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ABSTRACT

Zerumbone (ZER) is an 11-membered crystalline sesquiterpene from the rhizome of Zingiber

zerumbet, which carries many beneficial properties, including anti-inflammatory and anti-

oxidant properties. In chronic obstructive pulmonary disease (COPD), zerumbone targets

several inflammatory and oxidative mediators released by broncho-epithelial cells and alveolar

macrophages in various pathways resulting in the suppression of the disease progression.

However, zerumbone has many several drawbacks such as low bioavailability, poor

gastrointestinal (GI) absorption and non-specific targeting of tissues and organs, all of which

limits the development of ZER as potential new drug formulation for the treatment of COPD.

Liquid crystalline nanoparticles (LCN) are novel drug delivery carrier that have tuneable

characteristics to enhance and ease the delivery of bioactive compounds. Loading ZER into

LCNs can potentially overcome the drawbacks of free ZER on its own. In this study, ZER-

LCNs were investigated for their ability to inhibit cigarette smoke extract induced

inflammation, oxidative stress and senescence (the main characteristics of COPD) through in

vitro study in human healthy bronchoepithelial cell line (BCiNS1.1) and mice macrophage

(RAW264.7). The study compared the biological activity of ZER-LCNs with pure ZER

powder. The results from this study indicated that ZER-LCNs had advantageous

physicochemical parameters including a sustained in vitro release as well as a high entrapment

efficiency. Additionally, the in vitro cellular studies showed that the ZER-LCNs had potent

anti-inflammatory and antioxidant properties in both the BCi-NS1.1 and RAW 264.7 by

regulating the genes and cytokines produced during inflammation and oxidative stress. The

broncho-epithelial cells treated with ZER-LCNs inhibited the senescence induced by cigarette-

smoke extract by regulating the gene and protein expression of p21 and p16 (a marker of

senescence). The research found that ZER-LCNs have superior biological activity compared

to free ZER against cigarette smoke extract induced oxidative stress, inflammation, and
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senescence. This suggests the unique tuneable characteristics of ZER-LCNs and promising

potential development for widescale pharmaceutical use. Additional in-depth studies involving

animal model or clinical studyon the mechanistic effect of ZER-LCN for its anti-inflammatory,

antioxidative and antisenescence properties is required to validate its potential to treat COPD.

Keywords: Zerumbone, liquid crystalline nanoparticles, monoolein, P407, anti-inflammatory,

antioxidant, entrapment efficiency, drug release.
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CHAPTER 1 INTRODUCTION

Lung inflammation has become a common cause of illness for many individuals, mainly caused

by toxins, chemicals, allergens, and other foreign antigens. The lungs play a crucial role as a

specialised organ that consistently interacts with the environment outside the human body by

conducting pulmonary respiration through gentle diffusion. Common symptoms of

inflammation to the lungs include difficulty breathing, shortness of breath, cough, and

discomfort when breathing. One of the main illnesses related to lung inflammation is COPD

which has been known to be a slow-developing but incurable and developed from the

complicated interactions between genes and the environment. The factor most prominently

contributing to the prevalence of COPD is toxins released by cigarette smoke, as observed in

Figure 1. Individuals who actively smoke are usually associated with the accelerated decline

of the FEV1 and have a higher chance of mortality than individuals who don't smoke. Concrete

understanding of the pathogenesis of COPD is still unclear. However, it is known that there is

an association with inflammation, decrease in immunity, oxidative stress, as well as protease

and anti-protease imbalance (2).

COPD can present itself in many forms, including airflow obstruction, inflammation, and

remodelling, mucus retention, and a reduction in the corticosteroid responsiveness (3). In

COPD, it is common to find patients with limited airflow that can easily lead to other diseases,

including respiratory failure or even pulmonary heart disease. Other common effects of COPD

can include the loss of alveolar structure that can lead to alveolar cell death and the destruction

of extracellular matrix of the lungs (4). This prevalence of the effects ofCOPD is usually rooted

from the activation of various inflammatory cells that release cytokines and mediators to be

able to alter the activities of other inflammatory cells as well as considering the many rather

complex cell signalling pathways (5).
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Currently, there are no existing drugs that have the ability to completely cure COPD, however,

most of the present ones target the airflow limitation to decrease further progression of the

disease. The use of bronchodilators and glucocorticoids are common types of treatment for this

disease, however, they are limited in use due to the fact that there are many adverse effects that

are related to it. With that in mind, there is a continuous search for new and innovative

therapeutic options that can reduce and hopefully eventually halt the progression of COPD as

a whole. Nutraceuticals are a common point to look at when discovering novel forms of therapy

for diseases as they usually carry many health benefits that can aid in the prevention as well as

treatment of illnesses. ZER is a type of functional food that can be found in traditional medicine

plants from hundreds of years ago. It is a promising drug for the treatment of various diseases

as it possesses toxicity safety and has found to have many beneficial properties including anti-

inflammatory (6), anti-cancer (7), antioxidative (8) and many others. Although carrying so

much potential, there has still not been much progress in bringing this drug to its

pharmaceutical potential and that is mainly due to its low drug bioavailability as well as limited

absorption into the body(9).

Recently, there is an increase in the study and interest in using nanotechnology and nanoscience

in identifying solutions for the challenges that are brought about by functional foods.

Nanocarriers are a delivery vehicle that can safely transport the bioactive compound without

affecting its pharmacological properties while improving certain aspects of these compounds.

These functional nanoparticles have the potential and high-performing ability to encapsulate

and protect bioactive compounds and provide many other benefits, including improving

bioavailability, solubility, and even the stability of the bioactive compound when in the body

(10). The combination of functional foods with nanoparticles can revolutionize the healthcare
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and pharmaceutical industry as the combination of the two can potentially introduce a large

number of novel drugs with little to no toxicity to the world of therapeutics.

This study focus on the therapeutic potential of ZER in the pathogenesis of COPD as it has

many beneficial properties. However, knowing the limitations of this functional food, the aim

will be aiming to pair it with a suitable nanoparticle that will improve the delivery method

while maintaining the drug's integrity and increasing its bioavailability and absorption in the

body.
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Adverse effects of cigarette-smoke on human physiology

Figure 1. The effects of cigarette smoke exposure and resulting alterations for local as well as
systemic immunitywhich leads to the development of inflammation as adapted from (1)
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CHAPTER 2 LITERATUREREVIEW

2.1 COPDAND CURRENTTREATMENT
COPD is estimated to have the third largest number of deaths worldwide. This condition has

severely damaged the livelihoods of many people worldwide as it has an average of 3 million

individuals who lose their lives to it each year (11). The likeliness and tendency of COPD

prevalence can be found much higher in individuals who smoke cigarettes and those aged 40

years and older. This comes as no surprise as a stick of cigarette has over 4500 toxins,

carcinogens, heavy metals, and mutagens which can easily get logged at various sites of the

lungs (12,13). Besides COPD, cigarette smoke induces several other issues such as

hypertension, increased susceptibility to microbial infections, poorer wound healing and many

others (14). As inflammation is a common homeostatic cellular response in the body, when

subjected to these various types of toxins, it is common to have these reactions to the

unwelcomed stimulants.

COPD tends to limit the airflow into the lungs by airway inflammation, remodelling, and

mucus retention (15), leading to symptoms such as wheezing, cough, difficulty breathing,

sputum production, dyspnea, and increased chest wall diameter, as well as progressive and

irreversible airway hyperresponsiveness. COPD consists of a mixture of chronic bronchitis and

emphysema (16). Chronic bronchitis is a form of inflammation caused by a lack of cilia due to

increased mucus secretion and the narrowing of bronchial tubes. Additionally, the emphysema

portion of the symptoms comes from the fact that there will be destruction of alveolar air sacs

by neutrophils and macrophages found in the internal environment such that the endothelial

cells remodel and also result in extravasations (17). This will results in the lungs inflammation

and concurrently cause tissue destruction, impair gas exchange, and reduce the absorption

capacityofthe lungs (18). In some cases, the inflammation in the lungs can become so bad that
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,

it may lead to other disease such as cardiovascular disease, and it may even worsen to become

lung cancer.

COPD is commonly caused by the interaction of genes together with environmental stimuli of

cigarette smoke. The pathogenesis of COPD is not fully known, however, over the years, the

data from previous studies have indicated that it is related to airway inflammation, oxidat ive

stress, decreased immunity as well as the imbalance of protease and anti-protease (2). COPD

is related to both innate and adaptive immunity. Therefore, the focus for researchers would be

to investigate the possibility of reducing the inflammatory condition and ways to decrease the

oxidative stress in the cells of patients with COPD as these methods have been good targets in

many other instances. According to the Paudel et al., some of the main inflammatory mediators

of cigarette smoking that can lead to inflammation are the tumor necrosis factor-alpha (TNF-

a), IL (interleukin)-6, IL-1 IL-8, nitric oxide and granulocyte macrophage colony-

stimulating factor (GM-CSF) which are released by the macrophages in the alveolar space

while the broncho-epithelial cells tend to release the IL-6, IL-1 and CXCL-8 (19).

