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Abstract

Breast and lung cancers collectively pose a significant global health burden, ranking among the
top causes of cancer-related deaths worldwide. Triple-negative breast cancer (TNBC) stands out
as an aggressive subtype of breast cancer, with limited treatment options and poor prognosis.
Similarly, lung cancer is also characterized by its highly invasive and metastatic nature, leading
to a poor prognosis. Standard treatment options for TNBC and lung cancer, including
chemotherapy and radiation therapy, have limitations, such as significant side effects and the
development of drug resistance. Hence, a treatment strategy that is both effective and safe would
greatly benefit numerous cancer patients. Emerging treatment options such as plant-based and
nucleic acid-based compounds show promise as safer alternatives. However, their clinical utility
is hindered by challenges such as poor pharmacokinetic properties and delivery issues. Therefore,
in this thesis, we have developed different nanoparticle drug delivery systems to safely deliver
plant-based (berberine) and nucleic acid-based compounds (siRNA and NF«xB decoy
oligonucleotides (ODNSs) to their target site, thereby enhancing their in-vitro therapeutic efficacy
against both breast and lung cancer. The first research chapter focuses on developing targeted
polymer hybrid nanoparticles to deliver siRNA, aiming to silence the X Box peotein-1 (XBP1)
gene, a key driver of TNBC progression. Successful knockdown of the XBP1 gene with these
nanoparticles significantly promoted cellular apoptosis, particularly under hypoxic conditions.
The second research chapter investigates the potential of berberine-loaded liquid crystalline
nanoparticles for in-vitro lung cancer treatment. Berberine, a natural compound with anti-cancer
properties, faces challenges related to low bioavailability. Encapsulating berberine within
nanoparticles improves its therapeutic effectiveness at lower doses against lung cancer cells. In
the third research chapter, we explore the potential of polysaccharide-based nanoparticles to
deliver NFxB decoy ODNs for inhibiting inflammation-mediated lung cancer progression. NFxB
overexpression contributes to tumor aggressiveness by creating a pro-tumorigenic environment.
The developed nanoparticles demonstrate high encapsulation efficiency and effectively inhibit
inflammation-mediated cancer cell progression at lower doses, indicating safe and effective
treatment method for lung cancer. In conclusion, by developing different nanoparticle delivery
systems, this thesis offers a promising path toward more effective and safer treatments for these

malignancies.



Chapter 1: Literature Review

Cancer, a multifaceted disease poses a significant health challenge, burdening both patients and
healthcare systems all over the world. Breast and lung cancers are the most prevalent subtypes.
Current treatment options, such as chemotherapy, radiation therapy, and surgery, have improved
survival rates to some extent. However, these treatments are often accompanied by significant
side effects. Furthermore, the emergence of drug resistance and tumor recurrence remain major
obstacles to achieving long-term therapeutic success. Therefore, this chapter was focused on the
extensive discussion of emerging advanced therapeutics, including plant-based and nucleic acid-
based therapies targeting breast and lung cancer. It starts with a detailed overview of both the
cancers including their prevalence, key biological features, available treatment options and their
limitation, highlighting the urgent need for innovative and safe treatment methods. We further
investigated emerging plant-based and nucleic acid-based therapies as potential treatment options
for breast and lung cancer. In this part, we examined recent research where these therapeutic
moieties have been incorporated into advanced drug delivery systems, showing effectiveness in
both in-vitro and in-vivo models of breast and lung cancer. Our focus is to highlight the
importance of advanced drug delivery systems in improving treatment outcomes and reducing
side effects. Despite these therapies exhibiting promise in cancer treatment, they still faced some

challenges that have been discussed in the last part of this chapter.

1.1 Breast cancer (BC)

BC is the most common cancer diagnosed in Australian women, accounting for 25% of all cancers
diagnosed in women each year [1]. In 2023, an estimated 20,700 new breast cancer cases were
diagnosed in Australian women. It is estimated that 3,220 women will die from breast cancer in
2024 [1]. The likelihood of a woman developing breast cancer increases with age and the presence

of certain risk factors, such as a family history of breast cancer or specific genetic mutations [1].

1.1.1 Subtypes of BC

BC is characterized at the molecular level depending upon the expression or lack of expression
of hormone receptors, i.e., estrogen receptors (ER), progesterone receptors (PR), and human
epidermal growth factor receptor 2 (HER2). Based on hormonal receptor expression, breast
cancer is divided into four subtypes: (1) luminal A and (2) B, which are recognized by the
expression of hormonal receptors (ER+ and PR+) with or without HER2 expression, (3) basal-
like cancerous cells, which lack all three hormonal receptors and are referred to as triple-negative

breast cancer (TNBC), and (4) HER2+ which is characterized by overexpression of HER2
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receptors (Figure 1.1). ER, a key diagnostic factor, is significantly expressed in 70-75% of
invasive breast carcinomas [3]. PR, another diagnostic and prognostic biomarker, is found in over
50% of ER-positive patients and rarely in ER-negative breast cancer [2]. Both ER and PR serve
as diagnostic and prognostic biomarkers [3], with higher PR levels linked to improved overall
survival, time to recurrence, and treatment outcomes, while lower levels are associated with
aggressive disease and poorer prognosis [4]. HER2 expression accounts for approx. 15-25% of
breast cancers [5]. HER2 overexpression, an early event in breast carcinogenesis, leads to
increased cancer cell growth, worse clinical outcomes, and a shorter disease-free period [6].
Serum HER?2 levels are real-time markers for tumor presence or recurrence [7].

Luminal A and B

Luminal A and B are two subtypes of breast cancer, both characterized by estrogen receptor-
positive (ER+) status, but they differ in several key aspects. Luminal A is the most common type
of breast cancer, accounting for about 40% of all cases [8]. Luminal A breast cancer is ER and
PR positive, but negative for HER2 [8]. These type of tumors are typically slow-growing and
five-year survival rate is about 95% [9]. In contrast, Luminal B tumors, constituting 10-20% of
luminal cases, may lack PR expression and typically have higher Ki-67 expression (>20%),
indicating a faster growth rate and a less favorable prognosis [10]. Although, both subtypes
respond to hormonal therapy, Luminal B tumors are more likely to require chemotherapy due to
their aggressive nature. Overall, Luminal A tumors tend to have a better prognosis and slower
growth compared to Luminal B tumors, reflecting their distinct molecular characteristics and
clinical behavior [11, 12].

HER? positive

The HER2-positive accounts for 10—-15% of breast cancers and characterized by high levels of
the HER2 protein while lacking ER and PR [13]. HER2 positivity confers more aggressive
biological and clinical behavior. These subtypes have worse prognosis compared to luminal
tumors. They require specific medications such as trastuzumab, trastuzumab combined with
emtasin (T-DM1), pertuzumab, and tyrosine kinase inhibitors like lapatinib and neratinib
targeting the HER2/neu protein along with surgery and chemotherapy [14]. They respond well to
chemotherapy. These cancers often spread to the bones, and there is a higher chance of recurrence

to other organs compared to the luminal subtypes [15].

TNBC
TNBC constitutes 20% of all breast cancers and lacks estrogen receptors (ER-negative),

progesterone receptors (PR-negative), and HER2 (HER2-negative). It is more common in women
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under the age of 40 [16]. This subtype of breast cancer is further categorized into various
subgroups, including basal-like (BL1 and BL2), claudin-low, mesenchymal (MES), luminal
androgen receptor (LAR), and immunomodulatory (IM), with basal-like subgroups being the
most common, comprising 50-70% of cases, and claudin-low following with 20-30% of cases.
Each subgroup has distinct clinical outcomes, phenotypes, and responses to pharmacological
treatments [16]. The risk of developing TNBC varies with genetics, race, age, weight and obesity,
breastfeeding patterns, and parity [17]. TNBC is characterized by its aggressiveness, early
relapse, and a greater tendency to present in advanced stages. high proliferation rate, alteration in
DNA repair genes and increased genomic instability [17]. The depletion of target receptors has
resulted in a lack of effective treatments for TNBC. Therefore, chemotherapy is the only

alternative which can be used to treat TNBC patients on a systemic level [18, 19].

Subtypes of Breast Cancer

Best
prognosis

Luminal A (~40%) Most prevalent subtype A

control cancer cell growth
HR+ (ER+ and/or PR+), HER2- + Targeted therapy: Tamoxifen, Hormone therapy

i « fast cancer cell growth
HR+ (I:E:ngonrp(ntz)ulﬁmﬂ- * Targeted therapy: Tamoxifen. Hormone therapy

Breast cancer « Amplification/overexpression of receptar HER2

M"ﬂm("’lo"m « Faster growth than luminal subtypes
M(E#-VPR—), HER2+

+ Chemotherapy plus trustuzumab

Receptors

HR: Hormone
ER: Estrogen
PR: Progesterone HR- (ER-, PR-), HER2-
HER2: Human epidermal growth factor

* Most aggressive subtype
* Occurs more often in younger women
* Chemotherapy, Surgery

Triple Negative (~15-20%)

Worst
prognosis

Figure 1.1: Subtypes of breast cancer

1.1.2 Currently available treatments for BC

Nowadays, the major therapeutic options for BC include surgery, chemotherapy, radiation
therapy, immunotherapy, endocrine therapy and targeted therapy [20]. The choice of breast cancer
treatment is influenced by many factors such as cancer type, stage, location, patient age, overall
health, prior treatments, the expected benefits and side effects [20].

Surgery

Surgery serves as the primary intervention for most breast cancer patients, aiming to effectively
eliminate tumors to reduce the risk of local recurrence. It plays a crucial role in minimizing cancer

growth and preventing its spread to other body parts [21]. The most standard breast surgery



approaches are either total excision of the breast (mastectomy), usually followed by breast
reconstruction, or breast-conserving surgery (lumpectomy). Breast-conserving surgery is
frequently chosen as the initial approach, particularly due to the typically small size of most
cancers. Mastectomy, considered as a secondary option, involves the removal of the entire
mammary gland. Additionally, lymph node removal in the armpit region may be conducted based
on individual lymph node status and the aggressiveness of the cancer in each patient [22].
Radiation therapy

Radiation therapy, or radiotherapy, employs high-energy X-rays to destroy cancer cells,
preventing their continued growth. It is utilized for both primary and progressive carcinomas [23].
This treatment can be administered alone or in conjunction with other therapies such as surgery
and/or chemotherapy [23]. The primary objective is to eliminate any remaining breast cancer cells
that may not have been completely eradicated after surgery [24]. Radiation therapy is
recommended following breast-conserving surgery, post-mastectomy for tumors exceeding 5 cm
in size, or in cases where malignant cells have metastasized to the lymph nodes [24].
Chemotherapy

Chemotherapy involves the use of cytotoxic chemicals to destroy malignant cells or inhibit their
growth [25]. These chemotherapeutics can be derived from natural sources or synthesized in
laboratories. It is a preferred treatment for various classes of breast carcinomas. Chemotherapy
can be administered either individually, with multiple anticancer drugs simultaneously, or in
combination with other treatments, such as before or after surgery or radiation therapy [25].
Hormone therapy

Hormone therapy is a crucial component of breast cancer treatment, particularly for cancers that
are hormone receptor-positive [26]. In this type of therapy, medications are used to block
hormones like estrogen and progesterone that can fuel the growth of certain breast cancers. By
inhibiting these hormonal signals, hormone therapy aims to slow down or stop the growth of
cancer cells [26]. This approach is commonly employed in cases where the cancer cells have
receptors for estrogen (ER-positive) or progesterone (PR-positive) [26]. Hormone therapy may
be used after surgery or other primary treatments to reduce the risk of cancer recurrence and
improve overall outcomes. The specific hormone therapy drugs and duration of treatment are

designed to the individual characteristics of the cancer and the patient [27].

Targeted therapy
Targeted therapies refer to a treatment strategy directed towards targeting specific genes, proteins,

or tissue environments associated with cancer growth and survival [28]. These therapies work
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differently than chemotherapy, aiming to slow down the growth and spreading of cancer cells
while minimizing harm to healthy cells [29]. For example, HER2-targeted therapies, such as
trastuzumab (Herceptin), pertuzumab and ado-trastuzumab emtansine (T-DM1), work by
blocking signals that promote the growth of HER2-positive cancer cells [29].

1.1.3 Limitations associated with current treatments

While these treatments demonstrate remarkable therapeutic potential, they also possess various
limitations. Surgery aims to remove tumors, but it may not prevent metastasis. Chemotherapy,
while effective in killing cancer cells, often leads to adverse side effects due to its impact on both
cancerous and healthy cells. often do not complete the prescribed course of chemotherapies due
to intolerable and severe side effects [30]. Furthermore, chemotherapy involves the
administration of multiple drugs in combination to enhance pharmacological effects. However,
certain drugs, like the anthracycline derivatives doxorubicin (Dox) and daunorubicin, can lead to
cumulative toxicity. This toxicity may hinder patients from completing the necessary dosage,
which is crucial for eradicating residual cancer cells [31]. Radiation therapy, while successful in
treating local carcinomas, can cause damage to nearby healthy tissues. This happens because the
radiation can directly damage the DNA of cells or create harmful molecules called free radicals,
leading to cell death. Over time, this damage can cause inflammation, scarring, and impaired
tissue function [32]. Additionally, radiation therapy may have long-lasting side effects such as
fibrosis, damage to blood vessels, and an increased risk of developing new cancers in the treated
area [33]. Targeted therapies are specific to certain molecular characteristics, limiting their
applicability to subsets of patients [34]. For example, about 20% of NSCLC patients with EGFR
mutations respond well to drugs like gefitinib and erlotinib [35]. Another drug, pembrolizumab,
targets the programmed death-ligand 1 (PD-L1) pathway and is effective only in patients with
high PD-L1 levels [36]. Moreover, the emergence of resistance to these treatments poses a
significant challenge, necessitating the exploration of alternative strategies. The adverse side
effects and limited efficacy in preventing metastasis underscore the urgency for innovative

approaches in breast cancer therapeutics.

1.2 Lung Cancer

Lung cancer, among the most common malignant tumors affecting the respiratory system, has
very high rates of morbidity and mortality [37]. Lung cancer accounts for approximately 30 of

every 100 cancer-related deaths [38]. Lung cancer cases increased by over 2 lakhs just in 2022.

Additionally, the same year witnessed approximately 1.3 lakh deaths from lung cancer [39]. Apart
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from smoking, environmental pollution, rapid development and urbanization constitute the major
causes of lung cancer across the globe [40]. Based on the morphological forms, lung cancer is
divided into two main categories, NSCLC and small cell lung cancer (SCLC) [41]. NSCLC is
further divided into adenocarcinoma, squamous cell carcinoma and large cell carcinoma (Figure
1.2) [41]. Adenocarcinoma is more prevalent than squamous cell carcinoma in the majority of
countries worldwide [42]. In developing countries, NSCLC is very common, primarily due to
smoking, and it accounts for at least 85% of cases of lung cancer, whereas SCLC accounts for the

rest of the 15% of cases [43].

Small cell carcinoma
(~10-15%)

Small cell lung
cancer (SCLC)

Early, widespread metastasis;
Most common in heavy smokers

Adenocarcinoma (~40%)

Most common form, usually
begins in the outer regions of lungs

Squamous cell carcinoma
(~25-30%) Non-small cell

lung cancer
(NSCLC)

Tends to cause early symptoms,
usually begins in bronchial tubes

Large cell carcinoma
(~10-15%)

Rare; Large, rapidly-growing
tumors usually located in
peripheral lung tissue

Figure 1.2: Subtypes of lung cancer

The existing treatment approaches for lung cancer primarily involve surgery, radiation,
chemotherapy, immunotherapy and targeted therapy [44]. Surgical resection emerges as the most
consistent and effective option, especially for patients in the early stages (I or II) of lung cancer
[45]. In contrast, as the disease progresses to stage III or 1V, the focus of treatment shifts toward
chemotherapy or radiotherapy [46]. Chemotherapy faces various challenges such as non-specific
targeting, low bioavailability and the development of drug resistance [47]. Additionally, it
commonly induces adverse effects like nausea, fatigue, respiratory problems, and hair loss,
limiting its effectiveness [46]. Radiotherapy induces damage to surrounding cells, leading to a

considerable loss in lung functionality. Consequently, this approach may not be suitable for
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patients with a severely compromised pulmonary system [48]. Immunotherapy has emerged as a
revolutionary option for lung cancer treatment, by controlling the body's immune system to
recognize and attack cancer cells [49]. In particular, immune checkpoint inhibitors like
pembrolizumab and nivolumab have demonstrated significant success, particularly in NSCLC
patients with high programmed death-ligand 1 (PD-L1) expression [50]. Targeted therapies, such
as EGFR inhibitors (e.g., erlotinib) and ALK inhibitors (e.g., crizotinib), focus on specific genetic
alterations within tumors, providing more specific and effective treatments for lung cancer
patients [51]. Despite these emerging treatment options available for lung cancer patients,
challenges still persist. These include resistance to targeted therapies and the need for
personalized treatment plans [52]. While immune checkpoint inhibitors show promise, they can
lead to side effects like lung inflammation or digestive issues, limiting their use for some patients.
Additionally, not all patients benefit from immune checkpoint inhibitors, highlighting the need
for alternative treatments [53]. Ongoing research aims to unravel the complexities of lung cancer
biology, paving the way for novel therapeutic strategies and more precise interventions that

consider the heterogeneity of lung tumors and individual patient profiles [51].

1.3 Drug delivery systems (DDS) for cancer treatment

The challenges of traditional cancer treatments have led to the rapid development of new methods
to fight the disease [54]. One such advancement is DDS which has been developed to address
several challenges associated with conventional therapies, including poor drug solubility, limited
bioavailability, rapid degradation, and non-specific distribution [55]. DDS allows drugs to be
enclosed in a protective carrier, ensuring their controlled release, improved stability and targeted
delivery to cancer cells without harming healthy cells. This approach not only makes the
treatment more effective but also allows for higher doses without increasing harmful side effects
[56]. In cancer treatment, these advantages are crucial for improving patient outcomes and
reducing side effects. DDS can be categorized into three main types: lipid-based, polymer-based,

and inorganic-based delivery systems.

1.3.1 Lipid-based drug delivery systems

Lipid-based nanoparticles (LNPs) are a highly adaptable class of nanocarriers that have gained

widespread usage in medical research and pharmacology [57]. They can encapsulate various

therapeutic agents including small molecules, nucleic acids and monoclonal antibodies for a

diverse range of applications [58]. LNPs offer several benefits, such as safeguarding drugs from

in vivo degradation, boosting their solubility and efficacy, enabling targeted drug delivery to the

disease site, regulating drug release, and altering drug biodistribution [59]. These engineered
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nanocarriers hold the potential to overcome significant limitations of traditional therapeutic
products such as inadequate efficacy, susceptibility to enzymatic degradation, low bioavailability,
and off-target side effects [60].

LNPs typically consist of four main lipid components: phospholipids and cholesterol, which are
necessary for particle formation and stability; cationic or ionizable lipids, which enable binding
with negatively charged nucleic acids, thereby increasing drug loading; and PEGylated lipids,
which contribute to enhanced particle stability and circulation time within the biological system
. Due to their biomimetic architecture and the similarity of their lipid components to those of cell
membranes, LNPs can easily cross the cell membrane to deliver nanoparticle contents to the
desired intracellular sites. After crossing the cell membrane, LNPs can take advantage of the low
pH environment within the target cells, promoting endosomal escape and releasing the therapeutic
cargo into the cytoplasm 2.

LNPs can be categorized into five subgroups: liposomes, lipid nanoemulsions, solid lipid
nanoparticles, nanostructured lipid carriers, and lipid-polymer hybrid nanoparticles. Our main
interest is to explore Lipid polymer hybrid nanoparticles (LPNs), a type of lipid nanoparticle
that combines the advantages of lipids and polymers for various biomedical applications [61].
LPNs have polymer cores that contain therapeutic substances and lipid/lipid-PEG shells as a
"stealth" coating for improved in vivo circulation [62]. This unique structural composition offers
optimal biocompatibility and physical stability, making them an ideal vehicle for drug delivery
[61]. LPNs have been successfully used to encapsulate various pharmaceuticals, including
nucleic acids, for sustained release and improved stability [63, 64]. Furthermore, incorporating
functional groups on the polymer surface facilitates targeted drug delivery to specific cells or
tissues [63]. LPNs are gaining recognition as an advanced substitute for traditional liposomal and
polymeric drug delivery systems due to their wide range of advantages, encompassing
applications in combinatorial/active targeted drug deliveries, cancer gene therapy, vaccine
development, and novel diagnostic imaging methods [65]. Encouraging results from Phase I and
IT clinical trials demonstrate the potential of LPNs in delivering the anti-cancer drug Docetaxel,
particularly for lung, pancreatic, and prostate cancers

Liquid crystalline nanoparticles (LCNs) are an emerging lipid-based drug delivery system
known for their ability to provide controlled, efficient, and targeted delivery of therapeutic agents
[66]. Their key advantages, such as phase stability, enhanced bioavailability, and high drug-
loading capacity make them particularly suitable for pulmonary delivery, especially in treating
lung cancer and inflammatory diseases [66]. LCNs can passively accumulate in solid tumors

through the enhanced permeability and retention (EPR) effect, leading to higher drug
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concentrations at tumor sites [67]. For example, studies have shown that LCNs loaded with
naringenin effectively inhibit lung cancer cell proliferation, migration, and colony formation.
Notably, the encapsulation of naringenin in LCNss reduces the therapeutic dose required compared
to its free form, enhancing both efficacy and safety [68]. Another study demonstrated the use of
LCNs to deliver ellagic acid and Dox to A549 lung cancer cells. Surface-modified with
lactoferrin, the nanocrystals targeted cancerous cells via the CD44 receptor, resulting in improved
nanoparticle internalization and increased cytotoxicity [69]. Given these advantages, we have
employed LCNs to encapsulate berberine, aiming for enhanced efficacy and targeted delivery in

lung cancer treatment.

1.3.2 Polymer-based drug delivery system

Polymer-based drug delivery systems have garnered considerable attention over the past two
decades because they offer the ability to specifically target tumor tissues and significantly
improve the therapeutic window of the therapeutic [70]. For example, poly (lactic glycolic acid)
(PLGA) is a biodegradable polymer that has been approved by the U.S. FDA, and several PGLA -
based formulations have received clinical approval, including Decapeptyl, Suprecur MP, Lupron
Depot, among others [71, 72]. These delivery systems offer key advantages such as surface
adaptability, charge modification, and enhanced drug-loading capabilities, making them ideal for
the controlled and sustained release of therapeutics [73, 74]. Natural polymers like chitosan and
alginate are valued for their biocompatibility and biodegradability, though they often require
modifications for better drug delivery performance [75].

Polymer-based nanoparticles can be engineered for passive targeting through the enhanced
permeability and retention (EPR) effect, where the nanoparticles accumulate preferentially in
tumor tissues due to the leaky vasculature and poor lymphatic drainage [76]. In addition to passive
targeting, polymer-based nanoparticles can be functionalized with ligands such as antibodies,
peptides, or folic acid to achieve active targeting, where the nanoparticles bind specifically to
cancer cell receptors, increasing their therapeutic effectiveness while reducing off-target effects
[77, 78]. Several studies have demonstrated the success of polymer-based nanoparticles in cancer
treatment. For example, Dox-loaded PLGA nanoparticles have shown enhanced anticancer
activity in breast cancer models due to their prolonged circulation and targeted drug release,
reducing the systemic toxicity commonly associated with free Dox [79]. Similarly, paclitaxel
(PTX) loaded PLA nanoparticles have improved therapeutic efficacy and lower side effects in

lung cancer treatment [80]. These advances in polymer-based nanoparticle systems offer
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significant potential for improving cancer therapy by providing targeted, controlled, and sustained
drug delivery, ultimately enhancing patient outcomes while minimizing side effects.

Among the different types of polymeric systems, dextran-based nanoparticles have gained
significant attention due to their unique properties and potential in cancer-targeted therapy.
Dextran is an FDA-approved polysaccharide known for its high encapsulation efficiency,
biodegradability, and ease of chemical modification to fine-tune drug release [81]. Acetalated
dextran (AcDex) nanoparticles are especially promising because they are pH-responsive,
allowing for selective drug release in acidic tumor environments [82]. Several studies highlighted
the efficacy of dextran-based nanoparticles in improving drug delivery and cancer treatment. For
instance, AcDex nanoparticles have been functionalized with spermine (SpAcDex) to enhance
siRNA delivery to cancer cells. The study showed that nanoparticles successfully delivered
siRNA to HeLa cells, leading to significant reductions in cell proliferation and migration [83].
Another study used SpAcDex nanoparticles to deliver a decoy oligodeoxynucleotide (ODN) that
inhibits the NF-kB pathway in A549 cells, resulting in potent anti-cancer effects, including
suppression of colony formation and tumor progression markers. Moreover, AcDex nanoparticles
loaded with these drugs improve their therapeutic index by providing controlled release and

targeted delivery, particularly in the lungs, where they can accumulate in cancerous tissues [84].

1.3.3 Inorganic-based drug delivery system

Inorganic-based nanocarriers offer remarkable potential in drug delivery due to their unique
features, such as high surface area, tunable size and shape and ease of surface modification [85].
Additionally, they can be tailored with different ligands to enhance specificity and effectiveness
for targeted treatments [85]. The main inorganic nanocarriers include gold nanocarriers,

mesoporous silica nanocarriers, and magnetic nanocarriers.

Gold nanocarriers are particularly attractive for biological applications due to their ease of
surface modification and lower toxicity than other metals. Some organic compounds (e.g., DNA
and peptides) can be functionalized through bonds like Au—S or Au—thiol, which significantly
enhances their bioavailability, making them useful in both tumor imaging and targeted drug
therapy [86]. Kim et al. synthesized a radioactive iodine-labeled gold nanoparticle designed to
target B integrins, which are overexpressed in tumors. Imaging results showed that the
nanoparticle rapidly and efficiently targeted tumor sites within 10 minutes of injection,

highlighting its strong potential for diagnostic and therapeutic applications [86].
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Silica nanocarriers include silica nanoparticles, mesoporous silica nanoparticles (MSNs),
hollow mesoporous silica, and silica nanotubes [87]. Among these, MSNs stand out for their high
drug-loading capacity, large surface area and pore volume. Their surfaces can be easily
functionalized with groups like amino and sulthydryl, allowing for precise targeting and versatile
drug delivery. An ideal MSN system ensures accurate tumor targeting, prevents drug leakage
during circulation, and controls high-concentration drug release at the tumor site [88]. To achieve
controlled drug release, MSNs can be modified to respond to external stimuli such as pH,
enzymes, or temperature. For instance: Cheng et al. developed a pH-sensitive MSN system,
which released Dox in acidic tumor environments, reducing toxicity to normal tissues while
improving targeting efficiency and antitumor efficacy [89]. Similarly, Saini and Bandyopadhyaya
designed transferrin-conjugated, chitosan-coated MSNs loaded with gemcitabine, which showed
controlled release in the neutral environment but rapid drug release in the acidic tumor

environment, enhancing therapeutic outcomes [90].

Magnetic nanoparticles have shown significant promise in drug delivery due to their ability to be
guided to specific sites using external magnetic fields. Their biocompatibility and unique
magnetic properties make them ideal for drug delivery and tumor hyperthermia. However, due to
poor water solubility and aggregation, naked magnetic nanoparticles are prone to rapid clearance
by the immune system. Therefore, surface modifications are essential to improve their stability
and dispersion [91]. Huang et al. developed a nano-delivery system using superparamagnetic iron
oxides coated with folic acid-modified polymers to deliver Dox. Results showed that
nanoparticles effectively targeted MCF-7 breast cancer cells via folic acid receptor-mediated
endocytosis and inhibited tumor growth under magnetic field guidance [92]. Wang et al
functionalized magnetic nanoparticles with an anti-EGFR monoclonal antibody for targeted lung
cancer therapy. This modification increased the nanoparticle's specificity to tumor cells, improved
the localised delivery of the drug and reduced off-target effects. Additionally, the magnetic
properties of the nanoparticles enabled the use of magnetic resonance-guided focused ultrasound
surgery, which further increased tissue heating in tumors and enhanced drug penetration,

ultimately improving therapeutic outcomes [93].

In this thesis, three types of nanoparticles (Polymer lipid nanoparticles, liquid crystalline
nanoparticles and polysaccharide-based nanoparticles) have been employed to enhance the

delivery of different therapeutic agents (siRNA, berberine and NFxB decoy oligonucleotides).
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Each type has been selected based on the specific challenges associated with the therapeutic agent

being delivered, including its solubility and stability.

