhile, patients with the
TNBC have a higher rate of distant recurrence and a worse five-year prognosis
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compared to patients with other subtypes of breast cancer [49]. Statistically, triple
negative breast cancer accounts for 10% to 20% of total breast cancers and
frequently affects younger women [50], exhibiting an aggressive behaviour
characterized by rapid proliferation and a high rate of metastasis.

In a study of 1601 invasive breast cancer patients [51], 11.2% patients (180) were
diagnosed with triple negative breast cancer. 66% of TNBC cases were grade IlI
tumours while 28% of other breast tumours were grade Ill. TNBC is a highly
recurrent cancer, with 13% of TNBC patients experiencing local recurrence and
33.9% undergoing distant metastasis of breast cancer. In their study, the mortality
rate of the TNBC patients after treatment was 42.2%, which was significantly
higher than the 28% mortality rate of other breast cancer patients. Therefore,
TNBC was considered as the most aggressive breast cancer among all molecular
subtypes of breast cancer.

Due to this type of breast cancer lacking the estrogenic receptors and HER2,
TNBC patients cannot benefit from hormone therapy and HER2-targeted drugs
(trastuzumab-based therapies) in treatment. The current main treatment options
for TNBC patients are surgery, radiotherapy and chemotherapy [52]. However,
after the initial treatment, at least one-third of TNBC patients experienced the
distant recurrence (metastasis) of breast cancer. Moreover, chemotherapy is
recommended as the first-line treatment for metastatic triple negative breast

cancer (nNTNBC) patients [53]. Although scientists have made remarkable
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achievements in the pathological research of the triple negative breast cancer
and TNBC cells positively respond to diverse anticancer agents, such as
docetaxel, paclitaxel, capecitabine, gemcitabine, methotrexate, and cisplatin, etc.
The mortality rate of mMTNBC patients is still extremely high.

According to an investigation on 608 mTNBC patients in 2020 [54], 505 of the
608 mTNBC patients were treated with systemic chemotherapy and the
remaining patients had not received any systemic therapy, the five-year survival
rate of treated and untreated mTNBC patients was 5.3% and 5.8%, respectively.
The systemic chemotherapy for mTNBC patients in this investigation involved the
use of single or combination of chemotherapeutic agents, including bevacizumab,
capecitabine, carboplatin, gemcitabine, cisplatin, cyclophosphamide, docetaxel,
eribulin, Taxol®, and Abraxane®. However, the five-year survival rate of patients
receiving chemotherapy and those not receiving treatment was quite low and not
significantly different. The longest survival for treated and untreated mTNBC

patients was 7.5 years and 5.5 years, respectively.
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1.5 Nanomedicine in Cancer therapy

The extremely high mortality rate and short overall survival of mTNBC patients
imply that the current treatment regimens are insufficient and need to be
improved. Although many chemotherapeutic drugs exhibit outstanding anticancer
activity against TNBC cells in vitro, the real therapeutic effect of these drugs in
MTNBC patients is not as great as suggested by the in vitro data. For example,
Volk-Draper et al. [55] reported the IC50 of paclitaxel in MDA-MB-231 and
HCC1806 (both cell lines are TNBC cells) was around 12 nM (10.25 pug/mL) and
0.78 nM (0.67 pg/mL), respectively. However, the clinical efficacy of these
anticancer drugs in mTNBC patients is limited when used as monotherapy.
Similarly, the clinically available targeted drugs, such as olaparib [56] and
pembrolizumab [57], have shown limited survival benefits to mMTNBC patients
when used as monotherapy. Therefore, developing an effective

chemotherapeutic agent to extend the life of mMTNBC patients is an urgent topic.

1.5.1 Suboptimal conventional formulation limits efficacy

Limitations that affect the performance of anti-cancer drugs in the body include
the poor solubility of most active ingredients [58], encountering various biological
barriers [59], non-specific distribution of drugs in organs and tissues, rapid

clearance of drugs from plasma [60] and the complexity of the tumour
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microenvironment [61]. Unfortunately, many drugs with anticancer activity have
low solubility in water, resulting in the suboptimal formulations of hydrophobic
drugs or the addition of biologically toxic excipients to solubilize the anticancer
drugs. For example, sorafenib [62] is an inhibitor of tyrosine protein kinases, it is
used for the treatment of hepatocellular carcinoma, advanced renal cell
carcinoma and thyroid cancer. However, sorafenib itself is insoluble in water. The
commercially available sorafenib (Nexavar®) is the tosylate salt of sorafenib.
Although salt formation is a common method to increase the solubility of drugs,
sorafenib tosylate (Nexavar®) is hard to be dissolved in gastrointestinal tract after
oral administration, resulting in a low and erratic bioavailability of sorafenib in
patients and unnecessary toxicity to patients. Another example is the formulation
of Taxol®, Taxol® is a commercial chemotherapeutic drug (micelle formulation of
paclitaxel) for systematic treatment of numerous cancers, including metastatic
breast cancer, by parenteral administration [63]. Paclitaxel (PTX) is a
hydrophobic anticancer drug. In order to solubilize PTX, biologically toxic
excipients, polyethoxylated castor oil and ethanol, are added in the formulation.
The lack of an optimal preparation technique is one of the major reasons that the
promising in vitro performance of these hydrophobic drugs is difficult to be

achieved in vivo.

Page | 54



1.5.2 Nano-formulations developed for oncotherapy

To address the deficiencies of conventional chemotherapeutic drugs in cancer
treatment, the emergence of nanoscale drug delivery systems has ushered in a
new era of systemic chemotherapy. Nanoscale drug delivery systems are a
crucial component of nanomedicine, a term proposed in the 1990s to describe
nanoscale systems or materials designed for various medical purposes [64]. To
date, several nanomedicines have reached the market for the treatment of
metastatic breast cancer [65], such as Doxil®, Abraxane®, Onivyde® and Genexol-
PM®, etc. Most nanomedicines have shown improved pharmacokinetics profiles,
reduced systemic toxicity, and enhanced therapeutic efficacy compared to
traditional chemotherapeutic drugs with the same active pharmaceutical
ingredient (API). For example, in a phase lll clinical trial [66], patients
administrated Abraxane® at 260 mg/m? every 3 weeks showed significantly higher
response rates (39%) compared to 175 mg/m? of Taxol® (19%).

The significant advantage of formulating hydrophobic drugs through
nanotechnology is that lipophilic drugs can acquire high water-solubility through
nanocarriers without the need for additional toxic excipients in the formulation.
For example, the water solubility of paclitaxel is lower than 50 ug/mL, but when
formulated as albumin bound paclitaxel nanoparticles (Abraxane®), the water

solubility of PTX can be increased to at least 2,000 pg/mL by nanocarriers.
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Furthermore, Abraxane® is composed of human serum albumin and paclitaxel,
while Taxol® contains organic solvent ethanol and toxic Cremophor EL. As a result,
Abraxane®is capable of providing a higher maximum tolerated dose of PTX and
much lower systematic toxicity to patients when compared with Taxol®. According
to statistics [67], approximately 75% of drug candidates have poor water solubility
and only 0.02% to 0.04% of prospective anticancer drugs are ultimately approved
by the United States Food and Drug Administration (US FDA). Suboptimal
formulation of lipophilic drugs is a significant factor limiting the transition of
prospective drugs from the laboratory to clinical applications [67].

Applying nanotechnology in pharmaceutics allows for the positive improvement
of the properties of many conventional drugs [68]. Various nanoplatforms,
including polymeric nanoparticles, polymer micelles, liposomal nanoparticles,
dendrimers, solid lipid nanoparticles, polymer/antibody — drug conjugates,
inorganic nanoparticles and carbon-based nanomaterials, have been developed
and applied for diverse medical purposes. These include acting as nontoxic
nanocarriers for peptides, genes, or hydrophobic drugs, as magnetic resonance
imaging (MRI) contrast agents for tumor imaging and cancer diagnosis. A number
of relevant commercial nanomedicines are listed in Table 2.

In summary, incorporating nanotechnology in pharmaceutics offers a novel and
reliable strategy to formulate biomolecules, easily degraded APIls, or poorly

water-soluble APIs, thus presenting exciting possibilities for advancing cancer
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treatment and beyond.

Table 2. Examples of clinically approved nanomedicines.

Trade name

Composition

Application

Approval (year)

Ovarian cancer,

Doxorubicin in pegylated = metastatic breast cancer, FDA (1995)
Doxil®
liposome AIDS-related Kaposi’s EMA (1996)
sarcoma
Non-small cell lung
Albumin — paclitaxel cancer, metastatic breast FDA (2005)
Abraxane®
nanoparticle cancer and pancreatic EMA (2008)
cancer
NanoTherm®  Iron oxide nanoparticle Glioblastoma EMA (2010)
Transthyretin — mediated FDA (2018)
Onpattro® RNA. - Lipid nanoparticle
amyloidosis EMA (2018)
Magnetic resonance
Feridex® Dextran — coated SPION FDA (1996)

imaging of liver

Abbreviations: AIDS — Acquired immune deficiency syndrome; FDA — Food and Drug
Administration; EMA — European Medicines Agency; RANi — Ribonucleic acid

interference; SPION — Superparamagnetic iron oxide nanoparticle.
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1.5.3 Progress, challenges and perspectives of nanomedicines

The application of nanotechnology in oncotherapy has provided many feasible
solutions for the treatment and diagnosis of patients. Although the currently
available commercial nanomedicines may improve the overall survival of cancer
patients limitedly [69], there is no doubt about the significant success and clinical
benefits derived from these nanomedicines. Since the approval of the first FDA-
approved nanomedicine (Doxil®) in 1995, nanomedicines have been used in
various fields of medical care. For example, the estimated market value of
Abraxane® is more than 10 billion USD [70] and the worldwide sales of the
Pfizer-BioNTech COVID-19 vaccine (mRNA in lipid nanoparticles) [71] were
around 20 billion USD. These examples underscore the significant impact of
nanotechnology on the medical industry, particularly in cancer treatment and
vaccine development. The ongoing research and development in the field of
nanomedicine hold great promise for further improving cancer therapies and
addressing the challenges associated with conventional chemotherapeutic
agents. With the continuous advancements in nanotechnology, it is likely that
more innovative and effective nanomedicines will emerge, providing hope for
better outcomes for cancer patients in the future.

The famous concept of the enhanced permeability and retention effect (EPR

effect, Fig 7) of tumours was proposed in 1986 [72]. Matsumura and Maeda
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observed that radiolabelled proteins and fluorescently labelled proteins gradually
accumulated and remained in the tumours of tumour-bearing mice for an
extended period. They hypothesized that macromolecules could exploit the
hyper-vascularization and defective lymphatic drainage in tumour tissues to
facilitate the diagnosis and treatment of tumours. While the EPR effect had been
extensively demonstrated in tumour-bearing mouse models, its presence or
absence in cancer patients was a subject of controversy at that time. In 2012, the
Alliance for Nanotechnology in Cancer organized a meeting [73] at the National
Institutes of Health (NIH) to gain a deeper understanding of the EPR effect in
tumour-bearing animal models and cancer patients, as well as to explore the
medical potential of combining the EPR effect with nanotechnology for the
diagnosis and treatment of cancer. During this workshop, they concluded that the
EPR effect in tumours may be heterogeneous among cancer patients.
Consequently, the heterogeneity of the EPR effect has been proposed as a
potential explanation for the different responses of patients to nanomedicines.

It is worth mentioning that the existence of the EPR effect in cancer patient has
been validated in a recent clinical study [74]. In this study, radiolabelled (¥*Cu-)
liposomes were administered to metastatic breast cancer patients through
intravenous infusion, and the distribution of these radiolabelled nanoparticles in
patients was visualized using PET/CT. Three days after the injection, the signals

of radiolabelled nanoparticles were notably stronger in metastatic liver tumours
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compared to normal tissues and organs (Fig_8). This clinical evidence
demonstrates the enhanced permeability and retention effect of tumour tissues,
which enables the prolonged exposure of nanoparticles to tumour cells in patients.
However, it is important to note that the EPR effect can still vary among patients
with different or even identical types of cancer. The heterogeneity of the EPR
effect emphasizes the need for personalized approaches in utilizing
nanomedicines for cancer treatment. Understanding and characterizing the
factors that influence the EPR effect in individual patients will be crucial for
optimizing the efficacy of nanomedicine-based therapies and ensuring the best

possible outcomes for cancer patients.
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Fig 7. Schematic illustration of accumulation of nanoparticles for a long period of time

in malignant tumour site via enhanced permeability and retention effect (EPR effect).

Malignant tumour secretes the angiogenic growth factors to build abnormal blood vessels from

the existing vasculature to achieve enough nutrition and oxygen for growing. The abnormally

angiogenic vessels are permeable and leaky for the nanoscale substances, such as

nanoparticles and macromolecules. In addition, malignant tumours can also induce the

generation of extra lymphatic vessels from the normal lymphatics to remove the waste

produced by cancer cells. Meanwhile, this tumour’s lymphatics can only provide defective

lymphatic drainage for macromolecules and nanoparticles. Therefore, the escaped

nanoparticles around malignant tumour can be retained for a long time. Created with

BioRender.com.
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Fig 8. The presence of EPR effect in malignant tumour of patient. After intravenous
administration of 8Cu-labeled PEGylated liposomes to a metastatic breast cancer patient, the
biodistribution of radiolabelled nanoparticles was visualized at 0.7 h, 24 h and 47 h post
injection by Positron emission tomography/computed tomography (PET/CT). The %Cu-
labeled nanoparticles gradually accumulated and retained in metastatic tumours (Liver site).
"Adapted from Clinical Cancer Research, Copyright 2017, 23/15, 4190-4202, Lee, Helen et
64Cu-MM-302 Positron Emission Tomography Quantifies Variability of Enhanced
Permeability and Retention of Nanoparticles in Relation to Treatment Response in Patients

with Metastatic Breast Cancer, with permission from AACR".
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Indeed, nanomedicine has brought significant advancements to cancer treatment,
but it also comes with formidable challenges. While nanotechnology has
addressed the issue of suboptimal drug formulations, the effective utilization of
drugs in the body still needs improvement. For instance, even though
nanomedicines have shown promise, their actual impact on statistically

prolonging the life of metastatic breast cancer patients compared to conventional
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drug formulations in solution remains limited [66]. Therefore, increasing the safe
and efficient accumulation of active pharmaceutical ingredients (APIs) in tumours
is a major challenge for the development of nanomedicine [75]. Another
significant challenge is achieving large-scale and cost-effective production of
nanomedicine in an environmentally friendly manner [76]. Reproducibility and
scalability are critical factors in the successful translation of nanomedicines from
the laboratory to clinical applications.

Notably, a meta-analysis (232 data sets) of nanoparticle delivery to tumours
launched by Wilhelm et al. concluded that the median efficiency of drug delivery
to tumours by nanoparticles was only 0.7% of injected dose [77]. In other words,
only less than 1% of injected nanoparticles were effectively utilized by tumours in
tumour-bearing animal models. This low efficiency of drug tumour deposition in
animal models highlights the need to improve the targeting and delivery
mechanisms of nanocarriers..

To address these challenges, scientists have been working on various strategies
to enhance the efficiency of nanocarriers. Some of these strategies include
enhancing the EPR effect, prolonging the circulation time of nanocarriers, utilizing
active targeting approaches, and exploring other methods to increase the
effectiveness of nanocarriers. Some relevant achievements have been

concretely discussed in the following sections.
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Strategies - EPR effect enhancement

The preferential accumulation and long retention times of nanoparticles in mouse
tumours have been explained since the theory of the EPR effect was proposed
in 1986. The EPR effect (Fig 7) is attributed to the fact that the tumour induces
the rapid angiogenesis, resulting in the tumour neovasculature with the aberrant
vascular architecture [78]. The pores (200 nm to 1.2 um in diameter) presented
on the abnormal blood vessels allow nanoscale substances to extravasate into
the interstitial space [79]. Meanwhile, the lymphatic drainage in tumour tissue is
defective for macromolecules and nanoparticles. Therefore, researchers have
endeavoured to enhance the EPR effect to deliver more drugs to the tumour. For
example, by applying ultrasound to the tumour site, the injected ultrasound
contrast agents, such as sulphur hexafluoride microbubbles (SonoVue®), can be
excited by ultrasound energy to mechanically create pores ranging from several
nanometres to several micrometres on the cell membrane and enlarge the gap
between vascular endothelial cells through the stable and inertial cavitation, this
process is also known as sonoporation [80]. In one clinical trial [81], pancreatic
cancer patients (n = 63) were treated with chemotherapy using gemcitabine
(Gemzar®) as the control group, while ten pancreatic cancer patients were treated
with a combination of gemcitabine chemotherapy and sonoporation. The
treatment cycles of the control group were 8.3 + 6.0, while the ten patients who

received chemotherapy and sonoporation underwent 13.8 + 5.6 treatment cycles
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(p =0.008). The more treatment cycles represented a longer treatment period for
patients and led to a better treatment effect. In addition, the median survival of
the control group was 8.9 months, significantly shorter than the 17.6 months of
sonoporation-treated patients (p = 0.011). As a summary, this clinical trial has
proven that the chemotherapy combined with sonoporation can improve the
efficiency of anticancer drug to enhance the chemotherapeutic effect in patients
with highly stromal tumours (pancreatic cancer). In the work of Theek, B. et al.,
the delivery of passively targeting nanoparticles to low EPR tumours or highly
stromal tumours was both increased twofold in combination with sonoporation
when compared with the non-ultrasound treated group [82]. Combining the
sonoporation therapy with nanomedicine is a promising solution to increase the
efficacy of chemotherapy in patients with low or no EPR effect [83].

In addition to the use of sonoporation, the EPR effect in patients with solid
tumours can also be enhanced by elevating the blood pressure. In 1986, Maeda
and Matsumura discovered the EPR effect in a tumour bearing mouse model.
The preferential and prolonged accumulation of polystyrene/maleic acid (SMA) -
neocarzinostatin (NCS) conjugates in mouse solid tumours was thus explained
[84]. They then believed that the EPR effect found in mice could also be extended
to patients with solid tumours. In 1993, their SMANCS/Lipiodol system was
approved for the treatment of hepatocellular carcinoma in Japan. However, due

to the highly heterogenous EPR effect among different malignant tumours or even
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the same type of tumours [85], the final therapeutic effect of the
SMANCS/Lipiodol system in patients was not consistent. To overcome this issue
caused by the heterogenous EPR effect, Maeda and his colleagues came up with
a strategy [86] to enhance the EPR effect via the introduction of angiotensin Il to
transiently increase the blood pressure and thus promote the tumour deposition
of SMANCS (Fig 9). This strategy of inducing systemic hypertension to enhance
the EPR effect to deliver more macromolecules to tumours has been successfully
applied into patients with different cancer types, including metastatic tumours.
Detailed information can be found in their excellent report [86].

Furthermore, hyperthermia [87] can be used as an adjuvant treatment to enhance
the EPR effect and aid in the delivery of nanoparticles. Given the heterogeneity
of the EPR effect in patients, appropriate measures to enhance the EPR effect
can be selected to improve the therapeutic effect of nanomedicines in a clinical

setting.
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(B) Tumor vasculature: leakage by EPR effect
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EPR effect + -+ Passive dilatation

Fig 9. Diagram for demonstrating the principle of EPR effect enhancement by applying
angiotensin Il. After the administration of angiotensin Il (AT Il), the blood flow volume in (A)
healthy tissues and organs is relatively homeostatic because AT induces the vasoconstriction
to increase blood pressure to increase the velocity of blood flow. Contrarily, the leaky
vasculatures (B) do not response the vasoconstriction, meanwhile the accelerated blood flow
and increased blood pressure can promote the delivery of macromolecules to tumour site.
‘Adapted from Akinori Nagamitsu, Khaled Greish, Hiroshi Maeda, Elevating Blood Pressure
as a Strategy to Increase Tumor-targeted Delivery of Macromolecular Drug SMANCS: Cases
of Advanced Solid Tumors, Japanese Journal of Clinical Oncology, 2009, Volume 39, Issue
11, Pages 756—766, by permission of Oxford University Press.’
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Strategies - Extending the circulation time of nanocarriers

Apart from physically and chemically enhancing the EPR effect, extending the
time of nanocarrier blood circulation is another approach to improve the
therapeutic effect of nanomedicines. Based on the theory of the EPR effect,
nanocarriers and macromolecules preferentially accumulate around the tumour
site through the leaky tumour vasculatures. However, a meta-analysis [88] of 376
data sets of nanoparticle delivery to tumours from publications between 2005 and
2018 showed that the median tumour deposition of nanoparticles was only
around 0.76% of the injected dose. This is because most of the injected
nanoparticles were cleared from the blood circulation by the mononuclear
phagocyte system (MPS) [89] in the blood, tissues and organs.

The mononuclear phagocyte system, also known as reticuloendothelial system,
is generally composed of monocytes, macrophages and dendritic cells [90].
These MPS cells originate from myeloid progenitor cells in the bone marrow, as
shown in Fig 2. Myeloblasts can differentiate into monocytes, macrophages and
dendritic cells, and they are released into the bloodstream. Most of these cells
will leave the blood circulation and enter into tissues and organs. For example,
alveolar macrophages can be found in the lung, Kupffer cells reside in the liver
and monocytes transmigrate to the peripheral tissues and organs. Each
mononuclear phagocytic cell is capable of mounting a defence against the

invasion of foreign substances, including nanoparticles.
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Therefore, in order to achieve a better utilization of the EPR effect for delivering
nanoparticles to tumour sites, scientists have developed some methods to
circumvent the immune system recognition of nanoparticles and prolong their
blood circulation time.

The most frequently used strategy is to coat the surface of nanoparticles with
antifouling materials to reduce the formation of the protein corona and escape the
MPS clearance. PEGylation is a common approach to protect nanoparticles from
the MPS clearance [91]. The clinical applications of PEGylation of nanoparticle
include Doxil® (PEGylated liposomal doxorubicin) and Onivyde® (PEGylated
liposomal irinotecan), which were approved by FDA in 1995 and 2015 [92],
respectively. Although PEGylation of nanocarriers can provide a bio-inert surface
to reduce the MPS clearance and prolong the circulation time of encapsulated
drugs, over-PEGylation can impede the cellular uptake of nanocarriers [93].
Additionally, several publications [94—96] have reported some negative effects
following the use of PEGylated nanocarriers. The injected PEGylated
nanoparticles can induce the production of anti-PEG IgM in animal models [97],
leading to faster clearance of the second dose of PEGylated nanoparticles by the
immune system. This phenomenon is known as accelerated blood clearance.
Moreover, severe adverse effects, such as hypersensitivity and anaphylactic
shock [98], may occur after multiple doses of PEGylated nanomedicine. For

instance, Doxil® has been associated with side effects such as hand—foot
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syndrome, stomatitis, mucositis, and other hypersensitivity reactions [92].

In addition to the polyethylene glycol (PEG), several zwitterionic materials have
been developed as coatings or shells for nanopatrticles to reduce protein corona
formation and the resulting immune-mediated rapid clearance. Inspired by the
zwitterionic surfaces of viruses, these materials include chemistries such as
polycarboxybetaine (PCB) and polypeptides (EK10) [99].

Li et al. exploited the zwitterionic material, distearoyl phosphoethanolamine —
polycarboxybetaine (DSPE-PCB), to prepare the liposomal nanoparticles with a
zwitterionic surface (a PCB surface) and compared it with DSPE-PEG for the
preparation of PEGylated liposomal nanoparticles used in the control group [94].
In their work, pharmacokinetics profiles and the accelerated blood clearance
phenomenon of topotecan in PCB-liposomes and PEG-liposomes were
compared by the measurement of the topotecan concentration in rat plasma after
the 1st, 2"d and 3" repeated injections of each liposomal formulation, as shown in
Fig 10. The pharmacokinetics profiles of the topotecan in both liposomal
formulations were significantly improved when compared with the free topotecan
(Fig 10). However, the PEGylated topotecan liposomes induced the accelerated
blood clearance after the intravenous injection in Sprague Dawley rats, as the 2"
injected topotecan loaded PEG-liposomes was cleared from the blood circulation
more quickly than the 15t injection (Fig_10. A). On the other hand, the blood

circulation of repeated injection of topotecan PCB-liposomes was not significantly
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altered (Fig_10. B). This research demonstrated that PCB-coated liposomes
could provide even better pharmacokinetics profiles of encapsulated drugs than

PEGylated liposomes without inducing the accelerated blood clearance

phenomenon.
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Fig 10. Pharmacokinetics profiles of PCB-liposomal and PEG-liposomal formulations.
Plasma concentration of topotecan after 1st, 2"d and 3 repeated injection of A) PEG-liposomal
formulation and B) PCB-liposomal formulation. The intravenously injected topotecan
concentration to Sprague Dawley rats (200-250 g, n = 3) was according to 7 mg/kg and the
interval of each injection was 5 days. "Reprinted from Biomaterials, Vol 41, Yan Li, Ruiyuan
Liu, Jun Yang, Yuanjie Shi, Guanghui Ma, Zhenzhong Zhang, Xin Zhang, Enhanced retention
and anti-tumor efficacy of liposomes by changing their cellular uptake and pharmacokinetics
behavior, Pages 1-14., Copyright (2015), with permission from Elsevier."

The DSPE-PCB can also be utilized as a scaffold for the preparation of
zwitterionic micelles to facilitate the oral delivery of insulin[100]. The resulting
PCB-DSPE micelles showed a 6.7 times higher diffusion rate for penetrating the
mucus compared to the PEGylated nanoparticles and over 100-fold faster
penetration than anionic and cationic particles. This research on insulin delivery
indicated that the zwitterionic shell of nanoparticles could significantly reduce the
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absorption of proteins in mucus and the formation of protein corona in plasma.
In addition to stealth coating, Anselmo et al. emphasized the importance of
nanoparticle elasticity (bulk modulus) in designing nanoparticles, as it is
associated with their in vivo behaviors [101]. They designed the soft (10 kPa) and
hard (3000 kPa) nanoparticles with similar particle size, polydispersity index and
zeta-potential to compare their in vivo fate. The elasticity of nanoparticles in their
work was precisely adjusted by using different volume ratio of poly(ethylene
glycol) diacrylate to water. The soft nanoparticles exhibited a significantly
prolonged circulation time when compared with the hard nanoparticles.

Overall, as the understanding of the interaction between nanoparticles and the
immune system continues to progress, it is expected that more satisfactory

materials and formulations will be designed for clinical use.

Strategies - Active targeting drug delivery

In 1897, Paul Ehrlich [102] developed the ‘Side-Chain Theory’ to describe the
specific binding phenomenon between a substance and the side chain on the cell
surface. In 1900, Ehrlich updated this ‘Side-Chain Theory’ to the ‘Receptor-
Ligand Theory’, which laid the foundation for targeted therapy. The concept of the
‘magic bullet’, a drug that could specifically bind to its target, was put forward by
Paul Ehrlich in 1906. Since then, targeted cancer therapies have become well-

known, such as the use of trastuzumab, an antibody that specifically binds to the
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overexpressed HER2 receptor, in the treatment of HER2-enriched breast cancer
patients.

However, due to the intra- and inter-tumour heterogeneity, it is not feasible to
apply personalized cancer medicine to all patients in the clinic [103]. The current
strategy for targeted therapy is primarily based on the Ehrlich’s Receptor-Ligand
Theory, leading scientists to develop various nanocarriers coated with different
ligands to specifically bind to target cells. Over the past decade, more than forty
thousand research papers on actively targeted delivery have been published [98].
Many passively targeted nanomedicines have been approved for various
clinical purposes [104]. However, none of the actively targeted versions
(excluding antibody-drug conjugates) have been successfully marketed. The
clinical translation of actively targeted nanomedicines from animal studies to
human trials is hindered by several factors, such as the more complex
physiological barriers in the human body and the heterogeneity between patients
[105].

Generally, the aim of active targeted drug delivery is to increase the delivery of
therapeutics to the tumour site. Cancer cells arise from genetic mutations in
normal cells, resulting in the overexpression of certain genes. These
overexpressed genes lead to an excessive production of relevant proteins, which
can cause the corresponding cell receptors to be overexpressed as well. For

example, cancer cells with an overexpressed FOLR1 gene will have more folate
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receptors compared to normal cells. This overexpression allows cancer cells to
take up more folate, which is required for their aggressive biosynthetic reactions
[106]. Consequently, the overexpressed folate receptors can serve as biomarkers
for folate receptor-enriched tumours, including triple-negative breast cancer, non-
small cell lung cancer, and epithelial ovarian cancer [107]. A recent phase llI
clinical trial [108] conducted on platinum-resistant ovarian cancer patients
compared the treatment outcomes of mirvetuximab soravtansine (MIRV), an anti-
FRa (folate receptor alpha) drug conjugate, with traditional chemotherapy
(paclitaxel, pegylated liposomal doxorubicin, or topotecan). The trial revealed that
high FRa-patients treated with MIRV had a significantly longer median
progression-free survival (PFS) compared to those who received chemotherapy
alone, with PFS of 4.8 months versus 3.3 months (p = 0.049). This indicates the
potential effectiveness of using antibodies to improve treatment outcomes for
specific cancer types characterized by overexpressed biomarkers.

Dr Yasuhiro Matsumura, one of the discoverers of the EPR effect, holds a
different opinion on actively targeting drug delivery to tumour. In his previous
studies [109], the nanoformulation called MCC465, which was liposomal
doxorubicin conjugated with anti-GAH, showed excellent anticancer activity in
animal studies. However, MCC465 had no objective antitumor response in a
phase | clinical trial [110]. Later, he discovered that human malignant tumours

contained a rich cancer stroma, and the cancer stroma could act as a barrier and
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hinder the ligand of nanoparticles from interacting with tumour cells. As a result,
he developed the Cancer Stromal Targeting (CAST) Therapy [111] to enhance
the therapeutic effect of drug in low EPR tumours. In brief, they conjugated
monomethyl auristatin E to the fibrin antibody through a Val-Leu-Lys linker, and
then this antibody drug conjugate (ADC) can specifically bind to the insoluble
fibrin of cancer stromal and release the carried drug by plasmin cleavage.

The above two active targeting strategies are based on the EPR effect to
preferentially accumulate nanocarriers in tumour tissue, and then the antibodies
can actively bind with their targets to exert their functions. However, in low or no
EPR tumours of patients, the effectiveness of these strategies will be suppressed
to a very low level. Based on the fundamental research of the tumour
microenvironment (TME), tumour cells and nearby tissues live in a nutrition
deficient, acidic and hypoxic environment [112—114]. The TME of tumour tissues
is different with the environment of healthy tissues. So, under these abnormal
stimuli, cells have to develop some different genes to express specific proteins to
fit the hypoxic stress and acidic environment when compared with the normal
cells in the healthy tissues. For example, the tumour vascular endothelial cells
will generate EndoPDlI mRNA and then the expressed endothelial protein-
disulfide isomerase can exert the protective function to avoid the apoptosis
induced by hypoxia [115]. Moreover, some expressed receptors only exist in

tumour endothelium and are absent in adult healthy tissues [116], such as
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roundabout-4 (ROBO4) and endomucin. Thus, TME induced receptors are
promising specific targets for drug delivery. Chen et al. [117] believed that tumour
vasculature targeting has a greater potential for the clinical translation than
targeting tumour cell delivery. In their research, they selected the endoglin
(CD105) as the biomarker of the tumour neovasculature due to the tumour
angiogenesis, the proliferating endothelial cells highly expressed endoglin [118].
They conjugated the endoglin antibody TRC105 to the mesoporous silica (mSiO2)
nanoparticle and exploited the *Cu radiolabelling to visualize the biodistribution
of their nanoparticles in the 4T1 tumour-bearing mice by PET imaging, as shown
in Fig 11. According to their PET images, the position of the 4T1 tumour was
clearly visualized after the intravenous injection of TRC105-conjugated silica
nanoparticles with 4Cu radiolabelling (Fig 11. a) when compared with the normal
silica nanoparticles with 84Cu radiolabelling (Fig_11. b). To further confirm the
specific binding between the CD105 receptor and TRC105-silica nanoparticles,
they injected the CD105 antibody alone to the 4T1 tumour bearing mice to prior
block the CD105 receptors, and then TRC105-silica nanoparticles were injected.
In Fig 11. c, the signal emitted from the %‘Cu-TRC105 conjugated silica
nanoparticles at the tumour site was largely suppressed with the prior injection of
the antibody TRC 105. Based on the results of their in vivo experiments, tumour
vascular targeting is indeed a very promising strategy for the actively targeted

delivery of therapeutic agents.
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Fig 11. PET images of biodistribution of ¢“Cu radiolabelled nanoparticles in 4T1 tumour

bearing mice at different time points. (a) The biodistribution of the intravenously injected
TRC105 tagged silica nanoparticles at different time points. (b) The contrast group, 4T1
tumour bearing mice were injected with normal silica nanoparticles. (¢) 4T1 tumour bearing
mice were pre-treated with the antibody TRC105 to block the CD105 receptor, then the uptake
of TRC105-silica nanoparticles was significantly inhibited. The yellow triangle indicated the
position of 4T1 tumour. Reprinted with permission from Chen, F.; Hong, H.; Zhang, Y,
Valdovinos, H. F.; Shi, S.; Kwon, G. S.; Theuer, C. P.; Barnhart, T. E.; Cai, W. In Vivo Tumor
Targeting and Image-Guided Drug Delivery with Antibody-Conjugated, Radiolabeled
Mesoporous  Silica  Nanoparticles. ACS Nano 2013, 7 (10), 9027-9039.
https://doi.org/10.1021/nn403617j. Copyright (2013) American Chemical Society.

For targeted cancer therapy and targeting tumour tissue-related cells, scientists
also developed a targeting strategy in which they intentionally activate the
immune system in order to distinguish cancer cells [119]. Tumour associated
antigens can be encapsulated into nanocarriers and delivered to antigen-
presenting cells (APC) in a targeted manner to activate the immune system.

Antigen-presenting cells [120], including dendritic cells, macrophages and B cells,
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express some accessible receptors, such as scavenger receptor, integrins,
mannose receptor. By attaching specific antibodies or ligands to the surface of
nanocarriers, the tropism of nanocarriers can be thereby altered to target the
antigen-presenting cells. Currently, cancer vaccines are mainly used for
preventing recurrence. Some clinical trials [121,122] have shown significantly
lower cancer recurrence rates in treated patients who received a cancer vaccine
compared to the non-vaccinated group. However, the intrinsic immune evasion
capacity of cancer cells poses a significant obstacle to the successful translation
of therapeutic cancer vaccines from preclinical studies to clinical applications in
the treatment of patients with established malignant tumours [123].

Since Paul Ehrlich pioneered the era of targeted therapy in the 1890s and 1900s,
scientists have made remarkable achievements in the basic research of the
interaction between nanoparticles and cells. As a result, many active targeting
strategies have been developed and successfully applied into animal models.
Furthermore, more than two hundred clinical trials associated with antibody
containing formulations have been carried out [124]. With substantial pre-clinical
and clinical studies, the understanding of the relationships between nanoparticles,
the immune system and cancer has been summarised and updated by numerous
scientists. Although achieving true targeted delivery of drugs to tumors clinically
remains challenging, the concept of the 'magic bullet' continues to be the ultimate

goal for the design of nanomedicine.
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Other strategies to increase therapeutic effect

In addition to exploiting the EPR effect and targeting tumour-associated cells,
researchers have explored various other strategies to enhance the effectiveness
of nanocarrier drug delivery systems.

Xu and colleagues [125] utilized the inherent tropism of mesoporous silicon
microparticles, which preferentially accumulate in the liver and lungs, to target
and treat metastatic breast cancer murine models. This approach takes
advantage of the natural distribution of the microparticles to deliver therapeutic
agents specifically to the desired sites. Palanikumar et al. [126] employed the
polymer PLGA as a scaffold for a pH-sensitive nanocarrier. The drug doxorubicin-
triphenylphosphine (DOX-TPP) was encapsulated within the nanocarrier, and its
release was triggered by the low pH environment found in tumour
microenvironments and cellular endosomes and lysosomes. This pH-sensitive
nanosystem allows for controlled drug release, maximizing the therapeutic effect
in the acidic tumour environment.

Beyond these strategies, there are many other diverse approaches [127-129] to
enhance the delivery effectiveness of nanocarriers. These include photo-
responsive drug delivery, where light is used to trigger drug release; ROS-
responsive drug delivery, which utilizes reactive oxygen species to activate drug
release; and magnetic-responsive drug delivery, where magnetic fields are

employed to direct the nanocarriers to specific sites.
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Over the past few decades, substantial progress has been achieved in the field
of cancer nanomedicine. From 2000 to 2021, approximately fifty thousand articles
in the cancer nanotechnology field have been published according to the PubMed
database [130]. The growth in studies on cancer nanotechnology has been
particularly remarkable since 2010. In terms of clinical translation, a survey
conducted in 2019 [131] revealed that 75 nanomedicine candidates used for
cancer therapy were under clinical evaluation, and 190 relevant clinical trials were
being conducted. The pass rate of nanomedicine candidates for phase | clinical
trial was high at 94%, with these candidates showing improved pharmacokinetics
profiles compared to free drug formulations. However, the pass rate decreased
to 48% in phase Il and only 14% in phase lll clinical trials. The major reason for
the failure of these nanomedicines was their low efficacy in patients.
Consequently, enhancing the effectiveness of nanoformulations remains a critical
task for successful clinical translation. Nevertheless, the high pass rate in phase
| clinical trials also highlights the significant advantage of nanoformulations in
terms of safety and reduced toxicity compared to free drug formulations. The
failures of nanomedicines in clinical trials provide valuable information and
insights for future research. As concluded from this survey [131], most of the
nanoplatforms used in the phase 1 to 3 clinical trials were liposomes or polymer
based nanoparticles. It is clear that the efficacy of passively targeted and tumour

cell-targeted nanomedicines heavily relies on the EPR effect in cancer patients,
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which explains why many of these formulations failed in large and randomized
phase Il clinical trials. It is recommended that the therapeutic effect of the
passively targeted nanomedicines might be improved by combining the EPR
enhancement measures listed in the ‘Strategies - EPR effect enhancement
section of this chapter. The near total annihilation of passively targeted
nanomedicines in clinical phase lll also illustrates the need to increase the
effective delivery of drugs to tumours by other means when designing nano-anti-
cancer drugs.