Additionally, many other studies have also shown that cigarette smoke known to contain

tobacco causes human cells to undergo apoptosis, senescence, oxidative stress, and release

floods of cytokines and chemokines.

In the process of lung inflammation, there will usually be a reduction in the forced expiratory

volume (FEV1) of the lungs due to the inflammatory response and severe airway obstruction.

Simultaneously, the lung will also undergo tissue destruction, causing a decrease in airflow and

difficulty in conducting gaseous exchange. As there is an overall reduction in the ability to

exhale, it would also result in the increase of the carbon dioxide levels in the body. This may

also lead to pulmonary hypertension due to vasoconstriction from hypoxemia (20). To avoid
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high morbidity and mortality, COPD must be promptly diagnosed and treated. The main goal

of therapy should be effective management of the signs and symptoms and enhance the overall

quality of life by reducing exacerbations and reducing mortality.

For chronic cigarette smokers, one of the methods of managing COPD is by the cessation of

smoking. However, it has been observed that inflammatory responses continue post cessation.

This is mainly because, even after patients stop smoking, a small airflow obstruction may still

present that is caused by the increase of tissue volume in the bronchial walls and the

accumulation of inflammatory mucous exudates in the lumen (21). The increase in the

bronchial wall volume is due to the infiltration of macrophages and neutrophils from the innate

immunity and the infiltration of CD4, CD8, and B lymphocytes from the adaptive immunity

that will result in the production of lymphoid follicles (22). The lung epithelial cells play a

crucial part in the inflammation process as they release many cytokines and chemokines (23).

Additionally, with the prevalence of COPD, there is also oxidative stress in the lung tissue due

to the excessive formation of the ROS. ROS also has pro-inflammatory effects that tend to

worsen the prevalence of inflammation for COPD while activating several pathways related

to the inflammatory transcription in COPD (22). Other studies have also suggested that the

prevalence of oxidative stress can damage DNA, inhibit tissue repair (24), accelerate aging,

and cause senescence in the lung (25).

At this point, some of the treatments for COPD include the use of bronchodilators,

corticosteroids, steroids, and antibiotics which aim to make breathing easier by relaxing and

widening the airways (26). However, many of these treatments come with unwanted side

effects such as falling sick, headaches, insomnia, palpitations, weight gain, mood swings, and

osteoporosis. Moving forward, there is a need to find novelpharmacotherapies that can be used



21

for patients to best treat symptoms and prevent the worsening of COPD. It will be preferable

to find a potential treatment with a higher potency as this will allow the use of a lower dose

which can also result in lesser adverse effects to the individual using it.
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2.2 NUTRACEUTICALS AND ZERUMBONEASA FUNCTIONAL FOOD

Treatment of several illnesses for many generations before has been based on traditional

medicine. Although, in recent years, modern medicine has been widely used; however there

are many benefit-to-risk ratios that is not preferred by patients, including the side effects,

complexity of use, and cost. Today, many people still depend on natural compounds as ailments

to reduce and overcome various conditions. Zerumbone (ZER) is a crystalline, monocyclic,

naturally occurring phytochemical compound isolated in 1960 from the essential volatile oil of

the traditional plant known as Zinigiber zerumbet, which are edible wild gingers (27). This

plant is usually found where the climate is known to be hot and humid all year-round, including

regions such as Malaysia, India, Hawaii, China, Thailand, Indonesia, and Bangladesh. This

natural plant has been used to treat various illnesses, including inflammation, fever, asthma,

skin diseases, diabetes, and many others. Due to its ability to treat several illnesses, researchers

were interested to further investigate on its traditional medicine and identify the compound in

the ginger that exert potent biological activities, and they were able to isolate what is now

known as ZER.

ZER is a sesquiterpenoid with the molecular formula of C15H22O and a molecular weight of

218.3. As observed in figure 2, the structure of the ZER (2,6,9,9-tetramethyl-(2E,6E,10E)-

cycloundeca-2,6,10-trien-1-one) (28) consists of an 11-member ring structure, a double

conjugated carbonyl group, three double bonds at C6, C2, and C10 and lastly an a,β-

unsaturated carbonyl group (29) which all in all participates in its biological activity (13). The

structure of the ZER also results in properties such as being highly lipophilic, insoluble in water

(1.296 mg/L at 25oC) (30) but soluble in solutions such as ethanol. ZER has drawn the attention

of many researchers as it is known to have many beneficial biomedical properties, including

anti-inflammatory (31), antibacterial (32), antioxidant (33) , antipyretic, hepatoprotective (34)
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, antiproliferative (35), anticancer (36) as well as immunomodulatory activities amongst others.

In one study to investigate the anti-inflammatory effects of ZER, it was found that ZER was

able to inhibit and suppress the expression of nitric oxide (NO), IL-6, IL-1 , prostaglandin

E2 (PSGT2) as well as decrease the activity of iNOS, COX-2 and NF-KB which are all key

inflammatory factors in COPD (37). Following this, another study indicated the antioxidant

activity of ZER such that there was an increase in glutathione (GSH) levels as well as the

inhibition of thiobarbituric acid reactive substance (TBARS), which are directly related to the

peroxidation levels in the body (38).

Figure 2. Chemical structure of zerumbone (C15H22O) as depicted on ChemDraw.

Many traditional medicines have been attempted to be used for inflammatory lung disease.

However, many of them are limited in their effectiveness due to issues such as poor solubility,

low oral bioavailability as well as an inadequate delivery system (39). Certain drugs with poor

solubility will have limited transport following the oral or parenteral administration, and this

is mainly caused by the reduced drug concentration gradient of the body fluids at the injection

site or between the blood vessel and gut (40). ZER is no exception to this trend as it has poor

water solubility leading it to have a low absorption and reduced oral bioavailability thus having

a limited targeting for tissues and organs of interest (41,42). Keeping this in mind, new delivery

methods have been studied to be able to elevate the solubility of drugs like ZER, which are

usually found to be poorly soluble.
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2.3 OVERVIEWONDRUGDELIVERYUSINGNANOPARTICLES AND TRENDS IN
LUNG ILLNESSES

With the advancements in technology over the several years, researchers have advanced their

studies of nanoparticles and prompted the use of nanocarriers in the delivery of drugs.

Encapsulation systems with diameters that are lesser than 100nm are considered nano-sized

and offer multiple benefits when being used for treatments of illnesses. These high-performing

delivery tools can improve the characteristics of functional food extracts, including their

bioavailability, solubility, and circulation duration in the body (10). The factors considered

when studying the interaction and release of drugs and nanocarriers are the sustained-release

characteristics, penetration of various atomic barriers and stability as a very small size (43).

Additionally, the use of nanoparticles will improve the overall saturation solubilit y of poorly

soluble drugs, and dissolution rate of the drug which will be advantageous by increasing the

bioavailability. This mode of drug transport is also preferred due to the reduced systemic

toxicity and increased pharmacodynamic action (44). The market of using nanoparticles is

growing rapidly and many researchers are jumping on this bandwagon to discover the abundant

potential of this technology.

Previously, the use of solid lipid nanoparticles (SLN) was better known in the field of

nanocarriers. However, since the development of liquid crystalline nanoparticles (LCNs) more

researchers have refocused their study as it is a promising nanocarrier for various types of drugs

and routes for administration. The LCNs is a new second generation of the SLN, and both SLN

and LCNs have unique structural properties that carry the benefits of having low toxicity,

controlled release of drugs, nontoxic degradation, biodegradable matrix, high capacity of

loading lipophilic and hydrophilic drugs, low cost, and high ease to scale up (45). The LCNs

are made up of a solid lipid matrix mixed with liquid lipids such as oils and homogenized at

high pressure to produce a dispersion which has increased total lipid content available up to
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95% (46). The LCNs do have the added benefits of site-specific drug delivery system (47) and

much higher flexibility of drug loading and holding, which produces an advantageous result of

modulated drug release as well as long-term stability (48). They also have self-assembling

properties and can encapsulate drugs with various types of physical properties including

hydrophilic, hydrophilic or even amphiphilic which can be very beneficial in the drug

development process (49). Its ability to be tuneable allows it to accommodate many types of

drugs. This is mainly done using several mechanisms like absorption transporters, receptor-

mediated endocytosis and membrane fusing properties. Adding on to that, LCNs are more

preferred as they can be used for topical, oral, and intravenous forms of treatments.