1.4 Therapeutic strategies targeting TNBC

As previously discussed, therapeutic strategies targeting TNBC encompass a variety of
approaches, from traditional chemotherapy and targeted therapies to more innovative options like
immunotherapy and antibody-drug conjugates., Building on these existing approaches, advanced
therapeutic strategies such as RNA-based therapy have gained importance in the field of breast
cancer treatment due to their ability to specifically target and manipulate the expression of genes
involved in cancer development and progression [94]. Unlike traditional treatments, RNA-based
therapies such as small interfering RNA (siRNA) and microRNA (miRNA) operate at the genetic
level, enabling a more precise and personalized approach [94]. siRNA can selectively silence the
expression of specific genes by degrading their messenger RNA. In contrast, miRNAs are
involved in the regulation of gene expression by blocking the translation of specific mRNAs and
lead to their degradation [95]. However, the systemic delivery of RNA-based therapies faces
challenges, including susceptibility to degradation by nucleases and poor cellular uptake, which
limit their therapeutic efficacy. Additionally, their large size and negative charge hinder their
penetration through cellular membranes [96]. To overcome these challenges, a number of delivery
systems have been developed (Figure 1.3). These delivery systems aim to protect the RNA
molecules from degradation, enhance their cellular uptake and facilitate their intracellular release

[97].
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Figure 1.3: Delivery systems employed for RNA-based therapy

1.4.1 siRNA-based therapeutics

siRNA is a class of double-stranded RNA molecules that play a crucial role in gene regulation
[98]. These molecules are involved in a process called RNA interference (RNAi), which is a
natural mechanism for controlling gene expression. In RNA1, siRNA molecules specifically target
and bind to complementary messenger RNA (mRNA) sequences, leading to their degradation and
subsequent inhibition of protein synthesis (Figure 1.4a) [99]. This mechanism allows siRNA to
selectively silence the expression of specific genes, offering a highly precise and targeted
approach for modulating gene activity [98]. Various nanocarrier systems have been developed to
optimize the delivery of siRNA for targeting TNBC (Table 1.1). Among these, liposomes are
widely used as siRNA delivery vehicles due to their inherent characteristics. Their lipid bilayer
structure closely resembles that of cell membranes, enhancing their compatibility with biological
systems. This structural similarity facilitates a more efficient fusion of liposomes with cell
membranes, thereby making them well-suited for cellular delivery. Furthermore, liposomes
amphiphilic nature makes them versatile carriers for both hydrophilic and hydrophobic payloads

[100]. Alshaer et al. utilized anti-CD44 aptamer-conjugated liposomes to achieve gene silencing
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in a murine model of TNBC. In this study, the aptamer can specifically bind to CD44 receptors
present in cancer cells, thereby enhancing the cancer cell targeting capability of liposomes to the
tumor site. Results demonstrated effective gene silencing in both in-vitro and in-vivo models of
TNBC [101]. Liposomes offer a versatile platform with the ability to encapsulate both hydrophilic
and hydrophobic compounds, allowing for the co-delivery of siRNA and chemotherapeutic agents
[102]. Deng et al. utilized cationic liposomes for the coencapsulation of PTX and siRNA,
resulting in sustained drug release for up to 168 hours. This formulation not only significantly
prolonged the biological half-life of PTX compared to the commercial PTX formulation but also
exhibited enhanced anticancer activity [103]. Another study developed a novel redox-sensitive
cationic lipid-based system that efficiently delivered both PTX and anti-survivin siRNA to target
cells. In-vitro investigations revealed increased cellular uptake, successful endosomal escape,
reduced survivin expression leading to decreased cell viability, and an elevated rate of apoptosis
[104]. Deng and colleagues developed a layer-by-layer liposome-based nanocarrier for the co-
delivery of siRNA and Dox to target TNBC. The combination therapy involved siRNA targeting
multidrug resistance protein 1, which markedly increased in-vitro efficacy of Dox by 4 fold and
led to an 8 fold decrease in tumor volume compared to control treatments. This system efficiently
transported both the drug and siRNA to the tumor site, resulting in a substantial reduction in
tumor volume without inducing toxicity, offering a safer therapeutic option for patients [105].

Table 1.1. Delivery systems used to deliver siRNA for targeting TNBC

Encapsulated drug Delivery systems Key findings References

Cell death siRNA Lipid-coated  calcium | Successful delivery of | [106]

phosphate nanoparticles | siRNA to TNBC tumors,
leading to effective gene

silencing and tumor growth

inhibition.
S100 calcium binding | Exosomes Enhanced stability, reduced | [107]
protein A4 (S100A4) immunogenicity,
siRNA remarkable gene-silencing

efficacy leading to a
substantial inhibition of
malignant breast cancer cell

growth.
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GFP siRNA PEGylated The gH625 peptide | [108]
superparamagnetic iron | facilitates the
oxide nanoparticles | internalization of
functionalized with | nanoparticles into cancer
gH625 peptide, chitosan | cells, while cationic
and poly-l-arginine polymers offer protection to
siRNA and facilitate its
escape from endosomes,
resulting in  >73% GFP
gene silencing
XBP1 siRNA+Dox RNA nanoparticles Reduce XBP1 expression, | [109]
inhibit tumor growth upon
intravenous administration,
enhance  sensitivity  to
chemotherapy
Aurora  kinase A | Redox-sensitive Adjustable PTX loading, | [110]
(AURKA) siRNA + | hyaluronic acid-based | selective drug release and
PTX nanoparticles concentration-dependent
gene silencing, Successful
delivery of both drug and
siRNA showed synergistic
effects which leads to
higher antitumor efficacy
Inhibitor of nuclear | Hyaluronic acid | Enhanced cellular uptake | [111]
factor kappa-B kinase | modified lipid micelles | and better tumor
subunit epsilon penetration of the
(IKBKE) encapsulated cargos,
siRNA+cabazitaxel effectively inhibits
invasiveness and growth of
TNBC
Cell-division cycle | Hyaluronic acid- | Polymer complexes | [112]
protein 20 (CDC20) + | modified polymer | efficiently delivered
CD44 siRNA complexes siRNAs against  key
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proteins involved in cell

cycle  regulation  and

phosphatase activity,
effective  inhibition  of
TNBC cell growth and

migration

Indocyanine green +

PTX + survivin siRNA

Polymeric nanoparticles

Higher cellular uptake,
controlled drug release, and
improved antitumor

efficacy due to the

combined effects of
photothermal therapy, gene

delivery, and chemotherapy

[113]

kinase

(PKM2)

Pyruvate
isozymeM?2

siRNA

Chitosan-gold

nanoparticles

The chitosan layer enhances
the delivery of siRNA,
allowing  for efficient
photothermal ablation and
gene silencing, ultimately
inhibiting the invasiveness

and growth of TNBC cells.

[114]

Cell-penetrating
peptide+EGFR siRNA

Lipid-based

nanobubbles

The combination of
nanobubbles and ultrasound
enhances the cellular uptake
of siRNA, improves the
precision and effectiveness
of gene silencing within

TNBC cells

[115]

1.4.2 miRNA-based therapeutics

Dysregulated expression of miRNAs is frequently associated with the initiation, progression, and
metastasis of breast cancer, making them attractive targets for therapeutic intervention [116].
miRNA-based therapies can be broadly categorized into two approaches: miRNA replacement

therapy and miRNA inhibition therapy. In miRNA replacement therapy, synthetic miRNA mimics
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are introduced to restore the levels of specific miRNAs that are downregulated in breast cancer
[117]. miRNA inhibition therapy involves the use of antisense oligonucleotides, antagomirs, or
other inhibitors to block the activity of overexpressed oncogenic miRNAs (Figure 1.4b) [117].
Similar to siRNA therapy, various nanocarrier delivery systems have been developed to enhance
miRNA stability, protect against degradation and facilitate targeted delivery [118].

miR-34a emerges as a key player, suppressing TNBC cell proliferation, migration and invasion
[119]. Wang et al. utilized hyaluronic acid/protamine sulfate nanocapsules to deliver miR-34a,
achieving targeted inhibition of CD44 and Notch-1 signalling pathways, resulting in cellular
apoptosis, reduced migration and proliferation [120]. Similarly, in another study hyaluronic acid-
chitosan nanoparticles were used to codeliver Dox and miR-34a into TNBC cells. The findings
revealed that chitosan nanoparticles induced an upregulation in the expression of miR-34a,
resulting in reduced proliferation, migration, and invasion of MDA-MB-231 cells.
Simultaneously, the inclusion of Dox exerted cytotoxic effects, thereby enhanced therapeutic
efficacy [121]. Ahir et al. designed mesoporous silica nanoparticles (MSNs) for targeted delivery
of dual miRNAs (miR-34a mimic and antisense-miR-10b), aiming to reduce TNBC metastasis.
The MSNs, modified for efficient transport with a cationic basic side chain and coated with
hyaluronic acid-poly (ethylene glycol)-poly (lactide-co-glycolide) polymer, demonstrated
effective inhibition of tumor growth, induction of cancer cell death and delayed metastasis [122].
miR-21, associated with tumor growth and metastasis, is frequently upregulated in TNBC [123].
To address this, a miR-21 inhibitor along with Dox was encapsulated within poly(amidoamine)
dendrimers, leading to successful delivery to TNBC cells. In particular, the effective miR 21
inhibitor transfection leads to the inhibition of cancer cell migration and activation of apoptosis
related genes. Furthermore, co-delivery of miR21 inhibitor and Dox using dendrimer
significantly improved therapeutic efficacy against cancer cells due to the synergistic effect of
miR21 inhibitor and Dox treatment [124]. Another study employed metal-organic frameworks
(ZIF-90 nanoparticles) to co-deliver antimiR-21 and antimir-155 along with a photosensitizing
agent to target TNBC. The pH-responsive drug release was facilitated by ZIF-90 nanoparticles
within the tumor microenvironment, downregulating overexpressed oncogenic miRNAs and

inducing apoptosis through light-induced reactive oxygen species (ROS) production [125].

The Slug gene, contributing to aggressive behaviour and metastasis in TNBC, was specifically
targeted by using miRNA-loaded liposomes functionalized with DSPE-PEG. These nanosized
liposomes efficiently suppressed Slug gene expression in TNBC cells, inhibiting their

invasiveness and growth while also blocking the TGF-f1/Smad pathway. In a TNBC mouse
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model, the combination of functional miRNA liposomes with a chemotherapy drug showed a
stronger anticancer effect. Preliminary safety tests showed no adverse effects on body weight or

major organs [126].
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Figure 1.4 Gene silencing mechanism of a) siRNA and b) miRNA-loaded nanoparticles

1.4.3 Potential challenges associated with RNA-based therapeutics

Despite the remarkable progress in RNA therapy for cancer treatment in the preclinical stage,
several challenges need to be addressed for the clinical translation of this therapeutic strategy. A
key challenge is the lack of specificity of miRNA, leading to imperfect binding to target mRNA,
and a single miRNA may target and degrade multiple sets of similar target mRNAs [127].
Additionally, concerns include nuclease-mediated degradation of naked siRNAs and miRNAs
upon systemic injection, repulsion at the cell membrane level due to their negative charge, poor
tissue penetration, and potential non-specific immune stimulation [128]. While delivery vehicles
like liposomes can mitigate some challenges, but they also come with disadvantages. For
instance, Dokka et al. demonstrated in their study that cationic lipids like DOTAP can induce
pulmonary toxicity [129].
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1.5 Current therapeutic strategies targeting lung cancer

Various emerging modalities are investigated to improve therapeutic outcomes in the context of
current therapeutic strategies targeting lung cancer. In this section, I will discuss two highly
different yet equally promising therapies, including plant-derived natural compounds and

antisense oligonucleotide (ASO)-based therapeutics.

1.5.1 Plant-based therapy

Plant-derived compounds have been recognized for their diverse pharmacological properties
since long time ago [130]. The investigation of these natural compounds in the context of lung
cancer treatment provides a unique avenue for developing innovative and potentially less toxic
therapies [131]. Several delivery systems have been developed to ensure the safe transportation
of natural compounds to target sites (Table 1.2). Here I will mainly discuss liquid crystalline
nanoparticles (LCNs) as delivery systems for the treatment of lung cancer [132, 133]. Berberine,
derived from several plants within the papaveraceae family, is an isoquinoline alkaloid known for
its anti-inflammatory and anticancer attributes. Recent studies have explored the encapsulation
of berberine within LCNs for lung cancer treatment. Paudel ef al. developed berberine-loaded
LCNs and investigated their in-vitro antiproliferative and antimigratory effects on human lung
epithelial cancer cells (A549). Results showed that these nanoparticles exhibited high entrapment
efficiency and demonstrated sustained release behaviour. Berberine-loaded LCNs significantly
suppressed the expression of proliferation and migration-related proteins, thereby inhibiting
cancer progression [134].

Resveratrol, another natural compound with anti-inflammatory and antioxidant properties, has
been encapsulated in LCNs for targeted lung cancer therapy. Abdelaziz and team explores the
application of LCNs for synergistic chemo-herbal therapy in lung cancer. The findings suggest
that the liquid crystalline assembly effectively facilitates the sustained release of both
chemotherapeutic agents and herbal drug (resveratrol) to lung cancer cells, which decrease the
systemic cytotoxicity associated with chemotherapeutic drug. Furthermore, in-vivo results
demonstrated that this treatment method inhibited the tumor development via inhibition of
angiogenesis and induction of apoptosis [135].

Paudel and team addressed the therapeutic limitations of rutin, a natural flavonoid with anti-
inflammatory, antioxidant and anti-cancer properties, by encapsulating it in LCNs. This approach
enhanced drug bioavailability, stability and release profile, leading to sustained release up to 24
hours. This formulation exhibited strong anti-cancer effects in the A549 cells by suppressing
proliferation, migration and promoting apoptosis [136]. Zerumbone (ZER), a natural compound
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from Zingiber zerumbet, recognized for its anti-cancer properties, faces solubility challenges. To
overcome this hurdle, Manandhar et al. developed ZER-loaded LCNs to increase ZER's potency
and effectiveness against NSCLC. The formulation exhibited substantial inhibition of cancer
progression, particularly in terms of proliferation and migration, along with the downregulation
of various proteins linked to cancer progression [137].

Table 1.2 Delivery systems employed for delivering plant-based bioactive compounds

targeting lung cancer

Plant-based Delivery system | Key findings References
active
compound
Quercetin Polymeric Enhanced  encapsulation efficiency, | [138]
nanoparticles sustained release and improved antitumor
effects
Quercetin Cetuximab- Targeted delivery to lung cancer cells, | [139]
modified chitosan | reduces chemoresistance and enhances the
nanoparticle chemotherapeutic effect of PTX-based
therapy
Curcumin Chitosan-based Targeted drug delivery, controlled release | [140]
nanoparticles and effective synergistic anti-tumor
outcomes were demonstrated in both in-
vitro and in-vivo experiments
Silybin Dextran based | Nanoparticles effectively delivered both | [141]
nanoparticles therapeutic agents at a controlled rate and
showed synergistic antitumor effect
Boswellic Chitosan Higher cellular uptake, sustained release | [142]
acids nanoparticles and enhanced antiproliferative effect via
induction of apoptosis
Taxanes Polymeric Enhance the efficacy of chemoradiation | [143]
nanoparticles therapy.
Curcumin Carbon nanotubes | High drug loading efficiency and | [144]
sustained drug release, inhibiting the
cancer cell proliferation by inducing
apoptosis.
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Silibinin Magnetic Enhances drug solubility and | [145]
nanoparticles bioavailability, facilitated targeted drug
delivery, Inhibited cancer cell grown and

induce cell death by apoptosis

1.5.2 ASO-based therapy

ASOs are single-strand DNAs or RNAs that selectively bind to complementary mRNAs to
influence gene expression and disrupt RNA functions [146]. Among ASOs, the use of decoy
oligodeoxynucleotides (ODNs) presents another interesting approach. They are synthetic double-
stranded DNA or RNA molecule designed to competitively bind to transcription factors, thereby
inhibiting transcription factor’s ability to initiate gene expression [ 147]. Despite promising results
in preclinical studies, the advancement of ASO-based therapies into clinical trials has been
constrained, largely because of the difficulties related to their pharmacokinetics, charge density
and susceptibility to nucleases [148].

In response to these challenges, researchers have developed various delivery systems, including
polysaccharide-based nanoparticles [ 149]. These nanoparticles, derived from naturally occurring
polysaccharides like dextran, chitosan and alginate, offer several advantages as ASO delivery
systems [149]. One of the key benefits is their biocompatibility and biodegradability. Being
derived from natural sources, they are generally well-tolerated by the body, minimizing the risk
of adverse reactions [149].

Dextran, an FDA-approved polysaccharide, offers high encapsulation efficiency and
biocompatibility [82]. For example, Acetylated dextran (AcDex) nanoparticles demonstrated
compatibility with aerosolized dry powder inhalation and pH-dependent degradation for
controlled therapeutic payload release within acidic microenvironments [150]. Kannaujia et al.
demonstrated the anticancer potential of NFkB decoy ODNs loaded AcDex nanoparticles against
human lung cancer (A549) cells. The nanoparticles exhibited exceptional high encapsulation
efficiency (up to 99.5%) and pH-dependent release profile of ODNs. Moreover, they display
potent in vitro anticancer effects by inhibiting cancer cell proliferation, migration, and colony
formation through the suppression of NF«B signaling pathways [84].

Nafee et al. developed chitosan-coated polymeric nanoparticles loaded with antisense
oligonucleotide 2-O-Methyl-RNA (OMR), a telomerase inhibitor for lung cancer. The findings
revealed that a specific concentration of chitosan on the nanoparticle surface is essential for a

notable increase in cellular uptake. Nevertheless, excessive chitosan had a negative impact on the
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transfection efficiency. These nanoparticles exhibited preferential adsorption to cell membranes
and significantly reduced telomerase activity in A549 lung cancer cells, indicating their potential
as an efficient treatment method [151].

In addition to polysaccharide nanoparticles, other delivery systems have been investigated for
delivering ASOs to target lung cancer. Li et al. engineered targeted lipid-based nanoparticles for
gene inhibition through ASO therapeutics in human lung cancer cells (H1299 cells)
overexpressed by sigma receptor. This targeted delivery system exhibited promising results in
down-regulating survivin mRNA and protein, inducing apoptosis, inhibiting tumor cell growth
and enhancing chemosensitivity to anticancer drugs [ 152]. Another study investigates the efficacy
of lipid nanoparticles loaded with an ASO gapmer targeting Bcl-2 for the treatment of lung cancer.
These nanoparticles effectively deliver the gapmer to A549 cells, resulting in downregulation of
Bcl-2 expression. This downregulation leads to inhibition of cancer cell proliferation, induction

of apoptosis, and enhanced sensitivity to chemotherapy [153].

1.5.3 Challenges associated with plant and ASO-based therapeutics

The major challenge associated with plant-based therapeutics involves the scaling-up or
commercialization of these natural compounds that meet the therapeutic requirements [138].
Other challenges include issues related to standardization, quality control, and variability in
bioactive compound composition [154]. Ensuring consistent efficacy and safety across different
batches of plant extracts presents a significant challenge [155]. Additionally, limited
bioavailability and potential adverse effects may arise due to interactions with other prescribed
medications [155]. Overcoming these hurdles necessitates careful optimization of formulation
techniques and thorough clinical evaluation to ensure the efficacy, safety, and reproducibility of
plant-based therapies.

The primary hurdle hindering the clinical advancement of ASO-based therapy lies in achieving
effective delivery to target tissues. This is primarily due to obstacles such as biological
degradation and inadequate cellular uptake [156]. Additionally, ASOs may encounter another
challenge wherein they may bind to unintended mRNA targets, resulting in oft-target effects that
compromise therapeutic precision and may lead to adverse reactions [156]. To address these
issues, several strategies have been adopted such as chemical modifications or encapsulation
within delivery vehicles [157]. However, these approaches carry their own risks, including
potential toxicity and activating an inflammatory immune response [156]. Addressing these

challenges requires interdisciplinary efforts across fields such as pharmacology, molecular

28



biology, materials science and regulatory affairs. Innovative approaches in delivery system,
formulation design and genome editing technologies are continually being developed to
overcome these obstacles and harness the therapeutic potential of plant and ASO-based therapies

for lung cancer treatment.

1.6 Hypothesis, aims and rationale of the thesis

Hypothesis

Nanocarriers will enhance the in-vitro therapeutic effect of plant-derived drugs/nucleic-acid-
based drugs for the treatment of breast and lung cancer.

This hypothesis will be tested via following aims:

Aim 1: Development of targeted polymer lipid hybrid nanoparticles for in-vitro siRNA therapy
in triple-negative breast cancer

Aim 2: Evaluation of anticancer potential of berberine-loaded liquid crystalline nanoparticles
against lung cancer cells

Aim 3: Investigation of anticancer potential of NFkB decoy oligonucleotide loaded
polysaccharide nanoparticles in lung cancer cells.

The rationale behind these aims have been explained in the following section.

TNBC stands as one of the most difficult challenges in oncology, affecting millions globally with
its aggressive nature and limited treatment options. Conventional therapies, including
chemotherapy, radiation therapy and surgery, have struggled to limit its progression, often
accompanied by unbearable side effects that compromise patients’ well-being. In this landscape,
the emergence of siRNA therapy offers a light of hope, by targeting specific genes driving TNBC
growth. However prior studies mainly explored the combined treatment of siRNA with
chemodrug, which may cause toxicity associated with chemodrugs. In response, Chapter 2 (Aim
1) developed a method by targeting XBP1 gene via siRNA for TNBC treatment. XBP1 emerges
as a key driver of TNBC tumor growth and recurrence, primarily by regulating the endoplasmic
reticulum stress response and unfolded protein pathways, impacting cell survival, proliferation,
and chemoresistance. Elevated XBP1 expression is frequently associated with TNBC, promoting
these detrimental effects and contributing to a poor prognosis and treatment resistance. In this
work, siXBP1 (siRNA targeting XBP1) encapsulated within polymer lipid nanoparticles. In
addition, to facilitate selective cellular uptake to tumor cells, we have conjugated the
nanoparticles with an EGFR antibody. Remarkably, developed targeted nanoparticles increased
cellular uptake leading to enhanced gene silencing efficacy with mimimum toxicity. The findings

provide the potential to develop siRNA treatment option for TNBC.
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The high mortality rates associated with lung cancer underscore the urgent need for better
treatment options. Conventional chemotherapy that mainly includes synthetic drugs often causes
discomfort and toxicity due to high doses. Natural compounds such as berberine represent
promising candidates for safer anticancer therapeutics. Natural compounds like berberine offer
promise for safer anticancer therapies; however, their low bioavailability requires administration
at high doses, leading to patient discomfort. Encapsulating berberine within nanoparticles
presents a compelling strategy to enhance therapeutic efficacy at lower doses and mitigate adverse
effects. Chapter 3 (Aim 2) of this thesis focuses on investigating the potential of berberine-loaded
liquid crystalline nanoparticles against lung cancer, aiming to overcome the challenges associated
with synthetic drugs and harness the benefits of natural compounds like berberine at minimal
dosages. The formulated nanoparticles demonstrated significant anticancer effects at markedly
reduced doses compared to previous studies, highlighting their potential to improve patient well-
being and minimize associated adverse reactions if translated to clinical practice.

Further investigation into the underlying mechanisms contributing to heightened mortality rates
in lung cancer cases has revealed elevated NFxB expression levels, recognized as a prognostic
marker associated with advanced tumor stage, disease severity, and reduced survival rates. The
accumulation of pro-inflammatory cytokines (IL-6 & IL-8) near tumor sites in malignant tissues
with heightened NFxB activity significantly contributes to the pro-tumorigenic
microenvironment. This observation underscores the therapeutic significance of NFkB inhibition
as a viable anti-cancer strategy. Despite the potential of ASOs to prevent transcription factors
from binding to target genes, their therapeutic application is limited by poor cellular uptake or
short circulatory half-life. Addressing these limitations, Chapter 4 (Aim 3) was designed to
encapsulate NFkB decoy ODNs into polysaccharide-based nanoparticles and evaluate their
anticancer potential against a lung cancer cell line. Interestingly, the prepared nanoparticles
exhibited high encapsulation efficiency (>99%) and significantly reduced the expression of pro-
inflammatory cytokines, such as IL-6 and IL-8, in lung cancer cells at a much lower dose,
indicating safe drug delivery to the target site and efficacy in inhibiting inflammation-mediated
cancer progression in lung cancer.

Overall, the objective of the current project is the development of novel drug carriers that can
deliver the drug safely to the target site with minimal toxicity, which will ultimately provide better

therapeutic outcomes against cancer.
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Abstract

Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer, characterised by
a lack of hormone receptors and HER2 expression, resulting in limited treatment options and poor
patient outcomes. This study explores a novel therapeutic approach using PLGA lipid
nanoparticles loaded with siXBP1 and conjugated with an epidermal growth factor receptor
(EGFR) antibody. This noncarrier will silence the XBP1 gene, which is crucial for the progression
and survival of TNBC, particularly in hypoxic conditions. The conjugation of nanoparticles with
the EGFR antibody improves their targeting ability to TNBC cells, as confirmed by confocal
microscopy and flow cytometry. The fluorescence intensity of the targeted nanoparticles was 1.45
times higher than that of the non-targeted counterparts. These nanoparticles efficiently delivered
siRNA to TNBC cells, resulting in substantial XBP1 gene silencing efficacy of 75%. Under
hypoxic conditions, this gene-silencing effect significantly promoted apoptosis nearly threefold
compared to normoxic conditions. These findings provide valuable insights into targeted
therapies for TNBC and pave the way for further in vivo investigations to advance this approach
toward clinical applications.

Keywords: Breast cancer; Gene therapy; Targeted nanoparticles; Hypoxia
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2.1 Introduction

Among all breast cancer subtypes, triple-negative breast cancer (TNBC) stands out as the most
aggressive, comprising approximately 15% of cases. It is characterized by the absence of human
epidermal growth factor receptors 2 (HER2), progesterone receptors, and estrogen receptors [1,
2]. TNBC is associated with a high recurrence rate and limited survival, with a 40% mortality
rate within five years of diagnosis [3]. After metastasis, the average survival time is just 12.2
months, and the postoperative recurrence rate is approximately 25% [4]. Chemoradiotherapy
stands as the standard of care for TNBC, yet its constraints involve drug toxicity, resistance, and
late morbidity linked to high-dose radiation [5]. Due to the lack of targeted therapies specific to

TNBC, there is a pressing need for innovative approaches to enhance patient outcomes [6-8].

To address this challenge, XBP1 emerges as a key driver of TNBC tumor growth and recurrence,
primarily by regulating the ER stress response and unfolded protein pathways, impacting cell
survival, proliferation, and chemoresistance [9, 10]. Elevated XBP1 expression is frequently
associated with TNBC, promoting these detrimental effects and contributing to a poor prognosis
and treatment resistance [11]. Notably, a connection between XBP1 and reduced TNBC
responsiveness to standard treatments is well-established [11]. Analysis of 193 TNBC patient

samples revealed shorter relapse-free survival in cases with an elevated XBP1 signature [12].

Hypoxia-inducing factor la (HIF-la) is known to be hyperactivated in the hypoxic
microenvironment of human tumors including TNBC [13]. XBP1 has been identified to regulate
tumorigenicity by controlling the HIF-1a pathway [12, 14]. It can boost the stability and activity
of HIF-1o0, resulting in the activation of genes that support angiogenesis, glycolysis and cell
survival [12, 15]. Given the significant roles of the XBP1 gene in driving TNBC tumor growth
and recurrence, specific XBP1 gene silencing is a potential therapeutic approach, particularly in

hypoxic conditions.

Various strategies have been employed to achieve XBP1 gene silencing, including siRNA therapy,
the CRISPR/Cas9 system, and miRNA mimics or inhibitors. siRNA offers a targeted approach
by utilizing the RNA interference (RNAi) pathway to downregulate XBP1, thereby inhibiting
tumor growth and improving treatment resistance [16]. Alternatively, the CRISPR/Cas9 system
can permanently delete the XBP1 gene, offering a long-term solution that eliminates the need for
repeated treatments. For instance: Zhao et al. demonstrated that CRISPR-mediated XBP1
silencing enhanced antitumor activity, altered cytokine expression, and promoted macrophage-
mediated tumor cell clearance by disrupting self-recognition mechanisms [17]. Additionally,

certain miRNAs, such as miR-30 and miR-320, have been shown to regulate XBP1 expression
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[18]. Despite the potential of these gene-silencing approaches, siRNA, CRISPR, and miRNA-
based therapies face significant challenges related to delivery and specificity. Off-target effects

and the risk of unintended genetic alterations are major concerns with all three methods [19].

In the context of XBP1 gene knockdown, small interfering RNA (siRNA) offers a promising
strategy for targeted gene silencing in TNBC treatment by leveraging the RNA interference
(RNAi) pathway to selectively downregulate crucial genes, inhibiting tumor growth and
overcoming treatment resistance [16]. Regarding delivery vehicles, nanoparticle-based drug
delivery systems, including lipid nanoparticles with polymers like Poly (lactic-co-glycolic acid)
(PLGA), are advantageous for cancer therapy [17, 18]. They are noted for their biocompatibility,
controlled drug release, and capacity to encapsulate diverse therapeutic agents, such as siRNA
[19, 20]. Within PLGA lipid nanoparticle, the lipid component ensures stability, biocompatibility,
and enhanced cellular uptake via intracellular delivery of therapeutic contents, while the PLGA
polymer enables controlled release and safeguards the encapsulated siRNA cargo [21]. Zhang et
al. employed RNA nanoparticles to co-encapsulate the chemodrug Dox and siRNA (siXBP1) for
targeting HER2+ breast cancer. The results showed that these nanoparticles provided targeted
delivery and maintained structural stability. Deletion of XBP1 by RNA nanoparticles suppressed
angiogenesis, inhibited cell proliferation, significantly reduced breast cancer growth, and
enhanced chemotherapy sensitivity in a mouse model of HER2+ breast cancer [22]. In another
study by the same team, packaging RNA derived from bacteriophage phi29 is employed as a
targeted therapy approach against TNBC. The findings reveal that these RNA nanoparticles
effectively reduce XBP1 expression and inhibit tumor growth upon intravenous administration.
Furthermore, treatment with RNA NPs enhances sensitivity to chemotherapy and hampers
angiogenesis in-vivo [23]. While, siXBP1 (siRNA) has been integrated into different delivery
systems. However, none of the studies have investigated the delivery of siXBP1 using polymer
lipid nanoparticles in TNBC cells. Therefore, the goal of this study was to devise a targeted
therapeutic strategy for triple-negative breast cancer (TNBC) by engineering epidermal growth
factor receptor (EGFR) antibody conjugated siXBP1 loaded PLGA lipid nanoparticles. We
selected the EGFR antibody due to its elevated expression in TNBC, aiming to enhance siRNA
delivery specificity [24].

To achieve this goal, we first characterized the synthesized nanoparticles for their particle size,
zeta potential, and surface morphology, ensuring suitability for TNBC targeted delivery. Next,
we examined the cellular uptake of the EGFR antibody-conjugated PLGA lipid nanoparticles in
TNBC cells (MDA-MB-231) using confocal microscopy and flow cytometry as assessment of
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nanoparticle internalization. We confirmed EGFP gene silencing in HEK293-EGFP cells by
encapsulating EGFP siRNA for confocal microscopy analysis prior to validation of XBP1 gene
silencing in MDA-MB-231 cells with siXBP1-loaded PLGA lipid nanoparticles by qRT-PCR and
Western Blot. Finally, we evaluated the effect of XBP1 gene knockdown with EGFR antibody-
siXBP1-loaded PLGA lipid nanoparticles on cell survival and apoptosis in MDA-MB-231 cells
under hypoxic conditions, highlighting the potential of our nanoparticles as a promising

therapeutic approach for TNBC.