The failures in clinical trials do not diminish the potential of nanomedicines. They
are opportunities for learning and further progress. While low efficacy leading to
the failure of phase Il clinical trials is a challenge, it is not insurmountable. With
continued advancements and innovations, cancer nanotechnology still holds
immense promise in realizing the vision of curing cancer. The journey to
harnessing the full potential of nanomedicines for cancer treatment continues,

and the field remains a highly promising tool in the fight against cancer.
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1.6 Motivation and Rationale of this PhD project

Inspired by the great success of Abraxane®, it is evident that albumin
nanoparticles offer a suitable method for delivering hydrophobic drugs.
Abraxane® (albumin-paclitaxel nanoparticle) is a well-known cancer
nanomedicine used to treat advanced breast cancer, non-small cell lung cancer
and pancreatic cancer [132]. Its unique paclitaxel protein-bound, solvent-free
manufacturing technique eliminates the need for toxic excipients present in the
Taxol® formulation, which is made up of paclitaxel and a mixture of toxic
Cremophor oil and ethanol [63].

Clinical trials of Abraxane® have demonstrated its safety and biocompatibility in
advanced cancer patients, with a higher maximum tolerated dose (MTD) of
paclitaxel compared to Taxol®. The phase | trial showed that Abraxane® can be
administered at 300 mg/m? over a 30-minute infusion without premedication,
whereas Taxol® requires 175 mg/m? over a 3-hour infusion with premedication to
reduce hypersensitivity reactions [133]. The higher paclitaxel MTD of Abraxane®
without acute hypersensitivity reaction in the clinical trial implies that albumin
nanoparticles as the carriers of paclitaxel are safe and biocompatible for human
use. Additionally, the phase Il clinical trial of Abraxane® demonstrated
significantly higher response rates (39%) in metastatic cancer patients compared

to Taxol® (19%), further confirming the improved antitumor response of
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Abraxane® [134]. The improved antitumour response of Abraxane® in metastatic
cancer patients has proven that exploiting albumin nanoparticles as the
nanocarrier is a successful approach for clinical translation.

Taxol® is the first-generation formulation of paclitaxel injection [135]. This micellar
formulation of paclitaxel is made up of a mixture of the nonionic surfactant
polyoxyethylated castor oil and absolute ethanol. The FDA approved Taxol® for
the treatment of advanced ovarian cancer in 1992 and later for numerous cancers,
including metastatic breast cancer [136]. It is notable that Taxol® was once the
best-selling anti-cancer drug, with annual sales reaching $1.6 billion in 2000 [70].
However, due to the Cremophor oil-induced acute toxicity, patients need to be
pre-treated with histamine H1/2 blockers and corticosteroids to reduce the
hypersensitivity reaction before the infusion of Taxol® [137]. As a result, its acute
systemic toxicity limited the maximum tolerated dose of paclitaxel and therapeutic
effect for patients. Therefore Taxol® has been gradually replaced by Abraxane®
in the clinical treatment of advanced cancers.

However, it must be acknowledged that poor colloidal stability, limited efficacy
and low payload are some of the shortcomings associated with albumin-based
nanoparticles [138]. Thus, many research groups [139] have attempted to
address these drawbacks, and then numerous studies and methods have been
published. Among the developed methods, desovlation [140,141] is the most

commonly used for fabricating albumin nanoparticles. However, the functional
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groups of albumin proteins are largely occupied by crosslinking in the last step of
the desolvation method and the poor colloidal stability at low concentrations is
also not improved.

So, in this work, the human serum albumin (HSA) is selected as the nanoparticle
scaffold to fabricate novel nanocarriers with high colloidal stability and high drug
payload for a variety of hydrophobic small molecules and details are discussed
in the following chapters. This endogenous protein was chosen to produce more
biocompatible species that may be possibly translated to clinical applications, as
it was hypothesised that biomolecules would be less toxic than a variety of
synthetic polymers and circumvent protein corona formation and thus more likely
to be working in the clinic. To be precise, albumin is a generic term for a family of
specific globular proteins. Albumins can be found in the blood of human and
animal species, milk, egg whites and plant proteins [142]. In this thesis, human
serum albumin is referred to as albumin or HSA for short.

Serum albumin is extensively investigated as a material for making nanocarriers
to deliver active ingredients in cancer therapy. Due to the great commercial
success achieved by Abraxane® (with annual sales of approximately $1.2 billion
in 2020), human serum albumin has attracted great attention in the delivery of
chemotherapeutic agents.

Human serum albumin is constituted of 20 types of amino acids without addition

of metal ions, a single chain comprising 585 amino acids is folded in a heart
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shaped crystal structure with a molecular weight of 66.5 kDa [143], as shown in
Fig 12. The structure of the 20 essential amino acids is shown in Fig 13 and the
amino acid sequence of HSA is listed in Fig 14. Human serum albumin is the
most abundant protein in plasma with an approximate 50 g/L concentration and
it can be easily obtained at a low cost, making it a cost-effective nanomaterial
[144]. Moreover, as an endogenous protein, albumin is water-soluble, nontoxic,
biocompatible and biodegradable, thus the toxicity of albumin nanoparticles is
expected to be decreased to a very low level. In addition, according to the
complete amino acid sequence of HSA listed in Fig 14, HSA contains 59 free
amine groups from lysine side chains, 97 carboxylic acid groups from the side
chains of aspartic acid and glutamic acid, 17 disulfide bonds and one free
sulfhydryl group from the side chain of cysteine (position 34 in amino acid
sequence, also known as Cys-34). This makes albumin easily functionalized, as
the amine groups, carboxylic acid groups, and thiol groups can be readily
modified via NHS-ester reactions, esterification reactions, and maleimide
reactions, respectively. Meanwhile, albumin also has many hydrophobic amino
acids and aromatic amino acids, these functional groups can provide hydrophobic
interaction and -1 stacking interaction to facilitate the carrying and delivery of
hydrophobic small molecules in the bloodstream. Thus, HSA is an excellent
starting polymer for use in drug delivery.

Therefore, in this PhD project, a novel albumin-based nanocarrier (HSA-PLA
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nanoparticle) with a high colloidal stability and a high payload has been created
by a covalent binding of the poly(lactic acid) (PLA) to the albumin cysteine
residues. In order to further enhance the colloidal stability of the HSA-PLA
nanoparticles, a step of acetylation on the albumin L-lysine residues was carried
out to create the acetylated HSA (Ac-HSA).The polymer PLA was then
conjugated to the Ac-HSA, resulting in the formation of Ac-HSA-PLA polymeric
micelles. A variety of hydrophobic small molecules have been encapsulated into
these albumin nanoparticles: paclitaxel, docetaxel, curcumin, as well as some
hydrophobic fluorescent dyes like coumarin 6 and cyanine derivatives. The
resulting nanosystems have shown good colloidal stability for long-term storage.
Notably, Ac-HSA-PLA nanoparticles showed a highly enhanced uptake in MDA-
MB-231 cells (human TNBC cell line) when compared with HSA standard and
HSA-PLA nanoparticles. The synthesis and characterization details of the HSA-
PLA nanoparticles are introduced in Chapter 2. Then the characterization, in vitro
and in vivo evaluations of paclitaxel loaded HSA-PLA nanoparticles are
demonstrated in Chapter 3. The Chapter 4 includes the synthesis method and
characterization of the Ac-HSA-PLA nanoparticles and Chapter 5 covers and
explains the enhanced uptake of the Ac-HSA-PLA nanoparticles in MDA-MB-231

cells based on the data obtained from the in vitro and in vivo studies.
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Fig 12. Crystal structure of human serum albumin (HSA, PDB 1e7e). The domain I, II, llI
were coloured in Red, Purple and Cyan, respectively. The orange labelled fatty acid molecules
were distributed in the albumin’s hydrophobic pockets. Disulphide bridges were emphasized
in green sticks and position of cysteine 34 was labelled as CYS-34. This image was created
through The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC.
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Fig 13. Structure of 20 essential amino acids. These amino acids are categorized into three
types according to their side chain chemical property. Adapted from “Amino Acid Chart”, by
BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-templates.
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3 6 9 12 15
1 Asp Ala His Lys Ser Glu Val Ala His Arg Phe Lys Asp Leu Gly
16 Glu Glu Asn Phe Lys Ala Leu Val Leu |le Ala Phe Ala GIn Tyr
31 Lleu Gn GIn Cys Pro Phe Glu Asp His Val Lys Leu Val Asn Glu
46 Val Thr Glu Phe Ala Lys Thr Cys Val Ala Asp Glu Ser Ala Glu
61 Asn Cys Asp Lys Ser Leu His Thr Leu Phe Gly Asp Lys Leu Cys
76 Thr Val Ala Thr Leu Arg Glu Thr Tyr Gly Glu Met Ala Asp Cys
91 Cys Ala Lys Glu GIn Pro Glu Arg Asn Glu Cys Phe Leu GIn His
106 Lys Asp Asp Asn Pro Asn Leu Pro Arg Leu Val Arg Pro Glu Val
121 Asp Val Met Cys Thr Ala Phe His Asp Asn GIn Glu Thr Phe Leu
136 Lys Lys Tyr Leu Tyr Glu lle Ala Arg Arg His Pro Tyr Phe Tyr
151 Ala Pro Glu Leu Leu Phe Phe Ala Lys Arg Tyr Lys Ala Ala Phe
166 Thr Glu Cys Cys Glu Ala Ala Asp Lys Ala Ala Cys Leu Leu Pro
181 Lys Leu Asp Glu Leu Arg Asp Glu Gly Lys Ala Ser Ser Ala Lys
196 GIn Arg Leu Lys Cys Ala Ser Leu GIn Lys Phe Gly Glu Arg Ala
211 Phe Lys Ala Trp Ala Val Ala Arg Leu Ser GIn Arg Phe Pro Lys
226 Ala Glu Phe Ala Glu Val Ser Lys Leu Val Thr Asp Leu Thr Lys
241  Val His Thr Glu Cys Cys His Gly Asp Leu Leu Glu Cys Ala Asp
256 Asp Arg Ala Asp Leu Ala Lys Tyr lle Cys Glu Asn GIn Asp Ser
271 lle Ser Ser Lys Leu Lys Glu Cys Cys Glu Lys Pro Leu Leu Glu
286 Lys Ser His Cys lle Ala Glu Val Glu Asn Asp Glu Met Pro Ala
301 Asp Leu Pro Ser Leu Ala Ala Asp Phe Val Glu Ser Lys Asp Val
316 Cys Lys Asn Tyr Ala Glu Ala Lys Asp Val Phe Leu Gly Met Phe
331 Leu Tyr Glu Tyr Ala Arg Arg His Pro Asp Tyr Ser Val Val Leu
346 Leu Leu Arg Leu Ala Lys Thr Tyr Glu Thr Thr Leu Glu Lys Cys
361 Cys Ala Ala His Asp Pro Tyr Glu Cys Ala Ala Lys Val Phe Asp
376 Glu Phe Lys Pro Leu Val Glu Glu Pro GIn Asn Leu Ile Lys Gin
391 Asn Cys Glu Leu Phe Glu GIn Leu Gly Glu Tyr Lys Phe GIn Asn
406 Ala Leu Leu Val Arg Tyr Thr Lys Lys Val Pro GIn Val Ser Thr
421 Pro Thr Leu Val Glu Val Ser Arg Asn Leu Gly Lys Val Gly Ser
436 Lys Cys Cys Lys His Pro Glu Ala Lys Arg Met Pro Cys Ala Glu
451 Asp Tyr Leu Ser Val Val Leu Asn GIn Leu Cys Val Leu Glu His
466 Lys Thr Pro Val Ser Asp Arg Val Thr Lys Cys Cys Thr Glu Ser
481 Leu Val Asn Arg Arg Pro Cys Phe Ser Ala Leu Glu Val Asp Glu
496 Thr Tyr Val Pro Lys GIn Phe Asn Ala Glu Thr Phe Thr Phe His
511 Ala Asp lle Cys Thr Leu Ser Glu Lys Glu Arg GIn lle Lys Lys
526 GIn Thr Ala Leu Val Glu Leu Val Lys His Lys Pro Lys Ala Thr
541 Lys Glu GIn Leu Lys Ala Val Met Asp Asp Phe Ala Ala Phe Val
556 Glu Lys Cys Cys Lys Ala Asp Asp Lys Glu Thr Cys Phe Ala Glu
571 Glu Gly Lys Lys Leu Val Ala Ala Ser GIn Ala Ala Leu Gly Leu
Fig 14. The complete amino acid sequence of human serum albumin. 585 amino acids
are consisted of Ala (62), Arg (24), Asn (17), Asp (36), Cys (35), GIn (21), Glu (61), Gly (12),
His (16), lle (8), Leu (61), Lys (59), Met (6), Phe (31), Pro (24), Ser (24), Thr (28), Trp (1), Tyr
(18) and Val (41).




1.7 Aims of project

In this project, we have focused on increasing the efficacy of albumin-based
nanoformulations, particularly in the context of delivering the model drug
paclitaxel (PTX). To achieve this goal, we have developed two strategies and
demonstrated their effectiveness:

e Fabrication of HSA-PLA nanoparticle: We have created HSA-PLA
nanoparticles and formulated PTX with these blank nanoparticles,
resulting in a novel PTX nanoformulation. Our investigation has primarily
focused on evaluating the colloidal stability of the HSA-PLA (PTX)
nanoformulation.

e Acetylation and hydrophilization of human serum albumin: To further
enhance the efficacy of albumin-based nanoformulations, we have
acetylated and hydrophobized human serum albumin. By doing so, we
have prepared a novel PTX formulation known as Ac-HSA-PLA (PTX). Our
research has explored the cellular uptake of these nanoparticles in triple-
negative breast cancer cells and their ability to efficiently deliver PTX to

tumours in a murine tumour model.
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Chapter 2. Synthesis and characterization of the highly
colloid-stable albumin-polylactic acid (HSA-PLA)

nanocarriers

2.1 Introduction

This chapter covers the synthesis method of the amphiphilic polymeric conjugate,
HSA-PLA, and a series of related characterization studies. According to our
hypothesis, HSA-PLA amphiphilic polymers self-assemble into polymeric
micelles with high colloidal stability (low critical micelle concentration) in the
aqueous medium. Here, MALDI-TOF (mass spectrometry) was used to determine
the molecular weight of human serum albumin standard and the HSA-PLA
conjugate, and thus the number of PLA molecules linked to albumin was
estimated. The FT-IR technique was employed to ascertain the presence of the
characteristic absorption peak of PLA molecules in the HSA-PLA spectrum, which
was absent in the HSA spectrum. Furthermore, the protein secondary structure
parameters of both HSA and the HSA-PLA conjugate were measured through the
technique of circular dichroism. Then the critical micelle concentration of the
HSA-PLA conjugate was obtained in fluorescence experiments using pyrene as
a probe. At last, DLS and TEM were applied to demonstrate the morphology of

the HSA-PLA nanoparticles as nanoscale spherical.
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2.1.1 Amphiphilic polymeric micelle

Polymeric micelles [145] refer to shell-core structured nanocarriers constructed
by the self-assembly of block copolymers above the critical micelle concentration
in aqueous media. The geometry of polymeric micelles depends on the ratio of
the thickness of the hydrophilic shell to the radius of the inner core [146]. If this
ratio > 1, the resulting polymeric micelle will have a spherical appearance;
otherwise, it will form a non-spherical structure [147], such as a rod or lamellae.

In comparison to low-molecular-weight surfactant micellar systems, polymeric
micelles have a lower critical micelle concentration (CMC). This indicates that
polymeric micellar systems are more stable than surfactant micellar systems at
low concentrations [148]. Colloidal stability of nanocarriers at low concentrations
is crucial for drug delivery, as robust nanocarriers can withstand disintegration
caused by the dilution effects of body fluids (e.g., blood).

In the case of amphiphilic polymeric micelles, the formation of the inner core in
aqueous medium is driven by hydrophobic interactions between the lipophilic
segments of amphiphilic copolymers [149]. A schematic illustration is provided in
Fig 15. Once the concentration of amphiphilic polymers exceeds the CMC, these
polymers self-assemble into a shell-core structure, reducing the interfacial area
between hydrophobic blocks and the aqueous medium, thereby minimizing

interfacial free energy [150].
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Beside amphiphilic polymeric micelles, scientists have developed other types of
polymeric micelles, such as polymer-metal complex micelles and polyion
complex micelles, which also play important roles in drug delivery systems. In this
thesis, HSA-PLA polymeric micelles belong to the family of amphiphilic polymeric

micelles.
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Fig 15. Schematic illustration of the formation of polymeric micelles by hydrophobic

interactions. CMC represents critical micelle concentration of amphiphilic polymer.

In this work, we have devised a novel approach for creating albumin
nanoparticles. Our hypothesis centred on the potential for these newly devised
constructs to exhibit heightened colloidal stability and carry a substantial payload.
Essentially, we achieved this by modifying the sulfhydryl group of human serum
albumin with a hydrophobic polymer. The resultant HSA-polymer conjugates then
self-assembled into polymeric micelles with nanoscale diameters. This polymeric
micellar nanosystem has shown a higher payload and stability when employed
for delivering paclitaxel, surpassing even the performance of the Abraxane®.
Meanwhile, the presence of PTX molecules in the hydrophobic core of the HSA-
PLA micelles contributes to the additional stabilization of the entire nanosystem.

This is facilitated through intermolecular interactions, such as hydrophobic
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interactions and Tr-1r stacking. More specifically, the maleimide terminated PLA
molecules were covalently bound to the Cys-34 side chains of reductively
processed human serum albumins. The resulting HSA-PLA conjugates self-
assembled into polymeric micelles within aqueous environments, as depicted in

Fig 16, with a nanoscale diameter as observed in TEM images.
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Fig 16. Schematic illustration of the preparation process of HSA-PLA polymeric

micelles. Created with BioRender.com.

2.1.2 Introduction: MALDI-TOF

Mass spectrometry is an analytical technique used to measure the mass-to-
charge ratio of analyte ions or to analyse the chemical structure of unknown
compounds [151]. The analytes are ionized before entering the gaseous mobile
phase. By applying an electric or magnetic field to the ionized sample, analyte
ions with different sizes can be detected by the detector in a specific order. The
resulting signals are then converted into a mass spectrum [152].

The initial step in mass spectrometry involves the desorption and ionization of
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analytes. Different ionization methods have been developed based on the
physicochemical properties of samples, such as molecular weight, polarity, and
volatility [153]. Common ionization methods include electron impact (El),
electrospray ionization (ESI), and matrix-assisted laser desorption ionization
(MALDI). These methods are frequently employed in mass spectrometry. After
ionization, the ions are directed to a mass analyser for separation according to
their mass-to-charge ratios (m/z). A common mass analysis method is time-of-
flight (TOF), often used in combination with MALDI or LC-MS. The separation of
ions in a TOF mass analyser [154] relies on their different flight times in a long
TOF chamber. Accelerated with the same kinetic energy, smaller ions reach the
detector first over the same distance, while heavier ions are detected later.
Consequently, a MALDI-TOF mass spectrometer utilizes MALDI ionization
techniques to desorb and ionize analytes, with a TOF mass analyser for
subsequent ion separation. Typically, MALDI-TOF is suitable for analysing
samples with poor thermostability, non-volatility, and high molecular weight, such
as proteins, peptides, oligosaccharides, and oligonucleotides.

In the preparation of samples for MALDI-TOF, the sample is dissolved in distilled
water and then mixed with a matrix solution. The resulting sample-matrix solution
is deposited onto a MALDI metal plate. After the water and solvent naturally
evaporate, the remaining sample and matrix create a thin film on the MALDI-TOF

sample plate. A laser is then employed to irradiate the matrix-sample thin film on
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the metal plate. The matrix absorbs the laser energy, converting it into excitation
energy that ionizes the samples, either positively or negatively charged,
depending on the matrix type. The ratio of matrix to sample also influences mass
spectrum resolution.

In the selection of MALDI-TOF mode, either positive or negative ionization can
be used for MALDI, detected in linear or reflector mode. For instance, protein
samples embedded in an acidic matrix (e.g., sinapinic acid) are subjected to
positive ionization, while negative ionization is common for oligonucleotide and
oligosaccharide samples with proton-accepting matrices [155], like 2-amino-5-
nitropyridine and 6-aza-2-thiothymine. In the linear mode of the TOF mass
analyser (Fig 17), ions travel in a straight line toward the detector, separated by
their flight speed (proportional to molecular weight). However, their different
starting positions in the accelerating field can lead to broader peaks and low-
resolution signals in the mass spectrum [152]. Reflector mode (Fig 18), utilized
in this study, accelerates the matrix-protein sample ions in an electric field,
guiding them to the TOF chamber. Inside the chamber, ions are reflected by an
ion mirror before detection. The longer ion path in the reflector mode enhances
the separation of ions with varying flight speeds and minimizes the impact of
differing spatial distributions of the same ions, resulting in increased mass
spectrum resolution.

To calibrate the MALDI-TOF mass spectrometer, a suitable standard can be used
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as an external calibrator, run beforehand, or combined with samples and
embedded in the matrix as an internal calibrator. In this study, the internal

calibration mode was adopted, using aldolase as the calibration standard.
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Fig 17. Linear mode of MALDI-TOF. After the ionization of sample and the resulting ions are
accelerated in an electric field and then enter the TOF chamber, ions are separated based on
the different flight times in TOF chamber and detected by the linear detector. Created with
BioRender.com.
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Fig 18. Reflector mode of MALDI-TOF. Samples are ionized by laser bombardment and the
resulting ions are accelerated in an electric field and then enter the TOF chamber, where they
are then reflected by the ion mirror at the end of the TOF chamber and detected by the reflector
detectors. A longer ion path can help to better separate ions when they have different flight
speeds and to reduce the impact of different spatial distributions of same ions. As a result,
resolution of mass spectra of samples can be increased. Created with BioRender.com.

2.1.3 Introduction: FT-IR

Fourier-transform infrared spectroscopy (FT-IR) is a rapid, convenient and
accurate analytical technique to obtain a specific infrared spectrum of an analyte.
The resulting IR spectrum serves as a molecular fingerprint for the analyte, which
can be used to characterize new compounds or identify the unknown sample by
comparing them with existing IR spectra [156].

Before delving into the fundamentals of FT-IR spectroscopy, the concept of ‘light’
is first introduced. Throughout history, scientists have made efforts to describe

and explain the nature of light, proposing various hypotheses [157], including
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electromagnetic radiation, photons, and quantum theory. Maxwell depicted light
as propagating waves consisting of electric and magnetic fields [158]. Building
upon the theory of electromagnetic waves, light can be categorized by its
frequency and wavelength, as demonstrated in the electromagnetic spectrum
shown in Fig 19. For example, visible light falls within a wavelength range of 400
to 700 nanometres. The energy of light is linked to its wavelength and frequency,
with longer wavelengths generally corresponding to lower energy. This energy
carried by light can be transferred to objects when they are illuminated, potentially
triggering a series of photoreactions. This principle explains various phenomena,
including how plants generate energy through photosynthesis. It also applies to
the human visual system, essentially acting as a form of spectrophotometry. The
photoreceptor cells in human eyes, such as rod cells and cone cells, get excited
by light within the visible spectrum (400 — 700 nm), allowing humans to perceive

and differentiate objects based on their appearances and colors.
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Fig 19. Schematic diagram of electromagnetic spectrum. Energy of light is proportional to
frequency and negative correlated with wavelength of light. Created with BioRender.com.
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Based on the theory of electromagnetic radiation, infrared spectroscopy was
developed to visualize the molecular bonds and functional groups of molecules
in the form of an infrared spectrum. The energy of IR radiation at specific
wavelength can be absorbed by molecules in accordance with their molecular
bonds, inducing bond vibrations including stretching and bending. An IR
spectrometer captures the variation in light intensity as light passes through a
sample before and after absorption. For example, the carbonyl group (C=0) in
an ester strongly absorbs light around 1750 cm-', yielding a distinct absorption
signal in the IR spectrum .

On the basis of the IR spectroscopy, scientists developed the FT-IR (Fourier-
transform infrared) technique to gather spectral data across all infrared
wavelengths. Unlike the older IR method that measured light absorption one
wavelength at a time, the FT-IR spectrometer employs a Michelson interferometer
[159] to collect all transmitted light at once, as shown in Fig 20. The interferometer
divides produced infrared light, directing portions toward both a fixed mirror and
a movable mirror. After reflection, the beams are combined and directed through
the sample. By this means, the detector collects transmitted light across all

wavelengths, resulting in an FT-IR spectrum .
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Fig 20. Schematic diagram of Fourier-transform infrared (FT-IR) spectrometer. The
infrared light is split to a fixed mirror and a movable mirror by beamsplitter in the Michelson
interferometer. The reflected beam can then be combined to pass through the sample. The
all-wavelength transmitted light can then be collected by detector. Created with
BioRender.com.

2.1.4 Introduction: Circular dichroism

A circular dichroism spectrophotometer is an analytical tool used to measure the
sample absorption difference between left and right circularly polarized ultraviolet
light [160]. Within the circular dichroism spectrophotometer, ultraviolet light is
polarized in both right- and left-circular directions. Due to the tertiary structure of

proteins (a-helices and B-sheets), the chromophores of peptide bonds exhibit
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differing absorption characteristics for left and right circularly polarized ultraviolet
light. After a series of calculations, a graph of delta epsilon (A €) as a function of
wavelength (nm) can be obtained by the software. Subsequently, protein
secondary structure parameters can be calculated using online calculators (e.g.,

http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/). As a result, CD proves to be a

robust technique for analysing conformational changes in proteins.

2.1.5 Introduction: DLS

The dynamic light scattering (DLS) technique is employed to determine the
hydrodynamic diameter (Dn) of particles suspended in a medium [161]. In DLS,
a laser beam is directed at a colloidal suspension, and a portion of the light
scatters when encountering the moving particles. Variations in the intensity of the
scattered light are influenced by the speed of Brownian motion of the particles.
Smaller particles exhibit faster diffusion and more rapid fluctuations in intensity.
The analysis of these fluctuations in dynamically scattered light intensity allows
the investigation of the random Brownian motion of particles in the medium.
Consequently, the correlator can calculate the particles' diffusion coefficient.

The hydrodynamic diameters of the mobile entities can be computed based on

the Stokes-Einstein equation [162] outlined below:
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Stokes — Einstein equation: DH =

Where Dy is the hydrodynamic diameter, k is the Boltzmann’s constant, T
represents the absolute temperature, n denotes the viscosity of solvent and Dr
signifies the diffusion coefficient of particles.

However, it's important to note that the DLS instrument estimates and calculates
hydrodynamic diameters from sets of scattered light intensities. Thus, the
instrument cannot differentiate between individual dispersed particles and
agglomerated particle clusters (Fig 21). Additionally, the presence of a hydration
layer around particles [163], implies that the actual particle sizes are likely smaller

than the measured hydrodynamic diameters.

Du

, Particle size |

Fig 21. Schematic illustration of the difference between particle sizes and
hydrodynamic diameters of particles. The measured hydrodynamic diameters can be
influenced by the hydration layer or the hydrophilic chains around the particle surface or the
particle clusters. Created with BioRender.com.
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2.1.6 Introduction: TEM

Transmission electron microscopy (TEM) is a type of electron microscope used
to obtain high-resolution images of samples [164]. Therefore, TEM may be used
to image nanoparticles to acquire precise information about the morphology and
particle size of nanoparticles.

In contrast to the techniques described above, transmission electron microscopy
does not rely on light for imaging. In the 19t century, scientists designed an
innovative microscope based on electron imaging technology, which boasted
much higher resolution compared to optical microscopes of the same era [165].
Drawing from the principles of matter and wave-particle duality, as well as
Einstein's equation (E = mc?), Louis de Broglie formulated an equation stating

that wavelength is inversely proportional to mass when velocity remains constant.

h

Louis de Broglie equation: A= —
mv

Where h = Planck’s constant, m = mass of particles, and v = velocity of particles.
As the mass of an electron is much greater than that of a photon, once this
electron has been accelerated to a high speed, the wavelength of the electron
will be very small, allowing for a highly improved resolution of the image.
Based on the above theories, scientists developed the TEM microscopy, as

shown in Fig 22. The electron gun produces an electron beam and electrons are

accelerated from cathode to anode. Condenser lenses are used to focus these
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electrons onto the sample. Due to electrons are not photons, TEM condenser
lenses are electromagnetic lenses rather than the optical lenses. Once the
electrons interact with the sample, and some of electrons are absorbed by the
sample. The dark areas of TEM images are areas where electrons are largely
absorbed and few electrons are transmitted. To enhance clarity in TEM images
of biological samples, staining agents like uranyl acetate are often applied prior
to imaging. Subsequently, the transmitted electrons are collected and
concentrated by the objective lens. The magnification is then adjusted using a
projector lens. After undergoing transformations, 2D images of the sample are

visualized on a screen.
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Fig 22. Schematic illustration for the working principle of transmission electron
microscopy. Electrons from the electron gun are accelerated from cathode to anode.
Condenser lenses focus the electrons on to the sample. Part of electrons will be absorbed by
the sample. Next, the transmitted electrons are collected and focused by the objective lens.
At last, the projective lens are used to adjust the magnification. After transformation, TEM
images of sample can be seen on the screen. Adapted from “Transmission electron
microscopy (TEM)”, by BioRender.com (2023). Retrieved from
https://app.biorender.com/biorender-templates.
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2.2 Materials

Table 3. Materials used in the synthesis and characterization of HSA-PLA
nanoparticle.

Supplier Materials

Acetone puriss ACS reagent

Dimethyl sulfoxide (DMSO)

5,5-Dithiobis (2-nitrobenzoic acid) 99%

Ethylenediaminetetraacetic acid (EDTA)

L-cysteine hydrochloride monohydrate (reagent grade)

Human serum albumin (HSA) essentially fatty acid free

Merck UK Methanol puriss ACS reagent

Phosphotungstic acid hydrate for microscopy

Poly(L-lactide) N-2-hydroxyethylmaleimide terminated Mn 2000

Pyrene, puriss. p.a for fluorescence 299.0%

Sodium phosphate monobasic dihydrate (299.0%)

Sodium phosphate dibasic heptahydrate (98-102%)

Syringe-driven filter units (0.45um)

Generon UK Tris(2-carboxyethyl) phosphine Hydrochloride (TCEP+HCI)

Acetonitrile (ACN, 299.9%, HPLC Gradient grade)

Thermo Fisher 3,5-Dimethoxy-4-hydroxycinnamic acid, 98%

Scientific UK Slide-A-Lyzer™ Dialysis Cassettes 20K MWCO

Trifluoroacetic acid (TFA, 99%)

Biosynth Carbosynth | 4-azidobenzoic acid (ABA)

ELGA PURELAB® Distilled water

All chemicals, reagents and solvents were used as purchased without any

purification.
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2.3 Experimental methods

2.3.1 Preparation of HSA-PLA polymeric micelles

All solutions used in the synthesis were degassed overnight. Also all reactions
described in this section were carried out under the nitrogen protection.

Step 1: Reduction of human serum albumin

An amount of 800 mg of HSA powder was dissolved in 120 mL of 0.1 M sodium
phosphate buffer solution (pH 6.8, 1 mM EDTA), followed by the addition of 7 mL
of a TCEP solution (10 mg/mL in water) to the HSA solution. The resulting mixture
was stirred using a magnetic stirrer for 4 hours while placed in an ice bath and
under nitrogen protection.

Step 2: Quenching TCEP reduction

A total of 0.5 mL of DMSO containing 50 mg of 4-azidobenzoic acid was added
drop by drop to the previously mentioned mixture. Following a 10-minute
quenching period, 40 mL of 0.2 M sodium phosphate buffer (pH 9.3) was
introduced to the mixture to neutralize any acidic by-products.

Step 3: Conjugating MAL-PLA to the reduced HSA

Maleimide-PLA (540 mg, Sigma-Aldrich, UK) was dissolved in 15 mL of DMSO
and subsequently added to the previously reduced HSA solution. The resultant

mixture was stirred using a magnetic stirrer for 4 hours at 37°C in an oil bath, all
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while being protected with nitrogen.

Step 4: Purification and lyophilization

After the conjugation, the mixture was subjected to centrifugation for 5 minutes
at 6000 rpm (5 cycles) using a Hermle Z232K Centrifuge (Hermle Labortechnik
FmbH, Germany). The resulting supernatant was carefully transferred to a
dialysis cassette with a molecular weight cut-off of 20K. After 2 days of dialysis
against distilled water, the nanosuspension underwent centrifugation once more
for 5 cycles at 6000 rpm for 5 minutes. The purified nanoparticle suspension was
rapidly frozen in a -20°C medium containing 25% (w/v) NacCl, followed by a
subsequent 48-hour lyophilization process utilizing a freeze dryer (ALPHA 1-4
LDplus, Martin Christ, Germany). The resulting lyophilized powder was collected

and stored in a glass vial at room temperature.

2.3.2 Ellman’s colorimetric assay

Ellman's colorimetric assay was utilized to quantify the presence of free sulfhydryl
groups in both albumin standards and the reduced albumins.

Step 1: Determination of free sulfhydryl groups of albumin standards

The free sulfhydryl groups of commercially available albumin proteins (HSA-
A1887, A3782, A8763; and BSA-A2153, Sigma-Aldrich, UK) were quantified by

using the Ellman’s assay. Briefly, albumin and Ellman’s reagent (5,5-dithio-bis-(2-
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nitrobenzoic acid), DTNB) powder were dissolved in degassed 0.1 M sodium
phosphate buffer solution (pH 8.0, 1 mM EDTA), respectively. Subsequently, the
Ellman’s reagent solution was added to the albumin solutions, and the resulting
mixtures were stirred under the protection of nitrogen for 15 minutes at room
temperature. The concentrations of the albumins and Ellman’s reagent in the
mixtures were equivalent to 0.025 mM and 0.5 mM, respectively. An instrument
(UV-1650PC, Shimadzu, Japan) was used to measure the absorbance of
reactants at wavelengths from 400 nm to 450 nm.

Step 2: Determination of free sulfhydryl groups of reduced albumins

The assessment of free sulfhydryl groups in the reduced albumins (listed in
method 2.3.1) was conducted at predetermined time points (10 min, 30 min, 1, 2,
and 4 hours). The final concentrations of the reduced HSA and the DTNB were
0.025 mM and 1.0 mM, respectively. The mixture was stirred for the designated
times (as specified above) within an ice bath and under a continuous stream of
nitrogen. Prior to this, TCEP within the mixture had been inactivated using 4-
azidobenzoic acid, and the pH was adjusted to pH = 8. The UV-1650PC
instrument (Shimadzu, Japan) was once again employed to measure reactant

absorbance across wavelengths ranging from 400 nm to 450 nm.

Page | 109



2.3.3 Matrix-assisted laser desorption ionization time-of-flight

The molecular weights of both HSA standards and the HSA-PLA conjugates were
determined by a Matrix-Assisted Laser Desorption-Time of Flight (MALDI-TOF)
Mass Spectrometer (Bruker Daltonics, BD, Bremen, Germany). The saturated
matrix solution was prepared by dissolving an excess of 3,5-dimethoxy-4-
hydroxycinnamic acid (sinapinic acid) in a solution consisting of 50% distilled
water and 50% ACN (0.2% v/v TFA). Protein samples (100 pmol/uL) were diluted
with the freshly made matrix solution (1: 9). Then, 1 pL of the resulting mixture
was carefully deposited onto a MALDI sample plate. Additionally, 1 pL of an
aldolase standard solution (A9096, Sigma Aldrich, UK) was deposited at the
same site, serving as an internal calibration standard. Reflector mode was

selected to achieve a higher resolution mass spectrum.

2.3.4 Fourier-transform infrared spectroscopy, FT-IR

Functional group information of the samples was acquired through FT-IR
Spectrometry using a Perkin Elmer-FTIR Spectrum-100 instrument (Perkin Elmer,
Germany). To perform this, either the HSA standard or HSA-PLA powder was
placed onto the mounting plate to ensure detector coverage. The pressure level
was regulated to approximately 120 by adjusting the pressure arm knob. The
scanning process covered a range from 400 to 4000 cm™', and each spectrum

was generated by conducting 16 scans.
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2.3.5 Circular dichroism, CD

The JASCO J-720 Spectropolarimeter (JASCO, JAPAN) instrument was utilized
to assess the secondary structure of both HSA and HSA-PLA. For this purpose,
the HSA standard and lyophilized powder of HSA or HSA-PLA were dissolved in
phosphate buffer (pH 7.4, without sodium chloride) at a concentration of 0.5
mg/mL. These sample solutions were placed within 0.22 mm pathlength
demountable cuvettes (Hellma®) and subjected to scanning from 300 nm to 180
nm at room temperature. Each sample underwent three separate scans, and the
acquired spectra were processed using the CDtools software. The a-helix and 3-
sheet data for each sample were computed through the K2D3 web calculator

(http://cbdm-01.zdv.uni-mainz.de/~andrade/k2d3/).

2.3.6 Dynamic light scattering, DLS

The hydrodynamic diameter, zeta potential, and polydispersity index (PDI) of both
the HSA standard and the HSA-PLA nanoparticles were assessed using dynamic
light scattering (DLS) through a Malvern Nano-ZS instrument. For each analysis,
2 mg of the lyophilized sample was dispersed in 2 mL of distilled water. The pH
value of both the albumin solution and the HSA-PLA nanosuspension was
maintained at 7 (pH = 7). To ensure accuracy, each sample underwent three

measurements.
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2.3.7 Critical micelle concentration assessment

To determine the critical micelle concentration of the HSA-PLA nanoparticles, the
pyrene fluorescence method was employed. Here's the procedure in detail:
1. Preparation of pyrene solution:
e Dissolve 1.2 mg of pyrene in 1 mL of MeOH, creating a 5.93 mM pyrene
solution.
¢ Dilute this solution with MeOH to yield a 593 yM pyrene solution.
2. Preparation of pyrene stock solution:
o Take 0.1 mL of the 593 uM pyrene solution and place it in an empty amber
bottle.
e Allow this to dry in a fume hood for 30 minutes.
o Fill the dried amber glass vial with 100 mL of distilled water, resulting in a
593 nM pyrene stock solution.
3. Preparation of HSA-PLA nanoparticle dispersions:
e Create HSA-PLA nanoparticle dispersions at concentrations of 0.02, 0.2,
2, 20, 60, 100, 200, and 2000 pg/mL.
4. Mixing pyrene stock solution with nanoparticle dispersions:
e Add 1 mL of the pyrene stock solution to each glass vial.
e To each vial, slowly introduce 1 mL of the corresponding HSA-PLA
nanoparticle dispersion while employing magnetic stirring.
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5. Spectra measurement:

e The concentration of pyrene in each sample vial is now 297 nM, and the
HSA-PLA polymer concentrations range from 0.01 to 1000 pg/mL.

e Record the spectra (water background subtracted) using an LS 45
luminescence spectrometer (Perkin Elmer, Germany).

e The parameters for the measurement are: excitation wavelength 340 nm,
emission wavelength from 365 to 415 nm, scan speed 20 nm/min, and 5
repeated scans per sample.