The LCNs is formulated is by combining polar lipids and polar solvents as well as having a

stabilizer present. The resulting self-assembled structures are made up of bicontinuous cubic

(Q2), reversed hexagonal (H2), and less often, a discrete micellar cubic phase (I2) (50). There

is drug delivery limitations to the liquid crystalline structures, especially those in gel form, such

as high viscosity. With that in mind, sonication and mechanical alternatives have been used to

disperse the liquid crystalline phase to form submicron particles called LCNs with greater

properties over its initial phase, including a much larger surface area, and nano-size range of

administration as well as low viscosity. One of the main types of liquid crystal-forming lipid

is the glyceryl monooleate (monoolein, MO) which is an amphiphilic lipid mode of transport

for drug delivery. It carries many beneficial properties, including biodegradability,

biocompatibility, and much safer to use (50). Due to MO being able to cause hemolysis (50),

Poloxomer 407 (P407) is used as a stabiliser to improve the encapsulation and delivery of

drugs, especially in intravenous administration (52). As technology continues to advance, there

will be more functional foods and nanoparticle formulations in the near future. In fact, there

have already been some clinical trials other functional food formulations (Table 1).
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Looking for the right drug with enough anti-inflammatory and antioxidative activity is crucial

in curing COPD as it will be able to slow down and eventually halt premature cellular

senescence and inflammation. This study will focus on the therapeutic effect of Zerumbone-

loaded nanostructured lipid carriers (ZER-LCN) on inflammation using minimally

immortalised human airway epithelium-derived basal cells. The objective of this study will be

to produce the ZER-LCN followed by the determination of its physicochemical properties and

the anti-inflammatory effect on the basal cells.

Table 1. Table of functional food nanoparticle clinical studyon various diseases.

Functional
Food

Drug Delivery
involved/ type

Clinical Trial
Number

Description

Curcumin Curcumin
Nanoparticles

NCT02104752 The clinical study tested curcumin
nanoparticle's ability to improve
behavioural measures and biomarkers
of cognition and neuroplasticity in
schizophrenic patients (233).

Capsaicin Capsaicin
Nanoparticle

NCT01125215 This study aimed to test the efficacy
and safety of topical capsaicin
nanoparticle preparation for
individuals facing painful diabetic
neuropathy (234).
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2.4 PROBLEM STATEMENT, RESEARCHAIMANDOBJECTIVE

The research question for the objective of this study is explained as:

(i) Do the prepared nanoformulations of ZER regulate inflammatory mechanisms

in the human airway epithelium?

This project focuses on the therapeutic use of ZER, and its associated issues, such as low

bioavailability and water solubility that limit it from being a commonly used drug in

pharmaceuticals. This study looks at the use of nanoparticles as a form of drug carrier to better

transport ZER to aid for inflammation in the lung's cells. After studying the literature on ZER,

nanoparticles, and lung diseases, the hypothesis generated for this study was that the optimised

ZER-LCNs formulation would be able to have better characteristics than its free drug form

including a much higher drug solubility, longer and more sustained drug release, higher

entrapment efficiency as well as better anti-inflammatory, anti-oxidant, and anti-senescence

activity in vitro using specific cell lines.

Therefore, the primaryobjective of this study is to achieve two goals

 To develop, optimise, characterize and evaluate the liquid crystalline nanoformulation

of ZER

 To assess the anti-inflammatory, anti-oxidant, anti-senescence ability of ZER-LCNs

against human airway epithelium-derived basal cells and mice macrophage cells
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CHAPTER 3MATERIALS ANDMETHODS

3.1 CHEMICALAND REAGENTS

ZER (MW218.3) was purchased from Funakoshi Co., Ltd (originally produced by Adipogen

Life Science, Japan), Monoolein (MO, 1-oleoyl-rac-glycerol, MW 356.55 g/mol, purity

99.5%), Poloxamer 407 (P407) and Phosphate buffered saline (PBS) containing 137mM

sodium chloride, 2.7mM potassium chloride, and 10mM phosphate buffer were purchased from

Merck (Kenilworth, NJ, USA). Ultrapure water and reverse-osmosis (RO) purified water were

used in several studies. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyl tetrazolium bromide),

dimethyl sulphoxide (DMSO), dichlorodihydrofluorescein diacetate (DCF-DA), were

purchased from Merck. The Griess reagent kit (G7921) used for nitrite quantification was

procured from ThermoFisher Scientific, Waltham, MA, USA. Rabbit anti-p21 antibody

(2947S) and rabbit anti-p16 antibody (18769S) was purchased from Cell Signalling

Technology, Danvers, MA, USA. Beta galactosidase staining (X-gal) kit (ab102534) and goat

anti-rabbit Alexa Fluor 647 (ab150079) and goat anti-rabbit Alexa Fluor 488 (ab150077)-

conjugated antibody were purchased from Abcam, Cambridge, UK. All the solvents and

reagents used in the studywere of analytical research grade.
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3.2 SOLUBILITY ANALYSIS

For the solubility analysis, 10mg of ZER was added with 1mL of methanol to obtain a

concentration of 10000 µg/mL. This was then further diluted with methanol to obtain

concentrations of 10, 20, 30, 40, 50, 60, 70, and 80 µg/mL. The concentration of soluble ZER

in these samples were determined by measuring their absorbance at a wavelength (λ) of 249nm

using the UV-Vis. The optical density (OD) values of the samples were then plotted against

their concentration and the R2 value (greater than 0.99) as well as the graph equation was

obtained.

3.3 PREPARATION OFZER-LCNs

The ZER-LCN formulation was prepared by the ultrasonification method, and the formulation

composition, as specified in Table 2. The method was conducted by briefly heating MO at 60oC

in a water bath. ZER was then added into the glass vial containing the molten MO, then gently

shaken until it was completely dissolved. Simultaneously, P407 was added to water and heated

at 60oC in a water bath. After a brief period, the P407 that was dissolved in the water was added

to the ZER-MO mixture. After this, the coarse dispersion obtained was subjected to size

reduction by sonication for 5 minutes and using the ultrasonic cell pulverizer (Labsonic® P;

Sartorius) at amplitude 80 and 5-s on and 5-s off-cycle.

Table 2. Formulation composition of blank LCN and ZER-loaded LCNs.
Formulation
code

Formulation composition (%w/w)
MO P407 Distilled Water ZER

Blank-LCN 4.00 0.40 95.60 0.00
ZER-LCN 4.00 0.40 95.58 0.02
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3.4 PHYSIOCHEMICAL CHARACTERIZATION

The physiochemical parameters such as nanoparticles diameter (nm), polydispersity index

(PDI) and zeta potential/surface charge (mV) of the ZER-LCN were determined by dynamic

light scattering (DLS) and electrophoretic light scattering techniques using NanoS90-Zetasizer

(Malvern Instruments, Worcestershire, UK) in capillary cuvettes (DTS1060; Malvern

Instruments) at 25 °C.

3.5 ENTRAPMENTEFFICIENCY (EE)

0.1mL of ZER-LCN was added to 0.9mL of methanol to obtain 1.0mL of sample. The

absorbance of total ZER (free ZER+ZER entrapped in LCNs) in the sample was measured

using the UV-Vis method at λ=249nm. The concentration of total ZER in the sample was

calculated by comparing the absorbance against the standard curve obtained from the solubility

analysis (Figure 3). In order to obtain the concentration of free ZER (non-entrapped ZER) in

the ZER-LCN formulation, 2mL of the sample was transferred to the Amicon® Ultra-4

centrifugal filter device (molecular-weight-cut off: 10,000 g/mol; Merck Millipore Ltd., Cork,

Ireland), and centrifuged for 15 min at 2800xg, 25 °C to separate the free drug from ZER-

LCNs. The supernatant was collected and the absorbance was measured using the UV-Vis

method at λ=249nm. The concentration of free ZER in the supernatant was calculated by

comparing the absorbance against the standard curve obtained from solubility analysis (Figure

3). The entrapment efficiency (%EE) was calculated using the following equation.

%EE = Total ZER concentration - Total free ZER x 100%
Total ZER concentration
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3.6 IN VITRORELEASE STUDY

The release profiles of ZER from ZER-LCN formulations were observed using the static

dialysis method dialysis tubing cellulose membrane; molecular-weight-cut-off: 14,000 g/mol;

Merck). By using the quantification of absorbance, the amount of drug released was tested

while being immersed in PBS (pH7.4). The dialysis bags were soaked in water prior to use and

were then filled with 1mL of ZER-LCN sample before being clamped at both ends and

submerged in 20mL of PBS (pH 7.4) in a 50mL centrifuge tube. The samples in the centrifuge

tubes were then submerged into a water-bath at 37°C (SW22 Julabo, shaken horizontally at 50

strokes per min), thus mimicking the intestinal milieu. Then, 1mL of each sample were drawn

from the tubes at intervals 1, 2, 3, 6, 9, 12 and 24 h. Every time 1mL of sample was drawn, the

same volume was replenished with PBS to ensure that the volume is remained constant. The

concentration of ZER in the drawn samples were quantified by measuring absorbance using

UV-spectrometry and comparing against the standard curve (Figure 3).