2.2 Materials

Poly(D,L-lactide-co-glycolide) acid terminated, lactide:glycolide 50:50 (PLGA) (719870-5QG),
Mw 24000-38000, Poly vinyl alcohol (PVA) (P8136), MW 30,000-70,000, Coumarin-6 (C-6)
(442631-1G) were purchased from Sigma-Aldrich Pty Ltd (Australia). DOTAP (890890P-
200mg) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene
glycol)-2000] (ammonium salt) (DSPE-PEG2000-Mal) (880126p-25mg) were purchased from
Avanti Polar Lipids. Chloroform (C2432—-500 mL), Dichloromethane (270997-1 L), Phosphate
buffered saline (P4417-50 TAB) were also purchased from Sigma-Aldrich Pty Ltd (Sydney,
Australia). Human anti-EGFR antibody (cetuximab, C225) was purchased from Assay Matrix Pty
Ltd (Melbourne, Australia). Scramble siRNA (siScr -SIC001) was purchased from Merck,
Australia and siRNA targeting EGFP (siGFP-51-01-05-06) was purchased from Integrated DNA
Technologies, Australia. siRNA targeting XBP1 (s14913), Lipofectamine RNAiMax transfection
reagent (13778075), Opti-Minimal Essential Medium (Opti-MEM; reduced serum medium;
product, 31985062), Pierce™ Coomassie (Bradford Protein Assay Kit) (23200) were purchased
from (Thermo Fisher Scientific, Australia). MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide), Dimethyl sulfoxide (DMSO), DAPI were purchased from Sigma-Aldrich,
St. Louis, MO, USA. FITC Annexin V Apoptosis Detection Kit I (cat. no. 556547) was purchased
from BD Biosciences (San Jose, CA, USA). The antibodies to XBP1 and B-actin were purchased
from Abcam. All the remaining chemical reagents and solvents were purchased from Sigma-

Aldrich unless stated.
Cell culture

MDA-MB-231 and MCF-7 cell lines were a kind gift from Prof. Majid Ebrahimi Warkiani lab,
School of Biomedical Engineering, University of Technology Sydney, Australia. These cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich Pty Ltd, Australia)

with 10% heat-inactivated Fetal Bovine Serum (Thermo Fisher Scientific, Australia) at 37°C at
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5% COz in a humidified atmosphere. Human mammary epithelial cells (HMEC) and Human
embryonic kidney 293 cells expressing EGFP (HEK 293-EGFP) were a kind gift from Prof. Ewa
Goldys lab, School of Biomedical Engineering, University of New South Wales, Australia.
HMEC were cultured in HMEC growth medium while HEK 293-EGFP cells were cultured in
DMEM with10% heat-inactivated Fetal Bovine Serum under standard conditions (37°C, 5% CO2)
in a humidified incubator. All cells were frequently tested for the presence of mycoplasma, and

all experiments were carried out in mycoplasma negative cells.

2.3 Methods

2.3.1 Preparation of PLGA lipid nanoparticles

PLGA lipid nanoparticles were prepared using the double emulsion-solvent evaporation
technique [19]. The formulation was optimized including the particle size, zeta potential and
polydispersity index (PDI) based on DOTAP/PLGA ratio, sonication time and polyvinyl alcohol
(PVA) concentration. In brief, 200 pmole of siRNA was added dropwise to 500 pl of
PLGA/DOTAP mixture (mole ratio of 7:3) in dichloromethane (DCM). This mixture was
emulsified using probe sonication over an ice bath at 40 % amp for 30 s (3 times) to form the
primary emulsion. Subsequently, 6 ml of 1% (w/v) PVA containing 0.3 mg of DSPE-PEG2000-
Mal was added to the primary emulsion, followed by sonication at 40 % amp for 30 s (3 times)
over an ice bath. This process resulted in the formation of the secondary water-in-oil-in-water
emulsion, which was left under agitation for 3h at room temperature to evaporate organic solvent.
Afterwards, the dispersion was centrifuged for 12 min at 4°C and 18,000xg. The supernatant was
discarded, and the pellet containing the nanoparticles was re-dispersed in phosphate buffer saline
(PBS). This process of centrifugation and re-dispersion was repeated three times to ensure the
removal of PVA before further characterisation. We employed the same method to prepare various
types of PLGA lipid nanoparticles, by encapsulating different cargoes (coumarin-6 (a dye), EGFP
siRNA, scramble siRNA). The formulation details are listed in table 2.1:

Table 2.1. Composition of different PLGA lipid nanoparticles

S.No. | Formulation Cargo PLGA/DOTAP | PVA (% | DSPE-PEG2000-
amount ratio (w/w) w/v) Mal (mg)
1. Blank PLGA lipid | - 7:3 1 0.3
nanoparticles
2. Coumarin-6 loaded | 17.5 ug 7:3 1 0.3
nanoparticles  (C-6
NPs)
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3. EGFP siRNA loaded | 100 pmole | 7:3 1 0.3
nanoparticles
(siEGFP NPs)

4. Scramble siRNA | 200 pmole | 7:3 1 0.3
loaded nanoparticles
(Scr NPs)

5. siXBP1 (siRNA) | 200 pmole | 7:3 1 0.3
loaded nanoparticles

Antibody conjugation to nanoparticles

Antibody conjugation to nanoparticles was achieved through a thiol-maleimide reaction [22].
Initially, 10 ul EGFR antibody (1mg/ml stock solution in PBS) was diluted with 990 ul of PBS
(pH 7.4). Simultaneously, 1mg of N-Succinimidyl S-Acetylthioacetate (SATA) was dissolved in
0.5 ml of dimethyl sulphoxide (DMSO) just before the reaction. The EGFR antibody solution
was then mixed with SATA solution at a molar ratio of 8:1 (SATA: antibody) and incubated at
room temperature for 30 min. To facilitate SATA crosslinking with maleimide groups, the
sulthydryl groups were deacetylated by mixing the SATA/antibody solution with 100 pl of
hydroxylamine solution (0.5M Hydroxylamine, 25mM EDTA in PBS, pH 7.2-7.5) and incubated
for 1 h at room temperature. Subsequently, conjugation was initiated by combining nanoparticles
with the SATA/antibody solution at a molar ratio of 1:10 (nanoparticles: SATA/antibody solution)
and incubated at room temperature for 2 h, followed by overnight incubation at 4°C. Unbound
antibody was removed through centrifugation, and the nanoparticle pellet was redispersed in PBS

for further applications.
Quantification of EGFR antibody conjugated onto the surface of nanoparticles

The amount of EGFR antibody conjugated to the nanoparticle surface was confirmed by Bradford
assay, which was based on the binding of coomassie brilliant blue dye (Bradford reagent) to
proteins, resulting in a color change proportional to the protein concentration. Following the
manufacturer’s protocol, various concentrations of the protein standard solution, ranging from 25
ng/mL to 2000 pg/mL, were prepared in PBS buffer. Next, 5 uL of each standard or nanoparticle
suspension was carefully transferred to the appropriate wells of a microplate. Subsequently, 250
uL of the Bradford reagent was added to each well, and the plate was incubated for 10 min. at
room temperature. The absorbance was measured at 595 nm using a Tecan plate reader. The
amount of conjugated antibody was determined by assessing the absorbance intensity and
subsequently calculating its concentration using the standard curve of free protein solution.
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2.3.2 Nanoparticle characterization

Particle size, polydispersity index (PDI), and zeta potential measurements were carried out using
Dynamic Light Scattering (Malvern Zetasizer Nano ZS). Before analysis, the nanoparticle
suspension was resuspended, sonicated, and vortexed. For particle size and PDI measurement,
diluted samples were placed in clear disposable cuvettes, while zeta cells were utilized for zeta
potential measurement. All measurements were performed in triplicate at 25°C. The surface
morphology of nanoparticles was examined by using Scanning Electron Microscopy (SEM, Zeiss
Supra 55 VP). For SEM imaging, nanoparticles were suspended in nuclease-free water (100
pl/ml) and sonicated for 30 s. A drop of this suspension was deposited on a silicon wafer and
allowed to air dry for 24 h under ambient conditions. The silicon wafer was then attached to a
stub using double-sided carbon tape. To ensure conductivity, the nanoparticles were sputtered

with gold/palladium using the Leica Coater prior to image acquisition.

Entrapment Efficiency (EE)

The amount of coumarin-6 (C-6) encapsulated within the nanoparticles was determined by
assessing the fluorescence intensity of the C-6-loaded nanoparticles (C-6 NPs) (Ex/Em: 450
nm/505 nm) and subsequently calculating its concentration using the standard curve derived from

a free C-6 solution.

The entrapment efficiency of siRNA loaded inside the nanoparticles was determined using
RediPlate 96 Ribogreen RNA Kit (Thermo Fisher Scientific, Australia). The RiboGreen® reagent
specifically reacts with free siRNA, producing a fluorescent compound with an emission
maximum at 535 nm (Aex = 485 nm). Thus, to assess entrapment efficiency, the prepared
nanoparticle suspension was centrifuged, and the supernatant was collected. The unloaded siRNA
in the supernatant was then measured using the Ribogreen RNA Kit and compared to the initial

siRNA concentration used in the nanoparticle preparation.

In details, various concentrations of pure siRNA solution (ranging from 5 ng/mL to 200 ng/mL)
were prepared using TE buffer. Subsequently, 20 pL pure siRNA solution and the supernatant
were added to wells of a microplate, followed by thorough pipetting. The microplate was
incubated for 20 min. at room temperature, shielded from light. After incubation, fluorescence

was measured using a microplate reader (Ex/Em: 480 nm/535 nm). The concentration of siRNA
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in the supernatant was determined by comparing it to the standard curve of a free siRNA solution.

The entrapment efficiency was calculated using the following equation:

(RNA amount used for formulation — RNA amount present in supernatant )
%EE = . x100
RNA amount used for formulation

2.3.3 Cellular uptake activity

Cellular uptake activity was assessed by using C-6 NPs and EGFR antibody conjugated C-6
nanoparticles (EGFR Ab-C-6 NPs). Brieflyy, MDA-MB-231 cells were cultured overnight in
glass-bottom petri dishes and incubated with nanoparticle suspension (200 pg/ml) for 1 and 2 h,
respectively. Subsequently, the cells were thoroughly washed with DPBS (pH 7.4) three times to
eliminate any unbound nanoparticles and then fixed using 4% paraformaldehyde (100 pl) at room
temperature. After fixation, the cells were stained with DAPI (Sigma) reagent, and the
internalization of nanoparticles was visualized using a Nikon A1 inverted confocal microscope
system. Additionally, flow cytometry analysis was performed after the nanoparticle incubation.
The cells were washed, trypsinized, collected, and their fluorescence was quantitatively analyzed

using a CytoFLEX LX flow cytometer (Beckman Coulter).

2.3.4 XBP1 expression level in normal vs breast cancer cell lines and under hypoxia
conditions

To evaluate XBP1 gene expression, we selected two breast cancer cell lines, MDA-MB-231 and
MCF-7, along with one normal mammary epithelial cell line (HMEC). To induce hypoxia, MDA -
MB-231 cells were placed in hypoxic chamber for 24 h or 48 h. After each incubation period,

RNA and proteins were isolated from cells and analyzed for XBP1 gene expression.
RNA extraction

RNA samples were isolated using the Trizol® method [25]. Initially, the cells underwent a brief
wash in PBS, followed by transfer into nuclease-free Eppendorf tubes. Subsequently, they were
centrifuged at 12,000 xg at 4°C for 10 min. The resulting cell pellets were then combined with
Iml of Trizol® (Invitrogen), and 300 pl was added, after which the mixture was incubated at
room temperature for 3 min. After this, the samples were subjected to phase separation by
centrifuging at 12,000xg at 4°C for 10 min. The upper aqueous layer, containing the RNA, was
carefully transferred to new tubes containing 600 pl of ice-cold isopropanol (Sigma, Australia).
RNA precipitation was facilitated by centrifuging for 30 min at 12,000xg and 4°C. The RNA
pellets were briefly washed in 1ml of 70% ethanol and again centrifuged at 12,000xg at 4°C for
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10 min. Following this step, the ethanol was removed, and the RNA pellet was dried on a 37°C
heat block for 5 min. Finally, the resulting RNA pellet was resuspended in 40ul of nuclease-free
water. RNA concentration was measured via absorbance at 260nm by Nanodrop™ One

Microvolume UV-Vis spectrophometer (Thermo Fisher Scientific, Australia).

qRT-PCR

All the primers utilized in the quantitative PCR reactions for this study were purchased from
Sigma-Aldrich. In summary, a quantity of RNA samples less than 1pug was employed for both
cDNA conversion and the qPCR reaction, employing the Luna® Universal One-Step RT-qPCR
Kit from New England Biolabs. The gqPCR reactions were conducted according to the

manufacturer's protocol. The primer sequences used for these reactions are detailed in Table 2.2.

Table 2.2: Primer sequences used for qRT-PCR

Primer Sequence

XBP1 - Forward 5'- AGGAGTTAAGACAGCGCTTGGGGATGGAT-3’
XBP1 - Reverse 5’-CTGAATCTGAAGAGTCAATACCGCCAGAAT-3’
Beta actin — Forward 5’-CCTGTACGCCAACACAGTGC-3'

Beta actin — Reverse 5’-ATACTCCTGCTT GCTGATCC-3'

Protein extraction

Cell samples were gathered in RIPA Lysis buffer, which included Halt™ Protease Inhibitor
Cocktail (Thermo Fisher Scientific, Australia). They were left to incubate on ice for 20 min.
before undergoing a short 15-second sonication. Subsequently, the cell lysates were subjected to
centrifugation at 12,000xg at 4°C for 20 min to eliminate cellular debris. The protein
concentration of each sample was assessed via absorbance at 280nm using the NanoDrop™

Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, Australia).
Western Blot assay

Briefly, 30ug of each protein lysate was combined with 5 ul of NuPAGE LDS Sample Buffer and
heated at 70°C for 10 min. All prepared samples were subsequently loaded into NuPAGE 4-12%
Bis-Tris 1.5mm Mini Protein Gels secured within the XCell SureLock™ Mini-Cell. The loaded
protein samples were then separated in 1x NuPAGE MOPS SDS Running Buffer at 125V for 90

min.

After the gel electrophoresis, the protein samples were transferred onto a 0.2um PVDF Transfer

Membrane using the XCell Blot Module and 1x NuPAGE Transfer Buffer at 30V for 120 min.
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The membranes were subsequently immersed in a blocking solution (3% w/v Bovine Serum
Albumin from Sigma in TTBS buffer, which consists of 0.01M Tris Base, 0.05M NaCl, and 0.1%

Tween20) for 1 h at room temperature to prevent non-specific binding.

Membrane incubation with primary antibodies (XBP1 or Beta-actin from Abcam, each at a
1:1000 dilution in TTBS) was carried out at 4°C overnight. After three 5-min washes in TTBS
buffer, the membranes were incubated in an anti-rabbit horse peroxidase-conjugated secondary
antibody (CST, diluted at 1:5000 in TTBS) on an orbital shaker at room temperature. Following
this, the membranes were washed in TTBS buffer for 5 min. each and then visualized using
PierceTM ECL Western Blotting Substrate (Thermo Fisher Scientific, Australia) under a
ChemiDoc MP System (Biorad, USA).

2.3.5 Assessment on in vitro EGFP and XBP1 knockdown via siRNA-loaded nanoparticles

HEK293-EGFP cells were cultured at a density of 5x10* in glass-bottom petri dishes and then
incubated with the siGFP-loaded nanoparticle suspension for 24 and 48 h. Subsequently, the cells
were imaged under a confocal microscope to assess EGFP fluorescence signal. Additionally, flow

cytometry analysis was performed as indicated in the above section.

MDA-MB-231 cells were seeded at a density of 1x10° cells per well in a 6-well plate and
incubated for 24 h. Following this, the cells were treated with various conditions for an additional
48 h. The treatment conditions included: cells only, free siRNA alone, siRNA transfected with
RNAiMax transfection reagent, EGFR antibody conjugated siRNA-loaded nanoparticles (EGFR
Ab-siXBP1 NPs) and EGFR antibody conjugated siScr-loaded nanoparticles (EGFR Ab-Scr
NPs). All these samples contain 25 nM siXBP1 or siScr. After incubation period, cellular RNA
was collected using the same method followed by RT-PCR analysis.

2.3.6 In-vitro cell viability assay

Cells were seeded at a density of 1x10% cells per well in 96-well plates with culture medium
containing 10% FBS for 24 h. After 24 h, the cells were treated with different concentrations of
nanoparticles (200-400 pg/ml) for 48 h. Following this treatment period, 10 pl of Thiazolyl Blue
Tetrazolium Bromide (Sigma) at a concentration of 5 mg/ml in sterile PBS was added to each
well and incubated for 4 h at 37°C in 5% COaz. After removing the supernatant, 100 pL of DMSO
was added to dissolve the formazan crystals, resulting in the formation of a purple-colored

product. The absorbance of this product was measured using a Tecan plate reader at 570 nm. The
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cell viability was calculated as a percentage of the absorbance in the treated cells compared with

that of untreated cells, as follows:
Viability (%) = (Ag - Ablank)/(Ac - Ablank) X 100

Where Ay is the absorbance of each group, Ac is the absorbance of the control group and Ablank 1s

the absorbance of cell culture medium.

2.3.7 Cellular apoptosis assay

For apoptosis assays, 1x103 cells per well were seeded into 6-well plates in two separate sets.
One set was incubated in a normal incubator while the other was placed in the hypoxic chamber
for 48 h to induce hypoxia. After the respective incubation periods, the cells were exposed to
EGFR Ab-siXBP1 NPs and EGFR Ab-siScr NPs maintained for an additional 48 h within the
hypoxic chamber. The treatment groups consisted of control (cells only), cells treated with
antibody-conjugated siXBP1 loaded nanoparticles, and cells treated with antibody-conjugated
siScr-loaded nanoparticles. After 48 h of treatment, apoptosis was quantified using the FITC
Annexin V Apoptosis Detection Kit I (cat. no. 556547; BD Biosciences) following the
manufacturer's instructions. Cells were harvested and washed twice with PBS. Subsequently,
1x10° cells were resuspended in 100 pl of 1x binding buffer (diluted with ddH20), followed by
the addition of 5 ul FITC and 5 pl PI to each tube. The samples were incubated for 30 min at
room temperature in darkness. After staining, 500 pl of 1x binding buffer was added to each tube
and analysed by flow cytometry. Similar experiments were conducted under non-hypoxic

conditions.

2.3.8 Cell cycle analysis and colony formation assay

We utilized the Luminex Muse Cell Cycle Kit according to the manufacturer's instructions to
evaluate the effect of XBP1 gene knockdown on the cell cycle progression of MDA-MB-231
cells. Initially, MDA-MB-231 cells were seeded at a density of 3x103 cells/mL in 6-well plates
and incubated for 24 h. Subsequently, the cells were divided into three treatment groups: cells
only, cells treated with 25 nM of EGFR Ab-siXBP1 nanoparticles, and cells treated with 25 nM
of EGFR Ab-siScr nanoparticles. Following 48 h incubation period with the respective
treatments, cells were trypsinized, washed with cold DPBS, and fixed with ice-cold 70% ethanol
at -20°C for a minimum of 3 h. Following fixation, cells were washed with DPBS and suspended

in 200 pL of Muse® Cell Cycle reagent for 30 min. at room temperature in darkness.
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Subsequently, the distribution of cell cycle phases was quantified using the Muse Cell Analyzer
(Luminex Corporation, Texas, USA).

Further, a colony formation assay was conducted to evaluate the impact of XBPI1 gene
knockdown on the proliferation rate of MDA-MB-231 cells. The cells were initially seeded at a
low density of 500 cells/mL in 6-well plates containing culture medium supplemented with 10%
FBS for 24h. After 24h, the cells were divided into three treatment groups: cells only (control),
Cells treated with 25 nM of EGFR Ab-siXBP1 NPs and cells treated with 25 nM of EGFR Ab-
siScr NPs and incubated for a duration of 10 days. After the incubation period, the cells were
gently rinsed with PBS and fixed with 4% paraformaldehyde solution for 20 min. Subsequently,
the fixed cells were stained with a 0.5% (w/v) crystal violet solution for 15 min. at room
temperature. Following staining, excess dye was removed by thoroughly washing the cells with

PBS. The formed colonies were then visualized and quantified using Image J software.

2.4 Results
2.4.1 Preparation and characterization of nanoparticles

In this study, lipid polymer hybrid nanoparticles were prepared via double emulsion solvent
evaporation technique. The morphology of prepared nanoparticles was evaluated under SEM.
Figure 2.1a revealed that the blank nanoparticles had a spherical shape with an average size
150+7.4 nm. From DLS measurements, the average size of blank nanoparticles, C-6 loaded
nanoparticles and EGFP antibody-conjugated siRNA loaded nanoparticles was about 163 +2.02
nm, 186.08+7.1 nm, and 178.9+£9.2 nm, respectively (Table 2.3). These samples exhibited a
positively charged surface, and their low polydispersity index (PDI) indicated that they were

uniform in size and monodispersed.

To enhance the ability of the nanoparticles to target cancer cells, we attached targeting molecules,
EGFR antibody to the surface of the nanoparticles. For conjugated samples, we observed a slight
increase in size, changing from 186.08+7.1nm to 209.2+1.3nm. There was also a concurrent
increase in PDI from 0.05+0.02 to 0.354+0.02 (Table 2.3). These changes fall within acceptable
thresholds, indicating a homogeneous nanoparticle population [26]. In order to quantify the
amount of EGFR antibody conjugated with the nanoparticles, a colorimetric Bradford protein
assay was performed, with about 68.8% of EGFR antibody being successfully conjugated with
the nanoparticles. This finding closely aligns with other reported studies [27].
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We further assessed the cargo loading efficacy of these nanoparticles. As shown in Figure 2.1b,

there was a typical fluorescence peak at 505nm wavelength of the C-6 observed in C-6 loaded

nanoparticles, indicating the successful loading of C-6 within the nanoparticles. For C-6 NPs, the

entrapment efficiency was calculated to be 73.37% (Table 2.3). For conjugated nanoparticles, the

entrapment efficiency was reduced to 56.11% (Table 2.3), possibly attributed to losses incurred

during the secondary centrifugation step carried out after antibody conjugation. Regarding

siRNA, the highest loading efficiency of 94.92% was observed in siGFP nanoparticles. This could

be attributed to the electrostatic interactions between the positively charged lipid compound and

the negatively charged siRNA.

Table 2.3. Characterization of prepared PLGA lipid nanoparticles

Samples

Particle
(nm)

size PDI

Zeta Potential Entrapment

(mV)

Efficiency
(%)

Blank PLGA lipid
nanoparticles
Coumarin-6  loaded
nanoparticles (C-6
NPs)

EGFP siRNA loaded
nanoparticles (siGFP
NPs)

EGFR antibody-
conjugated Coumarin-
6 loaded nanoparticles
(EGFR Ab-C-6 NPs)
EGFR antibody-
conjugated  siXBP1
loaded nanoparticles
(EGFR  Ab-siXBPI
NPs)

EGFR antibody-
conjugated siScr
loaded nanoparticles
(EGFR Ab-Scr NPs)

163 £2.02

186.08+7.1

178.9+9.2

209.2+1.3

226.7+£8.7

208.9+4.5

0.05+0.02

0.06+0.03

0.05+0.02

0.25+0.03

0.35+0.02

0.14+0.05
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25.9+0.25

19.440.37

14.2+0.15

-2.92+0.37

-3.08+0.17

-0.791+0.14

73.37+1.7

94.92+2.9

56.11+1.4

82.96+2.4

83.45+2.8



a) T 6106 .
a — (-6 std solution
2 — C-6NPs
2 4x10°-
E
[
o
& 2x108-
o
(7]
<
o
3
[T 0 T T T 1
450 500 550 600 650
Wavelength (nm)

Figure 2.1: a) The SEM image of blank PLGA lipid nanoparticles (Scale bar = 200 nm); b)
Fluorescence emission spectra of coumarin-6 solution (C-6 std solution) and coumarin-6 loaded

nanoparticles (C-6 NPs)

2.4.2 In-vitro cellular uptake study

To achieve the targeting capability of our nanoparticles on TNBC cells, we conjugated the
nanoparticles with EGFR antibody. This modification specifically targets the EGFR receptor,
which is known to be overexpressed in approximately 50% of TNBC cells compared to other
breast cancer subtypes [28]. This strategy was reported an effective targeting tool for TNBC cells,
leading to increased cellular drug accumulation and enhanced treatment efficacy [29]. The
targeting capability of antibody-conjugated nanoparticles was assessed by comparing the cellular
uptake of EGFR Ab-C-6 NPs and non-targeted C-6 NPs in MDA-MB-231 cells at different
incubation times. Figure 2.2a demonstrated the higher C-6 fluorescence signal from the cells
treated by targeted nanoparticles compared with non-targeted ones. As shown in Figure 2.2b, the
fluorescence intensity of C-6, measured via flow cytometry, demonstrated approximately 1.26-
fold and 1.45-fold higher values for EGFR Ab-C-6 NPs compared to non-targeted counterparts
at 1 h and 2 h incubation times, respectively. This enhanced internalization capability of targeted
nanoparticles was probably attributed to the specific affinity interaction between anti-EGFR

antibody and overexpressed EGFR on the surface of cancer cells.
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Figure 2.2: a) Confocal microscopic images of MDA-MB-231 cells after incubation with C-6
NPs and EGFR AB-C-6 NPs; The scale bar is 50 um b) The mean fluorescence intensity of C-6
in MDA-MB-231 cells treated with C-6 NPs and EGFR AB-C-6 NPs measured by flow

cytometry. Data represented as mean+ s.e.m., (n=3). ****p <0.0001.

2.4.3 Assessment on In-vitro EGFP and XBP1 knockdown via nanoparticles

We first assessed XBP1 gene expression in two breast cancer cell lines, MDA-MB-231 and MCF-
7, along with a normal breast cell line, HMEC. As illustrated in Figure. 2.3a, a significantly higher
XBP1 mRNA expression was observed in MDA-MB-231 cells compared to MCF-7 and HMEC
cell lines. Existing literature indicates that hypoxia triggers the activation of XBP1 expression, in
conjunction with its co-regulator, HIF-10, in TNBC tissues, thereby promotes cancer progression
[11]. Thus, we investigated the effect of hypoxia on XBP1 expression in MDA-MB-231 cells. As
shown in Figure 2.3b, XBP1 mRNA expression apparently increased under hypoxic conditions,

which was further supported by western blot analysis (Figure 2.3c).

Following the confirmation of XBP1 gene expression levels in MDA-MB-231, we evaluated the
efficacy of gene knockdown using our nanoparticles. We first validated the transfection feasibility

of our nanoparticles targeting EGFP in HEK293 cells. Figure 2.3d demonstrates an apparent
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decrease in EGFP fluorescence intensity in the cells treated with 100 pg/ml of siGFP NPs for 24
and 48 h compared with the control. Flow cytometry data further revealed reductions of 42.83%
and 72% in EGFP intensity at 24h and 48h post-transfection, respectively (Figure 2.3¢), indicating
the nanoparticles are capable of effectively suppressing the EGFP gene expression. After
confirming that our nanoparticles successfully delivered EGFP siRNA in HEK293 cells, we
further assessed the transfection effectiveness of our formulation targeting XBP1 gene in MDA-
MB-231. As shown in Figure 2.3f, the assessment of XBP1 mRNA expression levels was
conducted under various treatment conditions, including EGFR Ab-siXBP1 NPs, EGFR Ab-Scr
NPs, siXBP1 with RNAiMax and naked siXBP1 only. Among these treatments, we noted that
approximately 75% reduction in XBP1 gene expression in MDA-MB-231 cells at 48 h after
treatment with EGFR Ab-siXBP1 NPs. By contrast, the commercial transfection reagent (siXBP1
with RNAiMax) achieved only around 30% suppression of XBP1gene expression.
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Figure 2.3: a) XBP1 mRNA expression in normal and breast cancer cell lines.; b) XBP1 mRNA
expression in MDA-MB-231 under hypoxic conditions; c¢) Western blot and densitometric
analysis of XBP1 protein expression in MDA-MB-231 cells under hypoxic conditions (d)
Confocal microscopic images of HEK293-EGFP cells after the treatment with 100 pg/ml of
siGFP NPs, the scale bar is 50 pm; ) The mean fluorescence intensity of EGFP positive cells; f)
XBP1 mRNA expression in MDA-MB-231 cells after treatment with 25 nM of naked siRNA,
200 pg/ml of EGFR Ab-siXBP1 NPs (contains 25nM siRNA), 200 pg/ml of EGFR Ab-Scr NPs
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(contains 25nM siRNA), and siXBP1 with RNAiMax (25nM). Data represented as mean + SEM;
n =3; **p <0.01; ***p <0.001; ****p <0.001

2.4.4 Investigation of cellular apoptosis after the XBP1I gene knockdown

Before assessing the effect of XBP1 gene knockdown on cellular apoptosis, we first examined
the cellular toxicity of our nanoparticles in MDA-MB-231 cells via MTT assay. As shown in
Figure 2.4a, no significant change in cell viability was observed when treated with blank PLGA
lipid NPs at concentrations of 200 pg/ml (the concentration used for gene delivery) and even at
a higher concentration of 400 ug/ml, compared with the control group. This observation indicates
that our nanoparticles are unlikely to adversely impact the viability of MDA-MB-231 cells in our
study.

As illustrated in Figure 2.3c¢, hypoxia induces an upregulation in XBP1 protein expression levels.
In line with this observation, we further assessed the XBP1 gene knockdown efficacy of the
nanoparticles under hypoxic conditions, which are representative of the TNBC cell environment.
As shown in Figure 2.4b, cells treated with EGFR Ab-siXBP1 NPs demonstrated a significant
reduction of approximately 90% in XBP1 mRNA expression. Consistent with the decrease in
mRNA levels, the expression level of XBP1 proteins was also reduced, as illustrated in Figure

2.4c.