This procedure allows for the assessment of the critical micelle concentration of
the HSA-PLA nanoparticles using the pyrene fluorescence method, providing

insight into the self-assembly behaviour of the nanoparticles.

2.3.8 Transmission electron microscopy, TEM

A drop of HSA-PLA nanosuspension at a concentration of 5 mg/mL and a drop of
HSA standard solution at a concentration of 5 mg/mL were applied to TEM grids.
After a 5-minute interval, excess water on the TEM grid was absorbed by tissue
paper. Subsequently, a drop of 1% (w/v) neutral phosphotungstic acid solution
was added to each TEM grid. Following a 1-minute staining period, distilled water
was utilized to wash each copper grid and remove excess staining agent. The

prepared TEM samples were stored in a dark environment until imaging.
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2.3.9 Statistics

Data are presented as the means = SD (standard deviation). The student’s t-test
was used in this chapter for the statistical analysis by Prism software. A value of

p < 0.05 was considered to be a significant difference between the two sets of

data.
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2.4 Results and discussion

2.4.1 Synthesis of HSA-PLA conjugates

In this study, it is aimed to link a hydrophobic polymer to the cysteine-34 (Cys-34)
sulfhydryl group of HSA. As reported previously [166], there is a free sulfhydryl
group (Cys-34) at the surface of HSA (Fig 13). However, in fact, the Cys-34 thiol
groups of commercial albumins are often occupied, because albumin also acts
as the plasma antioxidant [167], and thus these Cys-34 thiol groups are
susceptible to be oxidized in the blood circulation or manufacturing processes.
Consequently, the Cys-34 of commercial albumin might not be reactive,
necessitating an additional reduction step to eliminate any unknown compounds
bound to the Cys-34 side chain prior to the PLA conjugation.

TCEP [(tris(2-carboxyethyl)phosphine)] is a frequently used reductant in the
biological chemistry. The inert phosphate oxide (oxidized TCEP) was formed
when HSA was reduced by the TCEP (Fig 23). Furthermore, the excess TCEP
was able to be inactivated and quenched by the addition of 4-azidobenzoic acid.
Simultaneously, the utilization of a degassed buffer and the inclusion of EDTA in
the reaction medium were undertaken to mitigate any potential unexpected side
reactions. These precautions aimed to counteract events such as the oxidative

modification of sulfhydryl groups and the binding of thiol groups to metals.
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After the reduction of the HSA, 4-azidobenzoic was added to neutralize the
excess TCEP. Based on the previous discussion, the TCEP could be transformed
to the unreactive phosphine oxide through the Staudinger reaction [168].
Moreover, the acidic by-product, 4-aminobenzoic acid, could provide the
additional protons to protect the reduced sulfhydryl groups (from thiolate anion
state to sulfhydryl state) during the quenching step.

For the subsequent conjugation step, an alkaline buffer solution was added to
neutralize the acidic by-products and activate the sulfhydryl groups of the reduced
HSA (-SH to -S-). Subsequently, Following this, a solution of maleimide-
polylactide (MAL-PLA) in dimethyl sulfoxide (DMSQO) was added to the reduced
albumin solution. The water-insoluble complex formed by MAL-PLA and DMSO
was then dispersed within the aqueous basic reaction medium. This dispersion
enabled the MAL-PLA molecules to interact with and conjugate to the cysteine
side chains of albumins. As a result, the HSA-PLA conjugates formed and
underwent self-assembly into polymeric micelles. Since MAL-PLA molecules do
not dissolve readily in the aqueous reaction medium, the efficiency of conjugation
of MAL-PLA to HSA was notably low. Consequently, a surplus amount of MAL-
PLA molecules had to be added to ensure sufficient conjugation occurred.
Despite the release of multiple thiol groups per albumin due to the action of TCEP,
the polymer MAL-PLA was still highly conjugated to the side chain of the Cys-34.

This phenomenon has been substantiated and verified in subsequent chapters.
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The occurrence can be attributed to the steric hindrance effect [169,170], which
dictates that the dispersed micron-sized clusters of MAL-PLA can exclusively
interact with the thiol group of Cys-34 located on the surface of HSA. Notably, the
amphiphilic nature of the resulting HSA-PLA conjugates, which share identical
critical micelle concentration and surface tension in the given aqueous
environment [171], greatly contributes to the formation of exceptionally uniform

nanoparticles.
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Fig 23. Synthetic process of HSA-PLA conjugates including reducing, quenching and
conjugation steps. TCEP was used to release the sulfhydryl group of Cys-34, then 4-
azidobenzoic acid was added to neutralize the excess TCEP. At last, a hydrophobic polymer
MAL-PLA was conjugated to the reduced HSA via the maleimide reaction.
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2.4.2 Confirmation of the synthesis of HSA-PLA conjugates

The synthesis of the HSA-PLA conjugates was confirmed through a series of
analytical methods, including the Ellman’s colorimetric assay, MALDI-TOF, FT-IR,
and circular dichroism studies.

Ellman’s colorimetric assay

The hypothesis underlying this study was that the hydrophobic polymer PLA
would be conjugated with the free sulfthydryl group (Cys-34) of HSA. To
investigate this, the Ellman’s assay was initially employed to quantify the
availability of free sulfhydryl groups in the HSA obtained from Sigma Aldrich, UK.
Various types of albumin, including three bottles with different product numbers
(A1887,A3782, and A8763) of HSA and one bottle of BSA (A2153), were selected
to assess the occupancy status of their Cys-34 side chains. Though the
nucleophilic substitution reaction (Fig_24. A) between the thiolate anion and
DTNB [Elliman’s reagent, 5,5’-Dithio-bis-(2-nitrobenzoic acid)], the absorbance of
the resulting TNB- at a wavelength of 412 nm was recorded by a UV-VIS
spectrophotometer. The concentration of TNB— molecules served as an indicator
of the concentration of free sulfhydryl groups. Approximately, according to the
Ellman’s assay results (Fig 24. B), 65% of the Cys-34 side chains of the human
serum albumins (Sigma Aldrich, UK) were blocked, and 50% of the Cys-34 thiol

groups of bovine serum albumins were occupied. Consequently, an additional
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reduction step for HSA was deemed necessary to release the sulfhydryl groups
for the conjugation. The curve depicting the released thiol groups over the course
of albumin reduction time (Fig 24. C) indicated that the TCEP reduction method
did not break all disulphide bridges within the HSA molecules. Given that HSA
protein contains 35 cysteine residues, the maximum number of thiol groups
released per albumin molecule was 7. In Fig 24. D, the lower absorbance
intensity at 412 nm represents a lower concentration of thiol groups in the solution.
Notably, the HSA-PLA sample exhibited nearly no free thiol groups in comparison
to the HSA standard. This result indicates that the free thiol groups released from

the Cys-34 of albumins were fully occupied after the conjugation reaction.
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Fig 24. The Ellman’s colorimetric assay was used to quantify the free sulfhydryl groups
of albumins. (A) An nucleophilic substitution reaction between the thiolate anion and DTNB.
(B) Free sulfhydryl groups of different commercially available albumins. (C) The number of
released thiol groups at different pre-determined TECP reduction time points. (D) The
comparison of UV-VIS spectra, the absorbance intensity at 412 nm of each albumin sample is
proportional to its concentration of free sulfhydryl groups. No free thiol group was left after the

4-hour conjugation reaction of MAL-PLA with the reduced HSA in comparison to the HSA
standard.
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Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FT-IR) was applied to check if the
polymer MAL-PLA was conjugated to the reduced albumin. The stacked FT-IR
spectra (Fig 25) clearly showed an absorption peak at 1756 cm-! corresponding
to the carbonyl group of PLA in the HSA-PLA spectrum, contrasting with the FT-
IR spectrum of the HSA standard. Based on the results of the Ellman’s assay and
the FT-IR studies, it is concluded that the MAL-PLA was effectively conjugated to
the reduced HSA, and this conclusion was further corroborated through

subsequent analyses (as detailed below).

HS A standand

PLA standard

HSAPLA
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Fig 25. FT-IR spectra of HSA standard, MAL-PLA standard and HSA-PLA lyophilized
powder. The polymer MAL-PLA has one characteristic absorption peak at 1756 cm-! of ester
carbonyl group (C = O), which is present in the HSA-PLA FT-IR spectrum and absent in the
HSA standard spectrum.
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Matrix-assisted laser desorption ionization time-of-flight

The MALDI-TOF mass spectrometer was used to measure the molecular weights
of HSA standards and HSA-PLA conjugates. The mass spectra of the HSA
standard and the HSA-PLA conjugate are shown in Fig 26. Furthermore, the
quantity of PLA molecules covalently bound with the HSA can be estimated
according to the difference in the molecular weights between the HSA standards
and the HSA-PLA conjugates.

The aldolase standard (A9096) was purchased from Sigma Aldrich and used as
the internal calibrator in the measurement of the molecular weights of the HSA
standards and the HSA-PLA conjugates. The obtained HSA molecular weight
results (66479 + 35 Da) align with the literature-recorded molecular weight of HSA
(66.5 kDa), affirming the suitability of the MALDI-TOF method and instrument for
subsequent HSA-PLA measurements.

The measured molecular weights of the HSA standards and the HSA-PLA
conjugates were 66479 + 35 Da and 67863 + 282 Da, respectively (p < 0.01).
With the average molecular weight of the MAL-PLA polymer (Sigma Aldrich, UK)
approximately 2000 Da, we inferred that, on average, each HSA molecule had
received one MAL-PLA molecule.

As a summary, it was hypothesized that the polymer MAL-PLA was linked with
the Cys-34 residue of HSA. Despite the release of approximately 7 free sulfhydryl

groups from each albumin molecule following the TCEP reduction, the presence
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of steric hindrance effects implies that Cys-34 on the HSA surface is likely the

only point of reactivity with the micron-sized dispersed MAL-PLA segments. As a

result, from a theoretical standpoint, no significant alteration in the secondary

structure of the HSA-PLA conjugates was anticipated when compared to the HSA

standards.

Aldolase standard: 39212 Da

respectively (p < 0.01).
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HSA standard: 66498 Da

|

Fig 26. MALDI-TOF spectra. Aldolase (39212 Da) was used as internal calibrator. (A) Mass
spectrum of HSA standard. (B) Mass spectrum of HSA-PLA conjugate. The molecule weights
of the HSA standards and the HSA-PLA conjugate are 66479 + 35 Da and 67863 + 282 Da,

¢ Aldolase standard: 39212 Da }

sodoc | soboo | s0000 | sodoo | 7ogoo | sobco | sedoo

|fI HSA-PLA: 68181 Da
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Circular dichroism

To confirm our hypothesis on the synthesis, the circular dichroism technique was
applied to evaluate the secondary structure of HSA standards, lyophilized HSA
and lyophilized HSA-PLA. It must be acknowledged that the secondary/ tertiary
structure of proteins may be influenced during the process of lyophilization [172].
HSA, a typical alpha-helical protein [173], has negative bands at 222 nm and 208
nm and a positive peak at 193 nm in the far-UV CD spectrum (Fig 27). In theory,
the endogenous human serum albumin presents as a heart-shaped structure
consisting of a single polypeptide chain with 68% a-helix and zero B-sheet [166].
According to the Sigma Aldrich product information [174], the a-helix and 3-sheet
content of the commercial HSA is 45% and 15%, respectively. Evidently, the
secondary structural information of the HSA provided by Sigma Aldrich was not
corresponding with the literature records of the endogenous HSA.
Consequently, the secondary structure of the HSA obtained from the Sigma
Aldrich, UK was evaluated and tested to verify the reproducibility of their reported
data. Moreover, an additional dissolving-freeze-drying cycle was conducted on
the HSA standard obtained from the Sigma Aldrich to ascertain whether the
lyophilization process could alter the protein's secondary structure. Based on the

data listed in Table 4, the lyophilization did significantly alter the secondary

structural of the HSA [0-helix (%) decreased from 44.52 + 0.62 to 16.90 + 0.32, p

< 0.0001; B-sheet (%) increased from 12.89 + 0.12 to 27.06 + 0.28, p < 0.0001].
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It is noteworthy that the administration of denatured albumin through intravenous
injection might trigger immune response-related side effects [175]. Notably the
secondary structure data (a-helix and B-sheet) of HSA-PLA conjugates are not
statistically different with the additionally lyophilized human serum albumin. This
observation potentially indicates that the site of PLA conjugation to HSA is the
Cys-34 residue of HSA.

In summary, findings from the Ellman's assay, FT-IR, MALDI-TOF, and CD
studies collectively support the notion that the MAL-PLA has been selectively

conjugated to the Cys-34 residue of HSA using this synthesis approach.
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Fig 27. CD spectra of albumins. The secondary structure of human serum albumin
(untreated and lyophilized) received from Sigma Aldrich, UK and the HSA-PLA conjugate.
Lyophilization did significantly alter the secondary structural of HSA based on the spectra. The
structure information obtained from the CD spectra of HSA-PLA was similar to that of

lyophilized human serum albumin.
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Table 4. Secondary structure information of albumins. Data are presented as

mean + SD, n = 3. **** p < 0.0001. vs HSA standard.

a-helix (%) B-sheet (%) Ref
Endogenous HSA 68 0 [173]
HSA (Sigma product sheet) 45 15 [174]
HSA standard 4452 + 0.62 12.89£0.12 Data
Lyophilized HSA 16.90 £ 0.32**** 27.06 £ 0.28**** Data
HSA-PLA 16.94 + 0.32**** 26.85 £+ 0.15%*** Data

2.4.3 Characterization of HSA-PLA nanoparticles

Here, a Malvern Nano-ZS instrument was used to determine the hydrodynamic
diameters and zeta-potentials of HSA standards and HSA-PLA nanoparticles in
distilled water at a concentration of 1 mg/mL. The morphology of the HSA-PLA
nanoparticles was visualized by the TEM microscopy. Additionally, the pyrene
fluorescence method was utilized to determine the critical micelle concentration
of HSA-PLA conjugates, thereby confirming the polymeric micelle nature of the
HSA-PLA nanoparticles.

Hydrodynamic diameter, polydispersity index and zeta-potential
Dynamic Light Scattering (DLS) is a robust technique employed for characterizing

macromolecules and nanoparticles. By monitoring the random Brownian motion
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of substances within a medium, it's possible to estimate the hydrodynamic
diameters of these moving entities. In this context, the DLS technique was
employed to differentiate between HSA proteins and HSA-PLA nanoparticles in
an aqueous medium (distilled water), focusing on aspects like size distribution,

polydispersity index (PDI), and zeta-potential. In Fig 28. A and B, the size

distribution graphs of the HSA standard and the HSA-PLA nanoparticles imply
that HSA protein aggregates exhibited a multi-distribution pattern in water, while
HSA-PLA nanoparticles showed a mono-distribution in water. As shown in Table
5, the average hydrodynamic diameter of the HSA standards and the HSA-PLA
nanoparticles was 14 £ 8 nm and 170 £ 7 nm, respectively, p < 0.0001. A higher
PDI value of the HSA standard (0.57 £ 0.23 for HSA standards and 0.15 + 0.05
for HSA-PLA nanoparticles) also indicates that the size distribution of the HSA
proteins was significantly broader than that of the HSA-PLA nanoparticles, p <
0.05. In addition, the zeta-potential of the HSA-PLA nanoparticles was more
negative than the zeta potential of the HSA standard, -26.3 + 0.5 mV versus -12.6
+ 3.3 mV, p <0.01 respectively.

Given that the polymer MAL-PLA was linked to the Cys-34 side chain of the HSA,
and considering that HSA-PLA conjugates would self-assemble into polymeric
micelles, it's noteworthy that an HSA consists of a single polypeptide chain
containing 585 amino acids. Therefore, the amino acids surrounding Cys-34

would be enclosed within the hydrophobic core of the HSA-PLA nanoparticles.
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Based on the structure of the HSA (Fig _13), this hydrophobic core should
encompass PLA polymers and amino acids within domain | and part of domain Il
(Fig 74, page 263). According to this hypothesis, the number of positively charged
amino acids was tabulated (see Table 13, page 264), specifically arginine (Arg)
and histidine (His), spanning the 15t to the 210" amino acid of the HSA (Fig 14).
Notably, 35.9% of HSA's amino acids (the initial 210 out of 585) accounted for
45.8% of HSA's arginine (11 out of 24) and 43.8% of HSA's histidine (7 out of 16).
In contrast, within the first 210 amino acids of the HSA, negatively charged amino
acids—specifically aspartic acid and glutamic acid—constituted 38.9% and
36.1%, respectively, of the entire pool of HSA’'s aspartic acid and glutamic acid.
Consequently, more positively charged amino acids were incorporated into the
core of the HSA-PLA nanoparticles compared to the negatively charged ones.
This resulted in the more negative zeta-potential of the HSA-PLA nanoparticles
compared to the free HSA.

In conclusion, based on the differences in hydrodynamic diameter, PDI, and zeta-
potential between the HSA standards and the HSA-PLA nanoparticles, it can be
inferred that the successful conjugation of the polymer MAL-PLA to the Cys-34 of
the HSA potentially facilitated the formation of mono-distributed albumin-based

nanoparticles, namely, the HSA-PLA nanoparticles.
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Table 5. Hydrodynamic diameter (Du), polydispersity index (PDI) and zeta-
potential of human serum albumin standard and HSA-PLA nanoparticles. Data
are presented as mean + SD (n = 3). *, p<0.05. **, p < 0.01. *™**, p < 0.0001. vs HSA

standard.
Samples Dy (nm) PDI Zeta potential (mV)
HSA standard 14+8 0.57£0.23 -12.6 £ 3.3
HSA-PLA NPs 170 £ 7% 0.15 £ 0.05* -26.3 £ 0.5**
A Size Distribution of HSA standard by Intensity B Size Distribution of HSA-PLA NPs by Intensity
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Fig 28. Characterization of HSA-PLA nanoparticles in the aspects of size distribution
and zeta-potential. The hydrodynamic diameter distribution of A) HSA standard and B) HSA-
PLA NPs and C) zeta potential distribution of HSA standard and HSA-PLA NPs were obtained
through a Malvern Nano-ZS instrument. The size distribution of HSA molecules in water was
multi-distributed. While after the conjugation of MAL-PLA to HSA, the size distribution of HSA-
PLA nanoparticles was mono-distributed. HSA-PLA nanoparticles exhibited a larger size and
more negative zeta potential when compared with HSA standard.
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TEM images of HSA standard and HSA-PLA nanopatrticles

The TEM image of the HSA standard (Fig 29) shows the small size of the free
HSA and some large aggregates of the denatured HSA. It is corresponding with
the above DLS results that the size distribution of the HSA in water was multi-
distributed. In the TEM image of the HSA-PLA nanoparticles (Fig 30), the HSA-
PLA nanoparticles are visualized in the form of a spherical appearance and some
particle clusters. The morphology, distribution, and size of the HSA-PLA
nanoparticles in their TEM images distinctly contrast with those of the HSA

standard.

HSA standard

T

Fig 29. TEM image of human serum albumin molecules. The HSA proteins show a
filamentous appearance and large aggregates in this TEM image.
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HSA-PLA nanoparticles

500 nm

Fig 30. TEM image of HSA-PLA nanoparticles. Spherical nanoparticles and some particle

clusters can be observed in this TEM image.

CMC determination of HSA-PLA nanoparticle

The critical micelle concentration (CMC) of the HSA-PLA blank nanoparticles was
measured through the well-documented pyrene fluorescence method. In this
approach, the fluorescence intensity ratio of the peak at 372 nm (Is72) to the peak
at 384 nm (Iss4) was calculated. The resulting values were then used to plot the
curve of ls72/lsss4 against polymer concentrations through Boltzmann-Sigmoidal
fitting (Fig 31. a). The CMC of the HSA-PLA polymeric micelles is 37.15 + 3.31

mg/L, around 0.5 uyM of the HSA-PLA conjugates. Normally, the CMC of a
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surfactant such as sodium dodecyl sulphate is around 9 mM [176]. Therefore, in
comparison to low molecular weight micelles, the polymeric micelles demonstrate
significantly enhanced colloidal stability at these low concentrations (0.5 pM vs.
9 mM). In addition, the redshift of the peaks (Is72 and lss4) observed with
increasing polymer concentration (Fig 31. b) indicates the process of HSA-PLA

polymeric micelle formation [177].
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Fig 31. Critical micelle concentration measurements of HSA-PLA polymeric micelles.
(a) A Sigmoidal-Boltzmann fitting curve of the fluorescence intensity ratio Is72/lsss versus the
HSA-PLA polymer concentration. (b) Fluorescence emission spectra of the probe pyrene in
HSA-PLA polymer aqueous solutions. The redshift of five emission peaks along with the
increasing polymer concentration implied the incorporation process of pyrene in HSA-PLA
polymeric micelles.
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2.5 Conclusion

To sum up, a completely new synthetic method was designed for producing the
self-assembling HSA-PLA conjugates. The decorated albumin has been created
by the covalently binding of polylactides to the albumin Cys-34 residues (HSA-
PLA). The Ellman’s assay confirmed that the Cys-34 sulfhydryl group in
commercial human serum albumins is not available for derivatization.
Consequently, reduction of HSA is necessary to release free sulfhydryl groups for
successful conjugation. The MALDI-TOF and FT-IR techniques were used to
prove that polymer MAL-PLA had been successfully conjugated to the reduced
HSA. The molecular weight of the HSA-PLA conjugates is 67863 + 282 Da.
Through TEM, DLS, and CMC studies, it was established that the HSA-PLA
nanoparticles exhibit spherical polymeric micelle morphology with nanoscale
diameters. These nanoparticles displayed an exceptionally low critical micelle
concentration of around 0.5 uM in distilled water. Notably, the hydrodynamic
diameter of a single HSA-PLA nanoparticle (170 £ 7 nm) appeared larger than
the actual particle size evident in the TEM images (50 nm - 100 nm). This disparity
can be attributed to nanoparticle agglomeration in water, resulting in observable
clusters in the TEM images.

To reduce the nanoparticle agglomeration, strategies such as pegylation of the

HSA-PLA nanoparticles or decorating negatively charged molecules onto the
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nanoparticle surface could be employed to decrease surface tension. The zeta-
potential of the HSA-PLA nanoparticles is -26.3 + 0.5 mV, which is significantly
more negative than that of the HSA standard -12.6 £ 3.3 mV, p < 0.01. As the
conjugation of the MAL-PLA to the side chain of Cys-34 facilitates the formation
of shell-nucleus nanoparticles, a large amount of positively charged amino acids
in the vicinity of the Cys-34 may be encapsulated within the inner core. Meanwhile,
considering that 45.2% of HSA's phenylalanine and 38.9% of HSA's tyrosine are
situated within the first 210 amino acids, the HSA-PLA nanoparticles might be
suitable for encapsulating paclitaxel due to the abundance of aromatic functional

groups within their core.

Page | 134



Chapter 3. Drug loading and characterization of the

PTX-loaded HSA-PLA nanoparticles.

3.1 Introduction

This chapter involves the optimization of a drug loading method for HSA-PLA
nanoparticles, coupled with various characteristic studies aimed at confirming the
encapsulation of the drug paclitaxel (PTX) within the HSA-PLA nanoparticles. In
addition, diverse colloidal stability tests have been carried out on the HSA-PLA
(PTX) in this work. The reasons behind the heightened colloidal stability of the
HSA-PLA (PTX) in comparison to Abraxane® were elucidated, drawing upon
thermodynamics and the DLVO theory.

In this section, the drug PTX was encapsulated into the HSA-PLA blank
nanoparticles with the aid of probe ultrasonication. The reverse phase high
performance liquid chromatography (RP-HPLC) method was used to determine
the drug loading efficiency and drug loading capacity associated with this drug
loading method. X-ray powder diffraction technique was applied to validate the
encapsulation of paclitaxel within the core of the HSA-PLA nanoparticles.
Afterwards, DLS and TEM techniques were exploited to determine the size
distribution and morphology of the PTX-loaded HSA-PLA nanoparticles. At last,

the colloidal stability of the HSA-PLA (PTX) was evaluated through room
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temperature storage assessments, evaluation of performance in biological media,

and tests involving large volume dilutions.

3.1.1 Introduction: Paclitaxel (PTX)

Paclitaxel (PTX) is a broad-spectrum drug employed for the treatment of diverse
cancers and it is the frequently used as a chemotherapeutic agent in the
treatment of advanced breast cancer [178]. The chemical structure and chemical

properties of PTX are shown in Fig 32.

Paclitaxel (PTX)

Fig 32. Chemical structure of paclitaxel. The molecular weight of PTX is 854 g/mol.
Paclitaxel has a log P value of approximately 4. It is a hydrophobic small molecule, the water
solubility of PTX is lower than 0.1 pg/mL.

Paclitaxel is used as an effective inhibitor of cell differentiation and proliferation
in the clinic. Its mechanism of action involves binding to B-tubulin within cellular
microtubules, thus stabilizing them and preventing their disassembly [179].

Microtubules are elongated, fibrillar, pipe-shaped protein polymers that play a
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critical role in the cytoskeleton's structure and function. During the final phase of
the cell cycle, paclitaxel's ability to stabilize microtubules leads to the cessation
of cell division (mitosis) and prompts ongoing growth of the microtubules,
ultimately triggering apoptosis. As the infinite proliferation is a hallmark of
aggressive cancer cells, paclitaxel proves highly effective in inhibiting the growth

of such cancer cells in vitro.

3.1.2 Introduction: Drug loading method

In this work, the drug paclitaxel was encapsulated into the blank HSA-PLA
nanoparticles under the action of probe ultrasonication. As the HSA-PLA
nanoparticles are protein-based nanoparticles, the use of organic solvents should
be limited when designing drug loading methods. This makes many conventional
drug loading techniques, such as the thin-film hydration method and dialysis
method, unsuitable for the HSA-PLA nanoparticles [180].

More specifically, the PTX powder was dissolved in methanol at a concentration
of 20 mg/mL. This methanolic solution of PTX was then added to an aqueous
nanosuspension of HSA-PLA (at a concentration of 3.5 mg/mL) in a weight ratio
of 10 mg nanoparticles to 2 mg PTX. The function of the methanol could be seen
as a small surfactant or emulsifier to reduce the interfacial tension between the

PTX particles and water when a small volume of the methanolic paclitaxel
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solution was added to water, as illustrated in Fig 33. This process initially forms
unstable and temporary MeOH-PTX micellar systems. However, these simple
micellar systems were highly unstable due to the substantial interfacial tension
between the MeOH-PTX micelles and the water phase, driving them to aggregate
and ultimately coagulate to minimize the high surface energy Fig 34. As can be
seen from the photographs in Fig 34, what appears is not a paclitaxel
precipitation, but a typical colloidal suspension appearance, with colloidal
coagulation of the PTX micelles after 1 minute..

Therefore, the probe ultrasonicator was used to separate the aggregated MeOH-
PTX micelles. Then these resulting nanoscale PTX particles could be
encapsulated into the hydrophobic cores of the HSA-PLA blank nanoparticles to
reduce their high surface intension in water. Thereby, PTX-loaded HSA-PLA
nanoparticles were formed in water.

It is necessary to create the temporary and separated nanoscale PTX particles,
otherwise PTX cannot be encapsulated in the HSA-PLA nanoparticles. This is
due to the impossibility of loading micron-sized hydrophobic drug masses into a
nanoscale carrier in a water medium. Notably, any residual methanol within the
core of HSA-PLA nanoparticles can be eliminated during the freeze-drying of the

HSA-PLA (PTX) nanosuspension.
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Fig 33. Schematic illustration for the formation of single MeOH-PTX micelle in water.
The methyl group (CHs) of MeOH can be seen as a hydrophobic tail and the hydroxy group
(OH) can be considered as a hydrophilic group. Then methanol can be used as a surfactant
or stabilizer to create a temporary MeOH-PTX micellar system in water. Created with
BioRender.com.

After 1 min

v

MeOH-PTX Coagulation of
micellar system MeOH-PTX micelles

Fig 34. Appearance of MeOH-PTX micellar systems in water and the coagulation of
MeOH-PTX micelles. Due to the high interfacial tension between the MeOH-PTX micelles
and water phase, this MeOH-PTX micellar system was very unstable. Thus the MeOH-PTX
micelles tended to aggregate into the clusters to decrease their contact areas with water.
Therefore, in order to reduce the high interfacial tension, more and more MeOH-PTX micelles

spontaneously aggregated to increase size and reduce surface free energy until coagulation.
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Fig 35. Schematic illustration for encapsulating paclitaxel in HSA-PLA nanoparticles
through the probe ultrasonication. The aggregated MeOH-PTX micelles can be re-
dispersed to the separated MeOH-PTX particles. Then nanoscale MeOH-PTX particles can
be delivered into the hydrophobic cores of HSA-PLA nanoparticles during the probe

sonication. Created with BioRender.com.

3.1.3 Introduction: RP-HPLC

High-performance liquid chromatography (HPLC) is a widely used analytical
technique to analyze the known or unknown compounds qualitatively and
quantitively [181]. The fundamental components of an HPLC system encompass
a mobile phase, a pump, a sample injector, a stationary phase (referred to as an
HPLC column), a detector, and a computer for data processing. Depending on
the analysis's objective and the chemical characteristics of the analyte, the
stationary phase can be either hydrophilic for normal phase HPLC or hydrophobic
for reverse-phase HPLC. The selection of a suitable mobile phase is crucial,

primarily for its role in dissolving the analytes, as it acts as the carrier for the
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analytes throughout the HPLC system. Insoluble analytes can lead to clogging of
downstream HPLC components due to deposition.

The choice between normal phase and reverse phase HPLC hinges on the
analyte's chemical properties and the analysis's purpose. In the context of this
study, the goal is to separate and quantify paclitaxel within a mixture. To achieve
efficient separation of paclitaxel, reverse-phase high-performance liquid
chromatography (RP-HPLC) was employed. Utilizing a hydrophobic column,
such as a C18 column, facilitates the adsorption of paclitaxel from the mobile
phase, effectively prolonging its elution time. This strategic approach results in
the separation of paclitaxel from other impurities and minimizes potential negative
impacts from impurities during quantitative analysis.

The workflow of the RP-HPLC is schematically shown in Fig 36. Generally, the
solvents constituting the mobile phase are pumped from solvent reservoirs
through the sample injector, column, UV detector, and subsequently delivered to
a waste container once the sample is eluted. The injected PTX sample is
effectively dissolved within the flowing solvent comprising the mobile phase. The
duration of PTX elution from the column was contingent upon its interaction with
the stationary and mobile phases. To elaborate, when the column material is
hydrophilic and PTX is hydrophobic in nature, a lack of interaction between PTX
and the column material leads to swift elution, rendering such conditions

unsuitable for accurate PTX analysis. Consequently, a hydrophobic column was
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deliberately chosen to extend the retention time of PTX. This was achieved
through the hydrophobic interaction between PTX and the column matrix,
effectively slowing the movement of PTX molecules in relation to the flow rate of
the mobile phase. The retention of PTX can also be prolonged by using a longer
column, reducing the flow rate of mobile phase or increasing the polarity of mobile
phase. Once a completely separated chromatographic peak of PTX was obtained,
then the concentration of PTX could be determined according to a predetermined
PTX calibration curve. As the peak area of PTX is proportional to the PTX
concentration. This analytical approach enables accurate quantification of PTX

content in the sample under investigation.

Reverse Phase-High Performance Liquid Chromatography (RP-HPLC)

Injector
(sample)
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Fig 36. Schematic illustration of the workflow for reverse phase high performance liquid
chromatography. Mobile phase was pumped out to carry the injected sample to pass through
the column and UV-detector and the eluted sample is then delivered to the waste bottle.
Adapted from “High Performance Liquid Chromatography (HPLC)”, by BioRender.com (2023).
Retrieved from https://app.biorender.com/biorender-templates.
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3.1.4 Introduction: XRD

The X-ray Powder Diffraction (XRD) technique is based on the collection of
diffracted X-rays at pre-determined angles to determine the crystallographic
structure of solid materials. In crystalline solids, molecules or atoms are
systematically arranged within, vyielding a uniform internal structure.
Consequently, when crystalline solids are exposed to X-rays, their internal
molecules or atoms can absorb the X-ray energy and reemit it symmetrically, as
shown in Fig 37. Contrarily, when the amorphous solids receive the X-rays, due
to the random arrangement of internal molecules, the X-rays are scattered over

a wide area (Fig 38), while the detector can receive a low intensity of X-rays.

X ray generator

Detector

Sample plate

Fig 37. Schematic illustration of the X-ray powder diffraction of crystalline solid. The
uniformly arranged atoms absorb the X-rays and release them in the symmetrical direction
with high intensity. Created with BioRender.com.
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X ray generator

Detector

Sample plate

Fig 38. Schematic illustration of the X-ray powder diffraction of amorphous solid. Due
to the molecular arrangement of amorphous solid is random, X-rays are thus scattered in a
broad range. Therefore, detector can only receive low intensity X-rays and signals can be

detected in the broad angles. Created with BioRender.com.
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3.2 Materials

Table 6. Materials used in the synthesis and characterization of HSA-PLA

nanoparticle.

Supplier Materials
Human serum
Merck UK Phosphotungstic acid hydrate for microscopy
Syringe-driven filter units (0.45um)
Generon UK Paclitaxel (PTX)

Thermo Fisher

Scientific UK

Acetonitrile (ACN, =99.9%, HPLC Gradient grade)

Phosphate Buffered Saline PBS pH7.4

PTFE hydrophobic syringe filters, 0.22 ym

Trifluoroacetic acid (TFA, 99%)

University College

London Hospital

Taxol®

Abraxane®

ELGA PURELAB®

Distilled water

All chemicals, reagents, and solvents were used in their as-purchased state,

without undergoing any purification processes.
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3.3 Experimental methods

3.3.1 Preparation of paclitaxel-loaded nanoparticles

HSA-PLA nanoparticle lyophilized powder (100 mg) was dispersed in 35 mL
distilled water. To this dispersion, 1 mL of methanol (MeOH) containing 20 mg of
paclitaxel was added drop by drop. Probe sonication (Soniprep 150plus, MSE,
UK) was exploited to encapsulate PTX into the HSA-PLA nanoparticles. The
process involved 2 cycles, where each cycle consisted of 5 minutes of sonication
(5 amplitudes) followed by 3 minutes of rest, all performed in an ice bath. After
sonication, the resulting colloidal liquid containing paclitaxel-loaded nanoparticles
was filtered using a 0.45 pm syringe filter for purification. Multiple formulations of
the HSA-PLA (PTX) were prepared in triplicate using different batches of the
HSA-PLA blank nanoparticles. The most effective probe sonication method for
drug loading was also determined.

Subsequently, the filtrate was frozen at -20°C. The frozen drug loaded
nanoparticles must be lyophilized (ALPHA 1-4 LDplus, Martin Christ, Germany)
in a cold environment (at 0°C). The residual MeOH was removed in the vacuum
environment during the lyophilization. The lyophilized powder of the PTX-loaded
NPs was stored in glass vials at room temperature for the further analysis and

stability tests.
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3.3.2 Drug encapsulation efficiency and drug loading capacity

The drug encapsulation efficiency (DEE%) and drug loading capacity (DLC%)

were calculated by the following equations:

Weight of PTX in nanoparticles Weight of PTX in nanoparticles
DLC% =

DEE% =
% Weight of PTX added Weight of polymer and PTX

The lyophilized powder (2 mg) of the HSA-PLA (PTX) nanoparticle was dissolved
in 5 mL of a 60% (v/v) acetonitrile aqueous solution. The resulting mixture was
subjected to 2 minutes of vortex mixing and bath sonication. Afterward, the
mixture was filtered using a 0.2 um PTFE filter.

The PTX concentration in the filtrate was quantified using a high-performance
liquid chromatography (HPLC) system (Agilent Technologies 1200 series, USA)
equipped with a reversed-phase column (XBridge Shield RP 18, 250 x 4.60 mm,
3.5 um). The mobile phase consisted of 40% water and 60% acetonitrile. The
flow rate was set at 0.8 mL/min, and the analytes were detected at a wavelength
of 227 nm. A volume of 10 pL of the drug sample was injected onto the HPLC
column. The calibration curve for PTX concentration was determined as y =
25377x, with a correlation coefficient of 1.0. Using this calibration curve, the
concentration of PTX in the sample could be quantified, which is essential for
calculating the drug encapsulation efficiency and drug loading capacity of the

nanoparticles.
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3.3.3 X-ray powder diffraction, XRD

The X-ray powder diffraction (XRD) was used to detect the crystalline state and
amorphous state of PTX to check whether the paclitaxel was encapsulated into
nanoparticles or not. Briefly, HSA-PLA blank nanoparticle powder, PTX-loaded
nanoparticle powder, PTX standard powder, PTX + HSA-PLA NPs powder
mixtures and Abraxane® powder were finely ground and placed on the sample
holders, respectively. Samples were scanned by an X-ray diffractometer
(MiniFlex 600, Rigaku®, Germany). The specific parameters: angle 26 scanned
from 3° to 60°, step size = 0.02°, rate of scan = 10 degree/min, X-rays (A =1.5418

A) generated by a CuKa tube at 40 kV and 15 mA.

3.3.4 Dynamic light scattering, DLS

The hydrodynamic diameters, zeta potentials and polydispersity index of Taxol®,
blank nanoparticles and PTX-loaded nanoparticles were determined using the
dynamic light scattering (DLS) technique with a Malvern Nano-ZS instrument. A
quantity of 2 mg from each lyophilized sample was dispersed in 2 mL of distilled
water, while the Taxol® solution was diluted with distilled water to achieve a PTX
concentration of 1 mg/mL. Each sample was measured in triplicate, and three

distinct batches of samples were examined.
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3.3.5 Transmission electron microscopy, TEM

In short, a droplet of 5 mg/mL HSA-PLA nanosuspension, HSA-PLA (PTX), and
Abraxane® nanoparticle suspensions were placed onto separate TEM grids. After
5 minutes, any excess water on the TEM grids was removed with tissue paper.
Next, a droplet of 1% (w/v) neutral phosphotungstic acid solution was added to
each TEM grid. After 1 minute of staining, the grids were washed with distilled
water to remove excess staining agent. The prepared TEM samples were stored

in a dark location until imaging.