The cumulative released percentage ofZER was calculated using the equation:

Cumulative drug release (%) =
CiV + Ve (C9i− 1) + C(i− 2) +⋯ . +C1T

 100

Where by Ci represents the ‘i'th sampling concentration of ZER (µg/mL), V is the total the

volume of release medium (mL), Ve is the sampling volume (mL), and T is the total mass of

ZER present in nanoparticles (µg).
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3.7 CELLCULTURE

For the in vitro experiments, minimally immortalized human airway epithelium derived basal

cells (BCi-NS1.1) were obtained from R. G. Crystal (Weill Cornell Medical College, New

York, USA) and RAW264.7cell were purchased from ATCC, USA. BCi-NS1.1 cells were

grown on a bronchial epithelial basal media with growth supplement (Lonza) and RAW264.7

cells were grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 5-

10% fetal bovine serum, 1% antibiotic mix (penicillin and streptomycin) in humidified 5%

CO2 incubator. The cells were frequently checked for mycoplasma contaminations and the

following experiments were conducted byonlyusing the mycoplasma-negative cells.

3.8 PREPATION OFCIGRETTE-SMOKE EXTRACT (CSE)

For the preparation of CSE, reference cigarette 3R4F was procured from Kentucky University,

USA. One cigarette was burned and the cigarette smoke produced was bubbled through 10mL

of PBS producing the 100% CSE which was then pass through 0.22 filter and then diluted

to 5% CSE. In order to achieve uniformity, each time the 100% CSE was produced freshly.

The freshly prepared CSE were treated to the cells no later than 30 minutes frompreparation.

3.9 CELL-VIABILITY ASSAY

The MTT colorimetric assay was used to determine the toxicity caused by CSE and ZER-

LCNs on the BCi-NS1.1 and RAW 264.7 cells. For each cell line were seeded separately at

10,000 cells/well in a 96-well plate. Cells were then incubated overnight at 37oC for

attachment. They were pre-treated with or without pure ZER or ZER-LCNs (at final

concentrations 2.5, 5, 10, 25 for 1h, followed by the exposure to the 5% CSE for a

duration of 24 hours. After the 24 hours, 10 L of the MTT solution (5mg/mL stock) was

added to each well separately and incubated for another 4 hours. The culture media was then
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taken out and the remaining formazan crystals that were produced by the enzymatic activity

of the living cells on MTT were dissolved with 100 L of the dimethyl sulfoxide. Using a

microplate reader (POLARstar Omega, purchased through BMG LABTECH Pty. Ltd.,

Victoria, Australia) at 540nm, the absorbance of the purple-coloured product was measured.

Following this, the viability of the control cells was standardised to 100% and then the

viability for cells treated with ZER-LCN and 5% CSE was calculated.

3.10 MEASUREMENTOFTOTALCELLULAR REACTIVE OXYGEN SPECIES

3.10.1 Measurement with fluorescence plate reader

RAW 264.7 cells were seeded in a black 96-well plate and incubated overnight prior to the

treatment. The cells were pre-treated with pure ZER or ZER-LCNs (final concentrations of 5

and 10 M) for 1 h, followed by treatment with 5% CSE for an additional 24 h. 10 M

DCF- DA was added into each well and the plate was incubated for 30 min in dark

environment.

The fluorescence intensity was calculated using the FLUOstar Omega at excitation

wavelength of 488 nm and the emission wavelength of 525 nm (53).

3.10.2 Fluorescence Imaging

RAW 264.7 cells were cultured using a cover slip on 6-well plate. The cells were then pre-

treated for 1 h with 5 and 10 M of pure ZER or ZER-LCNs following with exposure of the

5% CSE for a duration of 24 h. The cells were then washed twice with PBS and left in a dark

environment for 30 min with 10 DCF-DA. The cells were washed with PBS and

immediately fluorescence images were captured at 20× magnification using fluorescence

microscope (Zeiss Axio Imager Z2, Oberkochen, Germany) (53).
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3.11 HUMANCYTOKINES PROTEIN ARRAY

In a 6-well plate, the BCi-NS1.1 cells were pre-treated with or without various concentration

of the pure ZER or ZER-LCNs at 10 M followed by 5% CSE for a duration of 24 h. RIPA

lysis buffer was used to lyse and extract the total cellular protein in each well. The protein

concentrations were then quantified using PierceTM BCA protein assay kit (catalogue 23225,

Thermo Fisher Scientific) according to manufacturer's protocol. Each group used an equal

amount of protein to produce blots using the R&D Systems Proteome Profiler Human XL

Cytokine Array Kit (R&D Systems, Minneapolis, MN, USA) based on the directions

provided by the manufacturer.

3.12 NITRICOXIDE (NO) ASSAY

Using the Griess reagent method, the NO production was determined in the RAW 264.7 cells.

The cells were seeded in 96-well plate and pre-treated with different concentrations of the

pure ZER or ZER-LCNs formulation at 5 and 10 followed by the 24 h exposure to 5%

CSE. 100 L of the culture supernatant media was taken out and added to the 100 L Griess

reagent (1:1 ratio). Using the FLUOstar Omega Reader, the absorbance was measured at 540

nm to obtain the optical density of the colour product. The amount of nitrite in the

supernatant media was calculated by comparing the absorbance data against the standard

curve of NaNO3

3.13 REALTIME qPCR

In a 6-well plate, the RAW 264.7 cells and BCiNS1.1 cells were cultured and grown

separately. The cells were pre-treated with or without pure ZER or ZER-LCNs at 10 M for

1h followed byexposure to 5% CSE for an additional 24 h. The cells were lysed with TRIzol
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for the isolation of total RNA. Following this, using reverse transcription of RNA (200ng) the

cDNA was synthesised. The cDNA was then processed using the real-time quantitative PCR

analysis to identify the gene expression measurement (Table 2). Then the gene expression

was measured using 2−[∆∆]Ct to correlate with the relevant genes (54).

3.14 X-GALSTAINING

In the glass cover slip of 6-well plate , the BCiNS1.1 cells were grown. The cells were pre-

treated for 1 h with pure ZER or ZER-LCNs at the concentration of 10µM, which was then

followed up by the 24 h exposure to 5% CSE. After which, the cells were washed with PBS

and followed by the addition of the fixative solution (supplied in the kit, ab102534) at room

temperature for a duration of 10 min. Using a staining mixture (staining solution, staining

supplement, and X-gal), the cells were then stained overnight at 37 °C inside the incubator.

This was then followed by transferring the cover-slips from the plates onto a glass slide. Images

were then captured using a Zeiss Axio Imager Z2 microscope at 20×magnification

3.15 IMMUNOCYTOCHEMISTRY OF p21AND p16

In the glass cover slip of 6-well plate , the BCiNS1.1 cells were cultured. The cells were pre-

treated for 1 h with pure ZER or ZER-LCNs at the concentration of 10µM, which was then

followed up by the 24 h exposure to 5% CSE. After which, the cells were washed with PBS

and followed by fixing using 4% paraformaldehyde for 10 min, permeabilised with 0.5% Triton

X-100 for 30 min, blocking with 1% bovine serum albumin for another 30 min. Then using a

1:800 dilution, the cells were incubated with anti-p21 or anti-p16 (Cell Signalling Technology)

overnight at 4 °C and followed the next daywith goat antirabbit Alexa488 (for p16) and Alexa
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647 (for p21) at a dilution of 1:1000 for a duration of 1 h. Then the cover slips were mounted

with fluoro mount containing 4',6-Diamidino-2-phenylindole (DAPI) which were used for

nuclear staining. This was then followed with images of cells that were taken with Zeiss Axio

Imager Z2 microscope (Oberkochen, Germany) at a magnification of 40×, and mean

fluorescence intensitywas quantified using Image J software

3.14 STATISTICALANALYSIS

The results were presented as mean ± SEM. The statistical analysis was performed by 1-way

ANOVA followed by Dunnett's or Tukey's multiple comparison test using the Graph Pad

Prism software (version 9.3). The p < 0.05 was considered statistically significant.
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CHAPTER 4 RESULTS

4.1 PREPARATION AND PHYSIOCHEMICAL CHARACTERISATION OF ZER-
LCN FORMULATION

Based on the solubility analysis, it was found that the lambda max for ZER was at 249nm.

After which a concentration against absorbance study was conducted and a graph was

developed from it which indicated that the absorbance increased in a linear concentration

dependent manner as observed in Figure 2. The linear equation of y = 0.0347x + 0.0276 and

an R2 value of 0.9996 was obtained from the graph which indicates that there is a strong and

significant correlation. After which, ZER-LCNs were prepared, the resulting product displayed

a white-pigmented viscous liquid. As seen in Figure 3., the TEM analysis which functioned to

show the surface morphology of the formulation showed that the LCNs without ZER had clear

cuboidal particles and the similar morphological results were observed when ZER was added

into the LCNs. Both samples showed less than 200nm in size, which indicated positive results

to the mean particles size measurement as the smaller the particle size, the better the targeting

ability of the drug delivery system.