Furthermore, an apoptosis and necrosis assay were conducted to determine the impact of XBP1
gene silencing on the cell death pathways. As displayed in Figure 2.4f and j, the cells treated with
EGFR Ab-siXBP1 NPs under normal conditions exhibited low-level apoptosis and necrosis, only
being 7£1.9%. This indicated that XBP1 gene knockdown showed negligible cytotoxicity to
cancer cells under normal conditions. However, a higher percentage of dead cells was observed
when the EGFR Ab-siXBP1 NP treatment occurred under hypoxic conditions, being 34 +2.4%
(Figure 2.41 and j). Correspondingly, the percentage of healthy cells in this group reduced to about
66 = 2.6%, compared to the control group (98.37 + 1.2%, Figure 2.4j). Collectively, these findings
suggest that the percentage of dead cells following XBP1 gene knockdown increases nearly

threefold when cells are exposed to a hypoxic microenvironment compared to normal conditions.
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Figure 2.4: a) Cell viability of MDA-MB-231 cells after treatment with different concentrations
of blank PLGA lipid nanoparticles; b) XBP1 mRNA expression in MDA-MB-231 cells after
treatment with 200 pg/ml of EGFR Ab-siXBP1 NPs and EGFR Ab-Scr NPs under hypoxic
conditions; c) Western blot and densitometric analysis of XBP1 protein expression level after the
same treatments; (d-i1) FITC-Annexin V/PI flow cytometry plots of MDA-MB-231cells after
different treatments indicated in the figures; (j) Represent % of dead cells based on flow

cytometry plots. Data represented as mean + SEM; n =3; *p <0.1; ****p <0.001

2.4.5 Cell cycle analysis and colony formation assay

Further, to analyze whether XBP1 knockdown-induced apoptosis of MDA-MB-231 cells was
mediated through cell cycle arrest, we further examined the effects of our treatment on cell cycle
distribution. Figure 2.5a displayed the cell cycle distribution of the control group (cells only),
cells treated with 25 nM of EGFR Ab-siXBP1 NPs and cells treated with 25 nM of EGFR Ab-
siScr NPs, respectively. The flow cytometry analysis (Figure 2.5b) of the cell cycle after 48h of
incubation showed that the nanoparticles used did not cause any cell cycle arrest at the

concentration of 25nM.
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Next, we tested the effect of EGFR Ab-siXBP1 NPs on the colony forming ability of MDA-MB-
231 cells. As depicted in Figure 2.5¢ & d, treatment with EGFR Ab-siXBP1 NPs appeared to
reduce the colony-forming ability of MDA-MB-231 cells compared to EGFR Ab-siScr Nps and
the control group. However, the observed reduction was not statistically significant.
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Figure 2.5: (a) MDA-MB-231 cell cycle distribution after treatment with 25 nM of EGFR Ab-
siXBP1 NPs and EGFR Ab-Scr NPs; (b) The percentage of MDA-MB-231 cells at GO/G1, S and
G2/M phases after treatment with NPs. (n=3, Mean = SEM); (c) Colony formation capacity of
MDA-MB-231 cells after treatment with 25 nM of EGFR Ab-siXBP1 NPs and EGFR Ab-Scr

NPs; (d) Counted number of colonies in each well. Data represented as mean + SEM; n =3;

2.5 Discussion

TNBC, marked by the absence of ER, PR, and HER2 expression, displays insensitivity to
endocrine therapy and HER2-targeted treatments, which led to a major challenge in developing
a safe and effective treatment for TNBC [30, 31]. Recent studies have discovered the critical role
of the unfolded protein response (UPR) regulator XBPlin fostering tumorigenesis and recurrence
specifically in TNBC, making it a potential therapeutic target to treat TNBC [12]. The primary
obstacle for targeting XBP1 in TNBC cells was mainly focused on achieving both efficient gene
knockdown and specificity for TNBC cells [31]. To address this issue, this study focused on
developing and investigating the effectiveness of PLGA lipid nanoparticles in knocking down

XBP1 specifically in TNBC cells.

We successfully developed and characterized the lipid-polymer nanoparticles. We optimized their

size, zeta potential, and surface morphology to ensure their suitability for targeted delivery. We
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achieved a high entrapment efficiency of siRNA in our nanoparticles, a critical factor for effective
gene silencing. Furthermore, the successful conjugation of EGFR antibodies to these
nanoparticles enables their enhanced cellular uptake activity in TNBC cells, as demonstrated in
Figure 2.2. This enhanced cellular uptake aligns with prior research reporting the effectiveness of
EGFR-conjugated nanoparticles in targeting to breast cancer cells [32]. Importantly, our findings
in Figure 2.4a demonstrate that these nanoparticles did not induce toxicity in MDA-MB-231 cells.
This delivery system has demonstrated higher XBP1 transfection efficacy in MDA-MB-231 cells
compared with commercial alternatives (Figure 2.3f). These nanoparticles resulted in
approximately 75% XBP1 gene knockdown in MDA-MB231 cells at 48 h post-transfection,
whereas commercial transfection reagents achieved only around 30% reduction of XBP1 gene
expression. These results were consistent with other reported research, where approximately 80-
85% XBP1 gene knockdown efficacy was achieved using antibody-conjugated siXBP1-loaded
nanoparticles [23, 33]. We particularly focused on the gene silencing efficacy under hypoxic
environment, a condition known to induce cancer cell metabolic adaptation, survival, and therapy
resistance. Our results revealed that our nanoparticles achieved a significant reduction in XBP1
mRNA expression of approximately 90% even under the challenging hypoxic environment

(Figure 2.4b).

Apoptosis is a crucial pathway leading to the cancer cell death specifically under hypoxic
condition. We found out that XBP1 silencing did not alter cell apoptosis under normal conditions
(Figure 2.4d-f), which aligns with previously reported studies [23, 33]. However, in hypoxic
conditions where XBP1 expression is upregulated (Figure 2.3b), we noted a significant increase
in apoptosis upon XBP1 gene silencing, with nearly a threefold increase in the number of
apoptotic cells compared to normoxic conditions (Figure 2.4j). This observation is consistent with
the findings reported by another research group that investigated XBP1's role in tumor survival

under hypoxia conditions [34].

Unexpectedly, our study did not reveal any significant cell cycle arrest in response to nanoparticle
treatment (Figure 2.5 a & b), consistent with prior research indicating that XBP1 silencing in
TNBC does not typically induce alterations in the cell cycle [23]. Additionally, while we observed
a slight decrease in the colony-forming ability of MDA-MB-231 cells (Figure 2.5 ¢ & d), this
reduction did not attain statistical significance, implying that other factors beyond XBP1 gene

knockdown may influence long-term proliferative capacity in TNBC cells.
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To sum up, our study demonstrated the in vitro XBP1 gene silencing efficacy by using the targeted
nanoparticles loaded with siRNA, thus promoting apoptosis in challenging hypoxic conditions.
These findings provide a strong foundation for advancing a safe and innovative TNBC treatment.
Future investigations should prioritize in vivo studies to validate the efficacy and safety of this

approach, bringing it one step closer to clinical applications.

As this thesis progresses, Chapters 3 and 4 will explore other challenging aspects of cancer
progression, specifically in lung cancer. In Chapters 3 & 4, the focus shifts towards targeting
inflammation, a critical driver of lung cancer, using berberine-loaded and NF«xB, decoy ODNs-
loaded nanoparticles. Given these objectives, it is relevant to discuss whether siRNA could play
arole in achieving similar therapeutic outcomes in lung cancer by silencing key genes associated
with inflammation and tumor growth. Inflammation-related markers, such as Interleukin (IL)-6
and IL-8, have been successfully targeted with siRNA in several cancer models. For example,
Allahyari et al. used siRNA to simultaneously silence IL-6 and CD-73, significantly reducing
tumor growth by mitigating the inflammatory environment that supports tumor progression [38].
Similarly, another study demonstrated that siRNA-mediated knockdown of IL-8 in prostate
cancer reduced tumor cell migration and invasion, showcasing the broader applicability of siRNA

in modulating the inflammatory cytokines that drive cancer progression [39].

In Chapter 4, where the focus is on inhibiting NF«kB, a key transcription factor in inflammation-
mediated cancer progression, siRNA offers a unique opportunity to achieve targeted gene
silencing. Since NF«B regulates the expression of numerous genes involved in inflammation and
cancer cell survival, siRNA targeting NF«B, or other downstream effectors, could further reduce
the pro-tumorigenic environment associated with lung cancer [40]. Employing siRNA alongside
other therapies, radiotherapy or chemotherapy, could amplify the therapeutic impact by
concurrently reducing inflammation and inhibiting key survival pathways within tumor cells [41,

42].

Overall, the versatility of siRNA in gene silencing across different cancer types and pathways

presents a compelling case for its broader application beyond TNBC.
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Abstract

Metastasis represents the leading cause of death in lung cancer patients. C-X-C Motif Chemokine
Ligand 8 (CXCL-8), Chemokine (C-C motif) ligand 20 (CCL-20) and heme oxygenase -1 (HO-
1) play an important role in cancer cell proliferation and migration. Berberine is an isoquinoline
alkaloid isolated from several herbs in the Papaveraceae family that exhibits anti-inflammatory,
anticancer and antidiabetic properties. Therefore, the aim of the present study is to investigate the
inhibitory potential of berberine monoolein-loaded liquid crystalline nanoparticles (Berberine-
LCNs) against cancer progression. Berberine-LCNs were prepared by mixing berberine,
monoolein and poloxamer 407 (P407) using ultrasonication method. A549 cells were treated with
or without 5 uM dose of berberine LCNs for 24 hrs and total cellular protein was extracted and
further analysed for the protein expression of CCI-20, CXCL-8 and HO-1 using human oncology
array kit. Our results showed that Berberine-LCNs significantly reduced the expression of CCI-
20, CXCL-8 and HO-1 at dose of SuM. Collectively, our findings suggest that Berberine-LCN5s
have inhibitory effect on inflammation/oxidative stress related cytokines i.e. CCL20, CXCL-8,

and HO-1 which could be a novel therapeutic targets for the management of lung cancer.

Keywords: Berberine, Interleukins, Liquid crystalline nanoparticles, Inflammation, Lung Cancer
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3.1 Introduction

Cancer is a multifaceted disease with a complicated molecular environment and altered cell
pathways leading to an uncontrolled proliferation of cells [1]. Lung cancer is a leading cause of
cancer death all over the globe. Around 1.8 million cancer deaths were recorded worldwide by
lung cancer in 2020. According to the analysis, an estimated 28.4 million additional cancer cases
are expected in 2040, representing a 47% increase from 2020 [2]. Lung cancer is classified
histologically into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), with
the latter accounting for 85% of all cases [3]. 90 percent of deaths from lung cancer were expected
to be caused by tobacco smoke [4]. Tobacco smoke stimulates the epithelial cells and
macrophages which triggers the inflammation and release of cytokines and chemokines such as
tumor necrosis factor-alpha (TNF-a), transforming growth factor-beta (TGF-f), interleukin-1
(IL-1), IL-6, IL-8, C-X-C Motif Chemokine Ligand 9 (CXCL9), C-X-C Motif Chemokine Ligand
10 (CXCL 10) and Chemokine (C-C motif) ligand 20 (CCL20) [5, 6].

CCL20 is a CC (C-C motif) chemokine that attracts immature dendritic cells, effector/memory T-
cells, and B-cells [7]. CCL20 activates CC chemokine receptor 6 (CCR6), and overexpression of
both CCL20 and CCR6 promotes lung cancer cell proliferation, migration, and invasion [8].
CXCL8 (IL-8) belongs to the CXC chemokine family and categorised as a neutrophil
chemoattractant with inflammatory action [9]. Furthermore, IL-8 has been linked to several other
processes, including angiogenesis and lung cancer metastasis [10]. It has been established that
CCL20 and CXCLS8 synergise to promote cancer metastatic progression by inducing Epithelial-
mesenchymal transition (EMT) via the phosphatidylinositol 3 kinase/ protein kinase

B/extracellular signal-regulated protein kinase (PI3K/AKT-ERK 1/2) signaling axis [11].

Cancer cells experience increased oxidative stress due to their high metabolic rate [12]. The role
of hemeoxygenase-1 (HO-1) as a cytoprotective agent in tumor cells has been widely recognised
in combating chemotherapeutic drug-induced oxidative stress and preventing apoptosis or
autophagy in cancer cells [13]. In cancer cells, HO-1 overexpression enhances proliferation and
survival. Furthermore, HO-1 promotes angiogenesis by altering the expression of angiogenic

factors [14].

Plant-based compounds are target-specific and have minimal cytotoxicity, making them useful in
the development of new therapeutic approaches for this complex disease [15]. Berberine belongs
to the protoberberine alkaloids family and is found mostly in the root, stem, and bark of numerous

plants. It is well known for its anticancer properties [16]. However, berberine's low bioavailability
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(0.000354 mg/mL in water) and limited absorption are two major drawbacks, as only 0.5 percent
of ingested berberine gets absorbed in the small intestine, and this number reduces to 0.35 percent
when in systemic circulation [17]. One effective strategy for overcoming these drawbacks is to
incorporate berberine into a nanostructure or carrier system, such as liquid crystalline

nanoparticles (LCNs), which can efficiently deliver the substance to its target tissues [18].

Liquid crystalline nanoparticles (LCNs) received a lot of attention in the drug delivery domain
due to their exceptional capacity to improve drug bioavailability and stability, minimize toxicity,
and modulate the release of drugs after administration [18]. Moreover, liquid crystalline
nanoparticles (LCNs) have effectively delivered various herbal compounds against diverse cancer
types [19-21]. In a study by Loo et al., berberine was encapsulated into LCNs to improve its
solubility and enhance its anticancer activity against human breast cancer cells. Results indicated
that berberine LCNs exhibited increased cellular uptake and a significantly higher percentage of
GO/G1 cell cycle distribution compared to free berberine when cells were exposed to a
concentration of 2 uM [21]. Paudel et al. demonstrated that LCNs improved the sustained-release
properties of naringenin. These naringenin-loaded LCNs efficiently reduced levels of pro-
inflammatory markers, including IL-1, IL-6, TNF-a, and IL-8. Moreover, the naringenin-loaded
LCNs showed strong anticancer effects by inhibiting cell proliferation and migration in the A549
cell line [20]. Considering the significant role of IL-8, CCL-20, and HO-1 in cancer progression
and recognizing the benefits of LCNs, our current study aimed to investigate the potential of
berberine-loaded liquid crystalline nanoparticles (Berberine-LCNs) in inhibiting inflammation-

mediated cancer progression in the lung cancer (A549) cell line.

3.2 Materials & Methods

3.2.1. Materials

Berberine hydrochloride, Monoolein, Poloxamer 407 (P407) were purchased from Sigma
Chemicals Co, Germany. The oncology array kit was purchased from /n Vitro Technologies Pvt
Ltd, Australia. Dulbecco’s modified Eagle’s medium (DMEM), foetal bovine serum (FBS),
penicillin and phosphate-buffered saline (PBS)were procured from Thermofisher Scientific Pvt
Ltd. Additional chemical reagents and solvents were obtained from Sigma-Aldrich unless

specified.

3.2.2. Methods

Cell Culture
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Adenocarcinomic human alveolar basal epithelial cells (A549) cell lines (ATCC, USA) was
obtained from Prof. Alaina Ammit, Woolcock Institute of Medical Research, Sydney, Australia.
The cells were grown in a humified 37°C incubator with 5% CO2 using Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin, and

streptomycin.
Preparation and charaterisation of Berberine-LCNs

Berberine-LCNs were formulated as previously mentioned [20]. Berberine-LCNs were prepared
using ultrasonication method. Briefly, 200 mg of lipid (monoolein) and 20 mg of surfactant
(poloxmer (P407)) were heated in separate glass vials in a water bath at 70°C. Then 5 mg of
Berberine was added to the molten lipid and vortexed until complete dissolution. Then, the
surfactant solution was added to the lipid-drug mixture and the resultant coarse dispersion was
subjected to size reduction using a probe sonicator (Labsonic® P, Sartorius, Germany) at
amplitude 80 and 5-s on and 5-s off-cycle for 5 min. The prepared nanoparticles were
characterised for particle size, polydispersity index (PDI), and zeta potential using a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK), with samples diluted 20-fold in distilled water
prior to analysis. The entrapment efficiency of nanoparticles was also determined using

ultracentrifugation method. All measurements were performed in triplicate at 25°C.
Human oncology protein array

A549 cells (1 x10° cells/well) were seeded in 6-well plates and treated for 24 hours with or
without 5uM dose of Berberine-LCNs. Total cellular protein was extracted using
radioimmunoprecipitation assay (RIPA) lysis buffer including a protease and phosphatase
inhibitor cocktail and quantified using a bicinchoninic (BCA) protein assay kit. 350 pug of protein
was utilized for both the control and treatment groups to perform an oncology array (R&D

Systems, Minneapolis, MN). The experiment was performed as per manufacturer’s protocol [22].

Statistical analysis

Results are presented as mean + SEM from triplicate experiments. Statistical significance of data
between 2 groups was determined using a 2-tailed Student’s 7 test, using the 1-way ANOVA

Graph Pad Prism software (version 8.2.1). Statistical differences were accepted at P < 0.05.

3.3 Results
Berberine LCNs were prepared as yellow-colored emulsions. The mean particle size, PDI and

zeta potential of the nanoparticles were found to have 181.3+0.7 nm with PDI less than 0.1. The
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zeta potential of prepared nanoparticles was negative, 1.e. -5.19 + 0.214. The entrapment
efficiency of the formulation was determined using the ultracentrifugation method, and results

showed that 75% of the berberine had been encapsulated within the nanoparticles.

From our preliminary 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
cell-viability assay on A549 cells treated with Berberine-LCNs at a dose ranging 0.5-5 uM, we
observed approximately 50% reduction in cell viability (****p<0.0001 vs media control) with 5
uM dose (data not shown). Therefore, we carried out further protein array experiment with 5 uM

of Berberine-LCNs.

Our protein analysis data showed increased protein expression of CXCL-8, CCL-20 and HO-1 in
A549 cells (without Berberine-LCNs treatment). The effect of Berberine-LCNs on CXCL-8,
CCL-20 and HO-1 protein expression in A549 cells is shown in Fig. 1a-c. Results showed that
Berberine-LCNs at a dose of 5 uM significantly downregulated the protein expression of CXCL-
8 (Fig. 3.1a), CCL-20 (Fig. 3.1b) and HO-1 (Fig. 3.1c) as compared to control.
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Fig. 3.1: Inhibition of proteins expression (a) CXCL-8, (b) CCL-20, (¢) HO-1 upon treatment
with Berberine-LCNs on A549 cells. Values are expressed as mean + SEM (n=2); *p < 0.05, **P
< 0.01 vs control (without Berberine-LCNs treatment). Analysis was performed by a 2-tailed

Student’s t-test.

3.4 Discussion

Our in vitro investigation in human lung adenocarcinoma cell line (A549) showed that 5 uM of
Berberine-LCNs significantly inhibited the protein expression of CXCL-8, CCL-20, and HO-1.
Although, we carried out protein array with 84 different lung cancer protein markers, only 21
proteins were significantly reduced by Berberine-LCNs and among these 21 proteins, 3 proteins;
HO-1, CCL-20, CXCL-8 were particularly related with inflammation/oxidative stress induced
lung cancer progression while other protein were related to epithelial-mesenchymal-transition
pathway that facilitate metastasis/invasion of lung cancer cell.

CXCL-8 (also known as IL-8) is a potent growth factor for human lung cancer cells. A study
performed in NSCLC cell line H460 and MOR/P found that anti-IL-8 neutralising antibody
attenuate cell proliferation to 71% (H460) and 76% (MOR/P) respectively. Similarly, exogenous
IL-8 stimulation results significant increase in cell proliferation [9]. Likewise, the production of
CCL20 from A549 cells also induced proliferation and migration through activation of
extracellular signal-regulated kinases and phosphoinositide 3-kinase signalling pathway
suggesting CCL-20 as a potential therapeutic target for management of lung cancer (Fig. 3.2) [8].
The increase expression of HO-1 occurs in various tumours where HO-1 plays crucial role in
rapid tumor proliferation due to its antioxidative and antiapoptotic effects. Among various lung
cancer cell line (A549, NCI-H23, NCI-H157 and NCI-H460), the expression HO-1 was higher in
A549 when compared to other cell lines. Using HO-1 inhibitor (ZnPP), Kim ef al., 2005 showed
that HO-1 inhibition results in decrease A549 cell viability [13]. In our study, the significant
inhibition of CXCL-8, CCL-20, and HO-1 protein expression clearly suggests that Berberine-
LCNs can inhibit lung cancer proliferation and migration. Previous in vitro study of berberine
free drug on A549 cells found that IC50 value of berberine to decrease the viability of the cells
by 50% was 100uM, where investigators used 100 uM to further study cancer related protein and
gene expression. The study revealed significant inhibition of various protein/genes related to
cancer cell proliferation and migration [23]. Another study carried out by Li et al also used
berberine free drug ranging 30-90 uM for 24 hrs in A549 cells. The study demonstrated
significant reduction in the protein expression of matrix metalloproteinase-2 (MMP-2), B-cell
lymphoma 2 (Bcl-2), BCL2 Associated X (Bax), Janus kinase 2 (Jak2), Vascular endothelial
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growth factor (VEGF), Nuclear factor kappa B (NFxB)/p65 and Activator protein 1 (AP-1) at 90
UM [24]. It is worth noting that our 5 uM dose of Berberine-LCNss is approximately 20-fold less
than previously published study but equally effective to a significant decrease in the protein
expression of CXCL-8, CCL-20, and HO-1. This suggests that formulating berberine into LCN's
offers additional benefits to achieve potent biological activity at a lower dose compared to using
powder berberine. It is well known that powder berberine has low water solubility, dissolution
rate, and oral bioavailability [17]. The potential reason for the better beneficial activity of our
Berberine-LCNs formulation may be attributed to the increased cellular uptake of LCNs by A549
cells. The physicochemical characterisation/parameters and in vitro drug release of Berberine-
LCNs were found in agreement with our previous studies involving similar LCNs encapsulating
other phytoceuticals, rutin and naringenin. Moreover, we have also observed significant in vitro
anticancer activity with those LCNs formulations [20, 25]. This overlay of the findings amongst
various phytoceuticals berberine, rutin and naringenin, clearly highlights the validity and
application of LCNs in lung cancer. However, there are a few limitations of our study. The TEM
imaging and cellular uptake studies using microscopic techniques have not been performed in the
current study, which will be part of our future direction. Moreover, we have performed only
protein-based assay and therefore, our study opens a platform for us, as well as other researchers,
to investigate if Berberine-LCNs inhibit key genes involved in lung cancer progression. Finally,
the inhibition of proteins and genes in vitro by Berberine-LCNs can also be further validated
using in vivo animal models. Taken together, our study suggests that advance drug delivery

system such as LCNs offers versatility to target various disease such as lung cancer.
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LCNs (BBR-LCNs)

Q HO-1: Heme oxygenase-1 0 CXCL-8: chemokine (C-X-C motif) ligand 8
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MAPK- Mitogen-activated protein kinase ERK]1/? - Extracellular signal-regulated kinases

Figure 3.2: Uncontrolled cell proliferation and migration leads to lung cancer progression though

overexpression of certain protein. Proliferation of A549 cell is mediated overexpression protein
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such as CXCL-8 (IL-8) that acts as a growth factor. Proliferation and migration is also mediated
by an overexpression of CCL-20 through activation of extracellular signal-regulated kinases
(ERK1/2) and phosphoinositide 3-kinase (PI3K) signalling pathway. Similarly, overexpression
of HO-1 protein protects cancer cell from oxidative damage and apoptosis and thus supports
cancer cell survival. Berberine-LCNs inhibit A549 cell proliferation and migration by targeting

these key proteins to halt lung cancer progression.

HO-1 - heme oxygenase-1; CXCL-8- chemokine (C-X-C motif) ligand 8; CCL-20 - chemokine
(C-C motif) ligand 20; PI3K- Phosphoinositide 3-kinase; MAPK- Mitogen-activated protein
kinase; ERK1/2 - Extracellular signal-regulated kinases; BBR-LCNs — Berberine loaded liquid
crystalline nanoparticles

3.5 Conclusion

The enhanced therapeutic application of LCNs formulation over powder may be attributed to the
improved physicochemical parameters that were favourable for enhanced therapeutic (anticancer)
activity. The significant inhibition of CXCL-8, CCL-20, and HO-1 protein expression in A549
cells suggests that Berberine loaded nanoparticles could be a promising therapeutic alternative
for the management of lung cancer. However, further in vitro, in vivo animal and human clinical
studies with depth-mechanism are essential to validate the anti-cancer activity of Berberine-LCNs

against lung cancer.
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Abstract

Lung cancer continues to be a primary contributor to cancer-related deaths worldwide,
characterized by aberrant cell proliferation and metastasis, often associated with chronic
inflammation. Proinflammatory cytokines such as interleukin-6 (IL-6) and IL-8 have been
implicated in lung cancer progression and are potential diagnostic biomarkers. NFxB, a master
regulator linking inflammation and cancer, presents an attractive target for cancer therapy.
However, challenges in the clinical application of NFxB decoy oligonucleotides (NFxB decoy
ODNss) include poor cellular uptake and short half-life. To address these challenges, we developed
polysaccharide-based nanoparticles (PNPs) loaded with NFxB decoy ODNss to target lung cancer.
Results showed that PNPs exhibited a small particle size, positive zeta potential, and higher
encapsulation efficiency (99%). In-vitro studies using A549 lung cancer cells revealed dose-
dependent inhibition of proliferation by NFkB decoy ODN-loaded PNPs. Additionally, these
nanoparticles significantly reduced levels of pro-inflammatory cytokines IL-6 and IL-8 in A549
cells. These findings suggest the therapeutic potential of NFxB decoy ODN-loaded PNPs in lung

cancer treatment, warranting further investigation for clinical translation.
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4.1 Introduction

Lung cancer continues to be the leading cause of cancer-related deaths worldwide [1]. Abnormal
cell proliferation and metastasis/invasion are the key features of lung cancer cells [2]. One of the
key factors driving lung cancer progression is the dysregulation of inflammatory signaling
pathways, among which NF«kB holds a pivotal role [3]. NFkB activation has been implicated in
various aspects of cancer progression, including cell proliferation, survival, and metastasis [4].
Moreover, the buildup of pro-inflammatory cytokines, particularly interleukin 6 (IL-6) and
interleukin 8 (IL-8) at the tumor site in cancerous tissues with increased NF«B activity, makes a
significant contribution to the pro-tumorigenic microenvironment [5]. In this context, targeted

inhibition of NF«B signaling emerges as a promising strategy for cancer therapy.

Oligodeoxynucleotides (ODNs) designed to mimic specific DNA sequences, known as decoy
ODNSs, offer a unique pharmacological approach to modulating NF«B activity [6]. By
competitively binding to NFxB transcription factors, decoy ODNs can disrupt downstream
signaling cascades, thereby suppressing the expression of pro-inflammatory genes implicated in
cancer pathogenesis [7]. However, the clinical translation of decoy ODNs faces various

challenges, including inefficient cellular uptake and susceptibility to enzymatic degradation [8].

To address these challenges, nanoparticle-based delivery systems have gathered significant
interest as vehicles for enhancing the bioavailability and target specificity of therapeutic nucleic
acids [7]. Polysaccharide-based nanoparticles (PNPs) represent a particularly attractive platform
due to their biocompatibility, biodegradability, and ease of functionalization [9]. Dextran, a
substance known since the 1940s for expanding blood volume, has lately gained attention for
drug delivery purposes [10]. Recent research has explored the potential of dextran for drug
delivery applications by means of chemical conjugation and functionalization. These processes
provide dextran with favorable physicochemical characteristics and responsiveness to stimuli,
facilitating controlled drug release behavior. Acetylated dextran (Ac-DEX) is one of the most
studied dextran derivatives [11]. Cohen et al synthesized spermine-modified Ac-DEX
nanoparticles for siRNA delivery in cancer cells. The findings demonstrated that these
nanoparticles can efficiently encapsulate siRNA with high loading efficiency and inhibit
luciferase expression in HeLa cells in a dose-dependent manner with minimal cytotoxicity [12].
Another study by Forester et al. revealed that dextran-based enhanced cellular uptake of siRNA
in both mouse and human macrophages without causing toxicity. Results showed that

nanoparticles preferentially accumulate in the liver, where they are mainly taken up by
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macrophages and dendritic cells, suggesting their potential for targeted drug delivery to liver

macrophages in diseases like liver cancer and fibrosis [13]

Utilizing the unique properties of PNPs, the present study explores their potential as carriers for
NF«B decoy ODNs in lung cancer cells. Our aim is to deliver these therapeutic agents to lung
cancer cells while protecting the cargo from degradation. Furthermore, we hypothesize that the
successful delivery of NFkB decoy ODNs via PNPs will effectively inhibit NFxB signaling,
thereby attenuating cancer cell proliferation and mitigating the pro-inflammatory cytokines (IL-

6 & IL-8) associated with tumor progression.

4.2 Materials and Methods
4.2.1 Materials

NF«B decoy ODNs were procured from Sigma Aldrich Pvt Ltd. Spermine acetalated dextrose
was synthesized in school of chemical Engineering, UNSW lab. MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl tetrazolium bromide), sodium dodecyl sulphate (SDS), hydrochloric acid, were
procured from Sigma-Aldrich, St. Louis, MO, USA. Dulbecco’s modified Eagle’s medium
(DMEM), foetal bovine serum (FBS), penicillin and phosphate-buffered saline (PBS)were
procured from Thermofisher Scientific Pvt Ltd. All other reagents were of analytical grade and

were used without further purification.

4.2.2 Methods

Preparation of NFxB decoy ODNs loaded polysaccharide-based nanoparticles (PNPs)

NF«B decoy ODNs loaded PNPs were prepared using double emulsion solvent evaporation
method [13]. 10 mg of acetalated polysaccharide was dissolved in 800 pL of ice-cold
dichloromethane (DCM) (Organic phase) in a round bottom cell culture tube and stored on ice.
Subsequently, 130 puL of double-stranded ODNs (100 uM) solution in Tris buffer was introduced
into the organic phase, followed by sonication for 10 seconds using a probe sonicator (UW 70,
power MS 72/D, cycle 70%) to create the primary emulsion. Following this, 4 mL of a polyvinyl
alcohol (PVA) solution (3% in PBS) was introduced to the initial dextran emulsion and sonicated
for another 30 seconds to prepare a secondary emulsion (water-in-oil-in-water). The secondary
emulsion was vigorously stirred overnight to evaporate the organic solvent. The prepared
nanoparticles were purified using ultracentrifugation (45,000 x g, 20 min), and the resulting pellet

was rinsed twice with 3 mL dd-H2O (pH 8). Lastly, 100 pL of PVA solution (0.3%) was added as
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a cryoprotectant prior to lyophilization, resulting in a white fluffy powder. Additionally, scramble-

loaded nanoparticles and blank nanoparticles were prepared using the same procedure.
Characterization of nanoparticles

For particle size analysis, Nanoparticles were resuspended and diluted in PBS to a concentration
of 30-40 pg/mL, then thoroughly sonicated and vortexed prior to measurement. Zeta potential
analysis was conducted using the zetasizer Nano ZS (Malvern Instruments, UK) to assess NP
stability. Zeta potential was determined via electrophoretic mobility, with 150 pg of NPs
dispersed in 1 mL of distilled water. The resulting sample was loaded into a clear disposable zeta

cell and automatically analyzed using the zetasizer at 25 °C.
Encapsulation efficiency (EE) determination

The Quant-iT™ RiboGreenR Assay was used to determine the encapsulation efficiency of
nanoparticles. The amount of free ODNs present in supernatant after particle centrifugation was
measured and compared to the initial used concentration of ODNSs. Therefore, particles were
ultracentrifuged and 10 pL of the particle supernatant were mixed with 90 uL PBS in a 96-well
microplate (black, flat bottom). The pure ODNs was diluted in TE buffer to get standard curve.The
RiboGreenR reagent was diluted 1:200 in PBS and 100 uL were added to each well. The reagent
was allowed to incubate with the particles for 5 minutes in a light-protected environment before
measuring the fluorescence of the reacted dye using a Tecan microplate reader. The fluorescence
readings of the particles were then compared to those of the theoretically encapsulated amount of

ODNss using Microsoft Excel.