3.3.6 Colloidal stability

Storage stability
The lyophilized powder of HSA-PLA (PTX) nanoparticles was stored at room
temperature. The storage stability parameters (DLC%, Dn, zeta potential and PDI)

of the samples were tested on day 1, 7, 15, 30 and 60, respectively.

Colloidal stability in aqueous media

The colloidal stabilities of the HSA-PLA (PTX) nanoparticles in phosphate
buffered saline and human blood serum (diluted with PBS to a concentration of
20% v/v) were monitored for 7 days at 37°C. Changes in the hydrodynamic

diameter of the HSA-PLA (PTX) nanoparticles were recorded.
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Colloidal stability at low concentration

The parameters of hydrodynamic diameters and width of size distribution (PDI)
of PTX loaded nanoparticles at different concentrations in phosphate buffered
saline (0.001, 0.01, 0.05, 0.1, 0.3, 0.5, 1, 5, and 10 mg/mL) were measured to
evaluate the colloidal stability of the Abraxane® and the HSA-PLA (PTX)

nanoparticles at low concentrations.

3.3.7 Statistics

Data are presented as the means £ SD (standard deviation). The student’s t-test,
one-way ANOVA and two-way ANOVA were used for the relative statistical
analysis in Prism software. A p < 0.05 value represents the significant difference

between the two data sets.
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3.4 Results and discussion

3.4.1 Optimization of the drug loading method

As outlined in the previous discussion in this chapter (section 3.1.2), many
common drug loading methods could not be used in this work. As HSA-PLA
conjugates are albumin-based polymers, the presence of high concentrations of
organic solvents could potentially disrupt the hydrophobic interactions between
amino acid side chains and alter the protein's primary structure. Consequently,
methods like the thin film hydration method or dialysis method, which involve
organic solvents, are unsuitable for loading drugs onto protein nanoparticles.

Therefore, we have developed an ultrasonication-based drug loading method for
the HSA-PLA blank nanoparticles, as described in section 3.1.2. The fundamental
of this method is to create the unstable and temporary micellar system, MeOH-
PTX micelles. Subsequently, probe ultrasonication was employed to disperse the
aggregated MeOH-PTX micelles. Consequently, the resultant nanoscale PTX
systems were encapsulated into the hydrophobic cores of the HSA-PLA blank
nanoparticles. Otherwise, paclitaxel cannot be encapsulated in the HSA-PLA
polymeric micelles without the presence of MeOH in practise. Self-assembling
nanoscale systems, such as HSA-PLA nanoparticles, are unable to encapsulate

microscale paclitaxel solids, due to their size incompatibility. Thus, a preliminary
Page | 151



step in formulating a temporary nanoscale paclitaxel system was deemed
indispensable. Methanol and ethanol are good candidates to be selected as the
stabilizer for PTX in water. However, in practise, it was found that the temporary
PTX micellar systems created by ethanol were more stable than those of
methanol. This enhanced stability can be attributed to ethanol's higher
hydrophobic nature. When the ethanol was removed during the freeze drying, the
HSA-PLA (PTX) systems were broken up as well. This problem is absent in the
MeOH-based drug loading method. Thus, methanol is selected as the stabilizer
in our drug loading method.

The second variable factor in this drug loading method is the duration of probe
sonication. Thus, the drug content (% w/w) of the HSA-PLA (PTX) nanoparticles
produced at different probe sonication times was selected as a criterion for
assessing the drug loading method, as shown in Fig 39. Notably, at 5 and 60
minutes of probe sonication, the drug loading capacity (%) of the HSA-PLA
nanoparticles was considerably lower than that at 10 minutes. Thus, a probe
ultrasound processing time of 10 minutes emerged as the most suitable for this
drug loading method. Based on the concentration of the PTX measured by the
HPLC, the drug loading efficiency and drug loading capacity of this drug loading
method for the HSA-PLA nanoparticles were calculated.

Drug loading efficiency % =912+ 1.6 %

Drug loading capacity % = 15.2 + 0.3 %
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Fig 39. Relationship between the drug loading capacity (DLC%) of HSA-PLA
nanoparticles and different times of probe sonication. Data are presented as means *
SD, n=3.*, p<0.01. ***, p<0.0001 vs. DLC% of 10 min probe sonication.

3.4.2 X-ray powder diffraction, XRD

The X-ray Powder Diffraction is an analytical technique used to determine the
crystallographic structure of solid materials. In this study, the XRD technique was
used to determine the crystallographic structure of paclitaxel in the HSA-PLA
(PTX) nanoparticles. According to the obtained XRD patterns (Fig 40), the drug
loaded albumin nanoparticles [HSA-PLA (PTX) and Abraxane®] and albumin
blank nanoparticles (HSA-PLA) are all amorphous solids. Contrarily, paclitaxel
powder exhibited its crystalline nature with three characteristic peaks at 5.6°, 8.9°

and 12.5°. Meanwhile, if PTX was not encapsulated in the HSA-PLA
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nanoparticles, characteristic signals of the PTX should be detected, as seen in

the XRD data of PTX + HSA-PLA mixtures.
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Fig 40. XRD patterns of samples. From top to bottom, the XRD patterns represent these
samples in order of PTX standard, PTX+HSA-PLA nanoparticle mixture (1:9 w/w), PTX loaded
HSA-PLA nanoparticles, HSA-PLA blank nanoparticles and Abraxane® nanoparticles. Red
arrows indicate the characteristic peaks of the crystalline paclitaxel.
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3.4.3 Characterization of PTX-loaded HSA-PLA nanoparticles

By using the RP-HPLC, the PTX drug contents of the HSA-PLA (PTX)
nanoparticles were determined to be 15.2 £ 0.3 % w/w. Meanwhile, the signals
corresponding to crystalline paclitaxel were not detected in the XRD pattern of
the HSA-PLA (PTX), indicating successful encapsulation of PTX within the
nanoparticles. This drug loading approach proved effective. To provide additional
evidence for the PTX encapsulation, the HSA-PLA (PTX) nanoparticles were
subjected to characterization in terms of their visual appearance, DLS
parameters in water, and morphologies observed in TEM images. These
analyses collectively affirm that the HSA-PLA (PTX) nanoparticles indeed
represent a nanoformulation of PTX.

Appearance of nanosuspensions (Tyndall scattering)

The HSA-PLA and HSA-PLA (PTX) nanoparticle aqueous dispersions showed a
milky white appearance, distinguishing them from a simple albumin solution in
water, as shown in (Fig 41. A). To differentiate between an aqueous solution of
solutes and a colloidal suspension, a straightforward Tyndall scattering test was
employed [182]. The path of the red-light beam (Fig 41. B) is visible when the red
laser passing through the colloidal suspensions of Abraxane®, HSA-PLA (PTX)
and HSA-PLA nanoparticles, because of the light scattering induced by the

suspended particles. In contrast, the optical path is invisible in water and HSA
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water solution. Therefore, it is confirm that the HSA-PLA (PTX) nanoparticles

were dispersed in distilled water in the same way as Abraxane®.

HSA-PLA
PTX
Smg/mlL

Fig 41. Photographs of the distilled water, aloumin water solution and albumin
nanosuspensions. (A) Appearances of the Abraxane®, HSA-PLA and HSA-PLA (PTX)
nanosuspensions were milky, off-white liquid while water and an HSA solution in water were
both colourless liquids. Photograph (B) showed the Tyndall effect within the colloidal
suspensions, path of red laser was visible in Abraxane®, HSA-PLA and HSA-PLA (PTX)
colloidal suspensions and invisible in water and HSA solution when the red laser passed
through these aqueous media.
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Dynamic light scattering, DLS parameters

The hydrodynamic diameters of these suspended particles were determined by
the technique of dynamic light scattering (DLS). The DLS results of each
nanosuspension are listed in Table 7. The average hydrodynamic diameters of
HSA-PLA, HSA-PLA (PTX) and Abraxane® nanoparticles in distilled water are
170 £ 7 nm, 174 £ 7 nm and 157 + 2 nm, respectively. Their size distribution
graphs and low PDI values presented in Fig 43. B&C provided clear indications
of monodispersed nanoparticles. The principle of DLS technique has been
comprehensively introduced in Chapter 2 section 2.1.5. By recording the random
Brownian motion of nanoparticles in the medium, the DLS instrument could
estimate the size of the moving entities. It's worth noting that due to variations in
ionic strengths, nanoparticle agglomeration, and media viscosity, the recorded
hydrodynamic diameters for the same sample in different media displayed
differences, as observed in Table 7. This discrepancy in Dy readings for the same
sample in both distilled water and phosphate-buffered saline could be attributed
to these factors.

The zeta-potentials of different nanoparticles in distilled water (Fig 43. D) were
measured as well. The average zeta potentials of Abraxane®, HSA-PLA and HSA-
PLA (PTX) nanoparticles in pH = 7 aqueous media are -13.43 + 3.73, -26.29 +
0.52 and -34.38 £ 1.01 mV, respectively. The zeta-potentials of the HSA-PLA and

the HSA-PLA (PTX) nanoparticles are significantly more negative than the
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Abraxane® nanoparticles (p < 0.01). In accordance with several literature sources
[183—-186], an absolute zeta potential value above 20 mV (either less than -20
mV or more than +20 mV) is considered acceptable for colloidal suspensions.
However, the absolute zeta potential value for Abraxane® nanoparticles falls
below 20 mV, which contributes to the explanation of their instability at low
concentrations.

According to the DLVO (Derjaguin—Landau—Verwey—Overbeek) electrostatic
theory (Fig 42), the nanoparticles in a stable colloidal system should have a
strong electrostatic repulsion to counteract the Van der Waals attractive force,
thus avoiding aggregation and sedimentation of the nanoparticles [184]. In
practice, the absolute zeta potential value of nanoparticles serves as a
representation of the strength of electrostatic repulsive forces among them. A
higher absolute zeta potential value signifies more potent electrostatic repulsion.
Consequently, the colloidal stability and agglomeration tendencies of
nanoparticles can be evaluated and understood based on their zeta potential

values [183,187].
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Fig 42. The DLVO theory. This is a graph of the sum of potential energies based on the
intermolecular forces between different particles at different distances. The electrostatic
double layers of particles provide the electrostatic repulsions between particles, while the
surface of particles can also create the attractive forces between particles — van der Waals
interactions. The attractive forces drive the aggregation of dispersed particles if the

electrostatic repulsions between particles are not strong in the colloidal system. Created with

BioRender.com.
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Table 7. DLS results, Dy, PDI and zeta potential, of various nanoparticles in
distilled water and saline media. Data are presented as mean £ SD (n=3). *, p <
0.05. **, p < 0.01. *** p < 0.001. *** p < 0.0001. vs Abraxane®.

Zeta potential

Media Samples Du (nm) PDI
(mV)
HSA-PLA 17027 0.15 £ 0.05 -26.29 £ 0.52**
In distilled HSA-PLA (PTX) 174 £ 7 0.07 £ 0.01 -34.38 £ 1.01****
water Taxol® 12+ 3 0.12 £ 0.01 N/A
Abraxane® 157 £ 2 0.09 £ 0.01 -13.43 £ 3.73
HSA-PLA 133+2 0.18 £ 0.01 N/A
In PBS HSA-PLA (PTX) 145+ 6 0.06 £ 0.01 N/A
saline Taxol® 1M1+4 0.17 £ 0.01 N/A
Abraxane® 125+ 4 0.05 £ 0.01 N/A
A Size Distribution of Taxol by Intensity B Size Distribution of HSA-PLA by Intensity c Size Distribution by Intensity
01 1 1;2! (d-nnl;)ﬂ 1000 10000 01 1 1I;ize » m:‘:JD 1000 10000 01 1 1I;ize (d‘n"‘:;lll 1000 10000
D s " - 2
1nonuon‘ —— Abraxane
. 20000 —— HSA-PLA
§ 00000 —— HSA-PLA (PTX)

Fig 43. DLS results of each nanosuspension. Hydrodynamic diameter distributions of A)
Taxol®, B) HSA-PLA blank nanoparticles, C) Abraxane® and HSA-PLA (PTX) in distilled water.
The zeta potential distributions of Abraxane® nanoparticles, HSA-PLA blank nanoparticles and
HSA-PLA (PTX) nanoparticles in distilled water were presented in graph (D).

Apparent Zeta Potential (mV)
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Transmission electron microscopy images

The morphologies of Abraxane® nanoparticles, HSA-PLA nanoparticles and HSA-
PLA (PTX) nanoparticles were visualized by the TEM technique, as shown in Fig
44, Fig 46. All these nanoparticles exhibited a spherical shape based on the TEM
images. Notably, it's intriguing to observe that the morphology of the Abraxane®
nanoparticles in our TEM images is totally different with the current view on the
morphology of the Abraxane® (spherical particles with a diameter of around 130
nm). The TEM images of the Abraxane® nanoparticles (as shown in Fig 44. a, b
& c) revealed heavy agglomeration, forming irregularly shaped clusters with an
approximate diameter of 130 nm. Other publications, such as [188,189], also
presented cryo-EM images of Abraxane®, showing irregularly shaped shadows
(Fig 45) that corresponded closely to the irregular clusters of tiny particles in our
TEM images. In reality, our high-resolution TEM images unveiled that the actual
Abraxane® nanoparticles comprised numerous tiny spherical particles with an
approximate average diameter of 40 nm. In contrast, the HSA-PLA blank
nanoparticles and the HSA-PLA (PTX) nanoparticles exhibited spherical shapes
with an average diameter of approximately 100 nm.

A proposed explanation for the agglomeration behaviour of Abraxane®
nanoparticles centred around the considerations of thermodynamics and the
DLVO theory in this study. From the aspect of thermodynamics [190], the lowest

free energy of a system is the favourable state to keep the colloidal system in a
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stable state. Consequently, the agglomeration of unstable nanoparticles
becomes a spontaneous process, reducing their surface free energy and
minimizing the overall free energy of the colloidal system, in accordance with the
second law of thermodynamics and the Gibbs free energy graph, as shown in Fig
47. Therefore, the spatial distributions of nanoparticles presented in the HSA-PLA
and the HSA-PLA (PTX) TEM images (Fig 46) are less agglomerated than the
Abraxane® nanoparticles due to their lower surface-to-volume ratios and the
lower surface energy of each nanoparticle.

Moreover, considering the DLVO theory as discussed earlier, the zeta potential
values played a role. The zeta potential of Abraxane® nanoparticles (-13.43 *
3.73 mV) indicated weaker electrostatic repulsion between them compared to the
zeta potentials of HSA-PLA nanoparticles and HSA-PLA (PTX) nanoparticles (-
26.29 + 0.52 and -34.38 £ 1.01 mV, respectively). This contributed to the greater
agglomeration of Abraxane® nanoparticles in water, as evidenced by the TEM

and cryo-EM images.
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Fig 44. Transmission Electron microscopy images of Abraxane® nanoparticles. TEM
images (a, b & c) of Abraxane® nanoparticles at different magnifications. The actual
Abraxane® nanoparticles are constituted with many tiny spherical particles with a diameter
around 40 nm, which is different from the conceptual form of the Abraxane® nanoparticle (a
spherical particle of around 130 nm in diameter). In addition, the Abraxane® tiny particles
agglomerate into several irregularly shaped clusters, which are highly corresponding with the
irregularly shaped shadows in the Abraxane’s cryo-EM images, see Fig 45.
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Fig 45. Cryogenic electron microscopy (Cryo-EM) image of Abraxane® nanoparticles.
The cryo-EM image of Abraxane® was reproduced with permission from Springer Nature,
Bhattacharyya, J.J. Bellucci, I. Weitzhandler, J.R. McDaniel, |. Spasojevic, X. Li, C.-C. Lin, J.-
T.A. Chi, A. Chilkoti, A paclitaxel-loaded recombinant polypeptide nanoparticle outperforms
Abraxane in multiple murine cancer models, Nat Commun. 6 (2015) 7939.

Abraxane HSA-PLA NPs HSA-PLA (PTX)

Zeta potential: -13.4 £ 3.7 mV Zeta potential: -26.3 £ 0.5 mV Zeta potential: -34.4 £ 1.01 mV
Hydrodynamic diameter: 125 £ 4 nm Hydrodynamic diameter: 133 £ 2 nm Hydrodynamic diameter: 145 £ 6 nm
Polydispersity index: 0.05 + 0.01

F

Polydispersity index: 0.18 £ 0.01

-~

Polydispersity index: 0.06 * 0.01

-

Fig 46. The comparison of the Abraxane® nanoparticles, HSA-PLA nanoparticles and
HSA-PLA (PTX) nanoparticles in terms of morphology, Dx, PDI and zeta-potential. The
agglomeration of Abraxane® nanoparticles indicate that the Abraxane® nanoparticles need to
reduce surface free energy by more aggregation in comparison of HSA-PLA (PTX)
nanoparticles. Moreover, the more negative zeta-potential of PTX-loaded HSA-PLA
nanoparticles (-34 mV) should confer a higher colloidal stability compared with Abraxane (-
13mV).
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Fig 47. Schematic illustration of the relationship between Gibbs free energy of entity
and its size. The Gibbs free energy change (AG) is equal to the sum of the surface free energy
change (AGsurface) and the bulk free energy change ((AGouk). The dashed curve of AG refers
to the Gibbs free energy change as a function of the particle radius. According to the aspects
of thermodynamics, the formation of nanoparticles is to decrease the Gibbs free energy of the
bulk materials in the media. Meanwhile, the positive surface free energy is introduced during
the formation of nanoparticles. The lower free energy of the resulting colloidal system indicates
a higher colloidal stability. Therefore, the morphology of the most nanoparticle is spherical,
due to the fact that spheres have the smallest surface area compared to other shapes of the
same volume. The agglomeration of nanoparticles is a spontaneous process to increase the
particle size and decrease the relative interface area between the media and nanoparticles for
reducing the free surface energy to achieve the favourable state for the colloidal system.
Created with BioRender.com.
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3.4.4 Colloidal stability

Here, a series of systematic colloidal stability tests were carried out to evaluate
the HSA-PLA (PTX) nanoparticles. These tests included a two-month storage
stability test, a 7-day stability test of HSA-PLA (PTX) nanoparticles in various
physiological media, and a lateral comparison of the hydrodynamic diameter
changes between Abraxane® and HSA-PLA (PTX) at low concentrations in
phosphate-buffered saline.

Storage stability of the HSA-PLA (PTX)

The storage stability of the HSA-PLA (PTX) nanoparticle lyophilized powder was
evaluated at room temperature for two months without the addition of any
excipients or surfactants. Relevant storage stability indicators, including the
hydrodynamic diameters and the zeta potentials of the HSA-PLA (PTX)
nanoparticles in distilled water, the PDI (size distribution) of the HSA-PLA (PTX)
nanoparticles in distilled water, and the drug contents (% w/w) of PTX-loaded
HSA-PLA nanoparticles were tested and listed in Table 8. Upon subjecting these
results to one-way ANOVA statistical analysis, it was found that there were no
significant alterations observed in these indicators over the two-month storage
period. As a result, it can be concluded that the HSA-PLA (PTX) powder remained

stable during the two-month storage duration.
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Table 8. Storage stability indicators for the HSA-PLA (PTX) nanoparticle powder
during a two-month storage period at room temperature. Data are presented as
mean + SD, n = 3.

Zeta-potential DLC%
Indicators Dy (nm) PDI

(mV) (wiw)
Day 1 1675 0.08 £ 0.01 -32.5+2.0 15.2+0.6
Day 7 170+ 4 0.08 £ 0.02 -329+1.1 14.8+0.2

HSA-PLA
Day 15 167+ 4 0.10 £ 0.01 -31.4+£1.2 15.6£0.6
(PTX)

Day 30 164+ 4 0.11 £ 0.01 -33.9+0.7 14.8+0.2
Day 60 171 £ 1 0.09 £ 0.01 -32.7+1.3 15.3+0.3

The lyophilized powder of HSA-PLA (PTX) nanoparticles was stored at room temperature
without the addition of any excipients or surfactants. When compared with the parameters on
Day 1, there was not any significant alteration of these indicators over a two-month storage
period after the one-way ANOVA statistical analysis.

Colloidal stability of HSA-PLA (PTX) in aqueous media

The lyophilized powder of the HSA-PLA (PTX) nanoparticles was dispersed in
phosphate buffered saline (PBS, pH = 7.4), as well as in a PBS solution
containing human blood serum (20% v/v). Subsequently, the mixture was stored
in a 37°C water bath for a duration of 7 days. Over this period, the hydrodynamic
diameters and the PDI of the HSA-PLA (PTX) nanosuspensions were
continuously monitored for 7 days and recorded as a graph illustrating the
relationship between hydrodynamic diameter/PDI and time.

During the 7-day storage period, there were no significant alterations observed in

the hydrodynamic diameter and the PDI of the HSA-PLA (PTX) nanoparticles in
Page | 167



both aqueous media, as shown in Fig 48. A.

Colloidal stability at low concentrations

The colloidal stability of the Abraxane® nanoparticles and the HSA-PLA (PTX)
nanoparticles at low concentrations was also evaluated. Based on the previous
discussion, the heavy agglomeration of the Abraxane® nanoparticles in the TEM
images and the weak zeta-potentials of the Abraxane® nanoparticles indicate that
the potential instability of the Abraxane® nanoparticles at low concentrations.
Therefore, the hydrodynamic diameter alternations of the Abraxane®
nanoparticles and the HSA-PLA (PTX) nanoparticles after different dilutions were
recorded, as shown in Fig 48. B. The hydrodynamic diameter of the Abraxane®
nanoparticles is approximately 130 nm in water at a concentration of 1 mg/mL.
But, according to the above TEM and cryo-EM images of the Abraxane®
nanoparticles, the 130 nm-Abraxane® nanoparticles were composed of many tiny
particles with a diameter of around 40 nm. As presented in the Fig 48. B, clusters
of the Abraxane® nanoparticles began to rapidly dissociate into smaller
nanoparticles approximately from 130 nm to 20 nm at a concentration of 0.3
mg/mL in water, and further details can be found in reference [191]. Then, at a
concentration of 0.1 mg/mL Abraxane® nanoparticle in water, the unstable small
Abraxane® nanoparticles (approx. 40 nm in diameter) disintegrated into several
albumin molecules with a hydrodynamic diameter of 20 nm, which was

corresponding with the hydrodynamic diameter of the HSA standard, see Table
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5. In comparison to the Abraxane®, the HSA-PLA (PTX) nanoparticles are still

stable at a concentration of 0.01 mg/mL.

HSA-PLA (PTX) in aqueous media
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Fig 48. Colloidal stability tests of the HSA-PLA (PTX) nanoparticles in aqueous media.
The changes of hydrodynamic diameters and polydispersity indices of the HSA-PLA (PTX)
nanosuspensions in a 37 °C water bath were monitored for 7 days and recorded as the graph
of the hydrodynamic diameter/PDI versus time (A). Hydrodynamic diameters of the Abraxane®
and HSA-PLA (PTX) nanoparticles at different concentrations (B). Abraxane® nanoparticles
were unstable at the concentration of 0.3 mg/mL while the HSA-PLA (PTX) nanoparticles were
even stable at a concentration of 0.01 mg/mL. After the two-way ANOVA statistical analysis,
the hydrodynamic diameters of the HSA-PLA (PTX) nanoparticles were significantly different
with the hydrodynamic diameters of the Abraxane® nanoparticles at low concentrations. *, p <

0.05. **** p < 0.0001. vs Abraxane® at corresponding concentrations, ns = not significant.
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3.5 Conclusion

Overall, a drug loading method was developed for the encapsulation of the PTX
into the HSA-PLA polymeric micelles, resulting in the fabrication of a novel
paclitaxel nanoparticle formulation, HSA-PLA (PTX) nanoparticles. The drug
content of the PTX in the HSA-PLA (PTX) nanoparticles and the Abraxane®
nanoparticles is approximately 15% w/w and 10% w/w, respectively. The
hydrodynamic diameter of the HSA-PLA (PTX) nanoparticles in phosphate
buffered saline is around 145 nm.

Based on the theories of the thermodynamics and the DLVO, combined with the
data of the TEM images and zeta-potential of the Abraxane® and the HSA-PLA
(PTX) nanoparticles, it is possible to explain why the stability of the Abraxane®
nanoparticles is significantly lower than that of the HSA-PLA (PTX) nanoparticles
at low concentrations. Additionally, the high colloidal stability of the HSA-PLA
(PTX) nanoparticles has been proved in terms of the storage of lyophilized
powders and nanosuspension in biological media at 37°C.

In this section, a novel paclitaxel nano-formulation was created with a higher

cargo and a greater colloidal stability when compared to those of the Abraxane®.
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Chapter 4. In vitro and In vivo evaluations of PTX-

loaded HSA-PLA nanoparticles

4.1 Introduction

As previously mentioned, breast cancer holds the highest incidence among
cancers, with triple-negative breast cancer standing out as its most aggressive
subtype. Furthermore, metastatic triple negative breast cancer (INTNBC) patients
have the lowest five-year survival rate of all advanced breast cancers based on
several clinical investigations, see Chapter 1 section 1.4 Breast cancer. Currently,
systematic chemotherapy remains the major treatment option for the mTNBC
patients.

During 1960-1981 [192], a collaborative programme initiated by the National
Cancer Institute (NCI) and the United States Department of Agriculture (USDA)
conducted a plant screening project. The aim was to gather and evaluate extracts
from 15,000 plants, resulting in a collection of 115,000 extracts. The purpose of
this project was to identify potential natural compounds possessing anti-cancer
activity.

In 1967, scientists isolated and confirmed an active ingredient with anti-cancer

activity from the bark extract of the Taxus brevifolia and named this substance as
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taxol, also known as paclitaxel (PTX). Later, in 1971, the chemical structure of
PTX was published for the first time [193]. Schiff et al. proposed a mechanism for
PTX-induced cell apoptosis in 1979 based on their in vitro study [194]. By
promoting and stabilizing the assembly of cellular tubulins, the growth and
formation of cellular microtubules are accelerated in the presence of PTX. The
stabilizing function provided by paclitaxel (PTX) prevents the disassembly of
microtubules required for cell division, leading to a halt in the cell cycle at the
mitotic step. Meanwhile, the polymerization of tubulins cannot be stopped by cells,
which triggers the cell apoptosis. As the rapid proliferation is one major feature of
aggressive cancer cells, PTX can thereby largely inhibit the growth of most
cancer cells in vitro.

Therefore, scientists decided to formulate PTX for the treatment of various
cancers. Taxol® is the first-generation formulation of PTX injection [135], this
micellar formulation of PTX is prepared by dissolving PTX in a mixture of nonionic
surfactant polyoxyethylated castor oil and absolute ethanol. In 1992, the FDA
approved Taxol® for the treatment of advanced ovarian cancer, and later it was
also approved to treat numerous cancers including metastatic breast cancer [136].
It is notable that Taxol® became the best-selling anti-cancer drug at the time, with
the annual sales of $1.6 billion in 2000 [70].

However, due to the acute toxicity induced in patients by Cremophor oil, patients

need to be pre-treated with histamine H1/2 blockers and corticosteroids to reduce
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hypersensitivity reaction before the infusion of Taxol® [137]. Consequently, the
acute systemic toxicity induced by Taxol® restricts the maximum tolerated dose
of PTX and limits therapeutic outcomes for patients. As a result, Taxol® has been
gradually replaced by the Abraxane® as the first-line treatment of advanced
cancers.

Abraxane® is the second-generation of formulation of PTX injection as well as the
latest version currently on the market. This albumin-paclitaxel nanoparticle
formulation is a renowned cancer nanomedicine used in treating advanced breast
cancer, non-small cell lung cancer, and pancreatic cancer [132].

In clinical practice, both Taxol® and Abraxane® can be used to treat metastatic
breast cancer patients. In Chapter 2 and Chapter 3, we have thoroughly
elucidated why the colloidal stability of the HSA-PLA (PTX) is significantly higher
than that of the Abraxane® at low concentrations in aqueous media. In our
hypothesis, a higher colloidal stability of a nanomedicine in physiological fluids
may enhance the effectiveness of chemotherapy for cancer patients.

To validate this hypothesis, the performance of the HSA-PLA (PTX) nanoparticles
was evaluated in animal models. Firstly, the murine triple negative breast cancer
cell line — 4T1 was selected to observe cellular uptake of the HSA-PLA
nanoparticles in the 4T1 cells and ascertain the mechanism of uptake.
Subsequently, pharmacokinetics profiles of the HSA-PLA (PTX) nanoparticles,

the Taxol® and the Abraxane® were investigated and compared in rats. The in
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vivo behaviors of the HSA-PLA (PTX) nanoparticles, the Taxol® and the
Abraxane® were studied in terms of biodistribution and tumoricidal activity in 4T1
tumour-bearing mice (tumours were implanted in the right flanks of BALB/c mice).
Based on the results of these in vivo studies, the HSA-PLA (PTX) nanoparticles
exhibited improved pharmacokinetics profiles and superior tumoricidal effects in
the 4T1 tumour-bearing mice when compared to the Abraxane®. The
enhancement of colloidal stability in albumin-based nanomedicine correlates with

heightened PTX delivery effectiveness.

4.1.1 Introduction — Confocal Laser Scanning Microscope

Confocal laser scanning microscopy (CLSM) is a powerful tool for visualizing
cellular structures, organelles, and the localization of nanoparticles within cells
through appropriate fluorescent staining. As the previous discussion of light in
Chapter 2, it can be regarded as propagating electromagnetic waves, with light
or photons bearing energy. When atoms absorb energy from photons, they
transition to an excited state. After excitation, these excited atoms may return to
the ground state and emit the light at longer wavelengths (lower energy). This
principle is applicable to fluorescent dyes, where fluorophores within fluorescent
dye molecules can be excited by visible light. Following excitation, these

fluorescent dyes emit visible light at longer wavelengths (lower energy).
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Based on this excitation-emission principle, fluorescent microscopy was
designed to observe samples labelled with fluorescent dyes. The technique
involves capturing emitted light from these fluorophores. In order to achieve the
higher resolution fluorescent images of cells, confocal microscopy was designed
to increase the signal-to-noise ratios of images through a number of subtle
designs, such as employing a pinhole to suppress out-of-focus fluorescence
signals, see Fig 49. With ongoing advancements and enhancements in confocal
microscope technology, it has become possible to obtain three-dimensional
perspectives of cells. Consequently, confocal laser scanning microscopy was
employed in our in vitro studies, specifically for investigating cellular uptake and

intracellular tracking of nanopatrticles within 4T1 cells.
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Fig 49. A simple diagram of the workflow for confocal laser scanning microscope. A
specific visible laser is generated by a laser diode in a laser source. After passing through the
collimating lens and being reflected by a dichroic mirror, the laser is focused on the same plate
by the objective lens with adjustable magnification. Then after excitation, the emitted light from
sample is concentrated to pass through the pinhole and detected. Meanwhile, the unwanted
noise may be filtered by the pinhole. Created with BioRender.com.

4.1.2 Introduction — Cellular uptake pathways of nanoparticles

The limited solubility of PTX in aqueous media prompted us to employ HSA-PLA
nanoparticles for encapsulating PTX, thereby indirectly enhancing its aqueous
incorporation. To exert the tumoricidal function of PTX, the HSA-PLA (PTX)
nanoparticles need to be delivered into the tumour cells for releasing PTX to

promote and stabilize the polymerization of tubulins (microtubules) in cells. As a
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result, the inhibition of cancer cell growth and the induction of apoptosis in tumour
cells may be achieved.

To validate the uptake of HSA-PLA (PTX) nanoparticles by 4T1 cells and identify
potential internalization pathways, a confocal laser scanning microscopy
experiment was conducted. The principal mode of nanoparticle entry into cells is
endocytosis, which can be further categorized into different types. The
endocytosis of nanoparticles can then be subdivided into several types. The study
of endocytosis is a constantly evolving field, and thus outdated perceptions and
misconceptions about endocytic mechanisms are consistently being rectified and
updated. For example, the endocytic pathways [195,196] of nanoparticles were
previously identified as macropinocytosis, phagocytosis, clathrin — mediated
endocytosis, cavolae — mediated endocytosis, clathrin/caveolae — independent
endocytosis. While the current consensus classification of the endocytic
pathways [197,198] encompasses clathrin and dynamin dependent endocytosis,
fast endophilin — medicated endocytosis, CLIC/GEEC pathway, macropinocytosis
and phagocytosis. Another example is that the receptor — medicated endocytosis
was considered to be equal to the clathrin — mediated endocytosis previously
[197]. However, the receptor-ligand interactions can also drive the endocytosis of
nanoparticles in other pathways, such as the CLIC/GEEC pathway [199]. In
addition, the entry of nanoparticles to cells through caveolae is currently

controversial [200,201]. The characteristics of each endocytic pathway of
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nanoparticles are generally introduced below.

Clathrin — mediated endocytosis

The clathrin-mediated endocytosis is an important pathway for cells to collect
nutrients and cell signalling from the extracellular matrix, primarily reliant on the
activation of diverse receptors. Receptors commonly involved in clathrin-
mediated endocytosis [197] encompass transferrin receptors, low-density
lipoprotein receptors, and certain G protein-coupled receptors [202]. Upon
capturing their corresponding ligands, these receptors stimulate intracellular
proteins to aggregate around the cell membrane at the point of interaction, setting
the stage for endocytosis. The ligands captured in this process are subsequently
internalized into cells, enclosed within vesicles resembling a lattice structure that
forms through invagination of the cell membrane coated with lectin proteins, as
shown in the TEM images [203] in Fig 50. Subsequently, the mature latticed
vesicles containing the internalized substances are detached from the cell
membrane through the action of dynamin [204]. The lattice structure of these
vesicles is constructed from symmetrical three-legged biomolecules known as
clathrin triskelions. A clathrin triskelion is composed of three clathrin proteins. As
of now, the precise mechanism through which clathrin-based vesicles form,
involving the interplay between clathrin triskelions and various adaptor proteins

[205], remains to be fully understood.
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Fig 50. TEM images of the inner cell membrane of a normal chick fibroblast. The formed

nanoscale clathrin-coated vesicles at various stages. Bar = 100 nm. "Used with permission of
Rockefeller University Press, from Heuser JE, Anderson RG. Hypertonic media inhibit
receptor-mediated endocytosis by blocking clathrin-coated pit formation. J Cell Biol. 1989
Feb;108(2):389-400; permission conveyed through Copyright Clearance Center, Inc."
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Fast endophilin-mediated endocytosis

The fast endophilin-mediated endocytosis (FEME) is a form of clathrin-
independent endocytosis. This mechanism involves the generation of nanoscale
tubular pits on the cellular membrane under the mediation of endophilins,
following the linkage of FEME cargoes with specific receptors. The resulting
tubular vesicles are then disconnected from the cell membrane by the action of
the protein dynamin and subsequently transported along microtubules by dynein
[206]. The identified receptors [197] involved in the FEME pathway include some
G-protein-coupled receptors and growth factor receptors, such as EGFR, B1-

adrenergic receptors and acetylcholine receptor.

CLIC/GEEC pathway

The CLIC/GEEC (CG) pathway [197] represents an endocytic pathway that
operates independently of clathrin and dynamin. This pathway involves the
formation of clathrin-independent carriers (CLIC), which arise through the
invagination of cell membranes triggered by the interaction between ligands and
receptors. These carriers subsequently mature into tubular early endocytic
compartments, also recognized as glycosylphosphatidylinositol-anchored
protein-enriched compartments (GEEC). Notably, the receptors internalized
within this endocytic pathway can be efficiently and promptly recycled back to the

cell membrane (Fig_51). Consequently, the CLIC/GEEC endocytic pathway
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functions as a recurring and continuous route for the uptake of proteins and other
macromolecules. Therefore, this endocytic pathway is largely exploited by the
aggressive cancer cells to rapidly grab nutrients from the extracellular matrix for
supporting their rapid proliferation. Well-known receptors related to tumour
cells[199], including CD44, folate receptor a [207] and integrins, undergo

internalization via the CLIC/GEEC pathway.
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Fig 51. A schematic diagram of the internalization of nutrients via the CLIC/GEEC
endocytic pathway. The CLIC/GEEC pathway is a clathrin-independent and dynamin-
independent endocytic pathway. Clathrin-independent carriers (CLIC) formed by the
invagination of the cell membrane triggered by the binding of ligands and receptors,
subsequently mature into the tubular early endocytic compartments, also known as
glycosylphosphotidinositol- anchored protein enriched compartment (GEEC). Rapidly
recyclable receptors promote the abundant uptake of nutrients from the extracellular matrix in
a recurrent manner. Created with BioRender.com.
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Macropinocytosis

Macrophagocytosis is a type of clathrin-independent and dynamin-independent
endocytic pathway. Within this process, macromolecules, nutrients, and antigens
from the extracellular environment are internalized through non-specific
encapsulation within macropinosomes. The formation of marcopinosomes
involves an actin-driven stretching of the plasma membrane, and then as the
stretched membrane folds back, a large amount of extracellular fluid is
subsequently encapsulated in a large vesicle, see TEM image [208] of
macropinocytosis in Fig 52. The size of macropinsomes can vary from 0.2 ym to

5 um in diameter [209].