The mean diameter of ZER-LCN was determined to be 180.6 ± 3nm with all formulations

showing a narrow PDI of less than 0.4 while also being negatively charged. Adding on to that,

high entrapment efficiency was also observed for the ZER-LCN formulation at 90.63 ± 0.13%

together with a prolonged release over a duration of 24 hours. Besides that, the results for the

in vitro release test shown in Figure 4. suggested that the ZER-LCN formulation had a greater

amount of drug release in comparison to the free ZER. It was also observed and confirmed that

ZER-LCN was also able to produce a drug release over a prolonged period, which in this study

was up to 24 hours. However, it was observed that there was an initial quick and rapid release

which was eventually followed by a plateau at about slightly more than 80% in the ZER-LCN

in comparison to the free ZER which plateaued at around 60%.
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Figure 3. Graph of absorbance against concentration (mcg) ofZerumbone

Figure 4. The analysis of the surface morphologies as visualised on the transmission electron
microscopyat 0.5 m(HitachiHT7700 high resolution TEM; Hitachi, Chiyoda, Tokyo, Japan).
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Figure 5. The in vitro release studyof free ZER (control) and ZER-LCN.

ZER-LCN
Control
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4.2 ZER AND ZER-LCNs EFFECTON 5%CSE INDUCED RAW264.7 CELL LINE

4.2.1 Cell viability assay of pure ZER and ZER-LCNs treatment on RAW 264.7 cells

Various doses of ZER-LCNs were tested for the viability and toxicity studyon RAW264.7 as

shown in Figure 6. For this cell line, the use of ZER-LCNs at a concentration of 2.5, 5 and

10 M were safe, however, at a concentration of 25 M it was observed that the ZER-

LCNsbecame toxic and significantly reduced the cell viability in the cell line. With that in

mind, thefollowing studies were conducted at ZER-LCNs concentration of no more than

(A) (B)

Figure 6. The effect of free zerumbone and ZER-LCNs on RAW264.7 cell viability. Cell
viability was quantified by MTT colorimetric assay by measuring the absorbance of purple
formazan at 540 nm. (A) Treatment of free zerumbone on RAW264.7 cells, (B) Treatment of
ZER-LCN on RAW 264.7 cells. ** p < 0.01, *** p < 0.001 vs control (without
zerumbone/zerumbone-NP and 5% CSE treatment). Values are expressed as mean ± SEM, n =
3 independent experiments. Analysis was performed with one-way ANOVA followed by
Dunnett's multiple comparison test. CSE: Cigarette smoke extract; Zerumbone-NP:
Zerumbone-liquid crystalline nanoparticles

10 M.

Zerumbone-LCN (M)
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(A) 5%CSE +ZER 5M 5%CSE +ZER 10M

(B)
5%CSE + ZER-LCN 5M 5%CSE + ZER-LCN 10M

Zerumbone-LCN (M)

4.2.2 Inhibition of CSE-induced ROS generation in RAW264.7 Cells by ZER-LCNs

The results from the fluorescence intensity study showed that the RAW264.7 cells exposed to

5% CSE for 24 hours substantially increase the ROS production by >2.4-fold in comparison

to the control group as observed in Figure 7. After treatment with both free ZER and ZER-

LCNs at concentrations of 5 and 10 M respectively, both treatments were able to decrease

the ROS generations. However, ZER-LCNs showed a substantial decrease in the ROS

generationin comparison to free ZER. Similarly, fluorescence imaging showed that the ZER-

LCN significantly lowered the ROS intensity shown by the green fluorescence in comparison

to freeZER as well as the 5% CSE alone.

Figure 7. Effect of pure ZER and ZER-LCNs on ROS production in RAW264.7 cells. (A)
Measurement of fluorescence intensity and imaging for the pure ZER, (B) Measurement of
fluorescence intensity and fluorescence imaging for the ZER-LCN. #### p<0.0001 vs control
(without 5%CSE), *** p < 0.001, **** p < 0.0001 vs 5%CSE (without zerumbone/zerumbone-
NP). Values are expressed as mean ± SEM, n =3 independent experiments. Analysis was
performed with one-way ANOVA followed by Dunnett's multiple comparison test. The
fluorescence imaging were taken with Zeiss Axio Imager Z2 microscope at 20× magnification.
CSE: Cigarette smoke extract; Zerumbone-NP: Zerumbone-liquid crystalline
nanoparticles.4.2.3 Inhibition ofNO production in RAW264.7 Cells by ZER-LCNs
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4.2.3 Inhibition of NO Production in RAW264.7 Cells by ZER-LCNs

The RAW264.7 cells treated with 5% CSE for a duration of 24 hours resulted in an

approximate 3-fold increase of nitrite level in the cells as compared to the control (in the

absence of CSE). In addition to that, it was observed that the ZER-LCNs formulation and free

ZER was able to significantly decrease the level of nitric oxide at both concentrations of 5 and

10 M as observed in Figure 8. However, it was also observed that the ZER-LCN was able to

significantly reduce the concentration of nitric oxide more than the free ZER at both 5 and

(A) (B)

Figure 8. Effect of (A) free zerumbone and (B) ZER-LCNs on NO production in RAW264.7
cells. NO production was quantified in terms of nitrile with Griess' reagent by measuring
absorbance at 540 nm. #### p<0.0001 vs control (without 5%CSE), **** p < 0.0001 vs 5%CSE
(without zerumbone/zerumbone-NP). Values are expressed as mean ± SEM, n =3 independent
experiments. Analysis was performed with one-way ANOVA followed by Dunnett's multiple
comparison test. CSE: Cigarette smoke extract; Zerumbone-NP: Zerumbone-liquid crystalline
nanoparticles.

.

10 M.

Zerumbone-LCN (M)
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4.2.4 Anti-inflammatory genes present from qPCR of RAW264.7 cell lines

Some of the main inflammatory cytokines involved in COPD inflammation due to cigarette

smoking include the IL-1 IL-6 as well as the TNF- (53). The results for this study

indicatedthat the RAW264.7 cells that were exposed to 5%CSE had a substantial increase in

the inflammatory cytokines as seen in Figure 9A (IL-1 , 2-fold), Figure 9B (TNF- , 1.7-fold),

and Figure 9C (IL-6, 2.9-fold) in comparison to the untreated control group. With the

treatment offree ZER at 10 there was a significant decrease in the IL-1 , however, an

even greater decrease in this cytokine was observed when the ZER-LCNs was used as the

treatment. For theTNF- , both the free ZER and ZER-LCNs were able to reduce the amount

of this cytokine significantly and equally when tested at a concentration of 10 M.

Additionally, for the IL-6, both the free ZER and ZER-LCNs was able to reduce the IL-6

significantly, but with greater effect from the ZER-LCNs.

It was also observed that there was an increase in the PSGT2 which is a product of the

cyclooxygenase (COX)-2. These mediators cause greater airflow limitations in COPD patients.

On the other hand, the 5-lipoxygenase (5-LOX) also contribute to inflammation of COPD, thus

inhibiting it would result in the possibility of preventing airway inflammation as well as

decreasing oxidative stress. The results suggested that, during the duration that the cells were

exposed to 5% CSE there was a substantial upregulation of the COX-2 and 5-LOX as observed

in Figure 9D and 8E respectively when compared to the control group. It was also observed

that when the cells were treated with 10 M of free ZER and ZER-LCN, both were able to

reduce the amount of COX-2, but with greater effect from the ZER-LCN. However, when

tested for 5-LOX, both did not show any significant difference.
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(D)

(A) (B)

Zerumbone-LCN ( Zerumbone-LCN (

Zerumbone-LCN ( M) Zerumbone-LCN ( M)

Zerumbone-LCN ( M)

Figure 9. The inflammatory-related gene expression of (A) IL-1 , (B) TNF- , (C) IL-6, (D)
PSGT2 and (E) 5-LOX upon being exposed to 5% CSE followed by treatment of 10 M free
zerumbone and ZER-LCNs respectively in RAW264.7 cell lines.. ## p<0.01, ### p<0.001, ####

p<0.0001 vs control (without 5%CSE), ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs 5%CSE
(without zerumbone/zerumbone-NP). Values are expressed as mean ± SEM, n =3 independent
experiments. Analysis was performed with one-way ANOVA followed by Dunnett's multiple
comparison test. CSE: Cigarette smoke extract; Zerumbone-NP: Zerumbone-liquid crystalline
nanoparticles.

M)
(C)

(E)
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4.2.5 Antioxidant genes present from qPCR of RAW264.7 cell line

The antioxidant factors that also take part in the prevalence of COPD was also tested. Gpx2 is

a common antioxidant enzyme, and it is commonly seen this enzyme significantly increase

during oxidative stress as it is trying to compensate the many toxic oxidants that are generated

by the cigarette smoke. As seen in Figure 10A, the results indicated that the 5% cigarette smoke

did increase Gpx2, however, both the free ZER and ZER-LCNs at 10 M were unable to

reducethe amount of Gpx2. Additionally, other antioxidant factors including the NQO1 and the

GCLCwere also measured. There was an approximate increase of 3.5-fold in the NQO1 when

the RAW264.7 cells were treated with 5% CSE. However, when the same cells were tested

with 10 M free ZER and ZER-LCNs respectively, it was observed that there was a decrease

in thelevels of NQO1, with a much greater decrease observed for ZER-LCNs as observed in

Figure 10B. Lastly, the GCLC factor was also investigated, whereby when the cells were

exposed to 5% CSE, the levels of GCLC significantly reduced. As observed in Figure 10C,

when the cellswere then treated with 10 M free ZER and ZER-LCNs, the free ZER was able

to increase theamount of GCLC greater than the ZER-LCNs.
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(A) (B)

Zerumbone-LCN ( M) Zerumbone-LCN ( M)

Zerumbone-LCN ( M)

Figure 10. The expression of oxidative-stress-related genes (A) GPX2, (B) NQO1 and (C)
GCLC upon treatment with free zerumbone and ZER-LCNs on RAW264.7 cells. #### p<0.0001
vs control (without 5%CSE), *** p <0.001 vs 5%CSE (without zerumbone/zerumbone-NP).
Values are expressed as mean ± SEM, n =3 independent experiments. Analysis was performed
with one-way ANOVA followed byDunnett's multiple comparison test. CSE: Cigarette smoke
extract; Zerumbone-NP: Zerumbone-liquid crystalline nanoparticles.