(ODNs amount used for formulation — ODNs amount present in supernatant )
%EE = - x100
ODNs amount used for formulation

Cell Culture

AS549 cells (human lung epithelial carcinoma) were generously provided by Prof. Alaina Ammit
from the Woolcock Institute of Medical Research, Sydney, Australia. The A549 cells were
cultured in DMEM supplemented with 10% heat-inactivated FBS at 37°C in a humidified

atmosphere containing 5% CO2.
Cell Proliferation assay (MTT assay)

4x10* cells/ml were seeded at a 100ul per well. The plates are incubated at 37°C in 5% CO2 for
48 hours. The cells were washed twice with hanks and 100ul per well of quiescent media was
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added (DMEM supplemented with 1% antibiotics and 1% FBS) for 24h. Media was removed,
and cells were treated with various concentrations (0.75nM, 1.5nM, 3nM, 6 nM and 12nM) of
NFkB formulation for 24 hrs. All stimulations were performed in triplicates. 1% FBSin DMEM
was used as blank. After 24 hr of treatment with formulations 10 pl of MTT dye (5mg/ml in sterile
PBS) per well was added. The plates were incubated for 2-6 hours at 37°C in 5% CO2. Plates
were then examined microscopically to visualise colour changes inside of viable cells. 100 pl of
10% w/v Sodium Dodecyl Sulphate (SDS) in 0.01M HCL per well wasadded to stop the reaction.
The plates were incubated overnight before absorbance was read at570nm - 690nm on the

Spectramax M2 spectrophotometer.
Determination of IL-6 & IL-8 release

4x10* cells/ml were seeded in 12-well plates in DMEM supplemented with 10% FBS. After 72
hours, unadhered cells were removed and cells were washed with hanks and quiesced for 24 h.
Then, the cells were treated with NFkB and scramble loaded nanoparticles (6nM) with or without
TNF-a (10 ng/ml) and incubated for 24h. After 24 h, cell-free supernatants were collected and
stored at -20°C until further analysis. The levels of pro-inflammatory cytokines IL-6 and IL-8
released in the cell culture supernatants were evaluated using ELISA kits (R&D Systems)

following the manufacturer’s instructions.

4.3 Results
4.3.1 Preparation and characterization of ODNs loaded PNPs

NFkB decoy ODNs loaded PNPs were prepared as white fluffy powder. The mean particle size,
PDI and zeta potential of the nanoparticles were measured and summarized in Table 4.1. The
mean particle size of scramble and NFkB decoy ODNs loaded nanoparticles were found to have
177.7£2.7 nm and 187.3+£1.47 nm respectively with PDI less than 0.25 for both preparations. The
zeta potential of scramble and NFkB decoy ODNs loaded nanoparticles was found to be positive
ie. 12.4+0.48 and 11.8+0.32 respectively. Entrapment efficiency of the formulation was
determined using Ribogreen assay kit and results showed that 99% of the ODNs has been
encapsulated within the nanoparticles.

Table 4.1: Characterization parameters of scramble and NFkB decoy ODNs loaded
nanoparticles

Parameters Scramble loaded NFKkB decoy ODNs
nanoparticles loaded nanoparticles
Z-average (nm) 177.742.7 187.3+1.47
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Polydispersity Index (PDI) 0.20 0.22
Zeta Potential (mV) 12.4+0.48 11.8+0.32
Encapsulation Efficiency (%) - 99.8

4.3.2 Cell Proliferation assay (MTT assay)

The effect of ODNs loaded nanoparticles on A549 cells proliferation was studied using MTT
assay and presented in Figure 4.1. ODNs loaded nanoparticles at doses of 0.75nM, 1.5nM, 3nM,

6nM and 12nM reduced the cell viability to 15%, 21%, 31%, 44% and 55% respectively when
compared to the control (untreated).
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Figure 4.1: Effect of NFkB loaded ODNs loaded PNPs on A549 cells proliferation; n=3

independent experiments; ***p<0.001; ****p<0.0001 vs control (without nanoparticles

treatment).
4.3.3 Determination of IL-6 & IL-8 release

As shown in Figures 4.2a & 4.2b, when the A549 cells were stimulated with TNF-a, there was a
clear increase in IL-6 and IL-8 levels compared to the control condition (media + 1% FBS).
ELISA results demonstrated that there was a significant reduction in IL-6 (Figure. 4.2a) & 1L-8
levels (Figure 4.2 b) when A549 cells were treated with ODNs formulation at 6 nM concentration,
as compared to the negative control (TNF-a)). However, when compared to the negative control,

scramble-loaded nanoparticles also exhibited a reduction in IL-6 and IL-8 levels. However, this

reduction was not statistically significant for IL-8.
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Figure 4.2: Inhibition of protein expression of a) IL-6 and b) IL-8 upon treatment with NFxB
decoy ODNs and scramble loaded nanoparticles; Results are presented as mean = SEM of n =

3 independent experiments. **** p<(0.0001, **p<0.01
4.4 Discussion

The successful development of effective therapeutic strategies against lung cancer is a great
concern, given its high mortality rates worldwide. In this study, we aimed to explore the potential
of polysaccharide-based nanoparticles (PNPs) loaded with NFkB decoy ODNs as a promising
therapeutic approach for lung cancer treatment. NF«B is a key regulator of inflammation and has
been linked to the development of numerous cancers, including lung cancer [14]. Various studies
have documented the use of decoy ODNs for cancer treatment [15, 16]. However, the inability of
negatively charged nucleic acids to cross cell membrane barriers, aswell as degradation by
cellular enzymes, is the main barrier to the clinical application of nucleic acid therapies [8]. To
overcome this barrier, various delivery systems and transfection agents have been investigated;

however, some of them are associated with toxicity and immunogenicity [17, 18].

Polysaccharide-based nanoparticles emerged as a novel delivery system capable of delivering
oligonucleotides to cancer cells with minimal toxicity [9]. Therefore, in the current study wehave
encapsulated NFkB decoy ODNSs into polysaccharide-based nanoparticles for targeting lung

cancer. The prepared PNPs exhibited favorable characteristics, including a uniform

86



particle size distribution, positive zeta potential. Encapsulation efficiency analysis revealed that
an impressive 99.8% of the ODNs were successfully encapsulated within the nanoparticles,
highlighting the effectiveness of the encapsulation process. This high encapsulation efficiency
is crucial for ensuring the therapeutic efficacy of the loaded cargo and minimizing potential

off-target effects.

Previous research has shown that lung cancer cells express IL-6 and IL-8, which promote
cancer cell proliferation [5]. They promote tumorigenesis by directly acting on lung epithelial
cells through NF«B signaling [19]. Decoy ODNs represents an ideal pharmacological tool for
selectively inhibiting NFxB activation [7]. In our cell proliferation assays using A549 lung
cancer cells, NFkB decoy ODNs loaded PNPs demonstrated a dose-dependent inhibition of
cell viability (Figure 4.1). Specifically, at a concentration of 6nM, there was a nearly 50%
inhibition of cellular proliferation, prompting us to select this dose for further investigations.
Interestingly, a previous study by Fang et al. reported that the IC50 of naked NFkB decoy
ODN:s to inhibit A549 cell proliferation using the MTT assay was 2mg/L [15]. This indicates
that our formulation is more potent than naked NFkB decoy ODNSs in inhibiting A549 cellular

proliferation.

Further formulations were tested to check their anti-inflammatory potential in A549 cancer cell
line. As shown in Figure 4.2, NFxB decoy ODNs loaded PNPs significantly reduced levels of
pro-inflammatory cytokines i.e., IL-6 and IL-8 at a concentration of 6 nM. when compared to
the TNF-a control. Notably, even the scramble-loaded nanoparticles also exhibited a reduction
in IL-6 and IL-8 levels compared to the TNF-a-stimulated control, although not statistically
significant for IL-8. This may be due to non-specific anti-inflammatory effect of the
nanoparticles, possibly mediated by nanoparticles interaction with cellular pathways involved
in cytokine regulation. While these results highlight the promising anti-inflammatory effects
of NFkB decoy ODN-loaded nanoparticles, comparing their efficacy with other NFxB
inhibitors (Bay 11-7082, Proteasome inhibitors, such as bortezomib) is also valuable [20].
Small molecule inhibitors Bay 11-7082 block IKK to inhibit NFkB, yet its lack of specificity
raises toxicity concerns [21]. While proteasome inhibitors, such as bortezomib, inhibit NFxB
indirectly by preventing IkB degradation, however, they are frequently associated with
significant side effects like neuropathy [22]. In contrast, our nanoparticles bypass the
proteasome, directly blocking NFkB’s DNA, which could minimize systemic toxicity while
maintaining efficacy. Further, commercially available inhibitors like curcumin and aspirin

also reduce NFkB activity but usually require high doses and act indirectly [23]. In
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comparison, our decoy ODN-loaded PNPs provide a more targeted and potentially more

effective approach at lower doses.

Despite these promising results, several limitations of the study should be acknowledged.
Further studies are needed to investigate the long-term safety and efficacy of ODN-loaded
nanoparticles in other lung cancer cell lines. Additionally, to better assess the baseline
biocompatibility of the delivery system, future research should include cytotoxicity data for
blank polysaccharide-based nanoparticles on A549 cells. The mechanisms underlying the
observed effects on cell proliferation and cytokine release also require further elucidation to
optimize the therapeutic potential of ODN-loaded nanoparticles for cancer therapy. While this
study included comparisons with scramble-loaded nanoparticles, future studies should
incorporate blank nanoparticles as an additional control to provide a more comprehensive
evaluation of their effects on IL-6 and IL-8 protein expression. Furthermore, as these
experiments were conducted in vitro using A549 cells, which may not fully represent the
complex tumor microenvironment present in vivo, the efficacy of nanoparticles should be
validated using in vivo models. Additionally, future work should include TEM imaging,
nanoparticle uptake studies, and further safety assessments to fully characterize the

nanoparticles and ensure their suitability for clinical applications.

To enhance the therapeutic impact of these nanoparticles, it is worth considering how
targeting both inflammation and NF«B could provide a more robust approach to managing
lung cancer progression. The role of inflammation in driving lung cancer progression, as
highlighted in Chapter 3, and the central role of NFkB in regulating this inflammatory
response, as demonstrated here, present a compelling case for a combined therapeutic
strategy. Tumor progression mainly depends on pro-inflammatory cytokines like IL-6 and IL-
8, which are controlled by NF«kB signaling pathways [24]. By simultaneously targeting both
NF«B and inflammation-related factors, it may be possible to disrupt the tumor-supportive

microenvironment more comprehensively, hindering cancer growth and metastasis.

Moreover, studies have shown that inhibiting NFkB not only decreases pro-inflammatory
cytokine production but also disrupts other critical pathways involved in angiogenesis and
immune evasion [25]. Therefore, combining NF«kB inhibition with strategies that target
inflammation could enhance the overall therapeutic impact by addressing multiple
mechanisms of tumor progression at once, offering a promising avenue for improving lung

cancer treatment outcomes.
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4.5 Conclusion

In conclusion, the findings of this study highlight the potential of NFxB decoy ODNs loaded
polysaccharide-based nanoparticles as a promising therapeutic strategy for lung cancer
treatment. The PNPs exhibited favorable characteristics in terms of particle size, zeta potential,
and encapsulation efficiency, indicating their suitability as effective drug delivery carriers.
Moreover, the ODNs loaded PNPs demonstrated dose-dependent inhibition of A549 lung
cancer cell proliferation and a significant reduction in pro-inflammatory cytokine levels,
suggesting their potential to suppress tumor progression and mitigate the inflammation
associated with cancer. Further research is needed to explore their mechanism of action and

assess their efficacy and safety in-vivo, with the goal of clinical translation.
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Chapter 5: Conclusion and Future Perspectives

Breast and lung cancer remains a major global health concern due to limited treatment options
and severe adverse effects of current therapies. Therefore, novel pharmacological interventions
are urgently needed. Among several emerging drug molecules, plant-based and nucleic acid-
based therapies show promise, but their clinical utility is hindered by poor pharmacokinetic
properties. In response to this challenge, we engineered nanoparticle-mediated drug delivery
platforms incorporating nucleic acids (siRNA & NF«B decoy ODNs) and phytochemicals
(berberine). The subsequent in-vitro evaluation demonstrated their robust therapeutic
effectiveness against breast and lung cancer cell-based models, underscoring their promising
potential for clinical application. These developed drug delivery systems aim to overcome

current treatment limitations and achieve more effective therapeutics against cancer.

The XBP1 gene, involved in TNBC aggressiveness, serves as a crucial factor for targeting
breast cancer. siRNA therapy holds promise in silencing critical genes like XBP1, offering
targeted treatment for TNBC patients. Lipid nanoparticles provide an efficient delivery
platform for siRNA therapy, enhancing its effectiveness and minimizing off-target effects.
Therefore, Chapter 2 was designed to develop a targeted treatment approach for TNBC by
developing EGFR antibody-conjugated siXBP1-loaded PLGA lipid nanoparticles. PLGA lipid
nanoparticles were prepared via a double emulsion solvent evaporation technique. The
prepared nanoparticles had a spherical shape with an average size of 1504+7.4 nm. To achieve
the targeting capability of our nanoparticles on TNBC cells, we conjugated the nanoparticles
with an EGFR antibody. This modification targets the EGFR receptor, which is known to be
overexpressed in approximately 50% of TNBC cells. We have achieved high siRNA
entrapment efficiency (>70%), which was important for effective gene suppression. Confocal
microscopy and flow cytometry confirmed the efficient uptake of EGFR antibody-conjugated
nanoparticles by MDA-MB-231 cells. Transfection efficiency was evaluated using EGFP
siRNA in HEK293 cells, showing a significant reduction in GFP expression and validating the
gene-silencing potential. Next, the transfection efficacy of siXBP1-loaded nanoparticles to
knock down the XBP1 gene in MDA-MB-231 cells was determined. Interestingly, the
nanoparticles have successfully delivered XBP1 siRNA to MDA-MB-231 cells, resulting in
significant gene suppression, even under challenging hypoxic conditions. The cellular toxicity
of the nanoparticles in MDA-MB-231 cells was examined via MTT assay. Results showed no
significant change in cell viability when treated with blank PLGA lipid NPs, even at a higher

concentration. Furthermore, an apoptosis and necrosis assay were conducted to determine the
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impact of XBP1 gene silencing on cell death pathways. Notably, gene silencing significantly

promoted cell apoptosis under hypoxic conditions.

Inflammation serves as a potent driver in the development and progression of cancer. High
levels of chemokines like CXCL-8 and CCL-20, along with overexpression of HO-1 in cancer
cells, are linked to aggressive tumor behavior and resistance to chemotherapy in lung cancer
patients. Therefore, targeting these proteins (CXCL-8, CCL-20, and HO-1) can be a promising
therapeutic approach for lung cancer treatment. Additionally, plant-based compounds like
berberine offer advantages over synthetic ones due to their natural origin and lower toxicity
but are associated with limitations such as low solubility and poor bioavailability.
Encapsulating these compounds into LCNs can enhance their solubility, bioavailability, and
targeting capabilities, making them attractive options for combating inflammation-mediated
lung cancer progression. Therefore, Chapter 3 of the thesis investigated the potential of
berberine-loaded LCNs in inhibiting inflammation-mediated lung cancer progression.
Berberine, isolated from several herbs within the Papaveraceae family, exhibits significant anti-
inflammatory and anticancer potential. This study involved encapsulating berberine into LCNs
through ultrasonication, followed by characterization to check their size, zeta potential, and
entrapment efficiency. TEM analysis revealed that nanoparticles were monodispersed,
spherical and smooth-surfaced. The cell viability assay conducted on A549 cells using MTT
revealed an IC50 value of 5 uM, which is significantly lower than that of berberine powder
(100 uM). Additionally, protein analysis data showed that berberine-loaded LCNss significantly
reduced the expression of inflammation-related key proteins (CXCL-8, CCL-20, and HO-1)
involved in cancer progression at a much lower dose (5 uM) compared to berberine powder
(90 uM). These findings suggest that formulating berberine into LCNs could enhance its

biological activity while reducing dosage requirements.

Among emerging therapeutic strategies, targeting NFxB inhibition holds promise due to its
role as a key regulator in the pathogenesis of non-small cell lung cancer (NSCLC). Elevated
NF«B activity raises the accumulation of pro-inflammatory cytokines like IL-6 and IL-8 near
tumor sites, create a microenvironment favourable to tumor growth. This underscores the
potential of NFxB inhibition as a viable anti-cancer approach. Furthermore, Polysaccharide-
based drug delivery systems have garnered notable attention due to their inherent
biocompatibility, biodegradability, and easy chemical modification, making them promising
candidates for advanced biomedical applications. Hence, Chapter 4 focused on encapsulating

NF«B decoy oligodeoxynucleotides (ASOs) into polysaccharide-based nanoparticles to assess
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their efficacy in inhibiting inflammation-mediated cancer progression in-vitro. The
nanoparticles were synthesized using a double emulsion solvent evaporation technique and
characterized for size, zeta potential and entrapment efficiency. Small particle size (177 nm),
positive zeta potential, and high encapsulation efficiency (>99%) ensure their suitability for
targeted delivery to cancer cells. In-vitro MTT assays conducted on A549 cells revealed that
NF«kB decoy ASO-loaded nanoparticles significantly suppressed cellular proliferation in a
dose-dependent manner. The developed formulation exhibited an IC50 value of 26.20 nM,
markedly lower than naked NFxB decoy ASOs (2 mg/ml). Furthermore, the formulated
nanoparticles effectively reduced levels of pro-inflammatory cytokines IL-6 and IL-8 at a
significantly lower dose (6nM), offering the potential for alleviating chronic airway
inflammation and inhibiting lung cancer progression. In conclusion, encapsulating NF«xB
decoy ODNs into nanoparticles presents a promising avenue for targeted therapy in NSCLC,

with potential implications for improving patient outcomes and quality of life.

5.1 Future prospects

Although we obtained promising results from experiments conducted in the current project,
some areas still need to be addressed. It is imperative to acknowledge the need for further

exploration and validation to advance the field of cancer therapeutics.

Firstly, to ensure the robustness of our findings, it is imperative to validate our promising in
vitro results across a broader spectrum of cell lines. While the MDA-MB-231 cell line serves
as a representative model for TNBC, extending our research across other TNBC cell lines, such
as MDA-MB-468 and MDA-MB-436, would enhance the credibility and applicability of our
findings. Similarly, in lung cancer research, expanding beyond the A549 cell line to encompass
other aggressive cell lines like H460 and H1299 would provide a more comprehensive

understanding of the therapeutic interventions we propose.

Secondly, transitioning from in-vitro to in-vivo studies represents a crucial step in drug
development. This shift is essential for gaining a comprehensive understanding of how
developed nanoparticles will behave within complex biological systems. By utilizing in-vivo
models, including patient-derived xenograft models, genetically engineered mouse models
with relevant genetic alterations, and transgenic mouse models, we can assess drug metabolism,
biodistribution, and immune response, which are crucial for evaluating the efficacy and safety
of novel drugs. Additionally, these models provide more valuable insights into the potential

challenges associated with clinical translation.
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Thirdly, our research has led to the development of drug delivery systems, including lipid
nanoparticles, polysaccharide nanoparticles, and liquid crystalline nanoparticles. Among the
three delivery systems, lipid nanoparticles have shown better cellular uptake and targeted drug
action, while future work should include TEM imaging, nanoparticle uptake studies, and
further safety assessments to fully characterize the liquid crystalline and polysaccharide-based
nanoparticles and ensure their suitability for clinical applications. Additionally, it is crucial to
benchmark the efficacy of drug-loaded nanoparticles with standard chemotherapies, which for
TNBC typically involve chemotherapy drugs like PTX and Dox, and for NSCLC include
cisplatin and carboplatin. This way, we can more accurately determine their effectiveness,

safety profiles, and potential for clinical application.

In summary, these future research directions, structured around validation across cell lines,
comparison with standard treatments, and transition to in-vivo studies, are vital for advancing
these delivery systems toward clinical translation, finally improving patient outcomes and

contributing to the ongoing battle against cancer.
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Over the past decade, the therapeutic potential of | ipid component
nanomaterials as novel drug delivery systems complementing
conventional pharmacology has been widely acknowledged. % ®
Among these nanomaterials, lipid-based nanoparticles (LNPs)
have shown remarkable pharmacological performance and
promising therapeutic outcomes, thus gaining substantial interest
in preclinical and clinical research. In this review, we introduce the
main types of LNPs used in drug formulations such as liposomes,
nanoemulsions, solid lipid nanoparticles, nanostructured lipid
carriers, and lipid polymer hybrid nanoparticles, focusing on
their main physicochemical properties and therapeutic potential.
We discuss computational studies and modeling techniques to
enhance the understanding of how LNPs interact with therapeutic
cargo and to predict the potential effectiveness of such interactions in therapeutic applications. We also analyze the benefits and
drawbacks of various LNP production techniques such as nanoprecipitation, emulsification, evaporation, thin film hydration,
microfluidic-based methods, and an impingement jet mixer. Additionally, we discuss the major challenges associated with industrial
development, including stability and sterilization, storage, regulatory compliance, reproducibility, and quality control. Overcoming
these challenges and facilitating regulatory compliance represent the key steps toward LNP’s successful commercialization and
translation into clinical settings.
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ome, Myocet, DepoCyt, Margibo, Onivyde) was approximately

Lipid-based nanoparticles (LNPs) are a highly adaptable class $3.72 billion in 2021 and is anticipated to reach almost $7

of nanocarriers that have gained widespread usage in medical billion by 2027.” In addition to cancer treatment, LNP-based
research and pharmacology." They can encapsulate various therapies have gained FDA approval for treating other diseases,
therapeutic agents including small molecules, nucleic acids and including COVID-19 vaccine (Spikevax , Comirnaty ) and

monoclonal antibodies for a diverse range of applications.2’3 loidosis (O o .
Am tt by del RNA and siRNA
LNPs ofter several benefits, such as safeguarding drugs from in yloidosis (Onpattro ), by delivering m and st ’

vivo degradation, boosting their solubility and efficacy, enabling
targeted drug delivery to the disease site, regulating drug

respectively.””"" Nevertheless, to be clinically relevant, LNP-
based therapies must be produced through techniques that

release, and altering drug biodistribution.” These engineered ensure stability during storage, compatibility with sterilization,
nanocarriers hold the potential to overcome significant quality control, and regulatory compliance.” These factors are
limitations of traditional therapeutic products such as crucial to the successful development and translation of LNP-

inadequate efficacy, susceptibility to enzymatic degradation,
low bioavailability, and off-target side effects.”

The potential for LNP-based pharmaceuticals has been
increasingly recognized in recent years, with significant growth
in both research and industrial sectors.” The LNP-based gene
therapy market’s value reached about $3.5 billion in 2021, with
a projected compound annual growth rate of around 18.5%
from 2021 to 2026.” The current market value of liposomal
therapeutics used for cancer treatment (e.g., Doxil, DaunoX-

based therapeutics for clinical applications.
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Figure 1. Chemical structures of various components used in LNP formulations. These include phospholipids (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and phosphatidylinositol), cholesterol, cationic and ionizable
lipids (1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), (1,2-dilinoleyloxy-3-dimethylaminopropane) (Dlin-MC3-DMA)), and PEG lipids
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[ methoxy(polyethylene glycol)](DSPE-PEG), 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[succinyl(polyethylene glycol)] (DSG-PEG)).

In addition to LNPs, metal—organic frameworks (MOFs)
have emerged as a promising class of materials for drug
delivery applications. MOFs possess unique porous properties
that enable them to store and release molecules effectively,
making them attractive candidates for drug delivery.'” Zinc-
based MOFs and chitosan/graphene oxide bionanocomposite
beads efficiently loaded the antibiotic drug metronidazole,
showing excellent releasing power."’ Lipid-coated MOFs
efficiently store dye molecules within the porous scaffold
with the lipid bilayer preventing premature release. The lipid
coating significantly improved nanoparticle stability, promising

LNPs typically consist of four main lipid components:
phospholipids and cholesterol, which are necessary for particle
formation and stability; cationic or ionizable lipids, which
enable binding with negatively charged nucleic acids, thereby
increasing drug loading; and PEGylated lipids, which
contribute to enhanced particle stability and circulation time
within the biological system'’ (Figure 1). Due to their
biomimetic architecture and the similarity of their lipid
components to those of cell membranes, LNPs can easily

an innovative cancer therapy.'* cross the cell membrane to deliver nanoparticle contents to the

Our review offers a comprehensive analysis of diverse LNP desired intracellular sites. After crossing the cell membrane,
formulations, emphasizing their distinctive structural and LNPs can take advantage of the low pH environment within
physicochemical characteristics. We also briefly discuss the target cells, promoting endosomal escape and releasing the
computational modeling techniques such as molecular therapeutic cargo into the cytoplasm.”

dynamics (MD) simulations, quantum mechanical calculations,
and molecular docking studies in predicting the structural
properties and dynamic behavior of LNPs.''® Furthermore,
we provide a thorough overview of the LNP manufacturing

Understanding key factors related to LNP characteristics is
essential before delving into LNP categories and synthesis
methods. These factors include LNP size, surface charge,

process, including both laboratory- and industrial-scale morphology, stability, loading efficacy, and entrapment

production. We also identify the crucial obstacles associated efficiency.

with the industrialization of LNP production that must be Nanoparticle size plays a vital role in LNP properties,

addressed to further the clinical implementation of LNPs in influencing stability, biodistribution, cellular uptake, and

drug and gene delivery applications. overall therapeutic efficacy.'® Smaller LNPs (size <100 nm)
601 https://doi.org/10.1021/acsmaterialsau.3c00032
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Figure 2. Schematic illustration depicts the structure of various LNP formulations used in drug delivery. (A) Liposomes are spherical vesicles with
phospholipid bilayers, encapsulating hydrophilic drugs in their aqueous core and incorporating hydrophobic drugs within the lipid bilayers. (B)
Nanoemulsions comprise oil droplets dispersed in an aqueous phase stabilized by surfactants, accommodating lipophilic drugs in the oil phase while
preventing droplet aggregation. (C) Solid lipid nanoparticles (SLNs) consist of solid lipid matrices entrapping hydrophobic drugs, forming
nanoscale particles with a lipid core. (D) Nanostructured lipid carriers (NLCs) are similar to SLNs but contain a combination of solid and liquid
lipids, resulting in a more stable matrix and improved drug loading capacity. (E) Lipid polymer hybrid nanoparticles combine lipid-based and
polymer-based components, offering the benefits of both systems. These nanoparticles can effectively encapsulate various types of drugs and exhibit
enhanced stability and controlled release properties. Each type of LNP structure provides unique advantages and can be tailored for targeted drug
delivery, enabling the encapsulation of a diverse range of therapeutic agents. Figure created with BioRender.com.

tend to exhibit enhanced cellular uptake and prolonged
circulation time, while larger LNPs (size >100 nm) may
offer higher drug loading capacity but reduced cellular
uptake.'”” Dynamic Light Scattering (DLS) is the most
preferred method for characterizing LNP sizes due to its
effectiveness and convenience.”"”'

Surface charge of LNPs, a critical parameter that indicates
LNP stability in suspension, is commonly characterized
through zeta potential measurements.”> A highly positive or
negative Zeta potential indicates a strong surface charge, which
results in electrostatic repulsion between particles and
enhancement of their stability in the dispersion. On the
other hand, a Zeta potential close to zero suggests a low
surface charge and a higher tendency for particle aggregation
or coalescence, potentially leading to the destabilization of the
LNP suspension.z‘

Surface morphology assessment of LNPs can be performed
using transmission electron microscopy (TEM), scanning
electron microscopy (SEM), and atomic force microscopy
(AFM). These methods provide valuable insights into the
physical structure and characteristics of the outer surface of the
LNP.”* A well-defined and smooth surface morphology is
highly advantageous for LNPs in biological environments as it
contributes to enhanced stability and mitigates the risk of
opsonization, where serum proteins bind to the surface,
triggering immune system clearance. This smooth surface
minimizes unwanted interactions with biological components,
promoting favorable LNP biodistribution and ensuring optimal
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therapeutic efficacy.”> On the other hand, LNPs with rough or
irregular surface morphology may exhibit increased inter-
actions with biological entities, potentially influencing LNP
biodistribution patterns and impacting overall therapeutic
effectiveness.”

LNP surface modification by PEGylation or targeting ligands
can further influence the surface morphology of LNPs. For
instance, these modifications can improve the stealth proper-
ties of LNPs, reducing recognition by the immune system and
therefore extending drug circulation time for better drug
delivery efﬁciency.26 In short, accurate size, surface charge, and
morphology determination of LNPs are crucial for optimizing
LNP production and maintaining consistency in their proper-
ties. This precision plays a vital role in achieving a reliable and
effective drug delivery using LNPs.