Phagocytosis

Phagocytosis is a process characterized by cells engulfing large exosomes
through membrane extension, enclosing the exosomes within phagosomes.
Subsequently, these formed phagosomes undergo fusion with lysosomes for the
digestion of the engulfed exosomes. The initiation of particle phagocytosis occurs
upon binding of the particles to corresponding receptors, including the scavenger
receptors on the surface of the professional phagocytes or non-professional

phagocytes [210].
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Fig 52. TEM image of a macrophage cell-RAW264.7. A nanoparticle was being internalized
through the endocytic pathway — macropinocytosis. The large macropinosome was forming to
carry the internalized nanoparticle. The scale bar = 200 nm. This cell TEM image was adapted
from an open-access article with a Creative Commons Attribution-NonCommercial license.
Citation: Y. Hui, X. Yi, D. Wibowo, G. Yang, A. P. J. Middelberg, H. Gao, C.-X. Zhao,
Nanoparticle elasticity regulates phagocytosis and cancer cell uptake. Sci. Adv.6, eaaz4316
(2020).
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4.1.3 Introduction — LC-MS/MS

LC-MS/MS is a bioanalytical technique belonging to the family of liquid
chromatography tandem mass spectrometry techniques. In LC-MS/MS, analytes
can be separated by a column in the liquid chromatography system, and the
eluted analytes are then detected in a triple quadrupole mass spectrometer. The
principle of the liquid chromatography has been illustrated in the section of RP-
HPLC in Chapter 3. The mechanism of the detection of samples by a triple
quadrupole mass spectrometer is entirely different from the UV detector of HPLC.
UV detection is based on the collection of the emitted light from the excited
chromophores of samples. In other words, if the sample can’t absorb enough
energy from the UV light, the sample does not emit the light that can be detected
by the UV detector. For example, methanol cannot be detected by the UV detector.
In the case of the triple quadrupole mass spectrometer, the detection of sample
is based on the collection of ions of ionized analytes. Concretely, the acidic or
basic mobile phase of the LC system can ionize the injected samples. The
selection of an acidic or basic mobile phase depends on the chemical properties
of the analyte of interest. After the separation of analytes in the stationary phase
(column), the mobile phase carries the analytes to the electrospray ionization
(ESI) compartment. In the ESI compartment, the mobile phase and analytes are

sprayed out as aerosols and the size of droplets depends on the nebulization
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pressure, conductivity and flow rate of the mobile phase. In order to achieve the
optimal ionization of the analytes, the droplets of aerosols should be as small as
possible. In the ESI compartment, solvent in the aerosols can be evaporated by
the flow of heated inert gas and the remaining ions are aspirated into the
electrically charged capillary. The ions are then delivered to the octupole to be
accelerated before entering into the first quadrupole (Q1). Based on the selected
mode for the ion detection (a full MS scan, a selected MS range scan or a
selected ion scan), ions can be selectively allowed to pass through the first
quadrupole (Q1). The most sensitive mode of the triple quadrupole mass
spectrometer is the selected reaction monitoring (SRM) or multiple reaction
monitoring (MRM). Since the sensitive detection technique of the LC-MS/MS, the
lower limit of detection of an LC-MS/MS instrument can be improved at least
1000-fold compared to the HPLC technique.

In this work, the selected MS range scan mode was used to detect and determine
the ions of PTX molecules within the range from 200 to 900 m/z, as shown in Fig
53. Then, ions with m/z values of 854.2 and 569.2 were selected as the precursor
ions for the MRM method to quantify PTX, with their respective product ions
chosen as 286.1 and 509.2 m/z. More specifically, as seen in Fig 54, PTX was
ionized in ESI compartment, by applying a proper fragmentor voltage and the
resulting ions were then delivered to the accelerator. After acceleration, the

predetermined ions (854.2 m/z and 569.2 m/z) passed through the Q1 ion filter
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and entered into the Q2 collision cell. Subsequently, by applying an appropriate
collision energy, these precursor ions were fragmented into the smaller ions in
the collision cell. Next, only the selected product ions (286.1 m/z and 509.2 m/z)
could pass through the Q3 ion filter and reach the detector to generate the
corresponding response value. The resulting peak area of product ions is

proportional to the concentration of PTX.
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Fig 53. Mass spectrum of paclitaxel under all scan mode. Based on the structure of the
fragments of paclitaxel, two groups of ions are selected for the MRM mode method. The first
precursor ion is 854.2 m/z and its product ion is 286.1 m/z. The second precursor ion is 569.2
m/z and its product ion is 509.2 m/z.
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Fig 54. Schematic diagram of the working mechanism of the triple quadrupole mass
spectrometer. In MRM mode, the predetermined precursor ions can pass through the Q1 ion
filter according to the m/z value. In Q2 collision cell, these precursor ions are fragmented into
the smaller ions by applying a collision energy. Then the selected smaller ions can pass
through the Q3 ion filter and generate response at the site of detector. The response value is
proportional to sample concentration. This MRM method can largely suppress the influences
of impurities in biological samples and even quantify the sample at a concentration of 1 ng/mL.

Created with BioRender.com.
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4.2 Materials, cell line and animals

Table 9. Materials, cell line and animal models used in the in vitro and in vivo
studies of HSA-PLA (PTX) nanoparticle.

Supplier Materials, cell line and animals

Acetonitrile (ACN, =99.9%, HPLC Gradient grade)

Advanced RPMI 1640 Medium

Collagen Type | Cellware 22 mm round Coverslips

GlutaMAX™ Supplement 100X

Immersion Qil™ 518F,

Methyl-Tert-Butyl Ether MTBE Extra Pure

NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33342)

Thermo Fisher
Penicillin-Streptomycin solution 100X
Scientific UK

Phosphate Buffered Saline PBS pH7.4

PTFE hydrophobic syringe filters, 0.22 ym

Paraformaldehyde Solution 4% in PBS

Recovery™ Cell Culture Freezing Medium

Trifluoroacetic acid (TFA, 99%)

TrypLE™ Express Enzyme (1X) no phenol red

Water with 0.1% Formic acid Optimal LC/MS grade

Acetonitrile with 0.1% FA LC-MS grade

Coumarin 6 (299%)

1,1'-Diethyl-2,2'-dicarbocyanine iodide

Merck UK
Dimethyl sulfoxide (DMSO)

Fetal Bovine Serum Heat Inactivated non-USA origin sterile-filtered

Heparin sodium salt
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Human serum albumin (HSA) essentially fatty acid free

Methanol puriss ACS reagent

Syringe-driven filter units (0.45um)

Tetramethylrhodamine isothiocyanate—Dextran, average mol wt 20,000

Generon UK

Paclitaxel (PTX)

University College

London Hospital

Taxol®

Abraxane®

ELGA PURELAB®

Distilled water

ATCC

4T1 (ATCC CRL-2539)

Charles River

Laboratories

BALB/c female mice (6 weeks)

Sprague Dawley female rats (200 g)

All chemicals, reagents and solvents were used as purchased without any

purification.
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4.3 Experimental methods

4.3.1 Cell culture of 4T1 cells

4T1 cells were cultured in a tissue culture flask with a vented cap using a
complete medium composed of Advanced RPMI 1640 Medium supplemented
with 10% (v/v) heat-inactivated FBS, 1% (v/v) Glutamax, and 1% (v/v)
penicillin/streptomycin. The cells were maintained at 37°C in a humidified

incubator with 5% COo.

4.3.2 Cellular uptake and intracellular tracking of HSA-PLA

nanoparticles

Cellular uptake

The cyanine dye 1,1'-Diethyl-2,2'-dicarbocyanine iodide (Sigma Aldrich, UK) was
dissolved in methanol at a concentration of 1 mg/mL. A volume (1 mL) of
methanol containing 1 mg of 1,1-Diethyl-2,2'-dicarbocyanine iodide (Cy Red)
was dropwise added to the HSA-PLA nanosuspension (100 mg powder of the
HSA-PLA nanoparticles in 35 mL distilled water). After subjecting the HSA-PLA
nanoparticles and cyanine dye mixture to probe sonication for 2 cycles (5 min
sonication followed by 3 min of rest as one cycle) at level 5 amplitudes in an ice

bath, the resulting Cy Red-loaded nanoparticle colloidal liquid was filtered using
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a 0.45 um syringe filter to purify it. Then the filtrate was frozen in a tube silicone
freezer mould at -20°C. The frozen Cy-Red loaded nanoparticles were
subsequently lyophilized (ALPHA 1-4 LDplus, Martin Christ, Germany) in a cold
environment (0°C), and any residual MeOH was removed in the vacuum
environment during the lyophilization process. The lyophilized powder of the Cy-
Red loaded NPs was stored in glass vials at room temperature for further analysis.
The Collagen Type | Cellware 22 mm round Coverslips were placed in a 6-well
plate (SARSTEDT, Germany). Approximately 1 x 10° 4T1 cells were seeded per
well in the aforementioned 6-well plate with 4 mL of complete medium per well,
and the plate was incubated at 37°C until the cells reached 80% confluence. The
previous complete medium was replaced with fresh FBS-free medium (3 mL).
Cells were subjected to two cold PBS washes (5 mL each, pH 7.4) after 3 hours
of starvation at 37°C in the incubator. Following this, FBS-free medium (3 mL)
containing 0.5 mg/mL HSA-PLA (Cy Red) was added to each well and incubated
with the cells for 1 hour at 37°C. The medium containing nanoparticles was then
aspirated, and the cells were washed with cold PBS twice (5 mL each, pH 7.4).
Next, FBS-free fresh medium (3 mL) was added to each cell well, and 6 drops of
Hoechst 33342 solution were introduced into each well for cell nuclei staining.
After a 30-minute staining period, the FBS-free medium was removed, and the
cells were washed with cold PBS twice (5 mL each, pH 7.4). Subsequently, the

coverslips were removed, washed with cold PBS (pH 7.4), and placed in a new
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6-well plate. The cells on the coverslips were fixed with 4% paraformaldehyde
solution (2 mL) for 15 minutes on ice. One drop of mounting medium was placed
on a microscope slide, and a washed coverslip was positioned on the mounting
medium and sealed with nail oil. Fluorescent cell images were acquired using a
confocal microscopy (ZEISS LSM 710).

Intracellular tracking

The fluorescent dye Coumarin-6 was encapsulated in the HSA-PLA nanoparticles
in the same way as described above and recorded as HSA-PLA (Cou-6). The cell
seeding procedures were consistent with those used in the cellular uptake
experiments. After a 3-hour starvation period at 37°C in the incubator, FBS-free
medium (3 mL) containing 0.5 mg/mL HSA-PLA (Cou-6) and tetramethyl
rhodamine dextran (TRITC-dextran) was added to each well and incubated with
the cells for 0.5 hour at 37°C. Subsequently, the medium containing the dyes was
aspirated, and the cells were washed twice with 2 mL of cold PBS. FBS-free
medium (3 mL) was then introduced to each cell well, followed by the addition of
6 drops of Hoechst 33342 solution to each well for cell nuclei staining. After a 30-
minute staining period at room temperature, the same fixation, mounting, and
sealing procedures used in the cellular uptake experiments were applied. A
confocal microscopy (ZEISS LSM 710) was employed to capture cell images

featuring distinct fluorescent dyes.
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4.3.3 Pharmacokinetics study in rats

Nine healthy female Sprague-Dawley (SD) rats (7-8 weeks old, weighing 220 *
20g) were randomly allocated into 3 groups, each consisting of 3 SD female rats
(n = 3). Taxol® liquid was diluted with 0.9% NaCl saline to achieve a PTX
concentration of 2.2 mg/mL. The lyophilized powders of Abraxane® nanoparticles
and HSA-PLA (PTX) nanoparticles were dispersed in 0.9% NaCl saline to obtain
a PTX concentration of 2.2 mg/mL for each formulation. Subsequently, 1 mL of
the aforementioned PTX formulations was intravenously administered to the SD
rats via the tail vein, resulting in an equivalent PTX dose of 10 mg/kg for each
group. Blood samples were collected from the tail vein at various time points: 0.25,
0.5, 1, 2, 4, 8, 24, and 72 hours post-injection. These samples were temporarily
preserved in heparin-treated Eppendorf tubes. Following a 10-minute
centrifugation at 3000 rpm using a Bench Top Refrigerated Microlitre Centrifuge
(Biofuge® Fresco, Heraeus®, Germany), 100 uL of plasma samples (400 uL for
the 72-hour time point group) were stored in a -20°C freezer until quantification

could be performed using LC-MS/MS.

4.3.4 Biodistribution study in mice

Female BALB/c mice (6-8 weeks, 20 + 2 g) were subcutaneously injected with
4T1 cells (2x108cells/100 pL of DPBS) at the right flank sites. Ten days after the

injection of the 4T1 cells, tumour volume reached approximately 200 mm3. The
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Taxol® liquid was diluted with the 0.9% NacCl saline to a concentration of PTX 4
mg/mL. The lyophilized powders of the Abraxane® nanoparticles and the HSA-
PLA (PTX) nanoparticles were dispersed in the 0.9% NaCl saline according to a
concentration of PTX 4 mg/mL, respectively.

These mice were then randomly divided into groups of three mice each and were
intravenously administered 0.1 mL of the prepared PTX injections, resulting in an
equivalent PTX dosage of 20 mg/kg for each group. Subsequently, the mice were
anesthetized and sacrificed at specific time points: 1, 3, 8, 24, and 72 hours after
the injection of the paclitaxel preparations. Blood samples were obtained from the
mice via heart puncture, and the organs were flushed with 50 mL of PBS saline
through cardiac perfusion to remove residual blood. After perfusion, tumours,
hearts, livers, spleens, lungs, and kidneys were extracted, rinsed with PBS, and
then stored in a -20°C freezer.

The frozen tissue samples were thawed using a 37°C water bath, and the organs
and tumours were sectioned into smaller pieces, while removing vessels, ducts,
ligaments, fibrous appendages, and fats within the tissues. Subsequently, these
tissue pieces were weighed and suspended in PBS saline (100 mg of tissue per
mL of PBS). After 10 minutes of probe sonication at an amplitude of 9, the tissue
pieces were homogenized to create a tissue suspension. Finally, 0.1 mL of the
tissue suspension (0.4 mL for the 72-hour group) was aliquoted and stored at -

20°C until further MTBE liquid-liquid extraction .
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4.3.5 MTBE liquid-liquid extraction

The frozen plasma or tissue suspension samples from above were defrosted in
a 37°C water bath. The defrosted samples were treated with 100 pyL of 60% ACN
and vortexed for 2 minutes. Subsequently, another 100 pL of ACN was added for
protein precipitation, and the tissue suspension was vortexed for an additional 2
minutes. Following this, a volume of 2 mL of MTBE was added to the treated
tissue suspension for the first extraction and vortexed for 5 minutes. The mixture
was then subjected to centrifugation at 10,000 rpm for 5 minutes. The resulting
supernatant was collected and transferred to a glass vial.

For the second extraction, another 2 mL of MTBE was added to the pellet
obtained from the first extraction. The suspension was vortexed for 5 minutes and
then subjected to centrifugation at 10,000 rpm for 5 minutes. The second
supernatant was combined with the first supernatant, and the MTBE solvent was
removed using rotary evaporation. The residue was dissolved in 1 mL of ACN
(0.5 mL ACN for the 72-hour rat plasma samples and 0.2 mL ACN for the 72-hour
mouse plasma samples) through vortexing and bath sonication.

After dissolving the residue, 0.2 ym PTFE syringe filters were employed to filter
the samples. Subsequently, the samples were subjected to quantification of PTX

using LC-MS/MS (Agilent Technologies, 6460 Triple Quad LC/MS).
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4.3.6 In vivo anticancer study

Twenty BALB/c female mice (6-8 weeks) were subcutaneously injected with 4T1
cells (2x10° cells per 100 uL of DPBS). When the tumour volume was
approximately 100 mm3, these mice were divided into four groups with 5 mice in
each group (n = 5). The groups were as follows: HSA/saline (400 mg/kg) serving
as the control group, Taxol® (equivalent to PTX 20 mg/kg), Abraxane® (equivalent
to PTX 40 mg/kg), and HSA-PLA (PTX) (equivalent to PTX 40 mg/kg). Each group
of mice received an intravenous injection of the corresponding treatment on Day
0 and another injection on Day 3, totalling two injections per mouse. The tumour
volume was measured daily using a vernier calliper and the tumour volume was
calculated through the formula, tumour volume = 0.5 x length x width?. Mice were
euthanized if the tumour volume reached around 1000 mm?, if there was a body

weight loss exceeding 15%, or if tumour ulceration persisted for more than 3 days.

4.3.7 Statistics

Data are presented as the means £ SD (standard deviation). The student’s t-test,
one-way ANOVA and two-way ANOVA were used for the relative statistical
analysis in Prism software. A value of p < 0.05 indicates a significant difference

in the data.
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4.4 Results and discussion

4.4.1 Cellular uptake study of HSA-PLA nanoparticles

The fluorescent dye, 1,1-Diethyl-2,2'-dicarbocyanine iodide, was encapsulated
in the HSA-PLA nanoparticles by using the same method employed for PTX drug
loading. The weight ratio of the HSA-PLA nanoparticles to the cyanine dye was
maintained at 100 to 1. This formulation of cyanine dye-loaded HSA-PLA
nanoparticles was denoted as HSA-PLA (Cy Red) nanoparticles.

The cell nuclei of 4T1 cells were stained with the Hoechst 33342. The fluorescent
dye Hoechst 33342 was excited by the light with a wavelength of 405 nm and the
emitted blue light was collected by the detector of the confocal laser scanning
microscopy. The cyanine dye labelled HSA-PLA nanoparticles was excited by the
light at a wavelength of 633 nm and thereby the red emission light was detected.
As shown in Fig 55, blue spots represented the cell nuclei of 4T1 cells and the
red stain was due to the emitted light from the HSA-PLA (Cy Red) nanoparticles.
The cell images captured at various magnifications (10X, 20X, and 40X) exhibited
clear evidence of 4T1 cells internalizing the HSA-PLA (Cy Red) nanoparticles,
with the red emitted light from the intracellular nanoparticles illuminating the entire
cell. Meanwhile, the bright cell images indicated that the 1,1'-diethyl-2,2'-

dicarbocyanine iodide could produce very strong fluorescent intensity after
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excitation. This dye may also be potentially used for in vivo imaging. Additionally,
this fluorescent dye has not been reported to be used for biological application in
previous publications. Therefore, its utilization for both cell imaging and in/ex vivo

imaging represents a pioneering endeavour.

Hoechst 33342 HSA-PLA (Cy Red)
Cell Nuclei Nanoparticles

Merge

10X

20X

40X

Fig 55. Cellular uptake study of HSA-PLA (Cy Red) nanoparticles in 4T1 cells after 1-h
incubation at 37°C. From top to bottom, cell images are presented at 10x, 20x and 40x
magnification, respectively. The Hoechst 33342 is used to stain cell nuclei and emits blue light
after the excitation of light at a wavelength of 405 nm. HSA-PLA (Cy Red) nanoparticles are
taken by 4T1 cells and the red emitted light from the intracellular nanoparticles illuminates the
whole cell.
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4.4.2 Intracellular tracking of HSA-PLA nanoparticles

The cyanine dye we used in the cellular uptake study demonstrated robust
fluorescence suitable for cell imaging and potentially in vivo imaging. However, a
limitation of this dye lies in its broad excitation and resulting emission range; it
can be excited at 488 nm and emits green light at around 520 nm.

Thus, for the intracellular tracking study, the coumarin-6 was encapsulated in the
HSA-PLA nanoparticles at an HSA-PLA coumarin-6 weight ratio of 100 to 1. Then
tetramethylrhodamine isothiocyanate—dextran (TRITC-dextran) was used to label
the macropinosome [211]. Following a 30-minute incubation of 4T1 cells with
HSA-PLA (Cou-6) nanoparticles and TRITC-dextran, the resulting cell image from
confocal laser scanning microscopy is illustrated in Fig 56. During imaging, the
HSA-PLA (Cou-6) nanoparticles were excited using a 458 nm wavelength laser,
generating green emission (500 nm) that was subsequently detected. In parallel,
TRITC-dextran was excited using light with a wavelength of 595 nm, with emitted
light being detected at 620 nm.

HSA-PLA nanoparticles and TRITC-dextran were taken by 4T1 cells via
macropinocytosis and then entrapped in the macropinosomes, which were
around 2 pm in diameter, shown in Fig 56. Moreover, through the creation of a
3D cell image via Z-stacks scanning, it was evident that the macropinosome was

positioned above the cell nucleus and had yet to merge with the lysosome.
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Considering the current understanding of nanoparticle endocytic pathways as
discussed in section 4.1.2, microscale vesicles are produced only through the
macropinocytosis of extracellular fluids. As such, it can be inferred that
macropinocytosis likely constitutes one of the key endocytic pathways for the

internalization of the HSA-PLA nanoparticles into 4T1 cells.

Hoechst 33342 HSA-PLA (Cou-6) TRITC-dextran
Cell Nuclei Nanoparticle Macropinosome

Merge

Fig 56. Endocytic pathway of HSA-PLA nanoparticles entering 4T1 cells. Coumarin-6 is
encapsulated in HSA-PLA nanoparticles, recorded as HSA-PLA (Cou-6). TRITC-dextran is
used to label macropinosomes of 4T1 cells. The microscale vesicle containing HSA-PLA (Cou-
6) nanoparticles and TRITC-dextran proves that HSA-PLA nanoparticles are internalized in
4T1 cells through the macropinocytosis.
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4.4.3 Pharmacokinetics study in rats

Following the in vitro studies of the HSA-PLA nanoparticles in terms of the cellular
uptake and the endocytic pathway studies, the in vivo performance of the HSA-
PLA (PTX) nanoparticles was investigated. This involved conducting a
pharmacokinetics study of the HSA-PLA (PTX) nanoparticles in rats and
comparing the obtained data with the pharmacokinetic (PK) profiles of Taxol® and
Abraxane® in the same animal model.

In this part, Taxol®, Abraxane® and HSA-PLA (PTX) nanoparticles were
intravenously injected to the Sprague-Dawley (SD) rats at a PTX dose of 10
mg/kg. The PK profiles, depicting the PTX concentration in plasma over time
post-injection, are illustrated in Fig 57. Noncompartmental pharmacokinetic
parameters of each PTX formulation in rats were calculated by the PKSolver,
including the terminal half-life (t12), time of peak concentration (Tmax), peak
concentration (Cmax), extrapolated concentration at time 0 (Co), the area under
the concentration-time curve from 0-72 h (AUCo-72n), extrapolated area under the
concentration-time curve from 0 to oo (AUCw) , Volume of distribution (Va4) is the
ratio of dose of injected PTX to Co, and total body clearance (CL). The results of
these PK parameters were listed in Table 10. In terms of the PK parameters and
the PK profiles of Taxol®, Abraxane® and HSA-PLA (PTX) nanoparticles in rats,

the rapid decline of PTX in rat plasma at the initial stage and the parameters such
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as the large V4 of these three PTX formulations indicated that most of the injected
PTX left the bloodstream rapidly and was distributed to the tissue compartments,
such as liver. The plasma concentrations of these PTX preparations ranged from
1 ng/mL to 10 ng/mL after 72 hours of injection, which were far lower than the
PTX contents in the organs of rats at the same time, see Fig 57. A 72-hour post-
injection biodistribution study reaffirmed that most injected PTX distributed to
tissues and organs. In addition, according to the Fig 587. B, the PTX
concentrations of the Taxol® injection in rat hearts were significantly higher than
those of the Abraxane® and the HSA-PLA (PTX) in rat hearts. This observation
aligns with published reports of severe cardiotoxicity issues linked to Taxol®[212].
What is still striking in this rat pharmacokinetics study is the difference between
the AUCo-72n values of Taxol®, Abraxane® and HSA-PLA (PTX) injections. A higher
AUC value indicates that a PTX formulation results in reduced elimination and
prolonged circulation of paclitaxel in the bloodstream. Although the AUCo-72n of
the Taxol® injection in rats was 32.0 + 7.5 pug*h/mL, significantly higher than the
AUCo.72n of the Abraxane® injection in rats (2.2 + 0.5 uyg*h/mL, p < 0.01), the acute
toxicity and severe side-effect (e.g. haematuria) caused by the Taxol® limited its
maximum tolerated dose of PTX to rats. The AUCo-72nh of the HSA-PLA (PTX)
injection in rats was 4.0 £ 1.0 ug*h/mL, statistically higher than that of the
Abraxane® injection (p < 0.05), which indicated that more paclitaxel molecules

from the HSA-PLA (PTX) nanoparticles have a higher possibility to access the
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tumour through the EPR effect.

It is worth noting that the data from our pharmacokinetic studies of PTX

formulations in rats are consistent with the data from the nanomedicine report of

the Nanotechnology Characterization Laboratory (NCL, Novel Method to

Determine Bioequivalence of Nanomedicines) as well as the data of the

preclinical research of the Taxol® and the Abraxane® [213]. To further interpret

and track the distribution and elimination of the injected PTX in animal models, a

biodistribution study and an anti-cancer study in 4T1 tumour bearing mice were

carried out to track the injected PTX in mice and evaluate the tumoricidal activity

of the HSA-PLA (PTX) injection by comparing those with the Taxol® and

Abraxane® injections.
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Fig 57. Pharmacokinetics study of Taxol®, Abraxane® and HSA-PLA (PTX) in SD rats.
(A) Profiles of the PTX concentration in rat plasma versus time since the injection following
intravenous administration of Taxol®, Abraxane® and HSA-PLA (PTX) at a PTX dose of 10
mg/kg. (B) PTX contents in the hearts, livers, spleens, lungs and kidneys of rats after 72 h of
injection with PTX formulations. The PTX concentrations of the Taxol® injection in rat hearts
are significantly higher than the Abraxane® and HSA-PLA (PTX) levels in rat hearts (p < 0.001),
which is consistent with the published severe cardiotoxicity problems induced by the

Biodistribution study in rats at 72h
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Heart Liver Spleen Lung Kidney
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Table 10. Pharmacokinetics profiles of Taxol®, Abraxane® and HSA-PLA (PTX)
in rats. Data are presented as mean + SD (n = 3) and analysed by the two-tailed

Student’s t-test. *, p < 0.05. **, p < 0.01 vs. Abraxane®. # p < 0.01 vs. HSA-PLA
(PTX).

Drugs Taxol® Abraxane® HSA-PLA (PTX)
Parameters

ti2 (h) 82+17 14.3+0.5 11.8+ 3.7

Tmax (h) 0.25 0.25 0.25
Crmax (Mg/mL) 19.4+5.3 1.5+0.3 2.2+0.1
Co (ng/mL) 36.5+16.5 39+21 46+1.7
AUCo.72h (Mg*h/mL) 32.0 + 7.5%%## 22+05 40+1.0*
AUCq (Hg*h/mL) 32.1 + 7.5% 22+05 4.0 +1.0*

Vg (mL/kQ) 327.6 £ 182.2* 3029.9 £ 1452.8 2356.8 £ 720.0

CL (L/kg/h) 0.3+0.1** 48+1.2 2.6+0.7*

Where t42 represents the terminal half-life, Tmax stands for the time of peak
concentration, Cmax signifies the peak concentration, Co corresponds to the
extrapolated concentration at time 0, AUCo7n denotes the area under the
concentration-time curve from 0 to 72 hours, AUC, represents the extrapolated area
under the concentration-time curve from 0 to infinity, Vq is the volume of distribution,

and CL refers to the total body clearance.
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4.4.4 Biodistribution study in 4T1 tumour-bearing mice

In this study, the 4T1 tumour-bearing mice were intravenously injected with Taxol®,
Abraxane® and HSA-PLA (PTX) at a PTX dose of 20 mg/kg, respectively. The
equipment LC-MS/MS was used to detect and quantify the PTX levels extracted
from the plasma, tumours, hearts, livers, spleens, lungs and kidneys of mice at 1,
3, 8, 24 and 72-h post-injection of each PTX formulation, respectively. To achieve
a precise quantification of PTX contents in tissues, a highly reproducible method
was designed to prepare samples for LC-MS/MS analysis, including heart
perfusion, tissue homogenization and MTBE liquid-liquid extraction.

Heart perfusion

In theory, the average volume of circulating blood in a mouse is 72 mL/kg [214].
So, a 20 g mouse should have a total of approximately 1.44 mL of blood. However,
in practice, a maximum volume of about 0.4 mL of blood was withdrawn from a
mouse by cardiac puncture, which indicated that approximately 1 mL of blood
remained in the tissues and organs. According to the PK profiles of Taxol®,
Abraxane® and HSA-PLA (PTX) in rats, see Fig 57, the presence of PTX in rat
plasma was still detectable up to 72 hours after injection through our LC-MS/MS
detection method. In order to get the accurate PTX levels in tissues, the blood in
the organ should be removed to minimize the influence coming from the PTX in

blood. Therefore, the operation of heart perfusion with 50 mL of phosphate
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buffered saline was performed to the mice to remove blood from the tissues.
Photographs (Fig 58) of the organs treated with or without heart perfusion have
clearly displayed the difference in the appearance of the organs with and without
blood inside. The excessive saline in and around the tissues was meticulously
absorbed and desiccated using absorbent papers. Subsequently, the dried
organs and tumours were meticulously collected and stored within a -20°C

freezer until the subsequent steps involving tissue homogenization .

Group No heart perfusion After heart perfusion

Heart

0

Lung

Liver

Kidneys
&spleen

Tumour

Fig 58. Appearance of organs and tumours with and without heart perfusion of saline.
The colour of organs is significantly altered after the heart perfusion with saline when
compared with the group without heart perfusion. The blood within different organs has been
removed by the heart perfusion of saline.
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Tissue homogenization

The organs and tumours were sectioned into small pieces, and concurrently, the
vessels, ducts, ligaments, fibrous appendages, and fats were meticulously
removed from the organs. The weights of these minced organs and tumours were
accurately recorded. Subsequently, phosphate-buffered saline was employed to
create a suspension of the organ fragments, maintaining a ratio of 100 mg tissue
per 1 mL PBS saline. Following this, a 10-minute probe sonication process was
applied to achieve thorough homogenization of the organ or tumour suspensions.
A portion (0.1 mL) of the resulting tissue suspension was then extracted and
stored for subsequent MTBE liquid-liquid extraction. This homogenization
technique guarantees the absence of tissue chunks in the suspensions, ensuring
a uniform homogenization process for both tumours and organs. As a result,
exceptional reproducibility in PTX content measurements within organs and

tumours was achieved.
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Whole liver Liver pieces Weight Suspend liver pieces with
measurement PBS (100 mg/mL PBS)
Ragle,
MTBE liquid- ==
liquid extraction | N -
s
10-min probe sonication Well-homogenized Aliquot 0.1mL LC-MS/MS

liver suspension

Fig 59. Workflow of the tissue homogenization. Here, the mouse liver is used as an
example to demonstrate this method of tissue homogenization. Created with BioRender.com.

MTBE liquid-liquid extraction

To achieve a complete extraction of PTX from both plasma and tissue
suspensions, a MTBE liquid-liquid extraction method was developed and
illustrated in Fig 60. The initial step of this extraction method involved adding 100
ML of a 60% (v/v) aqueous ACN solution to the thawed plasma and tissue
suspensions. This addition aimed to dissolve and disperse any potential clumps
that might arise during the thawing process, as protein aggregates could form in
the suspensions. Subsequently, 100 uL of pure ACN was introduced to precipitate
the proteins. MTBE was used for the first extraction of hydrophobic substances
in the plasma and tissue suspensions. To enhance the recovery rate of the
extraction process, the MTBE extraction step was repeated, allowing for a second

extraction cycle. The extraction method's recovery rate was determined by
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spiking PTX into blank plasma and subsequently comparing the quantity of
extracted paclitaxel with the quantity of paclitaxel added .

Employing this extraction approach for preparing LC-MS/MS samples
significantly reduced impurities and effectively suppressed the baseline noise in
the spectra to a minimal level. The removal of hydrophilic impurities from
biological samples is crucial, as their presence could lead to denatured proteins
in the ESI compartment due to the elevated temperature environment. This, in
turn, could render the baseline noise unsuitable for the sensitive detection of low

concentrations of paclitaxel, such as 1 ng/mL.
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Results obtained from LC-MS/MS

For the LC-MS/MS detection method of PTX, the ion 854.2 m/z was selected as
the precursor ion and this ion (PTX+H)" was mainly fragmented into a product ion
286.1 m/z by adjusting the collision energy. Based on this combination of
precursor-product ions, a calibration curve of paclitaxel in acetonitriie was
established, y = 222.52 x, ranging the concentration of PTX from 1 ng/mL to
10,000 ng/mL with a correlation coefficient value of 0.9996 (R? = 0.9996). Due to
the fact that the detection of PTX by mass spectrometry is based on the ionization
of analytes, the ionization of PTX in different tissue compartments might be
different. In order to reduce the influence from this variable factor on the
quantification of PTX, the different calibration curves of PTX in ACN spiked with
plasma, tumour or organs were created, see Fig 61. The equations for these
calibration curves, used for quantifying PTX in plasma, tumour, heart, liver, spleen,
lung, and kidney, are listed below:

Plasma: y=223.04x R?=1

Tumour: y=229.4x R2 =1

Heart: y=197.08x R2=0.9985

Liver: y=240.72x  R?=0.9997

Spleen:  y=228.84x R?=0.9996

Lung: y=211.43x  R?=0.9999

Kidney: y=212.69x R2=0.999
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Fig 61. Calibration curves of PTX in different media for the LC-MS/MS detection method.
Due to the different ionization of PTX may affect the final response in mass spectrometer, the
different calibration curves of PTX in different media are developed for the specific
quantification of PTX from different tissue compartments.
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Based on the above calibration curves of PTX, the PTX contents in plasma,
tumour and organs were determined. These determinations were then used to
generate concentration-versus-time curves for PTX post-injection (see Fig 62).
Additionally, bar charts were constructed to illustrate the percentage of injected
PTX per gram of tissue at various post-injection time points (Fig 63). Based on
the curves of PTX concentration versus time post-injection of PTX formulations,
the PK parameter, AUCo-72n, of PTX in different compartments were calculated,
as shown in Table 11.

Apparently, the injected PTX from Taxol®, Abraxane® and HSA-PLA (PTX)
formulations was systemically spread in the mice, as PTX was detected in and
not limited to the mice plasma, tumours, hearts, livers, spleens, lungs and kidneys.
The average 4T1 tumour weight in this biodistribution study was lower than 300
mg, therefore, only a small portion (less than 1%) of the injected PTX from three
PTX formulations was delivered to the tumour site based on the bar chart of the
1-h post injection in Fig 63. This underutilization of hydrophobic therapeutic
ingredients is a common and significant issue in therapy. Literature reports
suggest that nearly 99% of the injected nanomedicine dose is eliminated by the
liver and spleen [215,216].

At the 1-hour post-injection of the PTX formulations (Fig 63), around 15% of the
injected Taxol® and more than 20% of the injected Abraxane® and HSA-PLA (PTX)

were captured by the liver (liver weights were around 1 gram). A noteworthy study
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[89] has revealed the mechanism for the clearance of the nanoparticles by the
liver, where scientists consider that the flow velocity of the nanoparticles in the
liver blood vessels is retarded up to 1000 fold in comparison to the blood flow in
the normal systemic circulation. As a result, the frequency of the interaction
between nanoparticles and hepatic cells is sharply increased. Meanwhile, in their
study [89], they found that the uptake of nanoparticles by the hepatocytes was
associated with the particle size and the larger nanoparticles were preferentially
taken up by the hepatocytes. Their findings offer an explanation for the lower
volume of distribution of PTX from Taxol® injections in rats and mice compared to
other paclitaxel formulations at the same dose , see Table 10.

The plasma AUCo72n values of the Taxol® injection in rats and mice are
statistically higher than the plasma AUCo-72n values of the Abraxane® and the
HSA-PLA (PTX) in rats and mice, respectively, (p < 0.01). The smaller
hydrodynamic diameter of the Taxol® micelles in aqueous media (11 + 4 nm, see
Table 7) may contribute to the less sequestration of PTX in the liver, thereby the
circulation time of the Taxol® micelles is prolonged. Consequently, more injected
PTX from the Taxol® is allowed to be delivered to the tumour via the EPR effect
when compared with the Abraxane® (125 + 4 nm). The tumour AUCo.72h value of
the Taxol® injection is 120.27 + 4.35 ug.h g, significantly higher than the tumour
AUCo.72n value of the Abraxane® injection 90.05 + 12.4 ug.h g, p < 0.5. A higher

tumour AUCo-72n value of the injected PTX indicated that the tumour is exposed
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to more paclitaxel molecules. Consequently, in tumour-bearing mice models,
intravenous administration of Abraxane® did not exhibit a superior tumoricidal
effect compared to intravenous administration of Taxol® at the same PTX dose,
which is consistent with the in vivo data of the publication [136] of Yuan et al. as
well as our pilot anticancer study.

The current hypothesis aims to create a nanocarrier with higher colloidal stability
compared to the Abraxane®, reducing unnecessary loss upon dilution in the
bloodstream. The DLVO theory is used to explain the poor colloidal stability of the
Abraxane® nanoparticles at low concentrations. The changes in the
hydrodynamic diameter of the Abraxane® nanoparticles with the decreasing
concentration have been recorded in Fig 48. B. The Abraxane® nanoparticles
start to disintegrate below a concentration of 0.3 mg/mL (eq. PTX 30 pg/mL).
Therefore, the Abraxane® nanoparticles become unstable when its concentration
falls below 0.3 mg/mL (eq. PTX 30 pg/mL), while the HSA-PLA (PTX)
nanoparticles remain stable at a concentration of 0.01 mg/mL.

As a result, the plasma AUCo-72n values for the HSA-PLA (PTX) in rats (4.0 £ 1.0
pg.h mL") and mice (23.02 £ 1.71 ug.h mL™") are significantly higher (p < 0.5)
than the plasma AUCo.72n values of the Abraxane® in rats (2.2 + 0.5 pyg.h mL™")
and mice (16.12 * 2.46 pg.h mL"). Consequently, the HSA-PLA (PTX)
nanoparticles are able to deliver a significantly higher amount of PTX to tumours

when compared to the Abraxane®, the tumour AUCo.72n value of the HSA-PLA
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(PTX) (128.64 * 3.41 ug.h g) is significantly higher (p < 0.01) than the tumour
AUCo.72n value of the Abraxane® (90.05 + 12.4 ug.h g'). Moreover, the HSA-PLA
(PTX) nanoparticles exhibit a similar organ clearance pattern to the Abraxane®
nanoparticles. As shown in Fig 62, the clearance rate of the injected Taxol® in
different organs was significantly lower than that of the injected Abraxane® and
HSA-PLA (PTX) nanoparticles. This suggests that Taxol® potentially induces
higher systemic toxicity and more severe organ damage compared to Abraxane®
and HSA-PLA (PTX) nanoparticles. Furthermore, the clearance rates of the HSA-
PLA (PTX) nanoparticles from mice's hearts, livers, spleens, lungs, and kidneys
are similar to those of the injected Abraxane® nanoparticles, indicating that the
HSA-PLA (PTX) nanoparticles may also offer the advantage of low systemic

toxicity.
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Table 11. The pharmacokinetic parameter, AUCo.72n, of different paclitaxel
formulations in terms of mice plasma, tumours and organs. Data are
expressed as mean + SD (n = 3). *, p < 0.05. **, p < 0.01 vs Abraxane®. #, p < 0.01
vs. HSA-PLA (PTX).