(C)
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4.3 ZER AND ZER-LCN EFFECT ON BCi-NS1.1CELL LINE

4.3.1 Cell viability assay of ZER-LCN treatment on BCiNS1.1 cell line

Various doses of ZER-LCNs were tested for the viability and toxicity study on BCi-NS1.1 cell

line as shown in Figure 11. ZER-LCNs was used at a concentration of 2.5, 5, 10 and 25 M

and it was observed that at 2.5, 5 and 10 M the cells were safe, however, at a concentration

of 25 it was observed that the ZER-LCNs became toxic and significantly reduced the cell

viability in the cell line. With that in mind, the following studies were conducted at ZER-LCN

concentration of no more than 10

Zerumbone-LCN ( M)

Figure 11. The effect of free zerumbone and ZER-LCNs on BCi-NS1.1 cell viability. Cell
viability was quantified by MTT colorimetric assay by measuring the absorbance of purple
formazan at 540 nm. (A) Treatment of free zerumbone on BCi-NS1.1 cells, (B) Treatment of
ZER-LCNs on BCi-NS1.1 cells. . **** p < 0.0001 vs control (without
zerumbone/zerumbone-NP and 5%CSE treated). Values are expressed as mean ± SEM, n =3
independent experiments. Analysis was performed with one-way ANOVA followed by
Dunnett's multiple comparison test. CSE: Cigarette smoke extract; Zerumbone-NP:
Zerumbone-liquid crystalline nanoparticles.

(A) (B)
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4.3.2 Anti-inflammatory genes present from qPCR of BCi-NS1.1 cell line

The main inflammatory cytokines which were the IL-1β, IL-6, and TNF-a were studied. After

exposure to 5% CSE, these cytokines were found to have significantly increased in the BCi-

NS1.1 cells as observed in Figure 12A (IL-1β, 5-fold), Figure 12B (TNF-a, 2.5 fold) and Figure

12C (IL-6, 2.2 fold). After which, the cells were treated respectively with ZER and ZER-LCNs.

For all the cytokines IL-1β, TNF-a and IL-6 it was found that both the ZER and ZER-LCNs

was able to reduce the respective cytokines, with ZER-LCNs being able to decrease it more in

all the cases. However, the most substantial decrease was in the TNF-a, followed by IL-6 and

lastly the IL-1β. Adding on to that, the effects of ZER and ZER-LCNs on PGST2 and 5-LOX

in the BCi-NS1.1 cells was studied as both of these mediators significantly contribute to

inflammation. For PGST2, the 5% CSE increased the production of PGST2 by almost 6-folds

as observed in Figure 12D, and once treated with ZER and ZER-LCNs, it significantly

decreased with the greater effect from ZER-LCNs. However, as seen in Figure 12E, similar to

the RAW 264.7cells, there was no significant effect on the 5-LOX genes when treated with

both ZER and the ZER-LCNs.
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(A) (B)

Zerumbone-LCN ( M) Zerumbone-LCN ( M)

Zerumbone-LCN ( M) Zerumbone-LCN ( M)

Zerumbone-LCN ( M)

Figure 12. The inflammatory-related gene expression of (A) IL-1 , (B) TNF- , (C) IL-6,
(D) PSGT2 and (E) 5-LOX upon being exposed to 5% CSE followed by treatment of 10 M
free zerumbone and ZER-LCNs respectively in BCi-NS1.1 cell lines. #### p<0.0001 vs control
(without 5%CSE), * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001 vs 5%CSE (without
zerumbone/zerumbone-NP). Values are expressed as mean ± SEM, n =3 independent
experiments. Analysis was performed with one-way ANOVA followed by Dunnett's multiple
comparison test. CSE: Cigarette smoke extract; Zerumbone-NP: Zerumbone-liquid crystalline
nanoparticles.

(D)(C)

(E)
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4.3.3 Antioxidant genes present from qPCR of BCi-NS1.1 cell lines

The BCi-NS1.1 cells were also tested for the same antioxidant genes as highlighted in

RAW264.7 cell line. There was a 5-fold in GPX2 when 5% CSE was introduced to the cell

line. As observed in figure 13A, the treatment with ZER only slightly decreased the GPX2,

however, ZER-LCN was able to substantially decrease the amount of GPX2 gene expression.

Adding on to that, the NQO1 gene was increase when exposed to 5% CSE, however both the

ZER and the ZER-LCN was not able to decrease the expression of this gene based on Figure

13B. Lastly, when 5% CSE was exposed to the BCi-NS1.1 cell line, the GCLC gene expression

in Figure 13C was decreased. ZER was able to slightly increase the production of this gene,

and ZER-LCN was able to bring back the GCLC level back to its original amount.
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(A) (B)

Zerumbone-LCN ( M) Zerumbone-LCN ( M)

(C)

Zerumbone-LCN ( M)

Figure 13. The expression of oxidative-stress-related genes (A) GPX2, (B) NQO1 and (C)
GCLC upon treatment with free zerumbone and ZER-LCN on BCi-NS1.1 cells..# p<0.05, ####

p<0.0001 vs control (without 5%CSE), * p < 0.05, **** p < 0.0001 vs 5%CSE (without
zerumbone/zerumbone-NP). Values are expressed as mean ± SEM, n =3 independent
experiments. Analysis was performed with one-way ANOVA followed by Dunnett's multiple
comparison test. CSE: Cigarette smoke extract; Zerumbone-NP: Zerumbone-liquid crystalline
nanoparticles.



52

M

4.3.4 Senescence genes present from qPCR of BCi-NS1.1 cell lines

The effects of ZER and ZER-LCNs to halt the senescence induced by 5%CSE was also tested

on BCiNS1.1 cell line using senescence associated X-gal staining (figure 14A),

immunofluorescence staining of p16 (figure 14B), p21 (figure 14C), and genes expression of

antiaging SIRT1 gene (figure 14D), and senescence markers CDKN1A (p21) (figure 14E) and

the CDKN2A (p16) (figure 14F). The exposure of 5% CSE to the BCiNS1.1 cells resulted in

the X-gal positive blue staining of senescent cells while treatment of pure ZER and ZER-LCNs

at 10 decreased the number of X-gal positive cells (figure 14A). Similarly, the both

protein(fluorescence staining) and gene (qPCR) expression of p16 and p21 was upregulated

by 5%CSE while, pure ZER and ZER-LCNs significantly decreased the expression of p16

(figure14 B and 14F) and p21 (figure 14C and 14E). Comparatively, the effect of ZER-LCNs

was superior to the pure ZER. However, there was no changes in the expression of SIRT gene

expression by 5%CSE, pure ZER, and ZER-LCNs (figure 14 D).

(A)
ZER 10M

ZER-LCN 10M
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ZER 10M ZER-LCN 10M
(B)

(C) ZER 10M ZER-LCN 10M
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(D) (E)

Zerumbone-LCN ( M) Zerumbone-LCN ( M)

(F)

Zerumbone-LCN ( M)

Figure 14. The effect of 5% CSE-induced senescence on BCi-NS1.1 cell line followed by
treatment of zerumbone and ZER-LCNs on (A) X-gal staining. (B) Immunofluorescence
staining of p16/Alexa488, (C) Immunofluorescence staining of p21/Alexa647. The
microscopic image was taken with Zeiss Axio Imager Z2 microscope at 20× magnification.
Relative gene expression of (D) SIRT1, (E) CDKN1A and (F) CDKN2A. CSE: Cigarette
smoke extract; Zerumbone-NP: Zerumbone-liquid crystalline nanoparticles. ## p<0.01, ####

p<0.0001 vs control (without 5%CSE), * p < 0.05, ** p < 0.01 vs 5%CSE (without
zerumbone/zerumbone-NP). Values are expressed as mean ± SEM, n =3 independent
experiments. Analysis was performed with one-way ANOVA followed by Dunnett's multiple
comparison test. CSE: Cigarette smoke extract; Zerumbone-NP: Zerumbone-liquid crystalline
nanoparticles.
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4.3.5 Inflammatory cytokines protein array for BCi-NS1.1 cell line