LNP stability, loading efficacy, and entrapment efficiency are
critical factors in the development and optimization of LNP-
based drug delivery systems. LNP stability refers to the
capability of LNPs to preserve their physical and chemical
properties over time under various conditions. These proper-
ties include shape, size, and lipid component integrity during
long-term storage or exposure to different biological environ-
ments like blood, plasma, or varying pH conditions.”” LNP
drug loading capacity quantifies the total amount of drugs that
can be loaded into the delivery system, while entrapment
efficiency measures the effectiveness of the formulation process
in retaining drug within the LNP."®

https://doi.org/10.1021/acsmaterialsau.3c00032
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Table 1. LNPs in the Commercial Market and Clinical Trials

LNP subgroup

liposomes

nanoemulsions

solid lipid

nanoparticles

nanostructured lipid
carriers

lipid polymer hybrid

nanoparticle

active substance

doxorubicin/
daunorubicin

other anticancer agents
paclitaxel
amphotericin B
vaccine

verteporfin

etomidate, profol

heparinoid

ibuprofen
cyclosporin A

ritonavir
saquinavir
mitoxantrone

doxorubicin

oxiconazole

halobetasol propionate

siRNA targeting
transthyretin gene

acitretin

all-trans retinoic acids

self-amplifying RNA
mRNA-1273
BNT162b2 mRNA

docetaxel
docetaxel

docetaxel

disease/applications

cancer

cancer
cancer

visceral leishmaniasis
HAV viral vaccine

age-related macular
degeneration

anesthetics

superficial
thrombophlebitis

pain relief
immunosuppressants

antiviral HIV-1 medicine
in children

antiviral HIV-1 medicine
in adult

hepatocarcinoma

hepatocarcinoma

tinea fungal infection

inflammation

amyloidosis
psoriasis
keratinization disorders

COVID-19
COVID-19
COVID-19

pancreatic cancer

lung cancer with KRAS
mutation

prostate cancer

products ref

Doxil, Myocet, Vixeos, DaunoXome, Transdrug 85—89
Mepact, Depocyt, Margibo, Onivyde 90—-93
Abraxane 94—96
Albecet, Ambisome, Amphotec 97-99
Epaxal, Inflexal 100, 101
Visudyne 102
Etomidat-Lipuro, Diprivan 103, 104
Nanoemulsions carrying heparinoid for topical delivery 105
Topical delivery of ibuprofen-nanoemulsions 106
Sandimmune and Sandimmun Neoral 107
Norvir 108
Fortovase 108
Mitoxantrone-loaded polybutylcyanacrylate nanoparticles (DHAD- 109

PBCA-NPs) (phase II clinical trial)
Doxorubicin Transdrug (DT) (Phase III clinical trial) 110
Oxiconazole nitrate solid lipid nanoparticles loaded gel (Phase I clinical 111

trial)
Pluronic gel Halobetasol propionate-loaded lipid nanoparticles 112
Duobril (Phase IV clinical trial) 113
Onpattro (Patisiran) 10
Acitretin Precirol ATO 5/oleic acid/Tween 80 (Randomized 114

Controlled Trial)
Oleic acid/Cetyl palmitate/Cineole/Limonene/Transcutol/Butylated 115

hydroxytoluene/Tween 20/Tween 80
THEMBA II T-CELL Vaccine (phase I/1I clinical trial) 116,117
Spikevax 118
Comirnaty 119
Docetaxel polymeric nanoparticle (phase I clinical trial) 120, 121
BIND-014 (Docetaxel Nanoparticles for Injectable Suspension) (phase 122

11 clinical trial)
BIND-014 (Docetaxel Nanoparticles for Injectable Suspension) (phase 123

Computational modeling of LNPs utilizes computer-based
methods such as MD simulations, quantum mechanical
calculations, and molecular docking studies to analyze and
predict the behavior, structure, and interactions of LNPs at the
molecular level.”*?’ Among these, MD simulations have
emerged as the primary method for studying LNPs. This
technique was initially introduced by Chaban and Khandelia to
characterize the molecular structure of lipid droplets, which
consisted of varying fractions of cholesteryl oleate and
triolein.’® Using coarse-grained MD simulations, this group
investigated the structure and transport properties of lipid
droplets. Their findings revealed that cholesterol is uniformly
distributed within the lipid droplet, and the extent of
phospholipid coverage does not impact this distribution.’!
Computational modeling is also a powerful tool for
investigating the interaction between LNPs and different
drug formulations.”” Metwally and colleagues employed MD
simulations to predict curcumin loading efficiency in solid
LNPs.”® The authors also used docking calculations to
determine the binding energies between curcumin and solid
LNPs. By establishing a correlation between the docking
binding energy of the drug and LNPs and the entrapment
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IT clinical trial)

efficiencies in LNPs, this method offers valuable insights into
drug loading capacity. Altogether, combination of bioinfor-
matics and computational modeling could assist in selecting
the best drug/carrier combinations for further investigation.3

In summary, computational tools can be used to optimize
LNP formulations, screen potential drug candidates, and
predict their behavior in biological environments, complement-
ing experimental investigations in LNP research.””** The
following section will provide further insights into the
application of computational modeling to study different
types of LNPs.

LNPs can be categorized into five subgroups: liposomes, lipid
nanoemulsions, solid lipid nanoparticles, nanostructured lipid
carriers, and lipid—polymer hybrid nanoparticles (Figure 2).
This section offers an outline of the structural elements,
physicochemical characteristics, computational modeling stud-
ies, and clinical applications of these LNP subgroups.

Liposomes, first discovered in 1965 by Bangham and
colleagues, are self-assembling nanosized lipid vesicles
comprising one or more concentric phospholipid bilayers

https://doi.org/10.1021/acsmaterialsau.3c00032
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that enclose discrete aqueous spaces.”” Liposomes were
quickly recognized for their potential as drug delivery systems
due to their ability to carry a diverse range of therapeutic
drugs, with hydrophilic drugs contained within their aqueous
core and hydrophobic drugs integrated into the lipid
bilayer.***” Additionally, liposomes can also carry other
macromolecules such as different types of imaging agents,
nucleic acids, and proteins, thus making them an extremely
versatile drug delivery platform.” Liposomes can be synthe-
sized into unilamellar or multilamellar vesicles, with sizes
varying from 20 to 1000 nm, depending on the specific
formulations and synthesis procedures.” Particle size is an
important parameter for the pharmaceutical applications of
liposomes. Small unilamellar liposomes (<100 nm) exhibit
higher encapsulation efficiency, improved drug half-life, and
the ability to evade the immune system upon administration.*®

MD simulations have been instrumental in understanding
liposome characteristics, including vesicle formation and
conformational stability.*’~*' Furthermore, these simulations
have been utilized to enhance liposome thermal stability by
formulating them with different phospholipid components.*

In the context of PEGylation, MD simulations have shed
light on its impact on the drug-loading efficiency in lipid
membranes. Dzieciuch et al. conducted a study using MD
simulations to investigate the interaction between a hydro-
phobic molecule, p-THPP, and lipid bilayers. Their findings
revealed that in PEGylated membranes, p-THPP wraps around
the PEG corona, resulting in increased exposure to the solvent
when compared to zwitterionic membranes.”” PEGylation
enhances hydrophobicity and protects drug molecules like
hematoporphyrin under physiological conditions.”” However,
MD simulations revealed that PEGylation may not always
improve the targeting efficiency. For example, a research group
studied an activated endothelium targeting peptide’s effective-
ness in directing liposomes to vascular endothelium.” Upon
peptide anchorage to a PEGylated liposome, MD simulations
did not show evidence of improved targeting capability, as the
ligand was embedded within the PEG layer, reducing its
exposure to the solvent.

Additionally, computational prodrug design methodology
has been applied to explore various active pharmaceutical
ingredients for optimizing drug encapsulation and release from
liposomes.”® By leveraging computational simulations, this
approach showcases the promise of guiding the design and
advancement of liposome-based drug delivery systems, thereby
providing improved therapeutic efficacy and controlled drug
release.

Liposomes are widely recognized as a versatile drug delivery
system with advantages such as rapid absorption, improved
drug bioavailability, reduced toxicity, and protection against
hydrolysis and oxidation.* However, their clinical applications
face challenges due to short half-lives, low biostability, and the
risk of drug leakage.44 To address these limitations, strategies
have been developed, including targeted liposomes with
surface-attached ligands and “stealth” liposomes enclosed
with biocompatible polymers like PEG to evade the immune
response.” ' For example, a preclinical study demonstrated
successful delivery of therapeutic agents for glioblastoma across
the blood-brain barrier using ApoE-functionalized liposomal
nanoplatform based on artesunate-phosphatidylcholine
(ARTPC) encapsulated with Temozolomide.*

Thanks to the rapid development of liposome formulations
in both the research community and the industry area, there
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has been a wide range of liposome drugs approved and applied
in medical practice. For example, Doxil is the first FDA-
approved liposomal drug containing doxorubicin (DOX)
which is used to treat solid tumors.””*’ Following the
successful application of Doxil, various liposome-formulated
drugs have been approved for disease treatments” (Table 1).

Nanoemulsions are another type of LNP that consist of
spherical bighasic liquid droplets ranging in size from S0 to
500 nm.”"** They are composed of an internally dispersed oil
phase covered by an external continuous phase. Nano-
emulsions can be prepared as oil-in-water (o/w) or water-in-
oil (w/o) droplets to carry either hydrophobic or hydrophilic
active compounds, respectively.”’ To stabilize these small
droplets, different types of emulsifiers, such as surfactants,
phospholipids, proteins, polysaccharides or polymers such as
poly(vinyl alcohol), can be added during the synthesis
procedure.‘%’55 These surfactants, whether ionic or nonionic,
prevent droplet aggregation through electrostatic repulsion or
steric hindrance, hydration, and thermal fluctuation inter-
actions.>*>°

Nanoemulsions have a colloidal structure that enables
solubilization and encaEsulation of hydrophobic drugs,
reducing adverse effects.”” They are mainly used for topical
drug delivery (Table 1) but have potential for other modes of
administration like intravenous, ocular, intranasal, and oral
delivery.”*™®' Nanoemulsions find applications in the food
industrgf as flavoring, coloring, nutraceutical, or preservative
agents.”” They offer advantages as drug delivery systems,
skincare materials, or food additives due to their cost-
effectiveness, improved drug bioavailability, physical stability,
and nontoxic nature.”” However, they may be thermodynami-
cally unstable, requiring surfactants, and can be influenced by
environmental factors like pH and temperature, making them
less suitable for clinical applications compared to other types of
lipid nanoparticles.'

MD simulations are commonly used to explore the dynamic
behavior, interactions, and stability of nanoemulsions at
molecular levels under different conditions. For instance,
Pirhadi and Amani used the MD simulations to study a siRNA-
loaded nanoemulsion with benzakonium chloride as a
surfactant, cyclohexane as the oil phase, and ethanol as the
cosurfactant.”> MD simulations revealed oil molecules in the
hydrophobic core, increasing the nanoemulsion size, while
benzalkonium chloride’s polar terminal groups were mainly on
the surface. In another study, MD simulations were used to
predict the interactions between polymeric surfactant and
seven different hydrophobic drugs within nanoemulsions for
improved drug solubilization and stability.”” Besides MD
simulations, mesoscale simulations, like dissipative particle
dynamics, extend the scope to study larger scales and
timeframes, providing a comprehensive understanding of
nanoemulsion systems’ collective behavior and stability.”* In
summary, these simulations aid in developing eflicient and
stable nanoemulsion formulations for drug delivery, cosmetics,
and food technology.*®

Solid lipid nanoparticles (SLNs) were initially formulated as
small spherical particles with a solid lipid core at room
temperature, and subsequent advancements have led to the
development of flat ellipsoidal or disc-like shapes, exhibiting
sizes between S0 and 100 nm.'®°*®” Within SLNs, the active

https://doi.org/10.1021/acsmaterialsau.3c00032
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substance can be added to the lipid core or lipid shell or
dispersed within the whole lipid matrix. The solid lipid core of
SLNs is a new method to improve particle stability compared
to liposomes.”® The incorporation of cationic lipids into SLN
shell formulations can enhance cellular internalization of the
particles, potentially improving tumor targeting, blood-brain
barrier penetration, and gene transfection efficiency.”” Addi-
tionally, the outer shell of SLNs can be modified with
macromolecules such as oligosaccharides, proteins, specific
ligands, and antibodies to enhance their specificity at desired
therapeutic sites.”"~"?

SLNs carrying several therapeutic agents including anti-
oxidants, anticancer agents, nucleic acids, antibiotics, cytokines,
and other hydrophobic drugs have currently been examined in
clinical trials® (Table 1). Additional research is needed to
comprehensively investigate the therapeutic capabilities of
SLNs as drug carriers.

Using computational modeling, specifically MD simulations,
offers valuable insights into the physicochemical properties and
behavior of SLNs at the molecular level.”* These simulations
explore the dynamic behavior and interactions of lipid
molecules within SLNs, shedding light on their stability,
structural changes, and drug encapsulation efficiency under
various conditions.”> MD simulations were employed to
investigate the structure and conformational differences of
tripalmitin SLNs and the morphology of SLN.”® Additionally,
docking simulations were utilized to predict the loading of
therapeutic agents into the SLN core. These computational
modeling methods offer advantages in optimizing SLN
formulations for specific applications by predicting drug
release profiles, biodistribution, and cellular uptake.

From the pharmaceutical aspect, SLNs have both advantages
and disadvantages compared to other types of drug carriers.
SLNGs offer several technical advantages such as drug protection
from chemical and enzymatic degradation, improved physical
stability, ease of scale-up production, omission of the need for
organic solvents, ease of sterilization process, and ability to
codelivery two active agents.””’’~"" They also have great
potential for various routes of administration.®” This material
also has reputation for being biodegradable and biocompat-
ible.”!

However, SLNs are facing the main technological issues of
limited drug loading efficiency, short shelf life due to cold
storage requirements, poor long-term drug retention, low drug
loadinsg c%pacity, polydispersity, and high operative temper-
ature.””*>** Indeed, specific values for these parameters can
vary significantly depending on various factors, including
formulation composition, lipid type, encapsulated drug, storage
conditions, and intended application. For instance, the
entrapment efficiency of Pomegranate extract within SLN
has been reported within only 25.15—63.5%."* Therefore,
researchers and manufacturers must carefully optimize these
parameters to address the challenges and ensure the stability
and efficacy of SLNs for specific applications.

As mentioned earlier, solid lipid nanoparticles (SLNs) have a
key weakness in limited drug loading capacity.'”* To address
this challenge, researchers have introduced the second
generation of SLNs, known as nanostructured lipid carriers
(NLCs), which incorporate both solid and liquid lipids in their
cores, resulting in a more disordered lipid structure. This
structural characteristic allows for higher drug loading capacity

605

and improved drug release kinetics compared to SLNs.'>>'*

The ratio between solid lipid (e.g, cetyl palmitate), liquid oil
(e.g, caprylic triglyceride), and surfactant (e.g, polysorbate
80) plays a critical role in determining the entrapment
efficiency and stability of therapeutic agents in vivo."”” NLCs
can be modified with ligands or polymers for targeted delivery
of hydrophilic and hydrophobic drugs.”” As efficient carriers,
RNA- and pDNA-loaded NLCs enable gene therapy and
personalized medicine, modulating gene expression, and
delivering therapeutic proteins. These lipid-based nanoparticles
offer versatile platforms for nucleic-acid—based therapies to
treat genetic diseases and cancers.

MD simulations offer valuable insights into the physico-
chemical properties and behavior of NLCs.”* For instance, the
self-assembly behavior of mixed NLC systems containing
Rhodamine, Miglyol 812, Tween 80, and Gelucire 44/14 was
investigated by using MD simulations.'"”® The results
demonstrated that raising the temperature to 358 K improved
the stability of the NLCs, leading to enhanced component
compaction. Furthermore, this study has shown that adding oil
to the lipid formulation creates an imperfect core, effectively
increasing the drug loading capacity of the NLCs.

NLCs offer advantages over other LNP formulations such as
improved drug-loading capacity, controlled release, and
enhanced stability for drug delivery.'””"*® They are biocom-
patible and biodegradable, making them ideal drug carriers.
NLCs have shown promise in increasing oral drug availability
and have been studied in clinical trials for various
pharmaceuticals, including COVID-19 mRNA vaccines,
anticancer agents, antioxidants, and antiviral agentsumm—132
(Table 1). They also hold potential for gene therapy,
chemotherapy, and applications in the food and cosmetic
industry.>> However, challenges like low drug loading
efficiency and particle stability may affect their drug-delivery
effectiveness.'”” Further research is required to tackle these
challenges and unlock the full potential of NLCs in therapeutic
and biomedical applications.

Lipid polymer hybrid nanoparticles (LPNs) are another major
type of lipid nanoparticle that combines the advantages of
lipids and polymers for various biomedical applications.""”
LPNs have polymer cores that contain therapeutic substances
and lipid/lipid-PEG shells as a “stealth” coating for improved
in vivo circulation."** This unique structural composition offers
optimal biocompatibility and physical stability, making them
an ideal vehicle for drug delivery."'” LPNs have been
successfully used to encapsulate various pharmaceuticals,
including nucleic acids, for sustained release and improved
stability. Furthermore, incorporating functional groups on the
polymer surface facilitates the targeted drug delivery to specific
cells or tissues.

Density functional theory (DFT) simulations, one of the
computational modeling methods, were utilized to gain a
better understanding of the interaction mechanism between
the anticancer drug doxorubicin (DOX) and the polymers
within LNPs.'** The study aimed to improve the therapeutic
efficacy of doxorubicin (DOX) in lipid nanoparticles (LPNs).
By analysis of the DOX-loaded LPNs, researchers found that
polymers interacted strongly with DOX at various sites,
forming stable complexes. The simulations indicated energeti-
cally favorable binding, suggesting a potential for enhancing
oral bioavailability.
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LPNs are gaining recognition as an advanced substitute for
traditional liposomal and polymeric drug delivery systems due
to their wide range of advantages, encompassing applications
in combinatorial/active targeted drug deliveries, cancer gene
therapy, vaccine development, and novel diagnostic imaging
methods."*® Encouraging results from Phase I and II clinical
trials demonstrate the potential of LPNs in delivering the
anticancer drug Docetaxel, particularly for lung, pancreatic, and
prostate cancers'?°7'** (Table 1). Nevertheless, LPNs
encounter certain challenges, such as potential polymer
component toxicity and difficulties in achieving consistent
particle size and shape.'® Ongoing research endeavors aim to
address these obstacles and further advance LPNs for use in
diverse biomedical applications. Despite the challenges, LPNs
exhibit great promise for drug delivery due to their distinctive
properties and versatility in addressing various biomedical
needs.

Nanoparticle synthesis typically involves two methods:
bottom-up and top-down approaches. The bottom-up
approach nucleates atomic-sized materials into nanoparticles
using gas phase synthesis, block copolymer synthesis,
Turkeyvich method, and microbial synthesis.'*>'*® The top-
down approach physically dismantles bulk materials into
nanosized fragments using milling, spark ablation, and laser
ablation.”” For LNPs, the synthesis primarily follows a wet
chemistry bottom-up approach due to their distinctive colloidal
structure.””” This section provides an overview of the main
LNP synthesis methods, including nanoprecipitation, single/
double emulsification, nonsolvent emulsification, thin film
hydration, microfluidic process, and impingement jet mixing
technology'”” (Figure 3).

The choice of the LNP synthesis method plays a crucial role
in determining their therapeutic applications, as it directly
influences their physicochemical properties, drug loading
efficiency, stability, and behavior in vivo. Each LNP synthesis
method yields nanoparticles with distinct characteristics that
directly impact their performance in various therapeutic
applications."”’

The nanoprecipitation method was first developed by Fessi et
al. in 1989 and has been mainly used for encapsulating
hydrophobic drugs (Figure 3A).”" This technique relies on a
precipitation mechanism, wherein two miscible solvents, the
organic phase and aqueous phase, are continuously mixed
under moderate magnetic stirring to facilitate the spontaneous
formation of LNPs. The organic phase consists of film-forming
polymers, drug molecules, polymers, lipophilic surfactants, and
organic solvents, while the aqueous phase contains water and
stabilizer."** The polymers utilized for LNP production can fall
into two categories: nonbiodegradable, such as Eudragit, and
biodegradable, such as polylactide (PLA), polylactide-co-
glycolide (PLGA), and poly-e-caprolactone (PCL)."**~'*!
After particle formation, the organic solvent is removed from
the formulation using methods like dialysis, ultracentrifugation,
rotary evaporation, and freeze-drying.'*’ Dialysis, the most
popular method for solvent removal, involves placing the LNP
formulation in a dialysis bag or tubing with a semipermeable
membrane, allowing the solvent to diffuse out into a buffer
solution until desired solvent removal level is achieved.'**
Ultracentrifugation uses high centrifugal forces to pellet LNPs
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based on size and density, leaving free lipids and unincorpo-
rated drugs in the supernatant.'*> Rotary evaporation
evaporates the solvent under reduced pressure and elevated
temperatures, collecting the solvent separately and leaving
behind a concentrated LNP suspension.'** Freeze-drying
freezes the LNP suspension and removes the solvent through
sublimation under vacuum, resulting in a dry, solid LNP
powder.'*” These methods are crucial for LNP formulation
development, ensuring highly concentrated and purified LNPs
for diverse biomedical applications.

The size and drug encapsulation efficiency of LNPs prepared
by nanoprecipitation can be significantly affected by various
parameters, such as the stirring rate, aqueous/organic phase
ratio, and concentration of lipid/surfactant/ drug.21 The
formation of inhomogeneous and incomplete saturated lipid
solutions may interfere with spontaneous nucleation durin:
small particle formation, resulting in varied LNP sizes.”"'*
Additionally, incomplete mixing of aqueous and organic
solutions before precipitation can lead to unevenly small
LNP sizes."*> Therefore, it is crucial to thoroughly characterize
the size and surface morphology of the produced LNPs before
any testing or application.

Incomplete mixing during nanoprecipitation is a critical
challenge that contributes to batch-to-batch variation and
compromises the overall quality of the LNPs.'** To overcome
these issues, careful optimization of the mixing process is
essential. By controlling crucial mixing parameters such as
speed, duration, and solvent ratio, it is possible to achieve
better homogenization of lipids and drug molecules."** This
fine-tuning ensures a more uniform distribution, resulting in
consistent and efficient LNP formulations across different
batches. Addressing these challenges in nanoprecipitation is
vital to enhance the reproducibility and quality of LNPs,
making them more suitable for large-scale production and
expanding their potential in various therapeutic applications.'**

The single oil/water solvent emulsification method, invented
by Gasko, is a commonly used technique for preparing LNPs
carrying hydrophobic drugs (Figure 3B).'* It involves low
melting lipids like stearic acid and Compritol 888 ATO,
surfactants such as Epikuron 200 and Tween 80, emulsifiers
like polysorbate 20 and polysorbate 600, and water.'*® The
solvent mixture is preheated, water is added, and then the
mixture is emulsified to create oil-in-water emulsions. These
emulsions are transferred to cold water with continuous
stirring for LNP crystallization.

Another approach to synthesizing LNPs is the solvent-based
emulsification method, which can be achieved through
emulsion-solvent evaporation, solvent diftusion, solvent dis-
placement, or solvent injection.147

In this method, lipids and poorly water-soluble drugs are
dissolved in an organic solvent and emulsified with an aqueous
solution to create oil-in-water emulsions. The emulsion is then
evaporated under agitation to remove the organic solvent,
followed by centrifugation. However, residual solvent toxicity
can be a concern, especially if the lipid solubility in the solvent
remains low.”’

The double emulsification technique is developed for
preparing hydrophilic-loaded LNPs. In this method, an
aqueous solution is emulsified in melted lipid solvents to
create a primary water-in-oil (w/o) emulsion. Next, the
primary oil-in-water (o/w) emulsion is dispersed as droplets
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in another aqueous solution containing a hydrophilic
emulsifier, resulting in the formation of a double water-in-oil-
in-water (w/o/w) emulsion using either sonication or
membrane emulsification.'*® Typically, two surfactants are
used in this process: one hydrophobic surfactant to stabilize
the interface of the water-in-oil (w/o) internal emulsion and
one hydrophilic surfactant for the external interface of the oil
globules. Microemulsion methods can produce LNPs loaded
with various drug compounds, such as Baclofen, Idarubicin,
Ketoprofen, Nevirapine, and Tobramycin.”"*

Although the emulsification technique offers the advantage
of low mechanical energy input, it also has several drawbacks,
including a low dispersing degree, emulsion instability, lipid
insolubility in organic solvents, and the need for additional
solvent removal procedures.””"*" In line with LNPs prepared
using nanoprecipitation and microfluidic methods, it is crucial
to incorporate a solvent removal step in the synthesis process
to mitigate the potential toxicity associated with any residual
solvents in the produced LNPs.'>

Nonsolvent emulsification techniques offer a solvent-free
approach to create oil-in-water emulsions using melted lipids
as the liquid phase (Figure 3C)."** High-pressure homoge-
nization and ultrasonication are commonly used methods for
this purpose. In the homogenization process, melted lipids are
mixed with drugs and a preheated aqueous phase containing
surfactants. The mixture undergoes high-pressure homoge-
nization for several cycles to achieve the desired nanoparticle
size.SH15* Alternatively, ultrasonication involves homogenizing
the aqueous phase with surfactants and melted lipids using
high-speed stirring, followed by ultrasonication to break down
large particles into smaller droplets.'>

However, the nonsolvent emulsification technique involves
complex procedures and multistep processes, leading to a
potential batch-to-batch variation. Variations in homogeniza-
tion/sonication time, lipid surfactant ratio, drug concentra-
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tions, and lipid/surfactant type can result in different particle
sizes, polydispersion indices, zeta potential, and drug entrap-
ment efficiency in the lipid nanoparticles, leading to variable
product outcomes.'**'*” To ensure consistent product quality,
the careful optimization of these parameters is essential.

Thin film hydration is a widely used method in both laboratory
and industrial settings for producing lipid nanoparticles
(Figure 3D). In this process, lipids are dissolved and mixed
in an organic solvent to achieve homogeneity, and then the
solvent is removed through rotary evaporation, forming a thin
lipid film on the flask’s sides.'*® After hydrating the lipid
suspension, it is passed through a filter with uniform pore sizes
several times, resulting in uniform-sized lipid nanoparticles.146
Various parameters, such as applied pressure, temperatures,
membrane pore size, extrusion force, and the number of cycles,
can affect the mean size and polydispersity of the nanoparticles
produced.” The extrusion process is favored due to its lower
energy requirements, reduced risk of contamination, and
narrower particle size distribution achieved with consistent
filters. Industry-utilized extruders like LIPEX and LiposoFast
LF-50 have successfully produced liposomes with diverse
payloads, including proteins, peptides, small molecules, and
larger molecules.”

The microfluidic process is widely acknowledged as a highly
successful method for the industrial production of diverse lipid
nanoparticles."*® This method is fundamentally based on
nanoprecipitation due to the precisely controlled mixing of
lipid and drug solutions in microchannels.*” The rapid mixing
at the microscale in microfluidic devices enables more uniform
and reproducible nanoparticle formation compared with
traditional bulk mixing methods. Additionally, the small
dimensions of microfluidic channels offer advantages in
terms of heat and mass transfer, resulting in improved size
control and homogeneity of LNPs.'® The microfluidic
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approach allows for precise tuning of formulation process
parameters, such as flow rates, concentrations, and mixing
ratios, to optimize LNP characteristics.>” By controlling these
parameters, researchers can tailor the size, drug loading
capacity, and stability of LNPs for specific therapeutic
applications.

In a microfluidic device, lipid fluids are controlled in
microchannels with dimensions in the tens of microns.”® There
are two primary types of microfluidic devices used for
producing LNPs: chip-based platforms, which involve the
controlled mixing of organic and aqueous solvents within a
specifically designed chip, and capillary-based platforms, where
the organic solvent is introduced through a central tube
surrounded by multiple tubes for rapid dilution with the exiting
aqueous solution."®’

In the upcoming section, our focus will be on chip-based
mixers, which utilize diverse micromixer designs to produce
LNPs (Figure 4).

4.5.1. T- or Y-Mixer. Chip-based platforms use a variety of
microchannel designs for LNP production. The flat micro-
channel, which contains T- and Y-shaped microchannels, is the
earliest and simplest microchip to produce LNPs (Figure 4A).
Upon introducing the lipid and buffer solutions at the inlets,
LNPs form at the liquid interface through molecular diftusion-
based organic solvent dilution.'®""* T- or Y-shaped mixing is
a rapid mixing method requiring high flow rates (40 to 60 mL/
min) to produce high volumes of LNPs (>100 ul).'
Although this flat microchannel method offers high throughput
and straightforward device fabrication, it faces challenges in
scaling down to the small volumes required for discovery
experiments. Additionally, the limited control over LNP size,
ranging from 30 to 250 nm, may not produce the ideal
LNPs.' '

To address the limitations in throughput volume and LNP
size control, alternative mixer devices have been explored for
LNP preparation.

4.5.2. Hydrodynamic Flow Focusing. Hydrodynamic
flow focusing (HFF) is one of the most used micromixer
designs (Figure 4B). HFF devices have 2D and 3D structures,
where the former belongs to chip-based platforms and the
latter is a capillary-based platform.144 For the 2D HFF, fluids
are injected simultaneously via three inlets. The organic phase
containing the precursor ingredients of the nanoparticles is
introduced to the central stream, and the aqueous phase
streams squeeze the central channel perpendicular and create a
narrowly focused stream, generating rapid diffusion-based
mixing. 4164 14 a2 2D HFF, the laminar flow condition
develops interfacial force. Small-size LNPs (<150 nm) are
produced by adjusting operating parameters which could
influence the interface of the aqueous and organic phases."” A
comparison study demonstrated that an HFF device could
generate small siRNA-LNPs with an average size of 38 nm.
The 20% enhanced encapsulation efficiency with gene
silencing in vitro has been shown compared to vortex mixing.
However, the low throughput (<10 mL/h) limits the
application of 2D HFF, and the lipid aggregation happening
at the wall of the microfluidic channel affects the particle size
control and results in channel blocking.4’165

To further investigate the HFF, a 3D HFF was developed by
DeVoe’s group.'® This multicapillary-arrayed device contains
seven small capillary arrays embedded in one larger capillary
where the lipid stream inlet was in the middle, and an aqueous
solution was injected into the outer channel. This 3D HFF can
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produce consistently uniformed liposomes with four-time
increase in throughput compared to the conventional 2D
HFFE.'®® However, the main drawback of this multicapillary
arrayed 3D HFF device is the complicated manufacturing
operation with costly equipment.'®” Meanwhile, when forming
the smallest LNPs using the HFF technique, the high flow rate
ratio will dilute the sample concentration, which may affect the
following in vivo experiment.'®® Those issues limit the
application of HFF; thus, this mixer is not extensively used
as other microfluidic devices.