AUCo.72n Units Taxol® Abraxane® HSA-PLA (PTX)

Plasma pg.h mL? 52.91 + 10.56**## 16.12 + 2.46 23.02£1.71*

Tumour 120.27 + 4.35* 90.05+124 128.64 + 3.41**
Heart 106.50 £ 28.74 4153 +11.75 34.32 +3.03
Liver 466.75 = 75.87 237.51 £55.15 254,95 £ 13.23

Hg.h gt

Spleen 157.87 £ 15.64 41.16 +5.96 43.35 + 3.00
Lung 94.81 £ 7.83 26.14 £ 3.39 35.95 % 2.05

Kidney 198.98 £ 33.78 63.13+£9.73 66.56 £ 8.11
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Fig 62. Pharmacokinetic profiles of PTX concentration versus time post-injection for
mice plasma and different tissue compartments. 4T1 tumour-bearing mice were
intravenously injected with Taxol®, Abraxane® and HSA-PLA (PTX) at 20 mg kg PTX,
respectively. Data are expressed as mean + SD, n = 3.
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Fig 63. Bar charts of the percentage of the injected PTX in per gram tissue at different
time points post-injection. The biodistribution of the injected Taxol®, Abraxane® and HSA-
PLA (PTX) nanoparticles in 4T1 tumour-bearing mice at different time points after the
intravenous administration of each PTX formulation at the dose of PTX 20 mg/kg. Due to the
EPR effect, the PTX levels in tumour are higher than PTX contents in organs at the 24-h and
72-h post-injection. Data are expressed as mean + SD, n = 3.
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4.4.5 In vivo anti-tumour study

To further evaluate the potential influence of nanoparticles' colloidal stability on
the tumoricidal effects of albumin-based nanomedicine, an in vivo anti-tumour
study involving Taxol®, Abraxane®, and HSA-PLA (PTX) was conducted on mice
bearing 4T1 tumours. Determined by the preliminary investigation, the maximum
tolerated dose of Taxol® administered intravenously to mice with 4T1 tumours
was established at 20 mg/kg PTX per dose. It was also noted that multiple IV
injections of HSA/saline, Taxol®, HSA-PLA (PTX), or Abraxane® (three or more
separate injections) might potentially lead to fatal anaphylactic shock in BALB/c
female mice.

Therefore, in the formal study, each mouse received only two injections of the
PTX formulation to prevent triggering a severe immune response. The general
method of this in vivo anticancer study, including the tumour implantation and the
treatment regimes, are illustrated in Fig 64.

Based on the PK studies of the Taxol® and the Abraxane® in rats and mice and a
pilot anticancer study, it was established that the superiority of the Abraxane®
over the Taxol® in non-immunodeficient animals primarily stemmed from its
reduced toxicity rather than its effectiveness in delivering PTX. Consequently, the
injection doses for Abraxane® and HSA-PLA (PTX) nanosuspensions in tumour-

bearing mice were increased to 40 mg/kg PTX. Conversely, the dose for Taxol®
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remained at 20 mg/kg due to its heightened toxicity.

According to the tumour growth curves (Fig 65. A), mice treated with the HSA-
PLA (PTX) at PTX 40 mg/kg experienced significant suppression of tumour
growth compared to those treated with the Abraxane® at the same PTX dose. The
final tumour weight in the HSA-PLA (PTX) group measured 239.8 + 43.0 mg,
which was statistically smaller than the Abraxane® group's weight of 340.6 + 62.8
mg (p < 0.5, Fig 65. C). The reason for the better tumoricidal activity of the
injected HSA-PLA (PTX) was explained in the pharmacokinetic studies, as the
HSA-PLA (PTX) nanoparticles could deliver more paclitaxel to the tumours
compared with the injected Abraxane® at an equivalent PTX dose. Although the
tumour growth of the Taxol® treated group was inhibited when compared to the
control group (HSA/saline), the body weights of mice in the Taxol® treated group
continuously decreased due to the heightened systemic toxicity associated with

the administration of Taxol® (Fig 65. B).
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Fig 64. Schematic representation of the methodological flow of the in vivo anti-tumour
study. The harvested 4T1 cells were subcutaneously injected at the right flank sites of BALB/c
female mice. When the tumour volume was around 100 mm3, the 4T1 tumour-bearing mice
were treated with Taxol® (eq. PTX 20 mg/kg), Abraxane® (eq. PTX 40 mg/kg) and HSA-PLA
(PTX) nanoparticles (eq. PTX 40 mg/kg) at Day 0 and 3, respectively. Note: the maximum
tolerated dose (MTD) of the Taxol® to mice is 20 mg/kg PTX. While the MTDs of the Abraxane®
and the HSA-PLA (PTX) nanoparticles to mice are higher than 50 mg/kg PTX. The difference
of the MTDs between the Taxol® and the Abraxane® in this in vivo study is consistent with the
clinical practice guidelines for the intravenous infusion of the Taxol® (175 mg/m2) and the
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Abraxane® (300 mg/m?2) on patients. Created with BioRender.com.
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Fig 65. In vivo anti-tumour study. (A) Tumour growth curves of the 4T1 tumour-bearing mice
with different treatments. (B) Percent weight change in mice after the first injection, where
positive changes indicate weight gain and negative changes mean mice weight loss compared
to their body weight at the time of the first injection. (C) Tumour size and weight in different
treatment groups 10 days after injection. Data are expressed as mean = SD (n=5). *, p < 0.05.
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4.5 Conclusion and outlook

To sum up, the decorated albumin nanocarrier (HSA-PLA polymeric micelle) has
shown an outstanding colloidal stability when delivering paclitaxel. The higher
colloidal stability of the HSA-PLA (PTX) nanoparticles improves the delivery
efficacy of PTX to tumours when compared with the Abraxane®. Consequently,
the tumoricidal efficacy of the injected HSA-PLA (PTX) nanoparticles has
surpassed that of the injected Abraxane® when equal doses of paclitaxel are
administered intravenously to mice with 4T1 tumours. Furthermore, in this part,
Furthermore, this section has conclusively demonstrated, through the in vivo
studies, that the therapeutic impact of Abraxane® on 4T1 tumour-bearing mice
does not surpass that of Taxol® at the same PTX dose.

The high comparability of our PK studies with the NCL’s nanomedicine report and
the PK results from the preclinical studies with Taxol® and Abraxane®
demonstrates the reliability of our data and methodology. The rapid decline of the
injected PTX in experimental rats and mice and patient plasma indicates that
Abraxane® does not inherit the long systemic circulation function of albumin. In
the pilot anticancer study, multiple injections of the Abraxane® to mice might
induce the fatal immune response on mice. By combining the data of the circular
dichroism experiments (see Table 4), it is evident that albumins underwent

denaturation during the manufacturing and lyophilization processes, leading to
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rapid elimination of PTX within albumin carriers in the bloodstream due to the
mice's immune system being stimulated. The severe systemic toxicity induced by
the injected Taxol® resulted in the weight loss of mice as well as a low maximum
tolerated dose on mice.

Based on the findings of these in vivo studies, it is determined that the primary
advantage of the injected Abraxane® over the injected Taxol® in cancer therapy
is its reduced systemic toxicity rather than its efficiency in delivering PTX to
tumours. It's noteworthy that our PTX formulation, HSA-PLA (PTX), not only
shares the low toxicity attributes of the Abraxane®, but also exhibits similar PTX
tumour deposition to that of Taxol® at equivalent PTX doses. This is attributed to
the heightened colloidal stability of the HSA-PLA (PTX) nanopatrticles.

For the future work, the stealth polymers can be used to coat the surface of the
HSA-PLA (PTX) nanoparticles to prolong the blood circulation time of the
encapsulated PTX. Suitable options include polyethylene glycol, EK10
polypeptide, dextran, or polyglycerol. Leveraging the amine groups on the
surface of the HSA-PLA nanoparticles holds potential for linking with ligands that
target tumours, thereby increasing PTX deposition within tumours. In addition,
there's potential to encapsulate various other hydrophobic drugs within the HSA-

PLA nanoparticles for different medical needs.
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Chapter 5. Synthesis, characterization and in vitro and
in vivo evaluation of a novel tumour targeted

nanocarriers

5.1 Introduction

In 1986, Matsumura and Maeda [72] discovered an important phenomenon that
the macromolecules preferentially accumulated in the tumour tissue and were
slowly cleared from the tumour in animal models, an observation that they named
the EPR (enhanced permeation and retention) effect. They also speculated that
the EPR effect could extend to cancer patients with malignant tumours,
presenting an opportunity to enhance the efficacy of chemotherapy. Indeed,
numerous clinical studies [74] have since confirmed the existence of the EPR
effect in cancer patients. Since the 1990s, the US Food and Drug Administration
and the European Medicines Agency have already approved several
nanomedicines [104] for the oncotherapy based on exploiting the EPR effect of
malignant tumours to deliver active ingredients in a passively targeted manner.

However, the EPR effect in the malignant tumours is heterogeneous among
cancer patients [73]. Moreover, currently available commercial nhanomedicines
offer limited benefits in terms of survival for cancer patients with low or negligible

EPR effects [217]. Therefore, the heterogeneity of the EPR effect has been
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proposed as an explanation for the different patient responses to nanomedicines.
Furthermore, a meta-analysis focused on investigating nanoparticle delivery to
tumour sites in animal models [215] revealed that approximately less than 1% of
injected nanoparticles were actually present at the tumour locations. As a result,
enhancing the delivery of active ingredients within tumours remains a significant
challenge in the field of nanomedicine development [75]. This challenge
underscores the reason why researchers have developed various strategies
aimed at improving the delivery efficiency of nanomedicines.

In this chapter, a novel tumour-tropism drug delivery system was developed to
increase the delivery of therapeutic payloads to malignant tumours. In 1897, Paul
Ehrlich [102] proposed the ‘Side-Chain Theory’ to describe the phenomenon of a
specific interaction between a particular substance and a cell surface side chain.
Ehrlich later refined his theory in 1900, giving rise to the 'Receptor-Ligand Theory,'
which forms the basis for targeted therapy. As time has progressed, targeted
cancer therapies have become widely recognized. The current strategies for the
targeted therapies are primarily based on the Ehrlich’s Receptor-Ligand Theory,
and thus scientists have developed diverse nanocarriers decorated with different
ligands to specifically bind with the receptors of target. Over the past decade,
more than forty thousand research reports about actively targeted delivery have
been published [98]. Nonetheless, it's notable that, excluding Antibody-drug

conjugates, none of these targeted drug delivery systems have successfully
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transitioned into clinical practice.

In this work the hydrophobic PLA chain was introduced to albumin cysteine
groups to create HSA-PLA conjugates. Additionally, acetyl groups were
introduced to the albumin L-lysine groups independently, serving to heighten the
colloidal stability of the nanoparticles through the reduction of surface energy.
These combined modifications resulted in the development of the Ac-HSA-PLA

tumour-targeted drug delivery system, as shown in Fig 66.
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Fig 66. Schematic illustration for the preparation process of Ac-HSA-PLA polymeric
micelles. After the acetylation of human serum albumin (Ac-HSA), the decorated albumin (Ac-
HSA) can then interact with cell receptors, such as CD44 and folate receptors. By conjugating
the hydrophobic polymer (PLA) to the acetylated albumin (Ac-HSA), the novel tumour-tropism
nanocarriers, Ac-HSA-PLA nanoparticles, are created. Created with BioRender.com.

The initial hypothesis centred around acetylating the L-lysine groups of HSA to
occupy the available free amine groups, ultimately leading to a more negatively
charged protein structure. It was hypothesized this acetylated albumin (Ac-HSA)
may be conjugated with the hydrophobic polymers (PLA) to create the amphiphilic
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conjugates, Ac-HSA-PLA. These resultant Ac-HSA-PLA conjugates were
expected to self-assemble into polymeric micelles, forming Ac-HSA-PLA
polymeric micelles with a more negative zeta potential than their HSA-PLA
counterparts. According to the DLVO theory, the colloidal stability of albumin
nanoparticles would be thereby increased by making the particles more negative
in their zeta potential. Notably, this hypothesis was proven and verified in this
chapter.

What is even more remarkable is the discovery of the excellent cancer cell
targeting affinity exhibited by the Ac-HSA-PLA nanoparticles. From the in vitro
studies, it has been found that the cellular uptake of the Ac-HSA-PLA
nanoparticles in the CD44 and folate receptor-enriched cells is largely enhanced
when compared to HSA standards and albumin-based nanoparticles. This work
is the first to discover that the acetylated albumins target uptake to MDA-MB-231
cells.

In this chapter, the synthetic process details, principles and the theoretical basis
are introduced and discussed. The characterization of the Ac-HSA-PLA
conjugates and the Ac-HSA-PLA polymeric micelles was determined by studies
of MALDI-TOF, DLS, protein gel electrophoresis and TEM. The CMC of the Ac-
HSA-PLA nanoparticles was also determined. The enhanced cellular uptake of
the Ac-HSA-PLA nanoparticles in MDA-MB-231 cells (enriched with folate and

CD44 receptors) was quantified by flow cytometry and visualized through
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fluorescence microscopy. In addition, the enhanced MDA-MB-231 tumour uptake
of the acetylated HSA-PLA nanoparticles was visualized by the IVIS® in vivo
imaging system.

Techniques like MALDI-TOF, DLS, CMC measurements and TEM have been
introduced in previous chapters. Generally, besides the zeta potential results from
DLS, the native polyacrylamide gel electrophoresis (PAGE) protein separation
technique was used to visually present the difference in net charges between the

HSA-PLA and the Ac-HSA-PLA conjugates.

5.1.1 Introduction — Native polyacrylamide gel electrophoresis

protein separation

Polyacrylamide gel electrophoresis (PAGE) techniques have been developed as
highly reliable and common methods for isolating, identifying, and characterizing
proteins and other biomacromolecules. Electrophoresis separates charged
substances based on an electric field. In the case of PAGE, protein separation
occurs due to the distinct electrophoretic mobilities of individual proteins under
the same electric field [218]. Theoretically, proteins can be effectively separated
during their migration from a cathode to an anode. The rate of movement for a
charged analyte in the presence of an applied electric field is referred to as the

electrophoretic velocity, v,,,.
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Electrophoretic velocity: Vegp = .uepE

Where p,, refers to the electrophoretic mobility of the sample and E is the

magnitude of the applied electric field.

Electrophoretic mobility (u,.,) is defined as the average electrophoretic migration

rate of charged ions per unit field strength.

q
é6mnr

Electrophoretic mobility: e, =
Where g means the net charge of the analyte, 7 is the viscosity of medium,

and ris the radius of the sample.

According to the equations of the electrophoretic mobility and velocity, two
parameters, g and r, come from the intrinsical physicochemical properties of the
analysed proteins. Therefore, on the basis of exploiting the molecular weights
and net charges of proteins, the PAGE gel electrophoresis techniques have been
developed into an SDS-PAGE application and a native PAGE application.

For the SDS-PAGE technique used in the separation of proteins, a surfactant,
sodium dodecyl sulphate (SDS), is used to bind with the denatured proteins to
create the negatively charged complexes. The addition of SDS leads to the
similarity in net charges among various SDS-protein complexes during PAGE gel
electrophoresis. Consequently, the separation of distinct proteins during
electrophoresis relies on their respective molecular weights or sizes. Therefore,

a denatured protein with a larger size migrates slower towards the anode.
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In the application of the native PAGE, proteins are not denatured, and the
surfactant is not used to homogenize the net charges of proteins. Therefore, the
separation of different native proteins in the native PAGE gel electrophoresis is
dependent on the ratios of their net charges to their sizes. As shown in Fig 67,
when the molecular weights of the analysed proteins are comparable, those with
higher negative charges will exhibit a faster migration towards the anode from the

cathode.
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Fig 67. Schematic illustration of the protein separation in the gel electrophoresis tank.
For the SDS-PAGE application, the separation of proteins is based on their molecular weights,
smaller proteins move faster to the anode. In the native PAGE application, migration rates of
the proteins are based on the ratios of the net charges to the mass of proteins. For example,
when molecular weights of the proteins are similar, more negatively charged proteins will move

faster to anode. Created with BioRender.com.
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5.1.2 Introduction — Fluorescence microscopy

Fluorescence microscopy is an extensively used tool to rapidly image cells
containing fluorescent information, including the detection of fluorescent proteins
(green fluorescent protein) and the illumination of fluorescently labelled
nanoparticles and organelles in cells. As shown in Fig 68, the light from the LED
passes through the excitation filter, illuminating a wide field within cells and
exciting the fluorophores of fluorescent substances. The resulting intense emitted
light is then collected by the detector.

Compared with a confocal laser scanning microscopy, the EVOS fluorescence
microscopy possesses the ability to excite a wider cell area and capture a broader
area of emitted light. Employing this technique allows for visualizing the cellular
uptake of fluorescently labelled nanoparticles from a wider area of cells. This
enhances the capacity to compare the cellular uptake of normal nanoparticles
versus actively targeted nanoparticles, resulting in more robust cell images for

analysis, without being confined to a small cell count.
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Fig 68. Schematic diagram of the workflow of an EVOS fluorescence microscopy. The
parallel light beam passes through an excitation filter and then the light is focused on a wide
field of sample plate. The resulting emission light is collected by the detector. Created with
BioRender.com.

5.1.3 Introduction — Flow cytometry

Flow cytometry is a powerful technique for rapidly analysing the individual cells
in terms of cellular size, granularity and fluorescence. The characteristics of each
individual cell, such as its size, shape, and fluorescence intensity across various
channels, are recorded and presented as events in a scatter plot within flow
cytometry. The process of counting cells in a flow cytometer is depicted in the

schematic workflow shown in Fig 69. Cells from the injected cell suspension are
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detected individually through the function of a fluidics system. Upon contact with
the transmitted laser light, the cell's scattered laser light is received by a forward
scatter (FSC) detector and a side scatter (SSC) detector, capturing information
about the cellular size and shape. Concurrently, the fluorophores within the cells
are excited by the laser, and the emitted light is detected by photomultiplier tube
(PMT) detectors across different channels, where the fluorescence intensity of
the emitted light is recorded.

Based on the recorded information of an individual cell, this data is represented
as an independent event and visualized as a single point in the scatter plot of
SSC versus FSC in flow cytometry. Alarger FSC value indicates a bigger cell size,
while the SSC value correlates positively with the cell's granularity or internal
complexity. By combining the FSC and SSC measurements of a cell, the cell's
morphology can be broadly described and classified within the scatter plot.

In this work, a fluorescent dye, fluorescein isothiocyanate (FITC), was used to
covalently label the nanoparticles. By reading the fluorescence intensity of cells
that treated with different FITC labelled nanoparticles, the association between
different nanoparticles and cells was quantified and compared. By circling the
population of live cell events in the SSC-FSC scatter plot, the average FITC
fluorescence intensity of cells can be read as a specific number. Thus, a higher
FITC fluorescence intensity reading in a cell suggests a more intense interaction

between nanoparticles and cells.
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Fig 69. Schematic diagram of the workflow of a flow cytometer when counting cells and
recording cellular information. By using a fluidics system, the injected cells pass through
the detector one by one. The scattered light is received in a forward scatter and side scatter
detectors, which encode the information into the size and granularity of the cells. Meanwhile,
the emissions from the different fluorescent dye treated cells are recorded by different PMT
detectors in different channels. As a result, the fluorescence intensity of the cells is recorded
and converted into a specific number. Created with BioRender.com.
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5.1.4 Introduction — IVIS Spectrum Imaging System

The IVIS® spectrum imaging system is used for non-invasive detection and
quantification of fluorescence or bioluminescence signals emanating from
animals, tissues, or cells. The IVIS® spectrum imaging system is commonly
utilized for applications involving 2D/3D bioluminescence imaging and 2D/3D
fluorescence imaging.

For using the application of bioluminescence imaging, mice typically need to be
transfected with a luciferase-expressing cell line. Subsequently, the Luc2-
transfected cells in the mice can produce luciferase. The chemical luciferin is then
specifically oxidized by the enzyme luciferase into oxyluciferin, emitting light at a
wavelength of 560 nm during this oxidation process. Therefore, for
bioluminescence imaging, mice need to be injected with the luciferin solution, and
the resulting emission can be detected by a charge-coupled device (CCD)
camera. Consequently, there is no requirement to use excitation light during
bioluminescence imaging, and the autofluorescence of the animal does not need
to be taken into account.

For the application of fluorescence imaging in the IVIS® Spectrum imaging
system, the fluorophores of the injected fluorescent dyes need to be excited by
an excitation light. Subsequently, the emitted light is captured by a CCD camera,

as shown in Fig 70. In order to minimize the influence from the autofluorescence

Page | 237



of the animal fur, the near infrared (NIR) fluorescent dyes are more suitable for

the in vivo and ex vivo fluorescence imaging.
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Fig 70. Schematic diagram for the fluorescence imaging of a tumour bearing nude
mouse in the IVIS® spectrum imaging system. The generated excitation light is focused on
the specific area, the resulting emission light from sample is collected by a CCD camera. A
shutter is used to control the exposure time. Aperture settings are related with the resolution
of the final image. Created with BioRender.com.
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5.2 Materials, cell line and animal

Table 12. Materials, cell line and animal model used in the synthesis,
characterization, in vitro and in vivo evaluation studies of the Ac-HSA-PLA
nanoparticles.

Supplier Materials, cell line and animal

Acetone puriss ACS reagent

Coomassie Brilliant blue R 250

Dimethyl sulfoxide (DMSO)

3,5-Dimethoxy-4-hydroxycinnamic acid

1,1'-Diethyl-4,4'-dicarbocyanine iodide

Ethylenediaminetetraacetic acid (EDTA)

Fetal Bovine Serum Heat Inactivated non-USA origin sterile-filtered

Folic acid

Merck UK
Human serum albumin (HSA) essentially fatty acid free

Hyaluronic acid sodium salt from Streptococcus equi, mol wt 30-50k

Phosphotungstic acid hydrate for microscopy

Poly(L-lactide) N-2-hydroxyethylmaleimide terminated Mn 2000

Pyrene, puriss. p.a for fluorescence 299.0%

Sodium phosphate monobasic dihydrate (299.0%)

Sodium phosphate dibasic heptahydrate (98-102%)

Syringe-driven filter units (0.45um)

Generon UK Tris(2-carboxyethyl) phosphine Hydrochloride (TCEP+HCI)

Acetonitrile (ACN, 299.9%, HPLC Gradient grade)

Thermo Fisher
Collagen Type | Cellware 22mm round Coverslips
Scientific UK

3,5-Dimethoxy-4-hydroxycinnamic acid, 98%
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Immersion Qil™ 518F

Leibovitz's L-15 Medium

Native Tris-Glycine Sample Buffer (2X)

Novex Tris-Glycine Gels

NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33342)

Paraformaldehyde Solution 4% in PBS

Penicillin-Streptomycin solution 100X

Phosphate Buffered Saline PBS pH 7.4

Recovery™ Cell Culture Freezing Medium

Slide-A-Lyzer™ Dialysis Cassettes 20K MWCO

Sulfosuccinimidyl Acetate

Trifluoroacetic acid (TFA, 99%)

Tris-Glycine Native Running Buffer (10X)

TrypLE™ Express Enzyme (1X) no phenol red

Biosynth Carbosynth

4-azidobenzoic acid (ABA)

BioLabs Color prestained protein standard (11-245kda)
ELGA PURELAB® Distilled water
ATCC MDA-MB-231 (ATCC HTB-26)

Charles River

Laboratories

NOD SCID mice — NOD.CB17-Prkdcscid /NCrCrl

All chemicals, reagents and solvents were used as purchased without any

purification.
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5.3 Experimental methods

5.3.1 Synthesis of Ac-HSA-PLA conjugates

All solutions used for synthesis were degassed overnight. Also all synthesis
reactions in this section were carried out under the nitrogen protection.

Step 1: Acetylation of human serum albumin

A quantity of 1000 mg of HSA was dissolved in 150 mL of a phosphate buffer
solution (0.1 mM, pH 8.0). Simultaneously, 1000 mg of sulfo-NHS-acetate was
dissolved in 20 mL of distilled water, and this solution was added dropwise to the
HSA solution. The resulting mixture was stirred magnetically at room temperature
for 2 hours. Following acetylation, the acetylated HSA solution was transferred
into a dialysis cassette (20K MWCO) and subjected to dialysis against distilled
water for 48 hours. After the dialysis process, the solution was frozen overnight
at -20°C, followed by lyophilization. The powder of acetylated HSA (Ac-HSA) was
obtained after 48 hours of freeze-drying and was subsequently stored in a glass
vial at room temperature.

Step 2: Releasing free sulfhydryl groups

An amount of 800 mg of the Ac-HSA powder was dissolved in 120 mL of a 0.1 M
sodium phosphate buffer solution (pH 6.8, 1 mM EDTA), followed by the addition

of 7 mL of a TCEP water solution (10 mg/mL) to the Ac-HSA solution. This mixture
Page | 241



was stirred using a magnetic stirrer for 4 hours in an ice bath, while being
protected by a nitrogen atmosphere.

Step 3: Quenching TCEP reduction

Avolume of 0.5 mL of DMSO containing 50 mg of 4-azidobenzoic acid was added
dropwise to the reduced Ac-HSA solution. After allowing 10 minutes for quenching,
40 mL of a 0.2 M sodium phosphate buffer (pH 9.3) was added to neutralize any
acidic by-products.

Step 4: Conjugating MAL-PLA to the Ac-HSA

The hydrophobic polymer maleimide-PLA (540 mg, Sigma-Aldrich, UK) was
dissolved in 15 mL of DMSO and subsequently added to the reduced Ac-HSA
solution mentioned earlier. The resulting mixture was then stirred using a
magnetic stirrer for 4 hours in a 37°C oil bath, all while being protected under a
nitrogen atmosphere.

Step 5: Purification and lyophilization

After the conjugation, the mixture was subjected to centrifugation for 5 minutes
at 6000 rpm in 5 cycles using a Hermle Z232K Centrifuge (Hermle Labortechnik
FmbH, Germany). The resulting supernatant was carefully transferred to a
dialysis cassette with a molecular weight cutoff (MWCO) of 20K. Following 2 days
of dialysis against distilled water, the nanosuspension underwent centrifugation
again for 5 cycles at 6000 rpm for 5 minutes each. The purified nanoparticle

suspension was rapidly frozen using a -20°C 25% (w/v) NaCl cooling medium.
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Subsequently, it underwent a 48-hour lyophilization process in a freeze dryer
(ALPHA 1-4 LDplus, Martin Christ, Germany). The resulting lyophilized powder

was collected and stored in a glass vial at room temperature.

5.3.2 Determination of the molecular weight of albumin

conjugates

The molecular weights of HSA standards, Ac-HSA, and Ac-HSA-PLA conjugates
were determined using a Matrix-Assisted Laser Desorption-Time of Flight
(MALDI-TOF) Mass Spectrometer (Bruker Daltonics, BD, Bremen, Germany).
The matrix solution was prepared by dissolving an excess of 3,5-Dimethoxy-4-
hydroxycinnamic acid (sinapinic acid) in a mixture containing 50% distilled water
and 50% ACN (0.2% v/v TFA). Samples (100 pmol/uL) were diluted with the
freshly prepared matrix solution (1:9 ratio), and then 1 pL of this resulting solution
was applied to a MALDI sample plate. Additionally, 1 pyL of the aldolase standard
solution (A9096, Sigma Aldrich, UK) was also applied to the same site as an
internal calibration standard. The reflector mode was selected to achieve a higher

resolution mass spectrum.
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5.3.3 Native PAGE protein separation

Sample preparation: 0.0125 mg of HSA, HSA-PLA and Ac-HSA-PLA lyophilized
powders were dissolved in 1 mL of a 1X-tris-glycine native sample buffer solution
(Novex™ Thermo Fisher Scientific Inc, UK), respectively.

Running buffer preparation: 100 mL of the 10X Tris-Glycine Native Running Buffer
(Novex™ Thermo Fisher Scientific Inc, UK) was diluted with 900 mL of distilled
water to prepare the 1X Native Running Buffer.

After assembling an XCell SureLock™ Mini-Cell gel tank, 5 uL of a ladder solution
was added to the first cell of gel and then 40 uL of each sample solution was
added to their respective cells of gel. The remaining space in the gel tank was
filled with the prepared running buffer. The power was then set to 225V, and the
gel electrophoresis was allowed to run for 40 minutes. Following the
electrophoresis run, the gel was equilibrated in distilled water for 1 hour. To
visualize the protein samples within the gel, a diluted Coomassie Brilliant Blue R-

250 solution (light blue) was used for staining.

5.3.4 Determination of Dy, PDI and zeta potential

The hydrodynamic diameter, zeta potential and polydispersity index (PDI) of the
Ac-HSA conjugate and Ac-HSA-PLA nanoparticles were determined via the

dynamic light scattering (DLS) technique by using a Malvern Nano-ZS. A quantity
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of 2 mg of each lyophilized sample was dispersed into 2 mL distilled water, the
pH value of the acetylated albumin solution and the Ac-HSA-PLA
nanosuspension was 7 (pH = 7). Each sample was measured in triplicate, and
the testing was conducted across three different batches of samples for increased

reliability.

5.3.5 Measurement of CMC of Ac-HSA-PLA polymeric micelles

The critical micelle concentration (CMC) of Ac-HSA-PLA polymeric micelles was
determined by using the pyrene fluorescence method. A quantity (1.2 mg) of pyrene
was dissolved in 1 mL of acetone to prepare a 5.93 mM pyrene stock solution, and
then this solution was diluted to a 0.0593mM pyrene solution with acetone. Then
0.1mL of the 0.0593 mM pyrene solution was added to an empty amber glass vial
and this glass vial was placed in the fume hood. After 30 min, the dried amber glass
vial was filled with 10 mL of distilled water to prepare a 0.593 uM pyrene solution. A
volume (550 pL) of the 0.593 pM pyrene solution was added to a glass cuvette and
the Ac-HSA-PLA nanosuspension (at a concentration of 1 mg/mL) was added to this
cuvette dropwise to get a series of sample concentrations from 5.425 to 90.91 mg/L.
The spectra (water background subtracted) were obtained via an LS 45
luminescence spectrometer (Perkin Elmer, Germany) with the following
parameters: excitation wavelength 340 nm, emission wavelength from 365 to 415

nm, scan speed 20 nm/min and 5 repeated scans per sample.
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5.3.6 TEM imaging

The lyophilized powder of the Ac-HSA-PLA nanoparticles was dispersed in
distiled water at a concentration of 5 mg/mL. A drop of the Ac-HSA-PLA
nanosuspension was dripped onto a TEM grid. After 5 minutes, the excess water
on the TEM grid was absorbed by the tissue papers. Then a drop of the 1% (w/v)
neutral phosphotungstic acid solution was added to this TEM grid. After 1 min
staining, distilled water was used to wash this copper grid to remove the
excessive staining agent. The prepared TEM sample was stored in a dark place

until imaging.

5.3.7 Cell culture of MDA-MB-231 cells

MDA-MB-231 cells were cultivated in a tissue culture flask equipped with a non-
filter cap. The flask contained Leibovitz's L-15 medium, which was supplemented
with  10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin/streptomycin. The incubation took place in a controlled environment at

37°C, with a COz2 concentration of 5% and humidity maintained at 95%.

5.3.8 EVOS fluorescence microscopy

The fluorescent dye coumarin-6 was respectively encapsulated in the HSA-PLA
and the Ac-HSA-PLA nanoparticles according to a weight ratio of 0.5 mg dye to

10 mg nanoparticles, and the resulting dye loaded nanoparticles were recorded
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as HSA-PLA (Cou-6) and Ac-HSA-PLA (Cou-6), respectively.

The collagen type | Cellware 22 mm round coverslips were placed in a 6-well
plate (SARSTEDT, Germany). Approximately, 6 x 10° MDA-MB-231 cells in 4 mL
of complete medium were seeded in each well of the above 6-well plate. These
cells were then incubated at a temperature of 37°C until they achieved 80%
confluence. The complete medium was subsequently aspirated, and the cells
were washed twice with 5 mL of cold PBS (pH 7.4). Following the washes, a fresh
FBS free medium was introduced to each well, with a volume of 3 mL.

After 4 hours starvation of cells at 37°C in an incubator, the coumarin-6 loaded
nanoparticles were added to each well according to a final concentration of 0.5
mg nanoparticles per mL FBS free medium. Following a 3-hour incubation of cells
with the dye-loaded nanoparticles, the medium containing them was aspirated
and replaced with 3 mL of fresh FBS-free medium for each well. Next, 6 drops of
a Hoechst 33342 solution were added to each cell well. After allowing 30 minutes
for cell nuclei staining, the coverslips were carefully removed, washed with cold
PBS (pH 7.4), and placed in a new 6-well plate. Subsequently, the cells on the
coverslips were fixed using a 4% paraformaldehyde solution (2 mL) for 15
minutes on ice. A single drop of mounting medium was applied to each
microscope slide. The washed coverslip was then positioned onto the microscope
slide with the mounting medium and sealed using nail varnish. The cell images

were captured using an EVOS Fluorescent Microscope (EVOS FLoid).
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5.3.9 Flow cytometry

The MACSQuant® Analyzer 10 Flow Cytometer (Miltenyi Biotec Ltd, Germany)
was used to measure the fluorescent intensity of the fluorescein isothiocyanate
(FITC) labelled samples in cells.

Preparation of fluorescence-labelled nanoparticles and albumin standard
A quantity of 80 mg of HSA standard, HSA-PLA nanoparticles and Ac-HSA-PLA
nanoparticles was dispersed in 10 mL of a phosphate buffer solution (0.1 mM
sodium phosphate, pH 8.0), respectively. Subsequently, 2 mL of DMSO
containing 2 mg of FITC was added dropwise to the aforementioned solutions.
The resulting mixtures were then stirred using a magnetic stirrer at room
temperature for a duration of 4 hours. By using the 0.45 pym syringe filters, the
insoluble FITC can be removed. The resulting filtrates were respectively injected
into a dialysis cassette (20K MWCO) for a 48-h dialysis against distilled water to
remove salts, DMSO and the dissolved FITC molecules. Upon completion of the
dialysis, the resulting yellow-colored liquids were frozen overnight within a -20°C
freezer. Subsequently, a 48-hour lyophilization procedure was conducted using a
freeze dryer (ALPHA 1-4 LDplus, Martin Christ, Germany). The resulting
lyophilized powder was then collected and stored within an amber glass vial at

room temperature.
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Time dependent cellular uptake of the FITC labelled samples

The harvested MDA-MB-231 cells were seeded in a 12-wells cell culture plate
according to a seeding density of 2 x 10° cells in 2 mL complete medium per well.
After 15 hours of incubation, 2 mL of the complete medium was replaced with 1.5
mL of FBS-free medium. Subsequently, following a 4-hour incubation within a
37°C incubator, the FITC-labelled samples (FITC-HSA, FITC-HSA-PLA
nanoparticles, FITC-Ac-HSA-PLA nanoparticles) were introduced into their
respective cell wells at a concentration of 0.5 mg/mL. The FITC-labelled samples
were then incubated with the cells for predetermined durations (1h, 3h, 5h, and
7h). Following incubation, the cells were subjected to three washes with PBS (pH
7.4) to eliminate any free FITC-labelled samples. Subsequently, 0.5 mL of
TrypLE™ Express Enzyme (1X) was added to each well to detach the cells from
the cell culture plate. To neutralize the TrypLE™ Express Enzyme, 1 mL of
complete medium was introduced to each well. The resulting cell suspensions
were individually filtered through a 40 um cell sieve. After preparation, the cell
samples were placed on ice and analysed using a flow cytometer.

Competitive assay — CD44 receptor

The harvested MDA-MB-231 cells were seeded in a 12-wells cell culture plate
according to a seeding density of 2 x 10° cells in 2 mL complete medium per well.
After 15 hours incubation, 2 mL complete medium was replaced with 2 mL FBS-

free medium. Then after 4 hours equilibrium, medium was aspirated out and
Page | 249



replaced with 1 mL FBS-free medium and 0.5 mL PBS (pH 7.4) containing 1 mg
FITC-HSA or FITC-HSA-PLA nanoparticles, or FITC-Ac-HSA-PLA nanoparticles
and 0.5 mL FBS-free medium containing 0.25 mg, or 0.5 mg, or 1 mg, or 2 mg
hyaluronic acid (HA). Following three hours incubation in a 37 °C incubator,
medium was removed and cells were washed three times with PBS (pH 7.4). Next,
0.5 mL TrypLE™ Express Enzyme (1X) was added to each well to detach cells
from the cell culture plate. Then 1 mL complete medium was added to each well
to neutralize the TrypLE™ Express Enzyme, the resulting cell suspensions were
respectively filtered through a 40 um cell sieve. The prepared cell samples were
placed on the ice and analysed by a flow cytometer.

Competitive assay — Folate receptor

Preparation of a folic acid (FA) stock solution: 10 mg of folic acid powder was
transferred to 9.5 mL of FBS-free medium, and 0.5 mL of 0.1M NaOH was added
to adjust the pH to 7.4 and solubilize the folic acid in the FBS-free medium.

The cell seeding procedures mirrored those described in the above part. After a
4-hour equilibrium period, the medium was aspirated and replaced with a
combination of 0.5 mL of FBS-free medium, 0.5 mL of PBS (pH 7.4) containing 1
mg of FITC-HSA or FITC-HSA-PLA nanoparticles, or FITC-Ac-HSA-PLA
nanoparticles, and 1 mL of FBS-free medium containing either 0.25 mg, 0.5 mg,
or 1 mg of FA. Following three hours incubation, the cell sample preparation

procedures were same with the part of ‘Competitive assay — CD44 receptor’.
Page | 250



5.3.10 IVIS ex vivo imaging

Preparation of NIR dye labelled nanoparticles

The NIR dye used in this study was the 1,1'-Diethyl-4,4'-dicarbocyanine iodide.
Through the paclitaxel drug loading approach, the aforementioned NIR dye was
encapsulated within HSA-PLA nanoparticles and Ac-HSA-PLA nanoparticles,
maintaining a weight ratio of 0.1 to 10 w/w between the NIR dye and
nanoparticles. These NIR dye-loaded nanoparticles were denoted as HSA-PLA
(Cy) and Ac-HSA-PLA (Cy) nanoparticles, respectively.

Subcutaneous implantation of MDA-MB-231 cells to mice

NOD-SCID female mice (6-8 weeks) were subcutaneously injected with MDA-
MB-231 cells (2 x 108 cells per 100 uL DPBS) at the right flanks.

Preparation of samples for ex-vivo imaging

When the tumour volumes were approximately 500 mm3, tumour bearing mice (n
= 3 per group) were intravenously injected with the HSA-PLA (Cy) and the Ac-
HSA-PLA (Cy) nanosuspension at a dose of NIR dye 20 ug per mouse,
respectively. After 2h injection of the dye-loaded nanoparticles, mice were
euthanatized. Subsequent to a 50 mL PBS heart perfusion, various tissues
including plasma, brains, hearts, livers, spleens, lungs, kidneys, bones, and
tumors were then extracted and imaged using an excitation wavelength of 700

nm and an emission wavelength of 790 nm in the IVIS® imaging system (IVIS
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Lumina XRMS, PerkinElmer, Inc., US).