An inflammatory cytokines protein array kit was also used to identify other proteins that may

play a role in the inflammatory response of COPD in BCi-NS1.1 cell lines. In all experiments,

the cells were subjected to 5% CSE and it was observed that there was an increase in all the

inflammatory genes that were being tested. As seen in Figure 15A, the introduction of ZER did

not decrease the CSF3 G-CSF expression, however, ZER-LCN did significantly reduce this

gene expression. Following which, the gene expression of IL-15, TARC, CD31, Mip-1alpha,

Mip-3alpha and RANTES were tested with ZER and ZER-LCN as seen in Figure 15B – Figure

15G. All the gene expressions showed a similar trend whereby both ZER and ZER-LCN were

able to reduce the level of gene expression, however, ZER-LCN had greater effect on all the

expressions respectively. Lastly, the expression of Thrombospondin-1 was tested and both

ZER and ZER-LCN showed about equal levels of reduction in the gene expression as seen in

Figure 15H.
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(A) (B) (C)

Zerumbone-LCN ( M) Zerumbone-LCN ( M) Zerumbone-LCN ( M)

(D) (F)
(E)

Zerumbone-LCN ( M) Zerumbone-LCN ( M)

(G)

Zerumbone-LCN ( M)

(H)

Zerumbone-LCN ( M) Zerumbone-LCN ( M)

Figure 15. The Expression of cytokines in human cytokine protein array. (A) CSF3 G-CSF,
(B) IL-15, (C) TARC, (D) CD31, (E) Mip-1alpha, (F) Mip-3alpha, (G) RANTES and (H)
Thrombospondin-1 uponthe treatment with zerumbone and ZER-LCN onBCi-NS1.1 cell line.
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CHAPTER 5 DISCUSSION

ZER has many beneficial activities which put it in line as a potential therapeutic agent for the

treatment of COPD. However, despite its promising pharmacological benefits there are several

limitations to its use and thus preventing it from clinical use. These limitations include poor

water solubility, low bioavailability, poor absorption as well as inability to successfully reach

specified tissues and organs. To overcome these shortcomings, pharmaceutical formulations

using nanoparticles have been suggested and developed for a better and more effective drug

delivery system for ZER as an anti-inflammatory agent in COPD. In this study, the formulation

of ZER using the monoolein (MO)-based LCN technology was successfully produced by

dissolving the drug into the MO and then adding it to the chosen solubilizer which was P407.

MO or also known as glyceryl monooleate is an amphiphilic molecule that is generally

recognised as safe (GRAS) status by the FDA. It can self-assemble itself in environments that

are made of aqueous surrounding because of intermolecular forces, thus allowing it to produce

a liquid crystalline structure that consist of hydrophobic and hydrophilic sections inside of the

lipid core (55). MO has rather low cytotoxicity when used in nanoparticles in previous studies

(56,57) in comparison to phytantriol-based LCN (58). However, MO does have the tendency

to cause haemolysis when distributed through the intravenous route. Therefore in order to

reduce the likeliness of this occurring, it was proposed that the addition of P407 stabiliser

would be useful as it can play the role of giving steric stabilisation and coverage to the outer

surfaces of the dispersed colloidal particles. This would in turn also reduce the immediate

exposure ofMO to the red blood cells (59).

The mean diameter of LCN is usually between 70 to 130nm (60). Whereas, the ZER-LCN had

a mean diameter of 180.6 ± 3nm which also corresponds with the addition of ZER into the

formulation thus slightly increasing the overall mean size. Additionally, the PDI obtained for
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the ZER-LCN were all negative values of less than 0.4 which indicates that the sample had low

polydisperse and an overall more uniform sample (61). Additionally, high entrapment

efficiency was also observed for the ZER-LCN formulation at 90.63 ± 0.13%. The entrapment

efficiency is known as the difference between the initial drug and the free drug in the

supernatant with respect to the total amount added into the nanoformulation (62). The in vitro

drug release study is an important study for the identification of the efficacy, safety as well as

the quality of nanoparticle-based drug delivery systems (63). The results suggested that the

ZER-LCN was able to release a larger amount of drug in comparison to pure ZER.

Additionally, a sustained release of the drug for over 24 hours was observed and this prolonged

release is an added benefit as it ensures that patients would reap the benefits of the drug for a

longer period as well as being able to reduce the frequencyof the drug consumption.

One of the main aims of this research is to identify the beneficial pharmacological

characteristics of ZER-LCN. The results showed that in this study, ZER-LCN was able to

exhibit anti-inflammatory, antioxidant and antisenescence activities against the cigarette-

smoke-induced inflammation and oxidative stress in RAW264.7 as well as BCiNS1.1 cells

lines. Adding on to that, the gene and protein expression related to the exposure of 5% CSE

was tested to identify the mechanism behind the protective activity of the ZER-LCNs on the

cells. Over several years, researchers have opted to look for alternatives of synthetic medicine

as many of them come with rather severe limitations including unable to reach right target sites,

high cost of production, difficult route of administration as well as unwanted side effects. With

that in mind, the lookout for potential plant-based remedies have been on the list of therapeutic

alternatives to explore in recent years. Although, many of these plant-based biocompounds or

also known as nutraceuticals have tremendous benefits, however using it in its pure natural

form does pose its challenges including having low oral bioavailability, a much lower ability

to be absorbed into the intestine as well as a fast rate of elimination from the body amongst
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other limitations. With that in mind, the use of nanotechnology has been suggested to overcome

some of these limitations as the combination of the two could show even better

pharmacological activities and therapeutic abilities. Therefore, with the application of

nanotechnology, the design for the encapsulation of pure ZER compounds into LCNs and have

been proven to show positive and potent in vitro biological activity.

CSE-induced inflammatory response can cause inflammation in the lungs and will lead to other

diseases including more serious illnesses like cancer (64). When lung cells face inflammation

there will be an increase in the number of macrophages in the airways as well as the alveolar

septa and cavities (65). Previous studies, have indicated that airway inflammation can lead to

the release of many mediators and cytokines such as IL-1β, IL-6, and TNF-a by the human

broncho-epithelial cells and macrophages (66). The macrophages play a very crucial role in the

host defence system as they can phagocytose chemokines as well as pathogens. They

simultaneously also release anti-inflammatory mediators to enhance tissue repair and prevent

inflammation (67). In the current study, the strong anti-inflammatory activity of ZER-LCN was

caused by the inhibition of cytokines and other mediators in both BCi-NS1.1 cells as well as

the RAW264.7 cells lines. The RAW 264.7 cells are rooted from Abelson leukaemia virus

transformed cell lines which are derived from BALB/c mice. They show the appropriate

characteristics to be used in this study as they can perform pinocytosis and phagocytosis thus

mimicking monocytes and macrophage-like cells (68). Additionally, the BCi-NS1.1 cell line

is rooted from the airway epithelium human airway basal cells (BC) which is a multipotent

progenitor population. These cell lines mimic the normal lung cells such that they are only able

to divide for a limited number of times before theymove into a state of replicative senescence.

Once entering this state, it prevents the cells from establishing any long-term replicative culture

with the original phenotype, thus indicating some form of mortality which is also observed in

the human cell life cycle (69). To identify the best concentration of formulation for both the
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cell lines, they were treated with several concentrations of free ZER and ZER-LCN to observe

their viability. Both cell lines, showed viable cells up to the concentration of 10 M of free

ZERand ZER-LCN. At a concentration of 25 M, it was observed that there was a reduction

in the number of cells for both cell lines. With this information, all test moving forward were

conducted at a maximum of 10 M to ensure that the cell were constantly in an optimised

culture and overall conducive experimental conditions.

Looking into the RAW264.7, it was observed through the qPCR analysis that ZER-LCN

exhibited very beneficial anti-inflammatory activity due to its ability to inhibit the gene

expression of IL-1β, IL-6, and TNF-a and in most cases even more substantially than ZER on

its own. Additionally, when treated with 5% CSE there was an increase in the PGST2, but

when treated with ZER-LCN, it resulted in the decrease of the PGST2. PGST2 is a crucial

bioactive lipid that is produced by the cyclooxygenase (COX)-2 enzyme and it has a large range

of pharmacological effect on inflammation and cancer thus it can be used as a potential anti-

inflammatory target (70). COX-2 is a common rate-limiting enzyme that is found in the

prostanoid pathway which has been considered a key component in the airway inflammation

of COPD (71). The 5-LOX marker which is also relevant in the pulmonary inflammation and

contributes to the production of proinflammatory leukotrienes through the metabolism of

arachidonic acid (72). However, this study did not show any changes in the amount of 5-LOX

when it was treated with ZER-LCN. Adding on to that, nitric oxide (NO) is a key signalling

molecule in the pathogenesis of inflammation in the body. In the situation of inflammat ion,

NO is considered a pro-inflammatory mediator as it is over produced, therefore an inhibition

of NO is crucial as a form of therapeutic management in diseases related to inflammation (73).