4,5.3. Staggered Herringbone Micromixer. Several
passive mixers have been reported to enhance production
efficiency by increasing the contact area between the aqueous
and solvent phases.” One such mixer is the staggered
herringbone micromixer (SHM), featuring an asymmetric
herringbone groove pattern in microchannel (Figure 4C)."*”
The herringbone structure disrupts the laminar flow, leading to
chaotic advection and rapid, controlled mixing (<10 ms) to
form homogeneous and small LNPs (30 nm) with high
reproducibility.”'**'*> However, the low throughput of the
SHM (<100 mL/h) limits its full clinical potential as the
demand for LNPs in clinical applications grows, making it a
significant bottleneck in scaling up LNP production for large-
scale therapeutic use.'®®

We introduce the groundbreaking parallelized microfluidic
device (PMD)), a revolutionary system that ushers in a new era
of scalable LNP production. From the early discovery phase
with milliliter per hour rates to the clinically relevant milliliter
per hour rates, the PMD offers an impressive 100-fold
enhancement over single microfluidic channels, addressing
the pressing need for efficient and versatile manufacturing
processes in the field of LNP synthesis. With ladder geometry
and SHM mixing channels (1%, 10X, and 128%), the PMD
enables precise scalability.'®® Additionally, individual flow
resistors ensure uniform fluid distribution, enhancing for-
mulation consistency.'®® Validation studies confirm remarkable
therapeutic potential, surpassing conventional bulk mixing
methods in in vivo siRNA and mRNA delivery. The success of
the SHM led to NanoAssemblr platforms, offering user-friendly
and rapid solutions for scalable LNP production, advancing
nanomedicine for clinical applications.'*®

4.5.4. Bifurcating Mixer. The NxGenTM mixer by
NanoAssemblr is a groundbreaking advancement designed
for the large-scale production of LNPs.'*” It overcomes LNP
scale-up reproducibility challenges, achieving over 25 times the
throughput of the classic mixer without compromising
identical particle formation conditions, ensuring highly
reproducible outcomes across various particle types. Its
innovative chip design features numerous bifurcating mixers,
inducing chaotic flow and rapid mixing, enabling LNP
production at exceptional rates of up to 200 mL/min while
maintaining LNP encapsulation rate and polydispersity control
(Figure 4D).

The NxGen mixer promises rapid and efficient large-scale
LNP manufacturing. It is indispensable for researchers and
pharmaceutical companies seeking scalable, high-throughput
LNP production, advancing therapeutic developments, and
personalized medicine. This mixer revolutionizes LNP
formulation, bridging the gap from the laboratory to real-
world clinical applications.”
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Impingement jet mixing (IJM), also referred to as the tea
stirrer, is an innovative microfluidic mixing technique for the
small-scale production of mRNA-LNPs' "’ (Figure 3F). It is a
device that creates a high-velocity stream of fluid being
directed toward another stream of fluid, resulting in intense
mixing and shearing forces that can effectively homogenize the
two fluids.'”" To produce LNPs, the IJM is first used to mix
lipids with an aqueous solution containing the drug or
therapeutic agent of interest. The high-pressure jet forces the
lipids to form small droplets that are then stabilized by
surfactants, resulting in the formation of LNPs. The size and
properties of the resulting nanoparticles can be controlled by
adjusting the processing parameters of the mixer such as the
pressure and flow rate of the fluids.

Starting from the small size of the confined IJM, the IJM can
be easily scaled up based on the original design, making it a
valuable tool in pharmaceutical manufacturing, particularly
during pandemics such as COVID-19. IJM systems have been
widely used for mRNA-COVID-19 vaccine production by
several companies, such as Knauer and Pfizer. At Knauer, the
UM system utilizes 400 pounds of pressure to combine a lipid
solvent solution with an mRNA solution, effectively forcing the
fluids to mix."”* Pfizer successfully replicated the quarter-sized
mixers and implemented a parallelization of 100 static mixers,
enabling continuous synthesis and significantly increasing
vaccine productivity at the Kalamazoo site to 100 million
doses per month.'”? To automate the process, a computer
system was implemented to control the flow rate and pressure.
Overall, IJM is a powerful tool for producing uniform and
stable LNPs for drug delivery applications.

Microfluidic technologies can be utilized to achieve the scaled-
up production of LNPs for industrial applications. To achieve
this purpose, in microfluidic systems, strategies like pilling-up,
numbering-up, or parallelization of microfluidic devices are
employed.'®”

Pilling-up involves stacking multiple microfluidic devices in
series, increasing throughput and production capacity, which
enhances overall production efficiency.''’ Numbering-up, on
the other hand, entails running multiple identical microfluidic
devices in parallel, multiplying the production rate and
enabling higher LNP yields within the same time frame.'"’
Parallelization takes the integration of multiple microfluidic
devices, optimized for specific LNP synthesis steps, into a
single production platform, resulting in a streamlined workflow
and improved overall LNP production."'’ For example, a
research group introduced iLiNP (invasive lipid nanoparticle
production device), a microfluidic device comprising five-
layered microchannels created by stacking glass-iLiNP devices
and later parallelized (numbering-up) to achieve mass LNP
production. The iLiNP system efficiently produces LNPs in
the size range of 20 to 60 nm at a flow rate of 20—50 mL/min,
demonstrating comparable performance to commercially
available microfluidic systems like NanoAssemblr.'""

By implementing these strategies, researchers and industry
can overcome the limitations of single microfluidic devices and
achieve significant scale-up improvements in LNP production,
making them more viable for large-scale applications.
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LNPs have shown immense promise as therapeutic nano-
carriers, creating high demand across diverse fields, especially
in the pharmaceutical industry. Nevertheless, traditional
manufacturing approaches pose significant challenges in scaling
up nanomedicine production, limiting their clinical develop-
ment.”” Furthermore, the substantial costs associated with
commercial manufacturing act as a recognized barrier,
hindering the smooth transition from bench research to
clinical application.”’

In this section, we will delve into the primary challenges
associated with the industrial production of LNPs, encompass-
ing aspects such as stability, sterilization, storage, regulatory
compliance, and quality control of synthesized LNPs.

Stability is a crucial requirement in the industrial production of
LNP formulations, and it can be influenced by lipid
polymorphism, which refers to phase transformations.''*'”*
Different methods and lipid types used in LNPs can lead to
polymorphism, potentially compromising their stability.'”> For
instance, exposure to radiation and high temperatures can
trigger lipid polymorphism, resulting in LNP instability.”’
Polymorphism has been observed in triglycerides and fatty
acids prepared using the hot homogenization method.'”

During preparation or storage, triglycerides in LNPs may
convert from their a-form to the more stable $-form, leading to
the formation of polymorphic crystalline aggregates and
reduced amorphous zones in the carrier matrix, which can
result in drug leakage.'’® The kinetics of triglyceride
polymorphic transitions depend on chain length, with longer-
chain triglycerides crystallizing more slowly than shorter-chain
ones.'”” As a result, LNP formulations composed of long-chain
triglycerides tend to be more stable than those containing
short-chain triglycerides. Proper consideration of lipid poly-
morphism is vital for achieving stable LNP formulations during
industrial production.

Sterilizing LNPs during industrial production poses a
significant challenge due to potential destabilization caused
by conventional methods.''® For instance, y radiation
commonly used for sterilization can lead to lipid oxidation
and chain scission, affecting LNP stability and efficacy.'”®
Autoclaving may trigger phase transitions and thermal stress,
further destabilizing LNPs.'”” Filtration and aseptic processin%
may cause aggregation or deformation due to shear stress.'®
To address this, alternative sterilization methods like UV
irradiation, ethylene oxide sterilization, and mild sterile
filtration have been explored."*" However, each method has
limitations and requires careful optimization for each LNP
formulation. Thus, selecting an appropriate sterilization
method remains critical for ensuring the stability and efficacy
of LNPs during industrial production.

Industrial production of LNPs poses significant challenges due
to their inherent instability and susceptibility to physical and
chemical changes during storage. These alterations can have
adverse effects on drug encapsulation, release properties, and
overall stability, leading to issues like aggregation, changes in
particle size distribution, drug leakage, and decreased
stability.”” Additionally, lipid oxidation during storage can
impact particle surface charge, drug release properties, and
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Table 2. Toxicity of LNP-Based Marketed Drugs

Marketed formulation active drug toxicity symptoms ref
Doxil doxorubicin hand-foot syndrome, stomatitis, skin toxicity (facial swelling, itching), hypersensitivity reactions, mild 200—202
myelosuppression and alopecia, dyspnea
Myocet doxorubicin neutropenia, mild cardiotoxic 203
Abelcet, Amphotec, amphotericin B nephrotoxicity, hypersensitivity reactions such as rash, flushing, facial edema, bronchospasm, persistent ~ 204—206
AmBisome fever and rigors, hypokalemia

Linhaliq/Pulmaquin ciprofloxacin dyspnea, bronchospasm, hemoptysis, cough, taste disorders. 207
Daunoxome daunorubicin hematological toxicity such as neutropenia, back pain 208, 209
Visudyne verteporfin back pain, chest pain, dyspnea, dizziness, rash 210
Arikace amikacin ototoxicity including deafness, dizziness, vertigo, dysphonia, pneumonitis, laryngitis 211, 212
Ambraxane paclitaxel neutropenia, hypersensitivity reactions, neuropathy, severe myelosuppression 213

stability, potentially resulting in the formation of toxic
byproducts that can compromise therapeutic efficacy.'**

Moreover, interactions with container materials, such as
leaching of ions, absorption of surfactants, and changes in pH,
can further influence LNP stability."®' Due to these issues,
most LNP formulations have a relatively short shelf life of less
than one year.'®” Efforts to overcome these obstacles and
extend the shelf life of LNPs are essential for successful
commercialization and widespread clinical use of these
promising nanocarriers.

To tackle these challenges, several strategies have been
devised, encompassing lyophilization, incorporation of stabiliz-
ing agents like antioxidants or chelators to prevent oxidation
and aggregation, utilization of excipients as buffers, osmolytes,
or cryoprotectants, and specialized packaging materials to
prevent container interactions.'®"'®® Freezing and lyophiliza-
tion are commonly used techniques for long-term storage of
lipid-based formulations.'**'®> However, lyophilization can be
costly and time-consuming, potentially leading to drug damage
due to stresses from crystallization and vacuum dehydration,
thereby compromising LNP stability unless cryoprotectants are
included.'**"*”

Studies have shown that incorporating 5% (w/v) sucrose or
trehalose (cryoprotectants) in LNP-mRNA formulations
stored in liquid nitrogen can preserve mRNA in vivo efficacy
for up to 3 months."®” Pfizer’s COVID-19 mRNA vaccines are
stored in freezing conditions with added sucrose, and Moderna
uses Tris-HCI buffer as a hydroxyl radical scavenger, providin
additional stabilization for LNP-based mRNA vaccines.'**"®
Implementing these strategies holds promise in extending the
LNP shelf life and enhancing the stability of LNPs, thereby
advancing their successful utilization in various therapeutic
applications.

Existing LNP-formulated drugs often necessitate ultracold
storage temperatures.'”’ For instance, during the COVID-19
pandemic, mRNA-LNP vaccines like Comirnaty (BNT162b2)
and Spikevax (mRNA-1273) require storage at ultracold
temperatures (—80 and —20 °C, respectively) to ensure their
safety and efficacy as per regulatory guidelines.'”” Con-
sequently, the distribution and storage of these vaccines
require advanced packaging technologies and specialized
containers capable of withstanding ultralow temperatures and
minimizing breakage during transportation.'”"

To address these challenges, Corning researchers have
introduced Valor glass vials specifically designed for delivering
LNP-based mRNA vaccines." * Valor glass vials are made from
aluminosilicate glass, providing superior strength and resist-
ance to breakages, even in extremely cold conditions. These
vials are produced using the ion exchange method, reducing
cracks, breakage, and particulate contamination, while an inner
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coating diminishes friction and aesthetic flaws. These vials
comply with USP Type I hydrolytic criteria and exhibit low
extractable concentrations, ensuring a high product quality.

Moreover, SiO2Materials Science, a U.S.-based pharmaceut-
ical company, has developed a novel container for LNP-mRNA
vaccine storage. This SiO, primary container combines a cyclic
olefin polymer with nanolayer glass as the inner layer, achieved
through plasma-enhanced chemical vapor deposition. This
innovative SiO, vial demonstrates exceptional resistance to
physical, thermal, and chemical stress over its lifespan,
eliminating concerns of breakage or leakage.'””

In conclusion, optimizing the long-term storage of LNPs
requires careful consideration and fine-tuning of storage
conditions and packaging to ensure their enduring stability
and effectiveness.'””'”" Moreover, special attention should be
devoted to shelf life during formulation design to facilitate the
widespread use of LNP products, such as mRNA-LNP
vaccines.'®** While challenges related to LNP storage persist,
ongoing research and innovation are essential to surmounting
these hurdles and making LNP-formulated drugs more
accessible and efficacious.

Conclusively, to improve the long-term storage of LNPs,
careful consideration and optimization of storage conditions
and packaging are required to ensure their stability and
efficacy.””"*" Additionally, more attention should be given to
shelf life in formulation design to facilitate large-scale use of
LNP products such as mRNA-LNP vaccines.'*"”* While
challenges associated with LNP storage remain, continued
research and innovation are necessary to overcome these
obstacles and make LNP-formulated drugs more accessible and
effective.

In addition to the challenges in research and development, it is
anticipated that the regulatory approval process can pose an
additional barrier for unfeasible LNP-based technologies,
especially considering the diverse range of compounds that
can be delivered by LNPs.'” Regulatory bodies such as the
Food and Drug Administration (FDA) and European
Medicines Agency (EMA) require LNPs to meet quality,
safety, and efficacy standards before approval.'’® During the
preclinical development stage, cell and animal studies are
conducted to evaluate the toxicological effects of the LNP
formulation. If considered safe, then approval (via an FDA
“Investigational New Drug” or EMA ‘European Investigational
Medicinal Product Dossier’ form) is required to begin phase 1
clinical trial. This meticulous regulatory scrutiny ensures the
safety and effectiveness of LNPs in therapeutic applications.
To ensure regulatory compliance, toxicology evaluations
play a crucial role, particularly concerning LNPs, as their
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accumulation in healthy tissues can lead to cytotoxicity and
genotoxicity (Table 2). This may be due to the cationic lipid
components utilized in LNP formulations. For instance, first-
generation monoalkyl cationic lipid, stearyl amine, has been
shown to cause hemolysis and hemagglutination of human
erythrocytes.”' Another commonly used cationic lipid,
DOTAP, has the propensity to bind to serum proteins,
lipoproteins, and the extracellular matrix, leading to
aggregation or premature drug release.””"”® Similarly, LNPs
containing YSKOS5, a pH-sensitive cationic lipid used for
delivering short interfering RNA (siRNA), exhibited rapid
interactions with cell surfaces, leading to concentration-
dependent toxicity in human A375 and A375-SM melanoma
cell lines."”” Addressing these toxicological concerns is vital for
the safe and effective use of LNPs in therapeutic applications.

Following government approval for clinical use, LNP-based
drugs undergo comprehensive testing in clinical trial phases 1—
3.2 These trials involve evaluation in healthy individuals,
patients with the target disease, and a larger population, with
additional approvals needed between phases 2 and 3.
Throughout each stage, the regulatory agency thoroughly
assesses safety and efficacy data, potential side effects, dosing
regimen, and overall safety profile to make informed decisions
on authorizing the drug for commercial use. These rigorous
evaluations ensure that LNP-based drugs meet the highest
standards of safety and effectiveness before they become
available for widespread clinical application.

Adhering to government regulatory standards is crucial to
ensure patient safety and enable the therapeutic application of
LNP-based drugs."” In certain situations, approval can be
expedited, as seen during the rapid authorization of LNP-
formulated mRNA vaccines amidst the SARS-CoV-2 health
emergency.”"> Additionally, large pharmaceutical companies
hold an advantage in the LNP field, leveraging prior regulatory
approvals and successful R&D pipelines.”'° However, the
typical FDA and EMA approval process for new drugs takes
around 6—9 months, considering the FDA’s requirement to
approve or reject a drug within 10 months after phase 3 trial
completion. Consequently, staggered approval of LNP-based
drugs can be attributed to research and technical limitations.

A notable example is Patisiran (Onpattro), an FDA-
approved medication for treating fatal hereditary polyneurop-
athy. Its R&D pipeline involved the design and screening of
more than 300 ionizable lipids, evaluating suitable LNP size,
encapsulation efficiency, surface charge, and injection site for
targeted siRNA delivery. This exhaustive study showcases
significant advancements in LNP research while emphasizing
the considerable effort needed for successful regulatory
approval.'*!”

Ensuring regulatory compliance for LNPs is paramount to
guarantee their safety and effectiveness in therapeutic
applications. Manufacturers must adhere to established quality
standards, conduct rigorous characterization studies and
toxicology evaluations, and meet specific regulatory criteria
for clinical trials before LNPs can be authorized for use.'”
This comprehensive approach is essential to ensure that LNPs
meet the necessary safety and efficacy standards, providing
confidence in their therapeutic potential.

The significance of quality control in LNP industrial
production cannot be overstated as it is pivotal to ensure the
safety, efficacy, and consistent therapeutic performance of
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these products. Manufacturers must adhere to stringent quality
control procedures throughout the entire production process
to guarantee that the final LNP product aligns with the
required specifications and standards. An essential aspect of
quality control involves a thorough validation of the
manufacturing process itself, verifying its reproducibility,
consistency, and adherence to the required quality bench-
marks. To achieve this, manufacturers should implement a
robust quality management system, incorporating regular
audits, inspections, and comprehensive documentation to
ensure compliance with regulatory requirements.”""

Characterizing LNPs through quality control is crucial,
involving the assessment of physicochemical properties like
particle size, polydispersity index (PDI), surface charge,
morphology, and stability.” These attributes termed critical
quality attributes (CQAs) for liposome drug products,
significantly impact the safety and performance of LNPs,
necessitatin$ stringent control and monitoring during
production.””” Meeting regulatory requirements, LNPs should
have a PDI value of <0.30.2%° However, the conventional
batch process often yields large, heterogeneous particles (>100
nm), necessitating additional steps like extrusion, sonication,
and homogenization to reduce particle sizes, leading to
challenges in quality control and batch-to-batch consistency.
Variations in lipid and component batches can further
compound inconsistencies in the final product, aggravated by
production condition differences, such as temperature,
pressure, and mixing parameters. This approach’s scalability
to larger volumes poses challenges in quality control and
increased variability.”*"***

Alternatively, continuous processing, such as microfluidic
mixing, offers better control over product quality and
performance.””»”** The incorporation of turbidity probes
and UV—vis spectrometers with predictive algorithms enables
real-time monitoring and feedback, swiftly detecting and
rectifying deviations from the desired specifications during
production. The scalability achieved through pilot-scale mixing
process scaling-out ensures enhanced reproducibility and
facilitates scaled-up production.”*®

In conclusion, achieving superior quality control in industrial
LNP production requires a comprehensive approach involving
robust process validation and meticulous characterization. By
adhering to required specifications and standards, manufac-
turers can confidently deliver safe, effective, and reliable LNP-
based therapies to patients.

This review has delved into the clinical potential of various
types of LNPs and their production processes at both
laboratory and industrial scales. To enable widespread clinical
application, addressing challenges is crucial, such as developing
efficient scaling-up methods such as continuous flow synthesis
to increase yield and reduce costs.

Harmonizing regulatory policies for LNP use in clinical
settings at a global level is essential. Consistency in regulations
can foster the development and approval of new LNP-based
therapies, especially for rare diseases that require international
collaboration.”*® The International Council for Harmonization
of Technical Requirements for Pharmaceuticals for Human
Use (ICH) guidelines provide a framework for new drug
development, and mutual recognition agreements between
regulatory agencies facilitate the approval process for drugs
approved in other countries.'”
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In conclusion, LNPs hold significant promise for improving
drug delivery. Different types of LNPs and preparation
methods offer distinct advantages and challenges, necessitating
careful consideration when designing drug delivery systems.
While clinical trials have demonstrated the effectiveness of
LNPs, further improvements in their industrial development
are needed to ensure safe and efficient drug delivery.
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Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer, characterised by a lack of hor-
mone receptors and HER2 expression, resulting in limited treatment options and poor patient outcomes. This
study explores a novel therapeutic approach using PLGA lipid nanoparticles loaded with siXBP1 and conjugated
with an epidermal growth factor receptor (EGFR) antibody. This nanncarrier will silence the XBP1 gene, which is
crucial for the progression and survival of TNBC, particularly in hypoxic conditions. The conjugation of nano-
particles with the EGFR antibody improves their targeting ability to TNBC cells, as confirmed by confocal mi-
croscopy and flow cytometry. The fluorescence intensity of the targeted nanoparticles was 1.45 times higher than
that of the non-targeted counterparts. These nanoparticles efficiently delivered siRNA to TNBC cells, resulting in
substantial XBP1 gene silencing efficacy of 75 %. Under hypoxic conditions, this gene silencing effect signifi-
cantly promoted apoptosis by nearly threefold compared to normoxic conditions. These findings provide valu-
able insights into targeted therapies for TNBC and pave the way for further in vivo investigations to advance this

approach toward clinical applications.

1. Introduction

Among all breast cancer subtypes, triple-negative breast cancer
(TNBC) stands out as the most aggressive, comprising approximately 15
% of cases. It is characterized by the absence of human epidermal
growth factor receptors 2 (HER2), progesterone receptors, and estrogen
receptors [1]. TNBC is associated with a high recurrence rate and limited
survival, with a 40 % mortality rate within five years of diagnosis [1][].
After metastasis, the average survival time is just 12.2 months, and the
postoperative recurrence rate is approximately 25 % [2]. Chemo-
radiotherapy stands as the standard of care for TNBC, yet its constraints
involve drug toxicity, resistance, and late morbidity linked to high-dose
radiation [3]. Due to the lack of targeted therapies specific to TNBC,
there is a pressing need for innovative approaches to enhance patient
outcomes [4-6].

To address this challenge, XBP1 emerges as a key driver of TNBC
tumor growth and recurrence, primarily by regulating the ER stress
response and unfolded protein pathways, impacting cell survival, pro-
liferation, and chemoresistance [7,8]. Elevated XBP1 expression is
frequently associated with TNBC, promoting these detrimental effects
and contributing to a poor prognosis and treatment resistance [9].
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Notably, a connection between XBP1 and reduced TNBC responsiveness
to standard treatments is well-established [9]. Analysis of 193 TNBC
patient samples revealed shorter relapse-free survival in cases with an
elevated XBP1 signature [10].

Hypoxia-inducing factor 1a (HIF-1a) is known to be hyperactivated
in the hypoxic microenvironment of human tumors including TNBC
[11]. XBP1 has been identified to regulate tumorigenicity by controlling
the HIF-1a pathway [10,12]. It can boost the stability and activity of
HIF-1a, resulting in the activation of genes that support angiogenesis,
glycolysis and cell survival [10,13]. XBP1 knockdown may offer a
promising therapeutic approach in TNBC, particularly in hypoxic con-
ditions. However the challenge remains in achieving precise and effi-
cient gene silencing within TNBC cells due to limited drug delivery
options.

Given significant roles of XBP1 in driving TNBC tumor growth and
recurrence, specific XBP1 inhibition in TNBC tumor is a potential ther-
apeutic approach which relies on two key challenges: basis of genetic
approach and efficiency delivery vehicles specific to target cells. In the
context of XBP1 gene knockdown, small interfering RNA (siRNA) offers
a promising strategy for targeted gene silencing in TNBC treatment. By
leveraging the RNA interference (RNAi) pathway, siRNA can selectively
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downregulate crucial genes, inhibiting tumor growth and overcoming
treatment  resistance  [14]. Regarding delivery  vehicles,
nanoparticle-based drug delivery systems, including lipid nanoparticles
with polymers like Poly (lactic-co-glycolic acid) (PLGA), are advanta-
geous for cancer therapy [15,16]. They are noted for their biocompati-
bility, controlled drug release, and capacity to encapsulate diverse
therapeutic agents, such as siRNA [17,18]. Within PLGA lipid nano-
particle, the lipid component ensures stability, biocompatibility, and
enhanced cellular uptake via intracellular delivery of therapeutic con-
tents, while the PLGA polymer enables controlled release and safeguards
the encapsulated siRNA cargo [19].

The goal of this study was to devise a targeted therapeutic strategy
for triple-negative breast cancer (TNBC) by engineering epidermal
growth factor receptor (EGFR) antibody conjugated siXBP1 loaded
PLGA lipid nanoparticles. We selected the EGFR antibody due to its
elevated expression in TNBC, aiming to enhance siRNA delivery speci-
ficity [20].

To achieve this goal, we first characterized the synthesized nano-
particles for their particle size, zeta potential, and surface morphology,
ensuring suitability for TNBC targeted delivery. Next, we examined the
cellular uptake of the EGFR antibody-conjugated PLGA lipid nano-
particles in TNBC cells (MDA-MB-231) using confocal microscopy and
flow cytometry as assessment of nanoparticle internalization. We
confirmed EGFP gene silencing in HEK293-EGFP cells by encapsulating
EGFP siRNA for confocal microscopy analysis prior to validation of XBP1
gene silencing in MDA-MB-231 cells with siXBP1-loaded PLGA lipid
nanoparticles by qRT-PCR and Western Blot. Finally, we evaluated the
effect of XBP1 gene knockdown with EGFR antibody-siXBP1-loaded
PLGA lipid nanoparticles on cell survival and apoptosis in MDA-MB-
231 cells under hypoxic conditions, highlighting the potential of our
nanoparticles as a promising therapeutic approach for TNBC.

2. Materials and methods
2.1. Materials

Poly(p,L-lactide-co-glycolide) acid terminated, lactide:glycolide
50:50 (PLGA) (719,870-5G), Mw 24,000-38000, Poly vinyl alcohol
(PVA) (P8136), MW 30,000-70,000, Coumarin-6 (C-6) (442,631-1G)
were purchased from Sigma-Aldrich Pty Ltd (Australia). DOTAP
(890890 P-200 mg) and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[maleimide(polyethylene glycol)-2000] (ammonium salt)
(DSPE-PEG2000-Mal) (880126p-25mg) were purchased from Avanti
Polar Lipids. Chloroform (C2432-500 mL), Dichloromethane (270,997-
1 L), Phosphate buffered saline (P4417-50 TAB) were also purchased
from Sigma-Aldrich Pty Ltd (Sydney, Australia). Human anti-EGFR
antibody (cetuximab, C225) was purchased from Assay Matrix Pty Ltd
(Melbourne, Australia). Scramble siRNA (siScr -SIC001) was purchased
from Merck, Australia and siRNA targeting EGFP (siGFP-51-01-05-06)
was purchased from Integrated DNA Technologies, Australia. siRNA
targeting XBP1 (s14913), Lipofectamine RNAiMax transfection reagent
(13,778,075), Opti-Minimal Essential Medium (Opti-MEM; reduced
serum medium; product, 31,985,062), Pierce™ Coomassie (Bradford
Protein Assay Kit) (23,200) were purchased from (Thermo Fisher Sci-
entific, Australia). MTT (3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyl
tetrazolium bromide), Dimethyl sulfoxide (DMSO), DAPI were pur-
chased from Sigma-Aldrich, St. Louis, MO, USA. FITC Annexin V
Apoptosis Detection Kit I (cat. no. 556547) was purchased from BD
Biosciences (San Jose, CA, USA). The antibodies to XBP1 and f-actin
were purchased from Abcam. All the remaining chemical reagents and
solvents were purchased from Sigma-Aldrich unless stated.

2.2. Cell culture

MDA-MB-231 and MCF-7 cell lines were a kind gift from Prof. Majid
Ebrahimi Warkiani lab, School of Biomedical Engineering, University of
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Table 1
Composition of different PLGA lipid nanoparticles.
S. Formulation Cargo PLGA/ PVA DSPE-
No. amount DOTAP (% w/ PEG2000-
ratio (w/w) V) Mal (mg)
1. Blank PLGA lipid - 7:3 1 0.3
nanoparticles
2. Coumarin-6 loaded 17.5 ug 7:3 1 0.3
nanoparticles (C-6
NPs)
3. EGFP siRNA loaded 100 7:3 1 0.3
nanoparticles pmole
(siEGFP NPs)
4. Scramble siRNA 200 7:3 1 0.3
loaded nanoparticles ~ pmole
(Scr NPs)
5. siXBP1 (siRNA) 200 7:3 1 0.3

loaded nanoparticles ~ pmole

Technology Sydney, Australia. These cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Sigma-Aldrich Pty Ltd, Australia)
with 10 % heat-inactivated Fetal Bovine Serum (Thermo Fisher Scien-
tific, Australia) at 37 °C at 5 % CO3 in a humidified atmosphere. Human
mammary epithelial cells (HMEC) and Human embryonic kidney 293
cells expressing EGFP (HEK 293-EGFP) were a kind gift from Prof. Ewa
Goldys lab, School of Biomedical Engineering, University of New South
Wales, Australia. HMEC were cultured in HMEC growth medium while
HEK 293-EGFP cells were cultured in DMEM with10 % heat-inactivated
Fetal Bovine Serum under standard conditions (37 °C, 5 % CO,) in a
humidified incubator. All cells were frequently tested for the presence of
mycoplasma, and all experiments were carried out in mycoplasma
negative cells.

2.3. Methods

2.3.1. Preparation of PLGA lipid nanoparticles

PLGA lipid nanoparticles were prepared using the double emulsion-
solvent evaporation technique [18]. The formulation was optimized
including the particle size, zeta potential and polydispersity index (PDI)
based on DOTAP/PLGA ratio, sonication time and polyvinyl alcohol
(PVA) concentration. In brief, 200 pmole of siRNA was added dropwise
to 500 pl of PLGA/DOTAP mixture (mole ratio of 7:3) in dichloro-
methane (DCM). This mixture was emulsified using probe sonication
over an ice bath at 40 % amp for 30 s (3 times) to form the primary
emulsion. Subsequently, 6 ml of 1 % (w/v) PVA containing 0.3 mg of
DSPE-PEG2000-Mal was added to the primary emulsion, followed by
sonication at 40 % amp for 30 s (3 times) over an ice bath. This process
resulted in the formation of the secondary water-in-oil-in-water emul-
sion, which was left under agitation for 3 h at room temperature to
evaporate organic solvent. Afterwards, the dispersion was centrifuged
for 12 min at 4 °C and 18,000xg. The supernatant was discarded, and
the pellet containing the nanoparticles was re-dispersed in phosphate
buffer saline (PBS). This process of centrifugation and re-dispersion was
repeated three times to ensure the removal of PVA before further
characterisation. We employed the same method to prepare various
types of PLGA lipid nanoparticles, by encapsulating different cargoes
(coumarin-6 (a dye), EGFP siRNA, scramble siRNA). The formulation
details are listed in Table 1.