5.3.11 Statistics

Data are presented as the means + SD (standard deviation). The student’s t-test,
one-way ANOVA and two-way ANOVA were used for the relative statistical
analysis in Prism software. A value of p < 0.05 indicates a significant difference

in the data.
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5.4 Results and discussion

5.4.1 Synthesis of the Ac-HSA-PLA conjugate

As presented in Fig 71, the NHS ester reaction was employed to bind to the
available free amine groups on the lysine side chains of HSA. The acetyl group
from the compound sulfo-NHS-acetate underwent a nucleophilic acyl substitution,
transferring to the amine groups of HSA and resulting in acetylated HSA (Ac-
HSA).

The subsequent synthetic steps followed a methodology similar to the HSA-PLA
conjugate synthesis detailed in Chapter 2. Briefly, the oxidated thiol group of the
Cys-34 side chain of the Ac-HSA was reduced to a free sulfhydryl group by using
a reducing agent TCEP. Then, the excess TCEP was neutralized through the
addition of the quencher 4-azidobenzoic acid. Subsequently, the hydrophobic
polymer maleimide-PLA was conjugated to the reduced Ac-HSA via a maleimide
thiol click reaction to create Ac-HSA-PLA conjugates. The resulting Ac-HSA-PLA

amphiphilic polymers self-assembled into polymeric micelles.
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HSA—NH;

Amine group of HSA

Ac-HSA—S

Cys 34 of Ac-HSA

N3

4-Azidobenzoic acid

Ac-HSA—S~ +

Reduced Ac-HSA

Fig 71. Chemical reactions in the synthetic process of acetylated albumin-polylactic
acid conjugates (Ac-HSA-PLA). The sulfo-NHS-acetate is used to acetylate human serum
albumin to create the acetylated human serum albumin (Ac-HSA). Next, the occupied Cys 34
side chain was reduced to the free sulfhydryl group by using a reducing agent TCEP. Then 4-
azidobenzoic acid is added to neutralize the excess TCEP and release acidic by-products. At
last, the hydrophobic polymer maleimide-polylactic acid is conjugated to the reduced Ac-HSA
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5.4.2 Characterization of Ac-HSA-PLA conjugates — MALDI-TOF

In this study, the MALDI-TOF technique was employed to determine the
molecular weights of HSA standard, Ac-HSA conjugates, and Ac-HSA-PLA
conjugates. The mass spectra representing HSA standard, Ac-HSA, and Ac-HSA-
PLA were illustrated in Fig 72. As an internal calibrator for precise molecular
weight measurements of the HSA standard, Ac-HSA conjugates, and Ac-HSA-
PLA conjugates, the aldolase standard (A9096, Sigma Aldrich, UK) was used.
The documented molecular weight of HSA is 66.5 kDa, and the molecular weight
of the HSA standard we measured is 66479 + 35 Da. This high correlation
between the documented molecular weight of HSA and molecular weight data of
the HSA standard obtained from a MALDI-TOF mass spectrometer indicates that
this MALDI-TOF method is suitable for the subsequent measurements of the Ac-
HSA conjugates and the Ac-HSA-PLA conjugates.

The molecular weights of the HSA standard, the Ac-HSA conjugates and the Ac-
HSA-PLA conjugates are 66479 + 35 Da, 68374 + 94 Da and 69638 + 116 Da,
respectively (p < 0.0001, see Fig 72). The molecular weight of an acetyl group is
43 g/mol, approximately 45 acetyl groups were covalently bound to 45 amine
groups of a human serum albumin molecule in average. (68374 - 66479)/(43-1)
=4512

The acetylation of the human serum albumin can be controlled by decreasing or
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increasing the addition of the sulfo-NHS-acetate. In practise, an in vitro pilot study
revealed that the cellular uptake of the Ac-HSA-PLA nanoparticles in MDA-MB-
231 cells may depend on the acetylation levels of HSA, with a higher acetylation
level yielding a higher uptake of the nanocarrier. This finding will be further
confirmed in the future work.

Based on the complete amino acid sequence of HSA (see Fig 14), it's evident
that an HSA protein encompasses 59 lysine amino acids, signifying the presence
of 59 available free amine groups. Therefore, after the acetylation of HSA by the
method in this chapter, there should be approximately 14 free amine groups
available on an HSA molecule. As the fluorescent dye FITC needs to be
covalently bound to the amine groups of the Ac-HSA-PLA nanoparticles in the in
vitro studies, it is necessary to preserve some available free amine groups on the
surface of the Ac-HSA-PLA nanoparticles. In the next chapter, HSA was fully
acetylated to achieve an optimal targeting effect, thereby ensuring the highest
possible delivery of PTX to MDA-MB-231 tumours in vivo.

The average molecular weight of the Ac-HSA-PLA conjugates (69638 + 116 Da)
was significantly increased when compared with the MW of the Ac-HSA
conjugates (68374 + 94 Da, p < 0.0001). The conjugation efficiency for the
hydrophobic polymer PLA to the Ac-HSA was comparable with the data of the
HSA-PLA conjugate synthesis.

In summary, employing this MALDI-TOF method allowed for the quantification
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and comparison of increased molecular weights between the Ac-HSA and the Ac-

HSA-PLA conjugates.

HSA standard: 66479 = 35 Da

(r\ 66.5 kDa

|
|

30000 40000 50000 60000 70000 80000 90000

Ac-HSA-PLA: 69638 + 116 Da
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Fig 72. Mass spectra of HSA standard, HSA-PLA conjugate and Ac-HSA-PLA conjugate
obtained from a MALDI-TOF mass spectrometer. After the acetylation, the molecular weight
of the Ac-HSA is significantly higher than the MW of HSA, 66479 + 35 Dalton vs. 68374 + 94
Dalton, p < 0.0001. After the conjugation of the PLA to the Ac-HSA, the MW of the Ac-HSA-
PLA was 69638 + 116 Dalton, which is statistically higher than the MW of the Ac-HSA
conjugate, p < 0.0001. Data are presented as means + SD, n = 3, ****, p < 0.0001.
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5.4.3 Characterization of Ac-HSA-PLA conjugates — Native

PAGE

Based on the discussion in section §.1.1, the PAGE gel electrophoresis technique
can be used to analyse proteins and protein conjugates in terms of their molecular
weights and net charges. The separation of proteins in the gel electrophoresis is
based on the different electrophoretic mobilities in an applied electric field. The
difference of the electrophoretic mobility is due to the different molecular weights
and net charges of the different proteins. Therefore, by binding the negative
charged surfactant SDS with proteins, the net charges of the different SDS-
proteins are similar, and these denatured proteins bound with SDS are separated
only according to their molecular weights in the SDS-PAGE applications.

The sample preparation for the native PAGE application excludes the denaturing
and SDS-binding steps. Consequently, the separation of proteins in native PAGE
gel electrophoresis relies on factors such as sample hydrodynamic size and net
charge. In this particular native PAGE method, the sample concentration
employed was 12.5 pg/mL, which remained below the CMC of both HSA-PLA
conjugates (37 upg/mL) and Ac-HSA-PLA conjugates (35 pg/mL). This lower
sample concentration led to the hydrodynamic sizes of HSA standard, HSA-PLA
conjugates, and Ac-HSA-PLA conjugates being influenced primarily by their

molecular weights. Although the molecular weight of the decorated albumins was
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increased after the conjugation of PLA and acetylation steps. However, these
molecular weight differences between HSA and HSA conjugates are insignificant
in the gel electrophoresis. Therefore, the native PAGE technique could be used

to differentiating the albumin conjugates in terms of their net charges, as shown

in Fig 73.
T e S——
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Fig 73. The native PAGE gel electrophoresis of human serum albumin and its
conjugates. Proteins are visualized by the Coomassie blue staining.

The HSA standards used in this experiment were sourced from three distinct
batches of commercial HSA (HSA-A1887, HSA-A3782, and HSA-A8763). Three
major bands of the HSA standards are located between 46 kDa and 80 kDa in
the PAGE gel and their dimers can be found between 100 kDa and 135 kDa,
which proves that this gel electrophoresis method is reliable for the analysis of

HSA and HSA conjugates. The synthesized HSA-PLA conjugates and Ac-HSA-
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PLA conjugates from different batches were used to increase the reliability and
reproducibility of the data and analysis. The band positions of HSA standards and
HSA-PLA conjugates closely aligned, suggesting comparable size and net
charge between the HSA-PLA free polymer and the HSA standard.
Contrastingly, the Ac-HSA-PLA conjugates migrated considerably faster than
HSA standards and HSA-PLA conjugates, as evident in Fig 73. As too many
amine groups of albumins were occupied by the acetyl groups, then the net
charges of the Ac-HSA-PLA conjugates were more negative. Thus, the Ac-HSA-
PLA conjugates moved towards anode faster than the HSA standards and the
HSA-PLA conjugates.

Lots of valuable information can be obtained from Fig 73. Due to the relatively
low sample concentration (12.5 ug/mL), HSA-PLA and Ac-HSA-PLA conjugates
were represented as free amphiphilic polymers rather than nanoparticles in this
study. From the native PAGE image, the band positions of the HSA standards
and the HSA-PLA conjugates are similar, which indicate that their net charges are
insignificantly different. The zeta-potentials of the HSA standards and the HSA-
PLA nanoparticles are -12.6 £ 3.3 mV and -26.3 + 0.5 mV, respectively (p < 0.01),
see Table 14. However, the net charge of the HSA standards is similar with the
HSA-PLA conjugates. The different net charges of the HSA-PLA nanoparticles
and the HSA-PLA conjugates further prove the hypothesis proposed in the

Chapter 2, more positively charged amino acids are encapsulated in the
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hydrophobic core of the HSA-PLA polymeric micelles. Consequently, the HSA-
PLA nanoparticles present a more negative zeta potential than that of the HSA
standards. Based on this hypothesis, MAL-PLA was covalently bound with the
Cys-34 residues of albumins, and the resulting HSA-PLA conjugates self-
assembled into the HSA-PLA polymeric micelles with a CMC at a concentration
of 37 pg/mL. Therefore, parts of the HSA adjacent to the PLA position, such as
the amino acids from 1 to 210 (Fig 74), should be encapsulated within the inner
core of the HSA-PLA nanoparticles. Based on the statistics on the amino acid
properties of HSA (see Table 13), it has shown that the expression level of the
positively charged amino acids (Arg & His) in 1-210 part is higher than an average
level (45.8% & 43.8% vs. 35.9%), while the negatively charged amino acids (Asp
& Glu) expressed in the 1-210 part is closed to the average level (38.9% & 36.1%
vs. 35.9%). In addition, the hydrophilic amino acids are highly expressed in the
part of 376-585 (outer layer of the HSA-PLA polymeric micelles). According to
these statistics, it is hypothesized that the PLA triggered nanoparticle formation
did shield more positively charged amino acids from the contact with the outer
environment. Consequently, the net charges of the HSA-PLA nanoparticles are
more negative than those of the HSA-PLA conjugates.

Moreover, the band positions of the Ac-HSA-PLA conjugates in the native PAGE
gel are horizontal, which imply that the acetylation of HSA is highly reproducible.

The faster migration of the Ac-HSA-PLA conjugates indicates that the net charges
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of the Ac-HSA-PLA conjugates are more negative than those of the HSA
standards, corresponding with the zeta potential results of the HSA standards
and the Ac-HSA conjugates, -12.6 £ 3.3 mV vs. -23.2 £ 25 mV, p < 0.5.
Furthermore, the zeta-potential of the Ac-HSA-PLA nanoparticles (-33.5 £ 0.4 mV)
is more negative than the Ac-HSA conjugates (-23.2 £ 2.5 mV), p < 0.01.
Therefore, the negative shift in zeta potential triggered by the PLA conjugation in
the synthesis of HSA-PLA nanoparticles is also consistent and repeatable for the
synthesis of the Ac-HSA-PLA nanoparticles.

At last, from the results of the MALDI-TOF and the native PAGE gel
electrophoresis for both HSA-PLA and Ac-HSA-PLA conjugates, the decorated
albumins haven’t been crosslinked or degraded in the synthesis. This is evident
from the absence of multiple peaks in their mass spectra shown in Fig 72 and

the lack of any additional bands in the PAGE gel image in Fig 73.
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il 376-585
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Fig 74. Estimated structure of the HSA-PLA conjugate. The positively charged amino acids
are more expressed in the part of amino acid sequence 1-210. Therefore, more positively
charged amino acids may be shielded during the formation of HSA-PLA polymeric micelles.
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Table 13. Amino acids of HSA — physicochemical properties and position. The
backbone of HSA is a single polypeptide chain comprising 585 amino acids.

Function of Quantity in % of HSA Quantity in % of HSA
Amino acid
side chain 1-210 Av. 35.9% (210/585) 376-585 Av. 35.9% (210/585)
Arginine 11 45.8 (11 of 24) 7 29.2 (7 of 24)
Positive charge
Histidine 7 43.8 (7 of 16) 4 25.0 (4 of 16)
Amine group Lysine 19 32.2 (19 of 59) 25 42.4 (25 of 59)
Aspartic acid 14 38.9 (14 of 36) 8 22.2 (8 of 36)
Negative charge
Glutamic acid 22 36.1 (22 of 61) 22 36.1 (22 of 61)
Thiol group Cysteine 12 34.3 (12 of 35) 12 34.3 (12 of 35)
Phenylalanine 14 45.2 (14 of 31) 10 32.3 (10 of 31)
Aromatic group
Tyrosine 7 38.9 (7 of 18) 4 22.2 (4 of 18)
(-1 stack)
Tryptophan 0 0(0of 1) 0 0(0of 1)
Glycine 5 41.7 (5 of 12) 5 41.7 (5 of 12)
Alanine 25 40.3 (25 of 62) 17 27.4 (17 of 62)
Valine 10 24.4 (10 of 41) 20 48.8 (20 of 41)
Hydrophobic
Proline 8 33.3 (8 of 24) 10 41.7 (10 of 24)
group
Leucine 22 36.1 (22 of 61) 21 34.4 (21 of 61)
Isoleucine 2 25.0 (2 of 8) 3 37.5 (3 of 8)
Methionine 2 33.3 (2 of 6) 2 33.3 (2 of 6)
Serine 6 25.0 (6 of 24) 9 37.5 (9 of 24)
Hydrophilic Threonine 9 32.1 (9 of 28) 13 46.4 (13 of 28)
group Asparagine 7 41.2 (7 of 17) 7 41.2 (7 of 17)
Glutamine 8 38.1 (8 of 21) 1 52.4 (11 of 21)
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5.4.4 Critical micelle concentration of Ac-HSA-PLA conjugates

The pyrene fluorescence method was utilized here to determine the critical
micelle concentration (CMC) for Ac-HSA-PLA conjugates. By calculating the
fluorescence intensity ratio of the peak at 372 nm (l1) to the peak at 384 nm (l3)
and the curve of the ratio l1/Is versus polymer concentration via a Boltzmann-
Sigmoidal fitting was plotted (Fig 75).

Following the calculation, the CMC of the Ac-HSA-PLA polymeric micelles was
found to be 35.21 + 4.61 mg/L, which is equivalent to approximately 0.5 yM of
Ac-HSA-PLA conjugates. Notably, the acetylation of HSA did not produce a
significant alteration in the CMC of the Ac-HSA-PLA polymeric micelles when
compared to the CMC of HSA-PLA polymeric micelles (35.21 £ 4.61 mg/L vs.
37.15+ 3.31 mg/L). This suggests that the introduction of the acetyl group to HSA
did not have a substantial impact on the CMC. Consequently, the formation of
both HSA-PLA and Ac-HSA-PLA polymeric micelles is predominantly attributed

to the conjugation of PLA to the Cys-34 position of the albumins.
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Fig 75. Critical micelle concentration measurements of the Ac-HSA-PLA polymeric

micelles. The Sigmoidal-Boltzmann fitting curve of the fluorescence intensity ratio l372/l3s4
versus the Ac-HSA-PLA polymer concentration.

5.4.5 Measurements of Dy, PDI and zeta-potential of albumin

conjugates and nanoparticles

The dynamic light scattering (DLS) technique was used here to measure the
hydrodynamic diameter (Dn), polydispersity index and zeta potential of the Ac-
HSA conjugates and the Ac-HSA-PLA nanoparticles in the distilled water. As
listed in Table 14, a notable difference in hydrodynamic diameter was observed
between the Ac-HSA-PLA nanoparticles (183 £ 6 nm) and the Ac-HSA conjugates
(98 + 50 nm), with a significance level of p < 0.5. The polydispersity index of Ac-
HSA-PLA nanoparticles in water (0.05 + 0.02) exhibited significant enhancement

when compared to the polydispersity index of free Ac-HSA polymers in water
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(0.45 £ 0.07), reaching a significance level of p < 0.001. In the native PAGE part,
the fact was discussed that the conjugation of the hydrophobic polymer PLA to
HSA did not significantly change the net charge of the HSA-PLA conjugates at
low concentrations. The more negative zeta-potentials of the Ac-HSA-PLA
nanoparticles than those of the Ac-HSA conjugates indicates that a large
proportion of positively charged amino acids of the albumin conjugates were
encapsulated in the core of the Ac-HSA-PLA polymeric micelles, -33.5 + 0.4 mV
vs. -23.2 + 2.5 mV, p < 0.01. Compared with the HSA-PLA nanoparticles, more
negative zeta potential m contributes to a more uniform dispersion of Ac-HSA-

PLA nanoparticles in water, 0.05 £ 0.02 vs. 0.15 £ 0.05, p < 0.5.

Table 14. The comparison of the hydrodynamic diameter (D), PDI and the zeta-
potential between albumin conjugates and nanoparticles. Data are presented as
means = SD (n = 3). *, p < 0.05. **, p < 0.01. ****, p < 0.0001. vs HSA standard. # p
<0.05. " p<0.01.%* p<0.001. vs the Ac-HSA conjugates.

Samples D (nm) PDI Zeta potential (mV)
HSA standard 14377 0.57 £ 0.23 -126+3.3
HSA-PLA NPs 170.0 £ 7.3**** 0.15 £ 0.05* -26.3 £ 0.5**

Ac-HSA conjugates 98.4 +50.4 0.45+0.07 -23.2+2.5*
Ac-HSA-PLA NPs 183.4 + 5.8* 0.05 + 0.02## -33.5+ 0.4#
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Fig 76. The size and zeta-potential distribution of the Ac-HSA-PLA nanoparticles in
comparison of the HSA standard and the Ac-HSA conjugates. The hydrodynamic
diameter distribution of a) Ac-HSA conjugates and b) Ac-HSA-PLA NPs and c) the zeta
potential distribution of the HSA standard, Ac-HSA conjugates and the Ac-HSA-PLA NPs were
obtained through a Malvern Nano-ZS instrument. The Ac-HSA conjugates are polydisperse in
water. While after the conjugation of the PLA to the Ac-HSA polymer, the resulting Ac-HSA-
PLA nanoparticles are monodispersed in water. The more negative zeta potential of the Ac-
HSA-PLA nanoparticles than that of the Ac-HSA conjugates is due to more positively charged
amino acids are shielded during the formation of nanoparticles.

5.4.6 TEM images

The wide field 2-D TEM images of the HSA-PLA nanoparticles and the Ac-HSA-
PLA nanoparticles have been presented in Fig 77.

Based on the TEM images, the morphology of the HSA-PLA nanoparticle and the
Ac-HSA-PLA nanoparticle are spherical. In the Fig 77, A, the TEM image of the

HSA-PLA nanoparticles has clearly presented why the PDI of the HSA-PLA
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nanoparticles (0.15 + 0.05) is significantly higher than the PDI of the Ac-HSA-PLA
nanoparticles (0.05 = 0.02), p < 0.05. This discrepancy is attributed to the
agglomeration of certain HSA-PLA nanoparticles, while others remain separate.
This discrepancy in aggregation status results in varying hydrodynamic diameters
between individual HSA-PLA nanoparticles and clustered HSA-PLA particle
agglomerates, as demonstrated in Fig 21. For the TEM image of the Ac-HSA-
PLA nanoparticles, the Ac-HSA-PLA nanoparticles are well separated when
compared to the HSA-PLA nanoparticles presented in the TEM image of the HSA-
PLA nanoparticles.

The initial purpose for the acetylation of the HSA was to further reduce the surface
energy of nanoparticles. As according to the theory of the thermodynamics, the
agglomeration of nanoparticles is to reduce the interfacial area between the
nanoparticles and media, as a result, the average surface energy for the
nanoparticles in the particle cluster can be decreased. In terms of the theories of
DLVO and thermodynamics, the more negative zeta potential of the Ac-HSA-PLA
nanoparticles can provide a higher electrostatic repulsive force between
nanoparticles. The less agglomerated morphology of the Ac-HSA-PLA
nanoparticles indicates that the Ac-HSA-PLA nanoparticle may have a better

colloidal stability when compared to the HSA-PLA nanoparticles.
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Fig 77. TEM images of the HSA-PLA nanoparticles (top) and the Ac-HSA-PLA
nanoparticles (bottom). The lyophilized powders of nanoparticles were dispersed in distilled
water at a concentration of 5 mg/mL. The 1% (w/v) neutral phosphotungstic acid solution was
added to stain the nanoparticle on the TEM grids.

Page | 270



5.4.7 In vitro studies — Fluorescence imaging

To visualize the cellular uptake of the HSA-PLA nanoparticles and the Ac-HSA-
PLA nanoparticles, a hydrophobic fluorescent dye, coumarin-6, was
encapsulated in the nanoparticles. Briefly, the same quantity of the coumarin-6
was added to the HSA-PLA and the Ac-HSA-PLA nanoparticles and recorded as
HSA-PLA (Cou-6) and Ac-HSA-PLA (Cou-6), respectively. Following a 3-hour
incubation period of the fluorescent dye-labeled nanoparticles with MDA-MB-231
cells, EVOS fluorescence microscopy was employed to capture images of the
MDA-MB-231 cells, as depicted in Fig 78.

The cell nuclei of the MDA-MB-231 cells were stained with the Hoechst 33342.
The Hoechst 33342 was excited by the light of a wavelength of 390 nm and the
emitted blue light was filtered and detected by the detector at a wavelength of
446 nm. The coumarin-6 labelled HSA-PLA and Ac-HSA-PLA nanoparticles were
excited by the light at a wavelength of 482 nm and thereby the green emission
light was detected at a wavelength of 532 nm. As shown in Fig 78, the blue spots
represent the cell nuclei of the MDA-MB-231 cells and the green dots are due to
the emitted light from the coumarin-6 labelled nanoparticles.

The cellular images clearly indicate the presence of both HSA-PLA (Cou-6) and
Ac-HSA-PLA (Cou-6) nanoparticles within the MDA-MB-231 cells. The green

signals emitted from the cells treated with the Ac-HSA-PLA (Cou-6) are denser
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and stronger than those of the HSA-PLA (Cou-6) treated cells. There are certainly
some additional interactions between the Ac-HSA-PLA nanoparticles and the

MDA-MB-231 cells compared to the HSA-PLA nanoparticles.

HSA-PLA (Cou-6)

" ] ,". . ~ » = 3 ;
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( = e "N by - "
) . 4 b o d

Fig 78. Fluorescence microscopy images of the MDA-MB-231 cells respectively

incubated with the Coumarin-6 labelled HSA-PLA nanoparticles and the Coumarin-6
labelled Ac-HSA-PLA nanoparticles. Blue spots = cell nuclei and green dots = dye labelled
nanoparticles. Coumarin-6 labelled Ac-HSA-PLA nanoparticles are taken up more efficiently
by the cells.
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5.4.8 In vitro studies — Flow cytometry

From the cell images of Fig 78, the cellular association between the Ac-HSA-PLA
nanoparticles and the MDA-MB-231 cells was enhanced when compared with the
HSA-PLA nanoparticles. A flow cytometer was used to quantify the difference
between the cellular association of the HSA-PLA nanoparticles and the Ac-HSA-
PLA nanoparticles with the MDA-MB-231 cells.

Preparation of fluorescently labelled samples

Briefly, the fluorescent dye, fluorescein isothiocyanate (FITC), has been used to
covalently conjugate with the amine groups on the HSA standard (Fig 79), the
HSA-PLA nanoparticles and the Ac-HSA-PLA nanoparticles. These resulting
FITC labelled samples are recorded as FITC-HSA, FITC-HSA-PLA nanoparticles
and FITC-Ac-HSA-PLA nanoparticles, respectively. Due to the acetylation step of
albumin, approximately 45 amine groups per HSA molecule are occupied.
Consequently, the surface of Ac-HSA-PLA nanoparticles possesses a
significantly reduced number of free amine groups in comparison to both HSA
standard and HSA-PLA nanoparticles. This necessitates careful consideration
when designing the FITC labelling procedure, ensuring that the amount of FITC
used doesn't surpass what the Ac-HSA-PLA nanoparticles can react with.
Specifically, the HSA standard (80 mg, 1.20 umol), the HSA-PLA nanoparticles

(80 mg, 1.18 umol) and the Ac-HSA-PLA nanoparticles (80 mg, 1.15 ymol) were
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used to react with the FITC (2 mg, 5.1 uymol) in an alkaline buffer solution,
respectively. In other words, the 1.2 pmol of the HSA standard is equivalent to
the 70.8 umol amine groups (59 x 1.20 ymol) which can be used to react with the
5.1 ymol isothiocyanate groups of the FITC (2 mg), and the 1.18 pymol of the HSA-
PLA nanoparticles approximately have 41.8 ymol free amine groups (excluding
the amine groups in the inner core) to react with the 5.1 ymol isothiocyanate
groups of the FITC (2 mg), and the 1.15 umol Ac-HSA-PLA nanoparticles roughly
have 9.66 umol free amine groups (excluding the amine groups in the inner core)
to react with the 5.1 umol isothiocyanate groups. Therefore, in theory, the FITC
could be conjugated to the HSA standard, HSA-PLA nanoparticles and the Ac-

HSA-PLA nanoparticles at a similar level under a same reaction condition.

Holl
S=C=N Protein—N—C—NH
0 0

O H 8.0 O
Protein—NH, + o ik o
HO O o O OH HO O (o) O OH

Amine group Fluorescein 5-isothiocyanate, FITC FITC labelled protein

Fig 79. Chemical reaction between amine group and FITC. Under an alkaline condition,
the fluorescent dye FITC is covalently bound to the amine groups of proteins.

Cellular uptake studies of different FITC labelled samples
The prepared FITC labelled samples (FITC-HSA, FITC-HSA-PLA nanoparticles

and FITC-Ac-HSA-PLA nanoparticles) were used to determine the difference
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between the cellular uptake of the HSA-PLA nanoparticles and the Ac-HSA-PLA
nanoparticles in the MDA-MB-231 cells, as shown in Fig 80.

To comprehensively evaluate the cellular uptake of the FITC-HSA, FITC-HSA-
PLA nanoparticles and the FITC-Ac-HSA-PLA nanoparticles in the MDA-MB-231
cells, a flow cytometer was used to read the fluorescence intensity of cells that
were treated with the different FITC labelled samples at predetermined incubation
times, see Fig 80. A. Following a two-way ANOVA analysis of the changes in
fluorescence intensity of the cells over a seven-hour period, the cellular
association of the FITC-Ac-HSA-PLA nanoparticles in the MDA-MB-231 cells is
significantly higher than that of the FITC-HSA standard and the FITC-HSA-PLA
nanoparticles, p < 0.0001. The tendency of the cellular uptake of the FITC-HSA
and the FITC-HSA-PLA nanoparticles during a 7 h incubation is comparable. The
differences between the FTIC intensity readings of the cells treated with the FITC-
HSA and the FITC-HSA-PLA group are not significant, which further confirms that
the FTIC was bound to the HSA standard and albumin based nanoparticles at a
similar level. Notably, after 3-hour incubation, the fluorescence intensity readings
of the cells from the FITC-HSA and the FITC-HSA-PLA groups are steady while
the fluorescence intensity readings of the FITC-Ac-HSA-PLA group are
decreased as shown in the Fig 80. A. This decline suggests that the Ac-HSA-PLA
nanoparticles might escape from the cells following their internalization. This

hypothesis could potentially be confirmed through a endothelial permeability
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assay in future experiments.

According to the Fig 80. A, it is found that at a 3-hour incubation of the FITC-
labelled samples with the MDA-MB-231 cells, the FITC intensity readings reach
their peak. Subsequently, a detailed statistical analysis was performed on these

readings, as illustrated in Fig 80. B & C. The mean FITC intensity readings of the

cells treated with the FITC-HSA, the FITC-HSA-PLA nanoparticles and the FITC-
Ac-HSA-PLA nanoparticles are 2.48 + 0.10, 2.22 + 0.20 and 24.93 £ 1.06,
respectively. The cellular association of the Ac-HSA-PLA nanoparticles with the
MDA-MB-231 is more than 10 times higher than that of the HSA standard and the
HSA-PLA nanoparticles.

In conclusion, the combination of findings from both fluorescence microscopy
imaging and flow cytometry provides clear evidence that the cellular uptake of
Ac-HSA-PLA nanoparticles by MDA-MB-231 cells is significantly higher than the
uptake of HSA-PLA nanoparticles. As the next step, it becomes meaningful to
identify the specific receptors that play a role in the internalization process of the
Ac-HSA-PLA nanoparticles within MDA-MB-231 cells. This critical investigation
will shed light on the underlying mechanisms driving the enhanced cellular uptake

observed with the Ac-HSA-PLA nanoparticles.
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Fig 80. Flow cytometry studies of the MDA-MB-231 cells treated with the fluorescein
isothiocyanate (FITC) labelled samples. (A) The mean FITC fluorescent intensity of cells
treated with different FITC-labelled samples at different incubation times. (B) At a 3-hour
incubation time, the flow cytometry histogram of each group (Untreated, FITC-HSA, FITC-
HSA-PLA nanoparticles, FITC-Ac-HSA-PLA nanoparticles) has shown higher mean FITC
intensity values for the FITC-Ac-HSA-PLA particles indicating higher levels of the FITC-Ac-
HSA-PLA nanoparticles are more associated with the cells. (C) Statistics analysis of FITC
mean fluorescence intensity of each group shows that FITC-Ac-HSA-PLA nanoparticles are
more associated with the cells, compared with HSA standard and HSA-PLA nanoparticles.
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Data are expressed as mean = SD (n = 3). , p <0.0001; ns r = not statistically significant.
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5.4.9 Competitive assay

Based on the previous in vitro studies, it appears that there are some extra
pathways for the internalization of the Ac-HSA-PLA nanoparticles in the MDA-
MB-231 cells in contrast with the HSA-PLA nanoparticles. In vitro competitive
assays were carried out to screen out some potential receptors which can
specifically bind with the Ac-HSA-PLA nanoparticles but do not work on the HSA-
PLA nanoparticles. In Fig 81, Non-targeted NP represents the HSA-PLA
nanoparticles, Active targeting NP refers to the Ac-HSA-PLA nanoparticles. HA is
the abbreviation for Hyaluronic Acid, the ligand of the CD44 receptor. FA stands
for Folic Acid, it is a ligand of the folate receptor. As shown in Fig 81, there is no
influence on the cell uptake of the HSA-PLA nanoparticles with the addition of HA
and FA. However, the cellular uptake of the Ac-HSA-PLA nanoparticles in the
MDA-MB-231 cells has been significantly inhibited with the addition of HA and FA.
The addition of more HA or FA appears to result in a decrease in the cellular
uptake of the Ac-HSA-PLA nanoparticles by MDA-MB-231 cells.

Therefore, based on this preliminary screening outcomes, CD44 and folate
receptors of the MDA-MB-231 cells are identified as potential candidates for
specific binding with the Ac-HSA-PLA nanoparticles. To corroborate these
findings, employing specific antibodies is recommended. Subsequent

experiments should involve the use of anti-CD44 and anti-folate receptor
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antibodies, coupled with techniques such as confocal laser scanning microscopy

or western blotting, to further validate these interactions.

Active targeting NP + 2.0mg HA
Active targeting NP + 1.0mg HA
Active targeting NP + 0.5mg HA
Active targeting NP + 0.25mg HA
Active targeting NP
Non-targeted NP + 2.0mg HA
Non-targeted NP + 1.0mg HA
Non-targeted NP + 0.5mg HA
Non-targeted NP

Active targeting NP + 1.0mg FA
Active targeting NP + 0.5mg FA
Active targeting NP + 0.25mg FA
Active targeting NP
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Fig 81. Competition inhibition assays for screening the potential receptors for the Ac-
HSA-PLA nanoparticles. After the preliminary screening, it was found that the addition of
hyaluronic acid and folic acid did significantly influence the cellular uptake of the Ac-HSA-PLA
nanoparticles and did not affect the cellular uptake of the HSA-PLA nanoparticles in the MDA-
MB-231 cells. Furthermore, with increasing addition of the folic acid and the hyaluronic acid,
less Ac-HSA-PLA nanoparticles were taken by the MDA-MB-231 cells. Data are presented as
means + SD, n = 3. *, p < 0.05. ****, p < 0.0001; ns r = not statistically significant.
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5.4.10 Ex-vivo imaging

The in vitro results have demonstrated the remarkable targeting capability of the
Ac-HSA-PLA nanoparticles towards MDA-MB-231 cells. Consequently, it is highly
valuable to proceed with testing the active targeting potential of these
nanoparticles in an in vivo study.

Briefly, the near infrared dye, 1,1'-Diethyl-4,4'-dicarbocyanine iodide, was
encapsulated in the HSA-PLA nanoparticles and the Ac-HSA-PLA nanoparticles
and these resulting NIR dye labelled nanoparticles were recorded as HSA-PLA
(Cy) and Ac-HSA-PLA (Cy), respectively. The cyanine dye labelled nanoparticles
were intravenously injected to the MDA-MB-231 tumour-bearing mice according
to 20 ug dye per mouse. After 2 hours of injection, mice were sacrificed and
tissues and tumours were extracted and imaged, as shown in Fig 82.

From the ex vivo image (Fig_82), the intravenously injected HSA-PLA (Cy)
nanoparticles and Ac-HSA-PLA (Cy) nanoparticles are mainly found in the livers.
While the Ac-HSA-PLA (Cy) nanoparticles have shown a higher tumour
deposition than that of the HSA-PLA (Cy) nanoparticles, as shown in Fig 83. A.
Moreover, the uptake ratios of livers to tumours (Fig 83. B) for the HSA-PLA
nanoparticles are significantly higher than those of the Ac-HSA-PLA
nanoparticles, p < 0.01. A higher liver-to-tumour uptake ratio indicates that a

lesser portion of the injected nanoparticles is being taken by the tumours .

Page | 280



L)

Tumour

Tumour

Epi-fluorescence

Radiant Efficiency
(Q Isecjcm?) sl)
WWjem?

Color Scale
Min = 1,367
Max = 2.83e8

HSA-PLA (Cy) Ac-HSA-PLA (Cy)

Fig 82. Ex vivo imaging study on the active targeting of the acetylated albumin
nanoparticles compared with the albumin nanoparticles. After 2 hours injection of the NIR
dye labelled nanoparticles, Ac-HSA-PLA (Cy) and HSA-PLA (Cy) nanoparticles, the tissues

and tumours were extracted and imaged. A higher number in the graph represents more
nanoparticles inside.
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5.5 Conclusion

In this study, the successful acetylation of HSA has significantly enhanced the
colloidal stability of the Ac-HSA-PLA nanocarriers, as evidenced by
improvements in nanoparticle morphology and net charge compared to the HSA-
PLA nanoparticles. Simultaneously, the developed nanocarriers, Ac-HSA-PLA
nanoparticles, have exhibited robust targeting towards the triple-negative breast
cancer cell line MDA-MB-231 in in vitro investigations. Based on the preliminary
screening for the interested receptors for the Ac-HSA-PLA nanocarriers, the
CD44 and folate receptors are the potential receptors that may provide the fast
internalization pathway for the Ac-HSA-PLA nanoparticles, also known as
CLIC/GEEC pathway, and these receptors do not work for the internalization of
the HSA-PLA nanoparticles. The cellular uptake of the Ac-HSA-PLA
nanoparticles in the MDA-MB-231 cells is about 10 times higher than that of the
HSA-PLA nanoparticles according to the in vitro evaluations. The tumour
deposition of the Ac-HSA-PLA nanoparticles is approximately 3-fold higher than
that of HSA-PLA nanoparticles after 2 h intravenous injection. Therefore, it is
concluded that the acetylation of human serum albumin does provide a
constructive solution for improving the colloidal stability of albumin nanoparticles.
Moreover, it imparts tumour-tropic properties to human serum albumin,

particularly in tumours enriched with CD44 and folate receptors.
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Chapter 6. Characterization, in vitro and in vivo
evaluations of the paclitaxel loaded tumour-tropism

nanoparticles

6.1 Introduction

When nanotechnology has been applied in the field of pharmaceutics, it offers a
new and effective alternative for the formulation of lipophilic, unstable, toxic and
metallic drugs. To date, diverse nanomedicines have been developed and
approved for the treatment of cancer patients. For example, the anthracycline
doxorubicin (DOX) is encapsulated in the liposome nanoparticles for reducing
itself cardiotoxicity [219] by altering the biodistribution of the DOX when
compared with the traditional doxorubicin formulation (doxorubicin hydrochloride).
The commercially available DOX liposomal formulations include Doxil®, Lipodox®,
and Myocet®. Additionally, the hydrophobic drug paclitaxel has been formulated
as the Abraxane® (albumin-paclitaxel nanoparticles), which has significantly
reduced systemic toxicity compared to the first generation of paclitaxel injections
- Taxol®.

Most nanomedicines have shown improved pharmacokinetic profiles and a lower
systemic toxicity as well as a better therapeutic efficacy in comparison with

traditional chemotherapeutic drugs with the same therapeutics. However, based
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on substantial clinical and preclinical evidence, the tumour deposition of active
ingredients from nanomedicines still falls short in statistically extending the
lifespan of metastatic breast cancer patients, in comparison to the formulation of
the same drug in a soluble solution [220]. Therefore, improving the effective use
of the active ingredients from the nanomedicines in vivo remains a major
challenge for the nanomedicine formulation design [75]. In response, researchers
have developed various strategies aimed at increasing the efficiency of
nanomedicines.