The results for ZER-LCN on RAW264.7 cells showed a notable reduction of NO production

in the cell, with more exemplary results compared to ZER on its own.
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In addition to that, oxidative stress happens when the amount of reactive oxygen species (ROS)

in the body exceeds the usual antioxidant defences. The ROS production is significantly

increased in lung illnesses usually because of respiratory burst of neutrophils, phagocytes or

additional endothelial cells throughout the process of inflammation (74). The results from this

study showed antioxidant ability for ZER-LCN, as it was able to reduce the total ROS

production in the RAW264.7 cells. Usually in the cells, the ROS induced by CSE are overcome

by the defence systemwhich includes the work ofGCLC, GPX-2, HO-1 and NQO1. The action

is such that the GCLC is able to catalyse the production of glutathione (GSH) and at the same

time GPX-2 is able to catalyse the neutralisation of ROS when it converts GSH to GSSG (75).

In addition to that the NQO1 and HO-1 are also an added protection towards the ROS and the

ROS-mediated oxidative harm (76). It has been observed that the exposure of CSE to cells can

substantially upregulate the Gpx2 gene expression as it acts as a compensatory mechanism in

the fight against the cigarette smoke oxidant (77). The study did show an increase in the Gpx2

gene expression when exposed to 5% CSE, however, there was no reduction in the expression

with treatment of ZER-LCN. Additionally, the Nqo1 gene is another common gene in both

mice and humans that get upregulated in lung tissues when exposed to cigarette smoke (78). In

fact in one study tested on the bronchial epithelial cells the Nqo1 gene was upregulated by

5.73-fold when exposed to 5%CSE for a duration of 18 hours (79). Similarly, this study showed

an upregulation of the Nqo1 gene by almost 3.5-fold when the RAW264.7 cells were exposed

to 5% CSE for 24-hours. When these cells were treated with ZER-LCN it was observed that,

there was a notable decrease in the expression of the Nqo1 gene which was greater than

treatment of free ZER. Besides the Nqo1 gene, the Gclc gene which is another important

antioxidant gene was also tested. This gene was found to be downregulated in the presence of

5% CSE and subsequently increased when treated with ZER-LCN.
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Similar test were conducted on the BCi-NS1.1 cell lines, whereby it was observed that there

was an upregulation of the inflammatory cytokines gene expression IL-1β, IL-6, and TNF-a

when subjected to 5% CSE. After which all cytokines showed substantial reduction, even more

than ZER on its own when treated with ZER-LCN. Other inflammatory mediator gene

expression such as the PGST2 and 5-LOX were also tested for the same reasoning as in

RAW264.7 cell lines. There was an upregulation for the PGST2 gene when exposed to 5%

CSE but then decreased when treated with ZER-LCN. There were no notable positive results

when it came to 5-LOX as the gene expression did not reduce when treated with ZER-LCN. A

protein array for the inflammatory cytokines was also conducted where several other triggers

for the pathogenesis of COPD was identified. Firstly is the cytokine for granulocyte-CSF (G-

CSF) which has been linked to COPD such that without the presence of G-CSF the is a notable

decrease in airway inflammation as well as lung tissue destruction and many other benefits

(80). Additionally, the IL-15 cytokine as it plays a crucial role in the COPD inflammation such

that it amplifies the type 1 immune response in the respiratory epithelial cells (81) as well as

the thymus and activation-regulated chemokine (TARC) which acts as a biomarker for

predicting the decline in pulmonary function (82). The CD31 gene expression or also known

as the platelet endothelial cell adhesion molecule (PECAM-1) plays an vital role during the

endothelium repair process in COPD patients (83) whereas the chemokines such as MIP-

1alpha, MIP-3alpha and RANTES are usually found to be upregulated in patients with COPD,

thus advocating the idea that they contribute to their respective receptor as a part of the

pathogenesis of this disease (84). Lastly, thrombospondin-1 is an important mediator for the

pathogenesis of COPD, in fact in one study it was found that the expression of TSP-1 in

individuals with smoking history was associated with the obstruction and the impairment of

the ventilatory pathway (85). In this study, the exposure of the BCi-NS1.1 cells to 5% CSE did

significantly increase all the cytokines that have been mentioned, however, once treated with
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ZER-LCN, it was observed that all these mediators were notably decreased. In fact, in most

cases, except for thrombospondin-1, ZER-LCN was able to reduce these cytokines better than

pure ZER.

In terms of the anti-oxidative activity on the BCi-NS1.1 cell line, the gene expression was

observed on the GPX2, GCLC and NQO1. Then exposed to 5% CSE, the GPX2 and NQO1

gene expression was upregulated, however, ZER-LCN was only able to reduce the gene

expression in GPX2 but substantially more than ZER on its own. When tested for GCLC gene

expression, the 5% CSE reduced the amount of the gene expression but the ZER-LCN was able

to bring it back to its optimal pre-CSE exposure gene levels.

To identify the effects of ZER and ZER-LCN on senescence, an additional study that was

conducted on the BCi-NS1.1 cell line which was the X-gal staining, immunofluorescence

staining for p16 and p21 as well as testing the senescence markers. The antisenescence activity

of a potential drug can be tested by observing its markers p21 and p16 (86) expression as well

as targeting antiaging molecules including SIRT (87). The SIRT plays a crucial role in

protecting the cell again oxidative stress, maintain and promote DNA stability as well as

regulation of glucose and lipid metabolism thus relating it to having association to age-related

pathologies (88). Moving forward, senescence is a multistep process which require many

mediators, of which two key factors are p21 and p16. The upregulation of these factors will

contribute to the terminal stages of growth arrest in the senescence activity (89). For the X-gal

staining, a positive blue result was shown when the BCiNS1.1 cells were exposed to 5% CSE

which was then substantially reduced when treated with ZER and ZER-LCNs. Following that,

the fluorescence staining which was indicative of the protein p16 and p21 was upregulated

when exposed to 5% CSE but then significantly reduced when treated with ZER and ZER-

LCNs. Lastly, it was found that when exposed to 5% CSE, the CDKN1A (p21) and CDKN2A

(p16) gene expression were increased. However, when treated with ZER-LCN, all three gene
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expressions were decreased. However, the gene expression results showed no difference in the

SIRT expression when subjected to 5% CSE, ZER or even ZER-LCN. It is also important to

note that all results showed that ZER-LCNs had greater and more superior effects compared to

ZER on its own.

Overall, it can clearly be seen that formulating ZER into LCNs poses much greater

pharmacological and biological benefits in comparison to free ZER on its own. The potent

biological activities of ZER-LCN prove that it is able to overcome many of the unfavourable

characteristics of pure ZER using the nanoformulation method. However, this study did have

its limitations, for example, all the work was mainly based on in vitro analysis. Additionally,

there are also various other cell lines in the lungs that can be studied for the therapeutic potential

of ZER-LCN on COPD such as goblet cells, fibroblast and even the tracheal smooth muscle

cells.
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CHAPTER 6 CONCLUSIONS AND FUTUREWORK

From this study, it has clearly been elucidated that there are many benefits to the

nanotechnology-based approach in formulating ZER into LCNs such as having potent in vitro

anti-inflammatory, antioxidant, antisenescence activity as well as the ability in slowing down

the progression of airway inflammation towards the RAW264.7 and BCi-NS1.1 cell lines. The

formulation of ZER into LCN was able to improve the physiochemical parameters and

enhanced the stability, efficacy as well as the cellular uptake ability. The anti-inflammatory

action of ZER-LCNs was mainly observed in the inhibition of IL-1β, IL-6, and TNF-a gene

expression as well as the reduced production of NO. The antioxidant activity was shown by the

reduction and inhibition of total cellular ROS and the gene regulation of Gpx2 and GCLC

whereas the antisenescence was observed in the reduction of SIRT1, CDKN1A and CDKN2A

gene expression. Moving forward, it would be useful and compelling to conduct in vivo

biological analysis of ZER in the LCN formulation through the inhalation delivery method in

experimental mice model with COPD that have been instigated by cigarette smoke. Using an

animal model would also allow us to determine the long-term safety, pharmacokinetics, herb-

drug complexities and many other factors as these plays a pivotal part in determining toxicity

and the bioavailability of drugs.
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APPENDICES

Appendix A1. The analysis of the surface morphologies as visualised on the transmission

electron microscopy at 20nm (Hitachi HT7700 high resolution TEM; Hitachi, Chiyoda, Tokyo,

Japan).



73

BIODATAOFAUTHOR

Dvya Delilaa Clarence (Ms.) graduated from Monash University Malaysia in November 2019

with Bachelor of Science (BSc) double majoring in Medicinal Chemistry and Biotechnology.

Her studies focused mainly on the different areas of chemistry such as organic chemistry,

inorganic chemistry, learning different instruments for chemical analysis, biotechnology

applications, genetics as well as genomics. She always carried leadership roles throughout her

education years, including being head prefect in her high school senior year as well as being

the co-founder and vice president of the Rotaract club in Monash University Malaysia.

Throughout her education after graduating high school, she has taught tuition to students aged

7-17 years, for subjects including chemistry, biology, science and maths. Once completing her

MSc course, Dvya intends to continue her education in nanotechnology within the lines of

pharmaceutical science if given the opportunity.