2.3.1.1. Antibody conjugation to nanoparticles. Antibody conjugation to
nanoparticles was achieved through a thiol-maleimide reaction [21].
Initially, 10 pl EGFR antibody (1 mg/ml stock solution in PBS) was
diluted with 990 pl of PBS (pH 7.4). Simultaneously, 1 mg of N-Succi-
nimidyl S-Acetylthioacetate (SATA) was dissolved in 0.5 ml of dimethyl
sulphoxide (DMSO) just before the reaction. The EGFR antibody solution
was then mixed with SATA solution at a molar ratio of 8:1 (SATA:
antibody) and incubated at room temperature for 30 min. To facillitate
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SATA crosslinking with maleimide groups, the sulfhydryl groups were
deacetylated by mixing the SATA/antibody solution with 100 pl of hy-
droxylamine solution (0.5 M Hydroxylamine, 25 mM EDTA in PBS, pH
7.2-7.5) and incubated for 1 h at room temperature. Subsequently,
conjugation was initiated by combining nanoparticles with the
SATA/antibody solution at a molar ratio of 1:10 (nanoparticles:
SATA/antibody solution) and incubated at room temperature for 2 h,
followed by overnight incubation at 4 °C. Unbound antibody was
removed through centrifugation, and the nanoparticle pellet was
redispersed in PBS for further applications.

2.3.1.2. Quantification of EGFR antibody conjugated onto the surface of
nanoparticles. The amount of EGFR antibody conjugated to the nano-
particle surface was confirmed by Bradford assay, which was based on
the binding of coomassie brilliant blue dye (Bradford reagent) to pro-
teins, resulting in a color change proportional to the protein concen-
tration. Following the manufacturer’s protocol, various concentrations
of the protein standard solution, ranging from 25 pg/mL to 2000 pg/mL,
were prepared in PBS buffer. Next, 5 pL of each standard or nanoparticle
suspension was carefully transferred to the appropriate wells of a
microplate. Subsequently, 250 pL of the Bradford reagent was added to

(RNA amount used for formulation — RNA amount present in supernatant )
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Table 2
Primer sequences used for qRT-PCR.

Primer Sequence

5'- AGGAGTTAAGACAGCGCTTGGGGATGGAT-3'
5'-CTGAATCTGAAGAGTCAATACCGCCAGAAT-3'
5-CCTGTACGCCAACACAGTGC-3'
5'-ATACTCCTGCTT GCTGATCC-3'

XBP1 - Forward
XBP1 - Reverse
Beta actin — Forward
Beta actin — Reverse

siRNA concentration used in the nanoparticle preparation.

In details, various concentrations of pure siRNA solution (ranging
from 5 ng/mL to 200 ng/mL) were prepared using TE buffer. Subse-
quently, 20 pL pure siRNA solution and the supernatant were added to
wells of a microplate, followed by thorough pipetting. The microplate
was incubated for 20 min at room temperature, shielded from light.
After incubation, fluorescence was measured using a microplate reader
(Ex/Em: 480 nm/535 nm). The concentration of siRNA in the superna-
tant was determined by comparing it to the standard curve of a free
siRNA solution. The entrapment efficiency was calculated using the
following equation:

%EE =
’ RNA amount used for formulation

each well, and the plate was incubated for 10 min at room temperature.
The absorbance was measured at 595 nm using a Tecan plate reader. The
amount of conjugated antibody was determined by assessing the
absorbance intensity and subsequently calculating its concentration
using the standard curve of free protein solution.

2.3.2. Nanoparticle characterization

Particle size, polydispersity index (PDI), and zeta potential mea-
surements were carried out using Dynamic Light Scattering (Malvern
Zetasizer Nano ZS). Before analysis, the nanoparticle suspension was
resuspended, sonicated, and vortexed. For particle size and PDI mea-
surement, diluted samples were placed in clear disposable cuvettes,
while zeta cells were utilized for zeta potential measurement. All mea-
surements were performed in triplicate at 25 °C. The surface
morphology of nanoparticles was examined by using Scanning Electron
Microscopy (SEM, Zeiss Supra 55 VP). For SEM imaging, nanoparticles
were suspended in nuclease-free water (100 pl/ml) and sonicated for 30
s. A drop of this suspension was deposited on a silicon wafer and allowed
to air dry for 24 h under ambient conditions. The silicon wafer was then
attached to a stub using double-sided carbon tape. To ensure conduc-
tivity, the nanoparticles were sputtered with gold/palladium using the
Leica Coater prior to image acquisition.

2.3.3. Entrapment efficiency (EE)

The amount of coumarin-6 (C-6) encapsulated within the nano-
particles was determined by assessing the fluorescence intensity of the
C-6-loaded nanoparticles (C-6 NPs) (Ex/Em: 450 nm/505 nm) and
subsequently calculating its concentration using the standard curve
derived from a free C-6 solution.

The entrapment efficiency of siRNA loaded inside the nanoparticles
was determined using RediPlate 96 Ribogreen RNA Kit (Thermo Fisher
Scientific, Australia). The RiboGreen® reagent specifically reacts with
free siRNA, producing a fluorescent compound with an emission
maximum at 535 nm (Aex = 485 nm). Thus, to assess entrapment effi-
ciency, the prepared nanoparticle suspension was centrifuged and the
supernatant was collected. The unloaded siRNA in the supernatant was
then measured using the Ribogreen RNA Kit and compared to the initial

x100

2.3.4. Cellular uptake activity

Cellular uptake activity was assessed by using C-6 NPs and EGFR
antibody conjugated C-6 nanoparticles (EGFR Ab-C-6 NPs). Briefly, 5 x
10* MDA-MB-231 cells were cultured overnight in glass-bottom petri
dishes and incubated with nanoparticle suspension (200 pg/ml) for 1
and 2 h, respectively. Subsequently, the cells were thoroughly washed
with DPBS (pH 7.4) three times to eliminate any unbound nanoparticles
and then fixed using 4 % paraformaldehyde (100 pl) at room tempera-
ture. After fixation, the cells were stained with DAPI (Sigma) reagent,
and the internalization of nanoparticles was visualized using a Nikon A1
inverted confocal microscope system. Additionally, flow cytometry
analysis was performed after the nanoparticle incubation. The cells were
washed, trypsinized, collected, and their fluorescence was quantita-
tively analyzed using a CytoFLEX LX flow cytometer (Beckman Coulter).

2.3.5. XBP1 expression level in normal vs breast cancer cell lines and under
hypoxia conditions

To evaluate XBP1 gene expression, we selected two breast cancer cell
lines, MDA-MB-231 and MCF-7, along with one normal mammary
epithelial cell line (HMEC). To induce hypoxia, MDA-MB-231 cells were
placed in hypoxic chamber for 24 h or 48 h. After each incubation
period, RNA and proteins were isolated from cells and analyzed for XBP1
gene expression.

2.3.5.1. RNA extraction. RNA samples were isolated using the Trizol®
method [22]. Initially, the cells underwent a brief wash in PBS, followed
by transfer into nuclease-free Eppendorf tubes. Subsequently, they were
centrifuged at 12,000xg at 4 °C for 10 min. The resulting cell pellets
were then combined with 1 ml of Trizol® (Invitrogen), and 300 pl was
added, after which the mixture was incubated at room temperature for 3
min. After this, the samples were subjected to phase separation by
centrifuging at 12,000xg at 4 °C for 10 min. The upper aqueous layer,
containing the RNA, was carefully transferred to new tubes containing
600 pl of ice-cold isopropanol (Sigma, Australia). RNA precipitation was
facilitated by centrifuging for 30 min at 12,000xg and 4 °C. The RNA
pellets were briefly washed in 1 ml of 70 % ethanol and again centri-
fuged at 12,000xg at 4 °C for 10 min. Following this step, the ethanol
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Fig. 1. a) The SEM image of blank PLGA lipid nanoparticles (Scale bar = 200 nm); b) Fluorescence emission spectra of coumarin-6 solution (C-6 std solution) and

coumarin-6 loaded nanoparticles (C-6 NPs).

was removed, and the RNA pellet was dried on a 37 °C heat block for 5
min. Finally, the resulting RNA pellet was resuspended in 40 pl of
nuclease-free water. RNA concentration was measured via absorbance at
260 nm by Nanodrop™ One Microvolume UV-Vis spectrophometer
(Thermo Fisher Scientific, Australia).

2.3.5.2. qRT-PCR. All the primers utilized in the quantitative PCR re-
actions for this study were purchased from Sigma-Aldrich. In summary,
a quantity of RNA samples less than 1 pg was employed for both cDNA
conversion and the qPCR reaction, employing the Luna® Universal One-
Step RT-qPCR Kit from New England Biolabs. The qPCR reactions were
conducted according to the manufacturer’s protocol. The primer se-
quences used for these reactions are detailed in Table 2.

2.3.5.3. Protein extraction. Cell samples were gathered in RIPA Lysis
buffer, which included Halt™ Protease Inhibitor Cocktail (Thermo
Fisher Scientific, Australia). They were left to incubate on ice for 20 min
before undergoing a short 15-s sonication. Subsequently, the cell lysates
were subjected to centrifugation at 12,000xg at 4 °C for 20 min to
eliminate cellular debris. The protein concentration of each sample was
assessed via absorbance at 280 nm using the NanoDrop™ Microvolume
UV-Vis Spectrophotometer (Thermo Fisher Scientific, Australia).

2.3.5.4. Western blot assay. Briefly, 30 ug of each protein lysate was
combined with 5 pl of NuPAGE LDS Sample Buffer and heated at 70 °C
for 10 min. All prepared samples were subsequently loaded into
NuPAGE 4-12 % Bis-Tris 1.5 mm Mini Protein Gels secured within the
XCell SureLock™ Mini-Cell. The loaded protein samples were then
separated in 1 x NuPAGE MOPS SDS Running Buffer at 125 V for 90
min.

After the gel electrophoresis, the protein samples were transferred
onto a 0.2 pm PVDF Transfer Membrane using the XCell Blot Module and
1 x NuPAGE Transfer Buffer at 30 V for 120 min. The membranes were
subsequently immersed in a blocking solution (3 % w/v Bovine Serum
Albumin from Sigma in TTBS buffer, which consists of 0.01 M Tris Base,
0.05 M NaCl, and 0.1 % Tween20) for 1 h at room temperature to pre-
vent non-specific binding.

Membrane incubation with primary antibodies (XBP1 or Beta-actin
from Abcam, each at a 1:1000 dilution in TTBS) was carried out at
4 °C overnight. After three 5-min washes in TTBS buffer, the membranes
were incubated in an anti-rabbit horse peroxidase-conjugated secondary
antibody (CST, diluted at 1:5000 in TTBS) on an orbital shaker at room
temperature. Following this, the membranes were washed in TTBS
buffer for 5 min each and then visualized using PierceTM ECL Western
Blotting Substrate (Thermo Fisher Scientific, Australia) under a Chem-
iDoc MP System (Biorad, USA).

2.3.6. Assessment on in vitro EGFP and XBP1 knockdown via siRNA-
loaded nanoparticles

HEK293-EGFP cells were cultured at a density of 5 x 10* in glass-
bottom petri dishes and then incubated with the siGFP-loaded

nanoparticle suspension (10 nM) for 24 and 48 h. Subsequently, the cells
were imaged under a confocal microscope to assess EGFP fluorescence
signal. Additionally, flow cytometry analysis was performed as indicated
in the above section.

MDA-MB-231 cells were seeded at a density of 1 x 10° cells per well
in a 6-well plate and incubated for 24 h. Following this, the cells were
treated with various conditions for an additional 48 h. The treatment
conditions included: cells only, free siRNA alone, siRNA transfected with
RNAiMax transfection reagent, EGFR antibody conjugated siXBP1-
loaded nanoparticles (EGFR Ab-siXBP1 NPs) and EGFR antibody con-
jugated siScr-loaded nanoparticles (EGFR Ab-Scr NPs). All these samples
contain 25 nM siXBP1 or siScr. After incubation period, cellular RNA
was collected using the same method followed by RT-PCR analysis.

2.3.7. In-vitro cell viability assay

Cells were seeded at a density of 1 x 10* cells per well in 96-well
plates with culture medium containing 10 % FBS for 24 h. After 24 h,
the cells were treated with different concentrations of nanoparticles
(200-400 pg/ml) for 48 h. Following this treatment period, 10 pl of
Thiazolyl Blue Tetrazolium Bromide (Sigma) at a concentration of 5 mg/
ml in sterile PBS was added to each well and incubated for 4 h at 37 °C in
5 % CO2. After removing the supernatant, 100 pL of DMSO was added to
dissolve the formazan crystals, resulting in the formation of a purple-
colored product. The absorbance of this product was measured using a
Tecan plate reader at 570 nm. The cell viability was calculated as a
percentage of the absorbance in the treated cells compared with that of
untreated cells, as follows:

Viability (%) = (Ag - Ablank)/(Ac - Ablank) % 100

Where Ag is the absorbance of each group, A. is the absorbance of the
control group and Apjank is the absorbance of cell culture medium.

2.3.8. Cellular apoptosis assay

For apoptosis assays, 1 x 10° cells per well were seeded into 6-well
plates in two separate sets. One set was incubated in normal incubator
while the other was placed in hypoxic chamber for 48 h to induce
hypoxia. After the respective incubation periods, the cells were exposed
to EGFR Ab-siXBP1 NPs and EGFR Ab-siScr NPs maintained for an
additional 48 h within the hypoxic chamber. The treatment groups
consisted of control (cells only), cells treated with antibody-conjugated
siXBP1 loaded nanoparticles, and cells treated with antibody-conjugated
siScr-loaded nanoparticles. After 48 h of treatment, apoptosis was
quantified using the FITC Annexin V Apoptosis Detection Kit I (cat. no.
556547; BD Biosciences) following the manufacturer’s instructions.
Cells were harvested and washed twice with PBS. Subsequently, 1 x 10°
cells were resuspended in 100 pl of 1 x binding buffer (diluted with
ddH30), followed by the addition of 5 pl FITC and 5 pl PI to each tube.
The samples were incubated for 30 min at room temperature in dark-
ness. After staining, 500 pl of 1 x binding buffer was added to each tube
and analyzed by flow cytometry. Similar experiments were conducted
under non-hypoxic conditions.
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Table 3
Characterization of prepared PLGA lipid nanoparticles.

Journal of Drug Delivery Science and Technology 98 (2024) 105911

Samples

Particle size (nm) PDI Zeta Potential (mV) Entrapment Efficiency (%)

Blank PLGA lipid nanoparticles

Coumarin-6 loaded nanoparticles (C-6 NPs)

EGFP siRNA loaded nanoparticles (siGFP NPs)

EGFR antibody-conjugated Coumarin-6 loaded nanoparticles (EGFR Ab-C-6 NPs)
EGFR antibody-conjugated siXBP1 loaded nanoparticles (EGFR Ab-siXBP1 NPs)
EGFR antibody- conjugated siScr loaded nanoparticles (EGFR Ab-Scr NPs)

163 £+ 2.02 0.05 £+ 0.02 25.9 +0.25 -

186.08 £ 7.1 0.06 £+ 0.03 19.4 £ 0.37 73.37 £ 1.7
178.9 £ 9.2 0.05 + 0.02 14.2 +£0.15 94.92 + 2.9
209.2 +1.3 0.25 £ 0.03 —2.92 4+ 0.37 56.11 +£ 1.4
226.7 £ 8.7 0.35 £ 0.02 —3.08 +£ 0.17 82.96 + 2.4
208.9 +£ 4.5 0.14 + 0.05 —0.791 £ 0.14 83.45 +£ 2.8

3. Results
3.1. Preparation and characterization of nanoparticles

In this study, lipid polymer hybrid nanoparticles were prepared via
double emulsion solvent evaporation technique. The morphology of
prepared nanoparticles was evaluated under SEM. Fig. 1a revealed that
the blank nanoparticles had a spherical shape with an average size 150
+ 7.4 nm. From DLS measurements, the average size of blank nano-
particles, C-6 loaded nanoparticles and EGFP siRNA loaded nano-
particles was about 163 + 2.02 nm, 186.08 + 7.1 nm, and 178.9 + 9.2
nm, respectively (Table 3). These samples exhibited a positively charged
surface, and their low polydispersity index (PDI) indicated that they
were uniform in size and monodispersed.

To enhance the ability of the nanoparticles to target cancer cells, we
attached targeting molecules, EGFR antibody to the surface of the
nanoparticles. For conjugated samples, we observed a slight increase in
size, changing from 186.08 + 7.1 nm to 209.2 + 1.3 nm. There was also
a concurrent increase in PDI from 0.05 =+ 0.02 to 0.35 + 0.02 (Table 3).

DAPI Coumarin-6 Merged
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These changes fall within acceptable thresholds, indicating a homoge-
neous nanoparticle population [23]. In order to quantify the amount of
EGFR antibody conjugated with the nanoparticles, a colorimetric
Bradford protein assay was performed, with about 68.8 % of EGFR
antibody being successfully conjugated with the nanoparticles. This
finding closely aligns with other reported studies [24].

We further assessed the cargo loading efficacy of these nanoparticles.
As shown in Fig. 1b, there was a typical fluorescence peak at 505 nm
wavelength of the C-6 observed in C-6 loaded nanoparticles, indicating
the successful loading of C-6 within the nanoparticles. For C-6 NPs, the
entrapment efficiency was calculated to be 73.37 % (Table 3). For
conjugated nanoparticles, the entrapment efficiency was reduced to
56.11 % (Table 3), possibly attributed to losses incurred during the
secondary centrifugation step carried out after antibody conjugation.
Regarding siRNA, the highest loading efficiency of 94.92 % was
observed in siGFP nanoparticles. This could be attributed to the elec-
trostatic interactions between the positively charged lipid compound
and the negatively charged siRNA.
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Fig. 2. a) Confocal microscopic images of MDA-MB-231 cells after incubation with C-6 NPs and EGFR AB-C-6 NPs; The scale bar is 50 pm b) The mean ﬂuorescence

intensity of C-6 in MDA-MB-231 cells treated with C-6 NPs and EGFR AB-C-6 NPs measured by flow cytometry. Data represented as mean + s.e.m., (n = 3).

<0.0001.
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Fig. 3. a) XBP1 mRNA expression in normal and breast cancer cell lines.; b) XBP1 mRNA expression in MDA-MB-231 under hypoxic conditions; ¢) Western blot and
densitometric analysis of XBP1 protein expression in MDA-MB-231 cells under hypoxic conditions (d) Confocal microscopic images of HEK293-EGFP cells after the
treatment with 100 pg/ml of siGFP NPs, the scale bar is 50 pm; e) The mean fluorescence intensity of EGFP positive cells; f) XBP1 mRNA expression in MDA-MB-231
cells after treatment with 25 nM of naked siRNA, 200 ug/ml of EGFR Ab-siXBP1 NPs (contains 25 nM siRNA), 200 pg/ml of EGFR Ab-Scr NPs (contains 25 nM siRNA),
and siXBP1 with RNAiMax (25 nM). Data represented as mean + SEM; n = 3; **p <0.01; ***p <0.001; ****p <0.001.

3.2. In-vitro cellular uptake study

To achieve the targeting capability of our nanoparticles on TNBC
cells, we conjugated the nanoparticles with EGFR antibody. This
modification specifically targets the EGFR receptor, which is known to
be overexpressed in approximately 50 % of TNBC cells compared to
other breast cancer subtypes [25]. This strategy was reported an effec-
tive targeting tool for TNBC cells, leading to increased cellular drug
accumulation and enhanced treatment efficacy [26]. The targeting
capability of antibody conjugated nanoparticles was assessed by
comparing the cellular uptake of EGFR Ab-C-6 NPs and non-targeted C-6
NPs in MDA-MB-231 cells at different incubation times. Fig. 2a
demonstrated the higher C-6 fluorescence signal from the cells treated
by targeted nanoparticles compared with non-targeted ones. As shown
in Fig. 2b, the fluorescence intensity of C-6, measured via flow cytom-
etry, demonstrated approximately 1.26-fold and 1.45-fold higher values
for EGFR Ab-C-6 NPs compared to non-targeted counterparts at 1 h and
2 h incubation times, respectively. This enhanced internalization capa-
bility of targeted nanoparticles was probably attributed to the specific
affinity interaction between anti-EGFR antibody and overexpressed
EGFR on the surface of cancer cells.

3.3. Assessment on in-vitro EGFP and XBP1 knockdown via nanoparticles

We first assessed XBP1 gene expression in two breast cancer cell
lines, MDA-MB-231 and MCF-7, along with a normal breast cell line,
HMEC. As illustrated in Fig. 3a, a significantly higher XBP1 mRNA
expression was observed in MDA-MB-231 cells compared to MCF-7 and

HMEC cell lines. Existing literature indicates that hypoxia triggers the
activation of XBP1 expression, in conjunction with its co-regulator, HIF-
la, in TNBC tissues, thereby promotes cancer progression [10]. Thus, we
investigated the effect of hypoxia on XBP1 expression in MDA-MB-231
cells. As shown in Fig. 3b, XBP1 mRNA expression apparently increased
under hypoxic conditions, which was further supported by Western blot
analysis (Fig. 3c).

Following the confirmation of XBP1 gene expression levels in MDA-
MB-231, we evaluated the efficacy of gene knockdown using our
nanoparticles. We first validated the transfection feasibility of our
nanoparticles targeting EGFP in HEK293 cells. Fig. 3d demonstrates an
apparent decrease in EGFP fluorescence intensity in the cells treated
with 100 pg/ml of siGFP NPs for 24 and 48 h compared with the control.
Flow cytometry data further revealed reductions of 42.83 % and 72 % in
EGFP intensity at 24 h and 48 h post-transfection, respectively (Fig. 3e),
indicating the nanoparticles are capable of effectively suppressing the
EGFP gene expression. After confirming that our nanoparticles suc-
cessfully delivered EGFP siRNA in HEK293 cells, we further assessed the
transfection effectiveness of our formulation targeting XBP1 gene in
MDA-MB-231. As shown in Fig. 3f, the assessment of XBP1 mRNA
expression levels was conducted under various treatment conditions,
including EGFR Ab-siXBP1 NPs, EGFR Ab-Scr NPs, siXBP1 with RNAi-
Max and naked siXBP1 only. Among these treatments, we noted that
approximately 75 % reduction in XBP1 gene expression in MDA-MB-
231 cells at 48 h after treatment with EGFR Ab-siXBP1 NPs. By contrast,
the commercial transfection reagent (siXBP1 with RNAiMax) achieved
only around 30 % suppression of XBP1gene expression.
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Fig. 4. a) Cell viability of MDA-MB-231 cells after treatment with different concentrations of blank PLGA lipid nanoparticles; b) XBP1 mRNA expression in MDA-MB-
231 cells after treatment with 200 pg/ml of EGFR Ab-siXBP1 NPs and EGFR Ab-Scr NPs under hypoxic conditions; c) Western blot and densitometric analysis of XBP1
protein expression level after the same treatments; (d—i) FITC-Annexin V/PI flow cytometry plots of MDA-MB-231 cells after different treatments indicated in the
figures; (j) Represent % of dead cells based on flow cytometry plots. Data represented as mean + SEM; n = 3; *p <0.1; ****p <0.001.

3.4. Investigation of cellular apoptosis after the XBP1 gene knockdown

Before assessing the effect of XBP1 gene knockdown on cellular
apoptosis, we first examined the cellular toxicity of our nanoparticles in
MDA-MB-231 cells via MTT assay. As shown in Fig. 4a, no significant
change in cell viability was observed when treated with blank PLGA
lipid NPs at concentrations of 200 pg/ml (the concentration used for
gene delivery) and even at a higher concentration of 400 pg/ml,
compared with the control group. This observation indicates that our
nanoparticles are unlikely to adversely impact the viability of MDA-MB-
231 cells in our study.

As illustrated in Fig. 3c, hypoxia induces an upregulation in XBP1
protein expression levels. In line with this observation, we further
assessed the XBP1 gene knockdown efficacy of the nanoparticles under
hypoxic conditions, which are representative of the TNBC cell envi-
ronment. As shown in Fig. 4b, cells treated with EGFR Ab-siXBP1 NPs
demonstrated a significant reduction of approximately 90 % in XBP1
mRNA expression. Consistent with the decrease in mRNA levels, the
expression level of XBP1 proteins was also reduced, as illustrated in
Fig. 4c.

Furthermore, an apoptosis and necrosis assay were conducted to
determine the impact of XBP1 gene silencing on the cell death pathways.
As displayed in Fig. 4f and j, the cells treated with EGFR Ab-siXBP1 NPs
under normal conditions exhibited low-level apoptosis and necrosis,

only being 7 + 1.9 %. This indicated that XBP1 gene knockdown showed
negligible cytotoxicity to cancer cells under normal conditions. How-
ever, the higher percentage of dead cells was observed when the EGFR
Ab-siXBP1 NP treatment occurred under hypoxic conditions, being 34
+ 2.4 % (Fig. 4i and j). Correspondingly, the percentage of healthy cells
in this group reduced to about 66 + 2.6 %, compared to the control
group (98.37 + 1.2 %, Fig. 4j). Collectively, these findings suggest that
the percentage of dead cells following XBP1 gene knockdown increases
nearly threefold when cells are exposed to a hypoxic microenvironment
compared to normal conditions.

4. Discussion

TNBC, marked by the absence of ER, PR, and HER2 expression,
display insensitivity to endocrine therapy and HER2-targeted treat-
ments, which led to a major challenge in developing a safe and effective
treatment for TNBC [27,28]. Recent studies have discovered the critical
role of the unfolded protein response (UPR) regulator XBP1in fostering
tumorigenesis and recurrence specifically in TNBC, making it a potential
therapeutic target to treat TNBC [10]. The primary obstacle for targeting
XBP1 in TNBC cells was mainly focused on achieving both efficient gene
knockdown and specificity for TNBC cells [28]. To address this issue,
this study focused on developing and investigating the effectiveness of
PLGA lipid nanoparticles in knocking down XBP1 specifically in TNBC
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cells.

We successfully developed and characterized the lipid-polymer
nanoparticles. We optimized their size, zeta potential, and surface
morphology to ensure their suitability for targeted delivery. We ach-
ieved a high entrapment efficiency of siRNA in our nanoparticles, a
critical factor for effective gene silencing. Furthermore, the successful
conjugation of EGFR antibodies to these nanoparticles enables their
enhanced cellular uptake activity in TNBC cells, as demonstrated in
Fig. 2. This enhanced cellular uptake aligns with prior research report-
ing the effectiveness of EGFR-conjugated nanoparticles in targeting to
breast cancer cells [29]. Importantly, our findings in Fig. 4a demonstrate
that these nanoparticles did not induce toxicity in MDA-MB-231 cells.
This delivery system has demonstrated higher XBP1 transfection efficacy
in MDA-MB-231 cells compared with commercial alternatives (Fig. 3f).
These nanoparticles (25 nM) resulted in approximately 75 % XBP1 gene
knockdown in MDA-MB-231 cells at 48 h post-transfection, whereas
commercial transfection reagents achieved only around 30 % reduction
of XBP1 gene expression. These results were consistent with other re-
ported research, where approximately 80-85 % XBP1 gene knockdown
efficacy was achieved using antibody-conjugated siXBP1-loaded nano-
particles [30,31]. We particularly focused on the gene silencing efficacy
under hypoxic environment, a condition known to induce cancer cell
metabolic adaptation, survival, and therapy resistance [10]. Our results
revealed that our nanoparticles achieved a significant reduction in XBP1
mRNA expression of approximately 90 % even under the challenging
hypoxic environment (Fig. 4b).

Apoptosis is a crucial pathway leading to the cancer cell death spe-
cifically under hypoxic condition. We found out that XBP1 silencing did
not alter cell apoptosis under normal conditions (Fig. 4d-f), which aligns
with previously reported studies [30,31]. However, in hypoxic condi-
tions where XBP1 expression is upregulated (Fig. 3b), we noted a sig-
nificant increase in apoptosis upon XBP1 gene silencing, with nearly a
threefold increase in the number of apoptotic cells compared to nor-
moxic conditions (Fig. 4j). This observation is consistent with the find-
ings reported by another research group who investigated XBP1’s role in
tumor survival under hypoxia conditions [32].

5. Conclusion

To sum up, our study demonstrated the in vitro XBP1 gene silencing
efficacy by using the targeted nanoparticles loaded with siRNA, thus
promoting apoptosis in the challenging hypoxic conditions. These
findings provide a strong foundation for advancing a safe and innovative
TNBC treatment. Future investigations should prioritize in vivo studies to
validate the efficacy and safety of this approach, bringing it one step
closer to clinical applications.
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Abstract

Metastasis represents the leading cause of death in lung cancer patients. C- X- C
Motif Chemokine Ligand 8 (CXCL-8), Chemokine (C-C motif) ligand 20 (CCL-20) and
heme oxygenase -1 (HO- 1) play an important role in cancer cell proliferation and
migration. Berberine is an isoquinoline alkaloid isolated from several herbs in the
Papaveraceae family that exhibits anti-i nflammatory, anticancer and antidiabetic
properties. Therefore, the aim of present study is to investigate the inhibitory
potential of ber-berine monoolein loaded liquid crystalline nanoparticles
(berberine- LCNs) against cancer progression. Berberine- LCNs were prepared by
mixing berberine, monoolein and poloxamer 407 (P407) using ultrasonication
method. A549 cells were treated

with or without 5 uM dose of berberine LCNs for 24 hr and total cellular protein
was extracted and further analyzed for the protein expression of CCI-20, CXCL-8
and HO-1 using human oncology array kit. Our results showed that berberine-LCNs
significantly reduced the expression of CCI|-20, CXCL-8 and HO-1 at dose of 5uM.
Collectively, our findings suggest that berberine-LCNs have inhibitory effect on in-
flammation/oxidative stress related cytokines i.e. CCL20, CXCL-8, and HO-1 which

could be a novel therapeutic target for the management of lung cancer.
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