Active targeting is a promising strategy to increase the therapeutic payloads
delivery by nanocarriers. By anchoring targeting ligands on the nanocarriers, the
uptake of the decorated nanoparticles is expected to be increased in the tumour.
However, to date, the successful clinical translation of the tumour targeted
nanocarriers remains a work in progress. In most cases, the targeting efficiency
of the actively targeted nanocarriers is largely restricted within the body [221].

It is hypothesized that serum proteins or opsonins adhere to the surface of
nanoparticles, resulting in the formation of a protein layer around the
nanoparticles, often referred to as the protein corona [222]. Meanwhile, the
targeting ligands on the nanoparticles may be obscured in the protein corona and
lose the binding affinity with the cell receptors. In addition, the selection of
different ligands can impact the colloidal stability of nanoparticles by altering the

surface energy due to ligand-ligand interactions [223]. Furthermore, the
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numerous physiological barriers within the body pose significant challenges that
must be overcome for tumour-targeted nanocarriers to successfully reach lesions
and target tumours.

In this chapter, the PTX was encapsulated in the Ac-HSA-PLA nanocarriers by
using a same method introduced in the Chapter 3. The techniques of XRD, DLS
and TEM were used to characterize the PTX-loaded Ac-HSA-PLA nanoparticles.
The cytotoxicity of the Ac-HSA-PLA (PTX) nanoparticles in the cell lines of the
MCF-7, 4T1 and the MDA-MB-231 cells was evaluated. Furthermore, leveraging
the heightened receptor-mediated endocytosis of the Ac-HSA-PLA nanocarriers
in MDA-MB-231 cells, PTX delivery enhancement in animal models was explored.
The tumoricidal activities of the albumin-based PTX nanoformulations were used

as control groups .
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6.2 Materials, cell lines and animal

Table 15. Materials, cell line and animals used in the characterization, in vitro and
in vivo evaluation studies of the Ac-HSA-PLA (PTX) nanoparticles.

Supplier

Materials, cell line and animal

Merck UK

Cell Proliferation Reagent WST-1

Dimethyl sulfoxide (DMSO)

Fetal Bovine Serum Heat Inactivated non-USA origin sterile-filtered

Insulin solution human sterile-filtered BioXtra suitable for cell culture

Methanol puriss ACS reagent

Minimum Essential Medium Eagle

Phosphotungstic acid hydrate for microscopy

Syringe-driven filter units (0.45um)

Generon UK

Paclitaxel (PTX)

Thermo Fisher

Scientific UK

Acetonitrile (ACN, 299.9%, HPLC Gradient grade)

Advanced RPMI 1640 Medium

GlutaMAX™ Supplement 100X

Leibovitz's L-15 Medium

PTFE filters

Penicillin-Streptomycin solution 100X

Phosphate Buffered Saline PBS pH7.4

Recovery™ Cell Culture Freezing Medium

Sodium Pyruvate 100mM

TrypLE™ Express Enzyme (1X) no phenol red

ELGA PURELAB®

Distilled water

ATCC

MCF-7 (ATCC HTB-22)
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https://www.generon.co.uk/
https://www.thermofisher.com/uk/en/home.html
https://www.thermofisher.com/uk/en/home.html
https://www.elgalabwater.com/products/purelab?gclsrc=aw.ds&gclid=EAIaIQobChMIss6Vx8_F_QIVBertCh0aZQbBEAAYASAAEgI4UvD_BwE
https://www.atcc.org/

MDA-MB-231 (ATCC HTB-26)

4T1 (ATCC CRL-2539)

Charles River NOD SCID mice — NOD.CB17-Prkdcscid /NCrCrl

Laboratories

All chemicals, reagents, and solvents were used as purchased without

undergoing any purification procedures.
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6.3 Experimental methods

6.3.1 Preparation of the paclitaxel loaded nanoparticles

A total of 100 mg of lyophilized Ac-HSA-PLA nanoparticle powder was dispersed
in 35 mL of distilled water. Subsequently, 1 mL of a methanol solution containing
20 mg of paclitaxel was added drop by drop to the above colloidal dispersion of
nanoparticles. Probe sonication (Soniprep 150plus, MSE, UK) was used to
encapsulate the PTX into the Ac-HSA-PLA nanoparticles. After subjecting the
mixture of the Ac-HSA-PLA nanoparticles and PTX to two cycles of probe
sonication (5 minutes of sonication followed by a 3-minute break for each cycle)
at a level 5 amplitude, conducted within an ice bath, the resulting suspension of
paclitaxel-loaded nanoparticles was subsequently passed through a 0.45 um
syringe filter. This Ac-HSA-PLA (PTX) formulation was replicated in ftriplicate
using distinct batches of Ac-HSA-PLA blank nanoparticles.

Then the filtered nanosuspension was frozen in a -20°C freezer. The frozen drug
loaded nanoparticles were then lyophilized (ALPHA 1-4 LDplus, Martin Christ,
Germany) in a cold environment (0°C). Residual MeOH was removed in the
vacuum environment during the lyophilization. The lyophilized powder of the PTX-
loaded NPs was stored in glass vials at room temperature for further

characterization, stability tests, and both in vitro and in vivo evaluations.
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6.3.2 Drug encapsulation efficiency and drug loading capacity

The drug encapsulation efficiency (DEE%) and drug loading capacity (DLC%)

were calculated by the following equations:

Weight of PTX in nanoparticles
Weight of PTX added

DEE% =

Weight of PTX in nanoparticles

DLC% =

Weight of polymer and PTX

A quantity of 2 mg of Iyophilized Ac-HSA-PLA (PTX) nanoparticle powder was
dissolved in 5 mL of a 60% (v/v) acetonitrile aqueous solution. Following a 2-
minute vortex mixing and subsequent bath sonication, the resultant mixture
underwent filtration using a 0.2 ym PTFE filter. The concentration of PTX in the
filtrate was determined utilizing an HPLC system (Agilent Technologies 1200
series, USA) outfitted with a reversed-phase column (XBridge Shield RP 18, 250
x 4.60 mm, 3.5 ym).

The mobile phase, consisting of 40% H20 and 60% ACN, was utilized with a flow
rate set at 0.8 mL/min. Detection of analytes occurred at a wavelength of 227 nm.
For HPLC analysis, a 10 uL sample volume was injected onto the column. The
calibration curve for PTX was established as y = 25377x with a correlation

coefficient of 1.0.
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6.3.3 X-ray powder diffraction, XRD

The settings for the X-ray powder diffraction (XRD) instrument align with those
detailed in the methodology outlined in Section 3.3.3 of Chapter 3. In short, the
Ac-HSA-PLA blank nanoparticle powder, PTX-loaded Ac-HSA-PLA nanoparticle
powder, paclitaxel standard powder, PTX + Ac-HSA-PLA NPs powder mixtures,
and Abraxane® powder were meticulously ground and positioned onto respective
sample holders. Subsequently, these samples underwent scanning using an X-

ray diffractometer (MiniFlex 600, Rigaku®).

6.3.4 Dynamic light scattering, DLS

The hydrodynamic diameter, zeta potential, and polydispersity index of
Abraxane® nanoparticles, HSA-PLA (PTX) nanoparticles, and Ac-HSA-PLA (PTX)
nanoparticles were assessed using the dynamic light scattering (DLS) technique
with a Malvern Nano-ZS instrument. Two milligrams of each lyophilized sample
were dispersed in 2 mL of distilled water, resulting in nanosuspensions with a pH
value of 7. These nanosuspensions were then subjected to measurement in
triplicate, and this procedure was performed using three distinct batches of

samples.
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6.3.5 Transmission electron microscopy, TEM

The sample preparation procedure is consistent with the previous sections. In
summary, a droplet of 5 mg/mL Abraxane®, HSA-PLA (PTX), and Ac-HSA-PLA
(PTX) nanoparticle colloidal dispersions was deposited onto separate TEM grids.
Subsequently, the attached nanoparticles were treated with a 1% (w/v) solution
of neutral phosphotungstic acid for staining. The TEM samples thus prepared

were stored in a dark environment until imaging.

6.3.6 Storage stability

The lyophilized Ac-HSA-PLA (PTX) nanoparticle powder was stored at room
temperature. The storage stability parameters, including drug loading capacity
(DLC%), hydrodynamic diameter (Dn), zeta potential, and polydispersity index
(PDI) of the Ac-HSA-PLA nanoparticles, were assessed on days 1, 7, 15, and 30,

respectively.

6.3.7 Cell culture

The human breast cancer cells MCF-7 and MDA-MB-231, and a mouse
mammary carcinoma cell line 4T1 were used for the following in vitro studies.

MCF7 cells were cultured in a filter capped tissue culture flask with the Eagle
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Minimum Essential Medium, supplemented with 10% (v/v) heat inactivated FBS,
1% (v/v) Glutamax, 1% (v/v) sodium pyruvate, 1%(v/v) penicillin/streptomycin and
1%o0 (v/v) human recombinant insulin. Cells were incubated in a humidified
incubator with 5% CO2 at 37°C.

MDA-MB-231 cells were maintained in a non-filter capped tissue culture flask
filled with the Leibovitz’'s L-15 Medium, supplemented with 10% (v/v) heat
inactivated FBS and 1% (v/v) penicillin/streptomycin, incubated at 37°C with 5%
CO2 and 95% humidity in an incubator.

4T1 cells were cultured in a vent cap tissue culture flask with the complete
medium consisting of the Advanced RPMI 1640 Medium supplemented with 10%
(v/v) heat inactivated FBS, 1% (v/v) Glutamax, and 1% (v/v)

penicillin/streptomycin, at 37°C in a humidified incubator with 5% CO..

6.3.8 In vitro cytotoxicity

The WST-1 reagent (Roche, Sigma Aldrich, UK) was employed to quantify viable
cells following treatment with Taxol®, HSA-PLA (PTX) nanoparticles, or Ac-HSA-
PLA (PTX) nanoparticles. Approximately 5000 MCF-7 cells, 5000 MDA-MB-231
cells, or 3000 4T1 cells were seeded in each well of VWR® 96-well plates using
0.2 mL of complete medium. The cells were then incubated overnight at 37°C in

a humidified incubator with a CO2 concentration of 5%. Each paclitaxel
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formulation was diluted with PBS saline (pH 7.4) to achieve a series of pre-
determined concentrations. Following the renewal of the complete medium, the
serially diluted samples were introduced into the corresponding cell wells and
incubated with the cells for 48 hours. Subsequently, the cells were subjected to a
24-hour incubation in fresh complete medium for recovery.

To eliminate dead cells, a cold PBS wash (0.2 mL, pH 7.4) was conducted twice,
and fresh complete medium was then added for subsequent incubation with the
WST-1 reagent. A volume of 10 uL of WST-1 reagent was introduced into each
well and incubated for 4 hours (for MCF-7 and MDA-MB-231 cell lines) or 1 hour
(for 4T1 cells) at 37°C in a 5% CO2 incubator. Subsequently, the peak
absorbance and background absorbance of the formazan dye were measured at
wavelengths of 440 nm and 650 nm, respectively, using a plate reader
(SPECTROstar Omega, BMG LABTECH, UK). Each experiment was conducted

in triplicate, and data were analyzed using Prism software.

6.3.9 In vivo anticancer study

The NOD-SCID female mice (6-8 weeks) were subcutaneously injected with
MDA-MB-231 cells (1 x 107/100 yL DPBS) in the right flank. Once the tumour
volumes reached approximately 100 mm3, the mice were randomly partitioned

into four groups (with 5 mice in each group, n = 5). These groups were designated
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as follows: the non-treated group, the Abraxane® group, the HSA-PLA (PTX)
group, and the Ac-HSA-PLA (PTX) group. The non-treated group consisted of five
mice that were utilized as controls and did not undergo any injections. Mice in the
Abraxane®, HSA-PLA (PTX), and Ac-HSA-PLA (PTX) groups were intravenously
administered with 0.1 mL of the corresponding PTX nanosuspension, each at a
dosage of 20 mg/kg PTX. The injections were performed every three days,
amounting to a total of five injections for each mouse.

Tumour diameters (both length and width) were measured every three days using
a vernier calliper. The formula, tumour volume = 0.5 x length x width?, was used
to calculate the tumour volume. Upon reaching a tumour volume of approximately
600 mma3, or in cases where the loss of body weight exceeded 15%, or if tumour

ulceration persisted for more than 3 days, the mice were promptly euthanized.

6.3.10 Statistics

Data are presented as the means + SD (standard deviation). The student’s t-test,
one-way ANOVA and two-way ANOVA were used for relative statistical analysis

by the Prism software. p < 0.05, was considered to be a significant difference.
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6.4 Results and discussion

6.4.1 Characterization of the paclitaxel loaded Ac-HSA-PLA

nanoparticles

The same drug loading method introduced in section 3.1.2 was utilized to
encapsulate paclitaxel in the Ac-HSA-PLA nanoparticles, creating a novel PTX
nano-formulation known as Ac-HSA-PLA (PTX) nanoparticles. The essential
parameters of the PTX-loaded nanoparticles, encompassing hydrodynamic
diameter, PDI, zeta potential, drug loading efficiency, and drug loading capacity
of Abraxane®, HSA-PLA (PTX) nanoparticles, and Ac-HSA-PLA (PTX)
nanoparticles, were determined and are listed in Table 16. The drug loading
capacity of the Abraxane® (10% w/w) was found in the specification of the
Abraxane®. The DLC of the HSA-PLA (PTX) and the Ac-HSA-PLA (PTX)
nanoparticles is 15.2 + 0.3 % (w/w) and 16.2 £ 0.2% (w/w), respectively. These
two novel PTX-loaded nanoparticles have a higher payload of PTX when
compared to the Abraxane®. The hydrodynamic diameter of the Ac-HSA-PLA
(PTX) nanoparticles was 200 £ 20 nm.

As shown in the TEM image in Fig 66, there is a thin film surrounding the Ac-
HSA-PLA nanoparticle. In this TEM image, excessive salts were employed to coat

the TEM copper grid, absorbing most of the electrons during imaging.
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Consequently, the background of the TEM image in Fig 66 appears black, as
electrons cannot pass through the salt-covered area. However, electrons can
penetrate protein-based nanoparticles. This leads to enhanced signal contrast of
the interfacial layer between the nanoparticles and the salt, allowing visualization
of the thin film around the Ac-HSA-PLA nanoparticle. It is hypothesized that this
thin film around the Ac-HSA-PLA nanoparticle is linked to the acetylation level of
HSA as well as its binding affinity with cellular receptors such as CD44 and folate

receptors.

Table 16. Characterization data of the paclitaxel nano-formulations. The data
include the hydrodynamic diameter (Dx), PDI and zeta potential of three PTX-loaded
nanoparticles in distilled water, and drug loading efficiency, drug loading capacity of
these PTX nano-formulations. Data are presented as mean + SD, n = 3. *** p <
0.0001 vs. Abraxane®.

Nanoparticles Abraxane® HSA-PLA (PTX) Ac-HSA-PLA (PTX)
D (nm) 157+ 2 174+ 7 200 £ 20
PDI 0.09 £ 0.01 0.07 £ 0.01 0.06 + 0.03
Zeta-potential (mV) -13.43 £ 3.73 -34.38 £ 1.01**** -34.79 + 1.38****
DLE (%) 100 912+16 97.0+1.3
DLC (%) 10 15.2+0.3 16.2+0.2
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6.4.2 X ray diffraction, XRD

X-ray Powder Diffraction (XRD) is an analytical technique used to determine the
crystallographic structure of the solid materials. Here, the XRD technique was
applied to assess the crystalline state of PTX in the Ac-HSA-PLA nanoparticles.
According to the XRD patterns (Fig 84), the PTX in the nanoparticles of the Ac-
HSA-PLA (PTX) and Abraxane® exhibits amorphous characteristics. On the
contrary, the paclitaxel powder shows its crystalline nature with three
characteristic peaks at 5.6°, 8.9° and 12.5°. Meanwhile, if PTX was not
encapsulated in the Ac-HSA-PLA nanoparticles, the characteristic signals of the
PTX should be detected, akin to the spectrum of the PTX + Ac-HSA-PLA physical
mixtures.

In addition, when compared to the Abraxane® XRD spectrum and the HSA-PLA
XRD spectrum (see Fig 40), two additional peaks may be observed between 30°-
35° in the spectra of the Ac-HSA-PLA blank nanoparticles. This phenomenon,
possibly linked to the acetylation on the nanoparticle surfaces, results in the

transformation of the Ac-HSA-PLA nanoparticles into a semi-crystalline material.
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Fig 84. XRD patterns of the various samples. From top to bottom, the XRD patterns of the
PTX standard, PTX + Ac-HSA-PLA nanoparticle mixture (1:9 w/w), PTX loaded Ac-HSA-PLA
nanoparticles, Ac-HSA-PLA blank nanoparticles and the Abraxane® nanoparticles. Red
arrows indicate the characteristic peaks of the crystalline paclitaxel.
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6.4.3 Morphology of the paclitaxel loaded nanoparticles

The morphologies of the Abraxane®, the HSA-PLA (PTX) nanoparticles and the
Ac-HSA-PLA (PTX) nanoparticles were observed through the technique of
transmission electron microscopy (TEM). The TEM images of these nanoparticles
are shown in Fig 85. From a wide view of the nanoparticles in TEM images, the
size and agglomeration of the Abraxane® nanoparticles are apparently different
with those of the HSA-PLA (PTX) nanoparticles and the Ac-HSA-PLA (PTX)
nanoparticles, although all of them are spherical nanoparticles.

As shown in the TEM image of the Abraxane® (Fig 85. A), the Abraxane®
nanoparticles heavily agglomerate into several irregularly shaped clusters with a
diameter around 130 nm, and the particle clusters are well separated from each
other. In contrast, the TEM image of the Ac-HSA-PLA (PTX) nanoparticles (Fig
85. C) reveals significantly reduced nanoparticle aggregation, with individual
particles well-separated from each other. Nanoparticles in the TEM image of the
HSA-PLA (PTX) nanoparticles (Fig 85. B) are also less agglomerated than that
of the Abraxane® nanoparticles due to the lower surface-to-volume ratio and
lower surface energy of each individual nanoparticle. The phenomenon of
nanoparticle agglomeration has been elucidated previously in Chapter 3, with

reference to the DLVO theory. Additionally, based on the theory of the

thermodynamics [190], the most favorable state for the colloidal system is one
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that minimizes free energy. Consequently, the spontaneous process of
nanoparticle agglomeration in unstable colloidal systems aims to reduce surface
free energy, aligning with the second law of thermodynamics. Therefore, it is
reasonable to expect that the colloidal stability of the Ac-HSA-PLA (PTX)

nanoparticles is superior to that of Abraxane® nanoparticles.

—
500 nm

Fig 85. TEM images of A) Abraxane®, B) HSA-PLA (PTX) nanoparticles, C) and D) Ac-
HSA-PLA (PTX) nanoparticles. The dark background noise is associated to the residue salt
solution.
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6.4.4 Storage stability

The one-month storage stability for the lyophilized powder of the Ac-HSA-PLA

(PTX) nanoparticle at room temperature has been evaluated in terms of the

hydrodynamic diameter, PDI and zeta potential of the Ac-HSA-PLA (PTX)

nanoparticles in distilled water as well as the drug contents in the Ac-HSA-PLA

(PTX) nanoparticles. As shown in Table 17, following a one-way analysis of

variance (ANOVA) for the stability indicators over the one-month storage period,

it was observed that there were no significant alterations in the hydrodynamic

diameter, PDI, zeta potential, and drug content of the Ac-HSA-PLA (PTX)

nanoparticles. This suggests that these indicators remained relatively stable

during the entire one-month storage duration.

Table 17. Storage stability indicators for the Ac-HSA-PLA (PTX) nanoparticles
during one month storage period at room temperature. Data are presented as

mean + SD, n = 3.

Zeta-potential DLC%
Indicators D (nm) PDI
(mV) (w/w)
Day 1 166.4+4.8 0.08 + 0.04 -33.7+1.0 16.3+0.2
Ac-HSA- Day 7 169.8+4.5 0.11+£0.04 -33.0+25 16.0+ 0.2
PLA (PTX) Day 15 162.9+2.2 0.10 £ 0.02 -33.3+0.9 16.4 + 0.1
Day 30 161.5+3.8 0.11 £ 0.07 -32.3+ 141 16.4£0.2

After the one-way ANOVA statistical analysis, no significant changes were

observed in these indicators.
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6.4.5 In vitro cytotoxicity assays

In vitro cytotoxicity assays were conducted to assess and compare the anticancer
activity of each PTX formulation upon direct exposure to cancer cells. Cells were
treated with the various PTX formulations at different PTX concentrations
respectively. Subsequently, the WST-1 cell proliferation reagent was employed to
quantify the viable cells following treatment. Briefly, the added tetrazolium salt
(WST-1) was reduced into a water-soluble formazan dye by the mitochondrial
dehydrogenases of the live cells, as shown in Fig 86. Consequently, the
spectrophotometric measurements taken at a wavelength of 440 nm,
corresponding to the intensity of the formazan dye, were proportionate to the

quantities of living cells.

NO, NO,
I : |
—N \©\ NH
N7\ Reduction by N |
hlll / N live cells II'!I / N
e
SO;Na SO;Na
SOgNa SOgNa
WST-1 Formazan
Fig 86. Chemical reaction between the WST-1 reagent and live cells. The stable WST-1
reagent is reduced into a water-soluble formazan dye by the surviving cells. The intensity
reading of the resulting formazan dye at a wavelength of 440 nm is proportional to the numbers
of living cells.
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Subsequently, cytotoxicity curves depicting cell viability (%) against PTX
concentrations for Taxol®, HSA-PLA (PTX) nanoparticles, and Ac-HSA-PLA (PTX)
nanoparticles were plotted for the breast cancer cell lines MCF-7, 4T1, and MDA-
MB-231, as illustrated in Fig 87. The cytotoxicity values (ICso) of the Taxol®, the
HSA-PLA (PTX) nanoparticles and the Ac-HSA-PLA (PTX) nanoparticles were
calculated and listed in Table 18.

The ICso values for Taxol® in MCF-7, 4T1, and MDA-MB-231 cells were
determined to be 0.46 + 0.19 ug/mL, 0.15 £ 0.03 pg/mL, and 0.40 £ 0.36 ug/mL,
respectively. The relatively low ICso of Taxol® in cells can be attributed to the
cytotoxic excipient Cremophor EL utilized in the Taxol® formulation. The ICso
values of the Ac-HSA-PLA (PTX) nanoparticles in the MCF7 cells and the MDA-
MB-231 cells are 7.83 + 1.78 ug/mL and 1.60 + 1.29 ug/mL respectively, which
are significantly lower those of the HSA-PLA (PTX) nanoparticles (MCF7, 10.79
+ 0.63 pg/mL, p < 0.05; MDA-MB-231, 19.56 + 2.00 pg/mL, p < 0.0001).

The significantly lower ICso0 of the Ac-HSA-PLA (PTX) nanoparticles in the MDA-
MB-231 cells indicates that the active targeting of the Ac-HSA-PLA nanocarriers

to the MDA-MB-231 cells can be used to enhance the delivery of the PTX in vitro.
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Fig 87. Cytotoxicity of the PTX formulations in breast cancer cell lines: MCF7, 4T1, and
MDA-MB-231 cells. The Wst-1 cell viability assays were performed after 48 hours drug
treatment. Data are presented as mean + SD (n = 3).
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Table 18. ICs (ug/mL) of the PTX formulations in breast cancer cell lines. Data
are presented as mean £ SD (n = 3). *, p <0.05. ***, p <0.0001 vs. HSA-PLA (PTX).

Cell line
MCF7 4T1 MDA-MB-231
Sample

Taxol® 0.46 + 0.19 0.15+0.03 0.40 + 0.36
HSA-PLA (PTX) 10.79 £ 0.63 0.08 + 0.02 19.56 + 2.00
Ac-HSA-PLA (PTX) 7.83+1.78* 0.07 £ 0.02 1.60 £ 1.29 ****

6.4.6 In vivo anticancer study

Based on the biodistribution study of the Ac-HSA-PLA nanoparticles and the
HSA-PLA nanoparticles in the MDA-MB-231 tumour bearing mice (see Fig 82),
the tumour deposition of the Ac-HSA-PLA nanoparticles was approximately 3-fold
higher than that of the HSA-PLA nanoparticles after two hours of intravenous
injection. The ICso of the Ac-HSA-PLA (PTX) nanoparticles in the MDA-MB-231
cells is significantly lower than that of the PTX loaded HSA-PLA nanoparticles,
1.60 £ 1.29 pg/mL vs. 19.56 £ 2.00 pg/mL, p < 0.0001. These findings suggest
that active targeting of the Ac-HSA-PLA nanoparticles to MDA-MB-231 cells could
potentially be exploited to enhance the therapeutic efficacy of PTX in triple-
negative breast cancer patients by formulating PTX into the nano-formulation Ac-

HSA-PLA (PTX) nanomedicine. Therefore, an anticancer study was conducted to
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evaluate and compare the in vivo tumoricidal activity of Ac-HSA-PLA (PTX)
nanoparticles, Abraxane®, and HSA-PLA (PTX) nanoparticles in MDA-MB-231
tumor-bearing NOD-SCID mice.

Briefly, as demonstrated in Fig 88, twenty tumour bearing mice were equally
allocated to the non-treated group, Abraxane® group, HSA-PLA (PTX) group and
Ac-HSA-PLA (PTX) group, n = 5. Mice allocated in the treatment group were
intravenously injected with 0.1 mL of the respective PTX nanosuspension at a
dose of PTX 20 mg/kg. Injections to mice were carried out every three days for a
total of five injections.

As shown in Fig 89. A, the MDA-MB-231 tumours were eliminated after 4
injections of the Ac-HSA-PLA (PTX) nanosuspension, whereas the injected
Abraxane® nanoparticles only suppressed the tumour growth compared to the
non-treated group. The tumour volume was decreased after the treatment of the
HSA-PLA (PTX) nanoparticles, but tumours began to regrow after treatment
ended. Multiple injections of these PTX nanosuspensions did not induce adverse
effects such as anaphylactic shock in the immunodeficient mice (NOD-SCID
mice). Meanwhile, as shown in Fig 89. B, all mice steadily gained weight,
indicating low and acceptable systemic toxicity from these PTX injections. The
survival difference between the different group was analyzed by a logrank test
(Mantel-Cox test) in the software Prism, the survival of the mice treated with the

Abraxane® was significantly improved compared to the non-treated group, p =
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0034. The mice in the HSA-PLA (PTX) group gained more survival benefits when

compared to the mice in the Abraxane® group, p = 0.0017. The active targeting

of the Ac-HSA-PLA nanoparticles provided the best survival benefits to the

tumour bearing mice when compared to the mice in the Abraxane® and the HSA-

PLA (PTX) groups, p < 0.0001. The cumulative survival curve of the tumour

bearing mice is shown in Fig 89. C.

In summary, it is confirmed that the Ac-HSA-PLA (PTX) nano-formulation can

significantly inhibit tumor growth and even lead to the cure of cancer-transfected

mice.
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Fig 88. Schematic representation for the methodological flow of the in vivo anti-cancer
study. The harvested MDA-MB-231 cells were subcutaneously injected in the right flank of
NOD-SCID female mice. When the tumour volume was approximately 100 mm?3, mice were
randomly divided into 4 groups (5 mice per group, n = 5) and the groups were named as non-
treated group, Abraxane® group, HSA-PLA (PTX) group and Ac-HSA-PLA (PTX) group,
respectively. For the non-treated group, there were five mice that served as controls and did
not receive any injections. Mice in the Abraxane®, the HSA-PLA (PTX) and the Ac-HSA-PLA
(PTX) groups were intravenously injected with 0.1 mL of the respective PTX nanosuspension
at a dose of PTX 20 mg/kg. Injections to mice were carried out every three days for a total of
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Fig 89. Anticancer activity of Ac-HSA-PLA (PTX) formulation in MDA-MB-231 tumour
model. The 1 x 10" MDA-MB-231 cells in 100 pyL pH 7.4 PBS were implanted in the right flank
of each NOD-SCID mouse on Day 0, the Matrigel was not used in this study. (A) Tumour
growth curves of the MDA-MB-231 tumour bearing mice after different treatments. (B) Mice
body weight records. (C) Cumulative survival of the tumour bearing mice (Kaplan Meier). Data
are presented as mean = SD (n = 5).

Page | 309



6.5 Conclusion

In this section, a novel tumour-targeted nanoparticle loaded with paclitaxel at
approximately 16% w/w drug content, referred to as Ac-HSA-PLA (PTX), was
developed. These Ac-HSA-PLA (PTX) nanoparticles exhibited an average
hydrodynamic diameter of approximately 200 nm and a zeta potential of -34.8
mV. Leveraging the specific binding affinity of the Ac-HSA-PLA nanoparticles to
cancer cell CD44 and folate receptors, the PTX-loaded Ac-HSA-PLA
nanoparticles demonstrated remarkable anticancer activity against MDA-MB-231
cells in both in vitro and in vivo studies.

The dissection on the mice treated with the Ac-HSA-PLA (PTX) nanoparticles was
conducted on day 90, no signs of the metastasis were found in the five mice and
their organs appeared normal in size and appearance. In their right flank sites,
only tumour-related stromal tissues were left and the tumour related angiogenic
blood vessels were eliminated as well. This observation, coupled with the
anticancer study data presented in this chapter, strongly suggests that the
treatment with the Ac-HSA-PLA (PTX) nanoparticles led to the successful
eradication of tumours in the treated mice. Consequently, the innovative actively
targeted nanomedicine presented here holds promise for further in-depth

investigation and exploration.
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Chapter 7. Conclusion and Future work

7.1 Overall conclusion

Nowadays, an effective treatment for TNBC patients is still an unmet medical
need. The nab-paclitaxel (Abraxane®) based combination therapy is
recommended by the National Comprehensive Cancer Network® (NCCN®) as the
first-line treatment for mMTNBC [224]. In numerous phase Il clinical trials [225,226],
the longest median overall survival of the mTNBC patients was approximately 26
months, and these patients were treated with nab-paclitaxel-based combination
therapies. However, the advanced cancer patients benefit limitedly from the nab-
paclitaxel monotherapy, the median overall survival of the metastatic breast
cancer patients was around 14.9 months in a phase lll clinical trial of the nab-
paclitaxel monotherapy [66].

In response to the limited efficacy of the Abraxane® in patients, in this work, two
feasible solutions have been proposed to improve the in vivo chemotherapeutic
effectiveness of PTX to address some of the acknowledged limitations of
Abraxane®. The Abraxane® nanoparticles are composed of 90% human serum
albumin (HSA) and 10% paclitaxel. However, these nanoparticles become
unstable at concentrations below 0.3 mg/mL. To improve the deposition of PTX

within tumours, it is hypothesized that enhancing the colloidal stability and
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payload of the nanocarriers could be beneficial. The eligible nanocarrier (HSA-
PLA nanoparticle) was created by the covalent binding of the hydrophobic
polymer poly(L-lactide) to the HSA cysteine residue. The resulting PTX loaded
HSA-PLA nanoparticles are made up of 85% HSA-PLA polymer and 15% PTX.
Notably, the stability of HSA-PLA (PTX) nanoparticles is maintained even at a
concentration of 0.01 mg/MI. The HSA-PLA (PTX) nanomedicine has thereby
produced a superior tumoricidal activity when compared to the Abraxane® in the
4T1 tumour bearing mice at the same PTX dose. The final 4T1 tumour weight of
the mice treated with the HSA-PLA (PTX) was 239.8 £ 43.0 mg (n = 5) and was
statistically smaller than the group (n = 5) treated with the Abraxane®, where the
tumour weight was 340.6 + 62.8 mg (p < 0.5).

In the latter part of this dissertation, on the basis of the HSA-PLA nanoparticles,
HSA was further modified by the acetylation on the amine groups of the HSA. The
resultant Ac-HSA-PLA nanocarriers exhibited specific binding with CD44 and
folate receptors on TNBC cells, as demonstrated in in vitro studies. Upon
encapsulating PTX within the Ac-HSA-PLA nanoparticles, the drug content in the
Ac-HSA-PLA (PTX) nanoparticles was 16% w/w. The Ac-HSA-PLA (PTX)
nanoparticles have shown a superior cytotoxicity in the TNBC cells (MDA-MB-
231 cell line) when compared to that of the HSA-PLA (PTX) nanoparticles, 1Cso:
1.60 £ 1.29 pg/mL vs. 19.56 + 2.00 yg/mL, p < 0.0001. Additionally, in MDA-MB-

231 tumour bearing mice, the TNBC tumours (n = 5) were completely eliminated
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after the treatment with the Ac-HSA-PLA (PTX), whereas the injected Abraxane®

and HSA-PLA (PTX) at the same PTX dose did not achieve the same outcome.

These promising in vivo results suggest that the two proposed solutions have the

potential to be translated into clinical applications.

7.2 Limitations of this work

The presented work, while promising and innovative, does have certain

limitations that should be acknowledged:

1.

4,

Long-Term Stability: The long-term stability of the developed nanocarriers,
both in terms of physical and chemical properties, needs to be examined to
ensure consistent therapeutic outcomes.

Binding Site Specificity: It is hypothesized that only the Cys-34 residue of
HSA is reactive to MAL-PLA, this assumption might not be sufficiently
definitive. Experimentation or additional characterization is needed to confirm
the exact binding site(s) on HSA in the future.

Potential Unforeseen Effects: Novel materials and modifications, especially
in biological contexts, can have unforeseen effects that may become
apparent only after extensive testing and real-world applications.

Animal Model: The in vivo experiments are performed in animal models

(NOD-SCID and BALB/c female mice). The extrapolation of results to
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humans can be challenging due to species differences in metabolism,
immune response, and tumour microenvironment.

Specificity of Targeting: The Ac-HSA-PLA nanoparticles demonstrated
enhanced targeting to CD44 and folate receptors, the specificity of this
targeting mechanism might not be exclusive to cancer cells. Further
investigation is needed to ascertain the selectivity of the nanoparticles for
tumour cells over healthy cells.

Mechanism of Action: Both HSA-PLA (PTX) nanoparticles and Ac-HSA-PLA
(PTX) nanoparticles demonstrated effective anticancer activity, the
underlying mechanisms of their action were not fully explored. Understanding
how these nanopatrticles induce tumour regression in animals could facilitate
the development of appropriate combination therapies.

Limited Sample Size: The sample size of mice used for in vivo experiments
might limit the generalizability of the results. Larger sample sizes are
generally more representative and robust.

Biocompatibility and Toxicity: The study doesn't extensively address
potential biocompatibility and long-term toxicity of the developed nanocarriers
in animal models or potential human applications. Ensuring the safety of the
proposed solutions is critical before clinical translation.

Clinical Translation: Transitioning from preclinical models to clinical

applications introduces additional challenges such as scalability, safety,
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patient heterogeneity and regulatory approval. The success observed in
animal models does not guarantee the same outcomes in humans.

10. Ethical Implications: The ethical implications of using nanoparticles for
cancer treatment, especially their long-term effects on human health, need to
be addressed and communicated transparently.

In conclusion, this study offers promising results regarding the anticancer

potential of the Ac-HSA-PLA (PTX) nanoparticles. Furthermore, addressing these

limitations through further research and validation will be essential to ensure the

clinical feasibility and safety of this novel approach.

7.3 Future work

In the first part of this dissertation, a comparison of hydrodynamic diameter
changes between the HSA-PLA (PTX) nanoparticles and the Abraxane®
nanoparticles at low concentrations, along with the assessment of zeta potentials
for both nanoparticle types in pH = 7 aqueous medium, and the examination of
morphologies through TEM images of the HSA-PLA (PTX) nanoparticles and the
Abraxane® nanoparticles, leads to the conclusion that the colloidal stability of the
HSA-PLA (PTX) nanoparticles surpasses that of the Abraxane® nanoparticles.
Nevertheless, there exists a straightforward method to determine nanoparticle

colloidal stability, involving the measurement of contact angle between
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nanoparticle solids and water [227]. A smaller contact angle signifies lower
surface free energy of the nanoparticles. This, in turn, indicates a more stable
colloidal system within aqueous media. The distinction in colloidal stability among
the Abraxane® nanoparticles, the HSA-PLA (PTX) nanoparticles, and the Ac-
HSA-PLA (PTX) nanoparticles can be visualized through this approach.
Additionally, a comprehensive assessment of long-term storage stability for the
HSA-PLA (PTX) nanoparticles and the Ac-HSA-PLA (PTX) nanoparticles should
be undertaken.

As the active targeting of the Ac-HSA-PLA nanoparticles towards the TNBC cells
is a novel proposition within this thesis, a range of mechanistic cellular
experiments can be pursued to enhance understanding. For example, as shown
in the Fig 80. A, the cellular association between the Ac-HSA-PLA nanoparticles
and the MDA-MB-231 cells was decreased after 3 hours incubation. It seems that
the Ac-HSA-PLA nanoparticles may escape from the cells after the cellular uptake
and this hypothesis may be validated through an endothelial permeability assay
in the future experiments. Based on the data of the competitive assays, the CD44
and folate receptors of the MDA-MB-231 cells are the potential receptors for
specific binding with the Ac-HSA-PLA nanoparticles. It is advisable to use specific
antibodies to further confirm these findings. Further investigations employing anti-
CD44 and anti-folate receptor antibodies, combined with techniques like confocal

laser scanning microscopy or western blotting, would solidify these conclusions.
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From the ex-vivo image Fig 82, the fluorescence labelled Ac-HSA-PLA
nanoparticles were found in the mice bones. This prompts the need for a murine
hematopathology experiment [228] to ascertain whether the injected Ac-HSA-
PLA (PTX) nanoparticles potentially impact bone marrow function and
consequently induce related side effects. According to the Fig 82, the
biodistribution of the Ac-HSA-PLA nanoparticles is highly overlapped with the
metastatic sites of the advanced breast cancer. This highlights the significance of
conducting an anticancer study involving Ac-HSA-PLA (PTX) nanoparticles in a
breast cancer metastatic mouse model. In addition, the Ac-HSA-PLA (PTX)
nanomedicine may work on the ovarian cancer cell line (SKOV3) as well. As the
SKOV3 cell is also the aggressive cancer cell and enriched with the CD44 and
folate receptors.

Finally, the superior tumoricidal activity displayed by both HSA-PLA (PTX)
nanoparticles and Ac-HSA-PLA (PTX) nanoparticles in comparison to the
Abraxane® nanoparticles in in vivo studies signifies their potential. Consequently,
considering clinical trials involving these PTX injections in future plans is

advisable.
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