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Abstract

Conventional treatment methods to treat lung cancer include radiation therapy, chemotherapy,
and immunotherapy. However, they cause severe adverse effects and recurrence risk. 18-f-
glycyrrhetinic acid (18-B-Gly), a naturally occurring bioactive compound extracted from the
liquorice plant has demonstrated anticancer potential by suppressing cancer cell growth,
angiogenesis, and metastasis. Although 18-B-Gly possesses potential therapeutic abilities, the
application of 18-B-Gly into clinical practices is hindered due to its inferior physicochemical
characteristics such as poor bioavailability and low water solubility. Poly lactic-co-glycolic acid
(PLGA) is a synthetic polymer with great tuneable options for a nano-drug delivery system
used for various diseases, including cancer. Formulating 18-B-Gly into PLGA has helped to
overcome challenges imposed by the poor physicochemical characteristics of 18-B-Gly. For
this research, 18-B-Gly-PLGA was tested for its anticancer ability using A549 human lung
adenocarcinoma lines found in lung cancer. Findings showed that 18-B-Gly-PLGA has
favourable physicochemical characteristics, such as sustained in vitro drug release and good
entrapment efficiency. 18-B-Gly-PLGA was also able to inhibit 15% and 50% proliferation of
AS549 cells at 2.5uM and 50uM respectively and 28% inhibition of A549 cell migration at SuM
concentration. Oncogenes such as KRTIS, EGFR, BRAF and KRAS were significantly
downregulated by 43%, 19.3%, 14.7% and 13.7% respectively as part of the anticancer effects
and the underlying mechanism of 18-B-Gly-PLGA. Significant reduction in the expression of
cancer proliferation and migration-associated proteins such as receptor tyrosine-protein kinase
ErbB2, survivin, macrophage colony-stimulating factor and mesothelin was also observed. The
findings of this study demonstrate the promising potential of 18-B-Gly-PLGA as a potential

anticancer agent.
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1. INTRODUCTION

Lung cancers are the leading cause of malignancy-related morbidity and mortality globally [1].
Small-cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) are two subtypes of
lung cancer based on cell origin [2]. In 2018, GLOBOCAN data indicated that globally, lung
cancers have the highest incidence among all other cancers with 2,094,000 new cases reported.
Lung malignancy caused approximately 1.76 million deaths worldwide in 2018, or put simply,
18.4% of all cancer-related deaths [3]. In men with a history of cigarette smoking, lung cancers
are common and they have a higher risk of developing lung cancer than females [4]. Women
and individuals without a history of smoking are more likely to develop adenocarcinoma,
which is characterised by the tumor being located at the lung periphery and the presence of
targetable driver mutations in the epidermal growth factor receptor (EGFR), anaplastic
lymphoma kinase (4LK), B-type rapidly accelerated fibrosarcoma (RAF) kinase (BRAF), and

ROS proto-oncogene 1, receptor tyrosine kinase (ROST) genes [5].

The multiple underlying mechanisms through which lung cancer forms involves several genetic
and epigenetic alterations, most notably the activation of tumor-promoting pathways and the
suppression of tumor-suppressor pathways [6]. Lung cancer tumorigenesis, like other cancers,
is linked to the activation of growth-promoting proteins such as v-Ki-ras2 Kirsten rat sarcoma
viral oncogene homolog (KRAS), EGFR, BRAF, mitogen-activated protein kinase kinase-1
(MEK-1), ErbB2 receptor tyrosine kinase 2 (HER?2), receptor tyrosine kinase (MET), MET
proto-oncogene, ALK, and rearranged during transfection (RET) as well as the inactivation of
tumour suppressor genes such as tumor protein p53 (p53), phosphatase with tensin homology
(PTEN) and serine/threonine kinase 11 (LKB-1) [6-10]. Keratin 18 (KRT8) has been proposed

to play an important part in the signalling pathway that regulates important cellular activities



such as growth, motility and death [11]. The upregulation of KRT'18 is significantly linked to

poor prognosis, recurrence, lymph node metastasis as well as distant metastasis [11].

Lung cancer cell proliferation and migration also involve over-expression of several proteins
such as ErbB2, heme oxygenase-1 (HO-1), macrophage colony stimulating factors (M-CSF),
mesothelin, platelet derived growth factor AA (PDGF-AA) and survivin. ErbB2, a tyrosine
kinase receptor which is involved in cell proliferation, is over-expressed in lung cancer [12].
HO-1 overexpression is mainly seen in NSCLC where the protein enhances migration and
invasiveness ability of cancer cells when exposed to high sugar level [13]. M-CSF commonly
seen in lung cancer cells, plays a significant role in stimulating tumour invasion [14].
Mesothelin is greatly involved in epithelial to mesenchymal transition (EMT) and stemness in
lung cancer [15]. PDGF-AA is a protein which regulates expression of vascular endothelial
growth factor (VEGF) and the overexpression of this protein is important for cancer
angiogenesis [16]. Survivin, a type of protein involved in preventing apoptosis, is crucial in
cancer cell proliferation [17]. ENNP2-Autotaxin is a secreted glycoprotein that catalyses the
extracellular production of lysophosphatidic acid (LPA). The over-expression of this protein is
related to an increase in angiogenesis and metastasis [7]. One of the strategies to control cancer
cell proliferation is by inducing cell death through apoptosis or necroptosis pathway [18, 19].
Among death-receptor-induced necroptosis, the protein kinase receptor interacting protein
kinase 1, 3 (RIPK1, RIPK3) and the mixed lineage kinase domain-like (MLKL) constitute the
core part of necroptosis pathway [19]. RIPK function has a crucial role in different pathways
of death receptor signalling, such as the activation of NF-kB and MAP (mitogen activated
protein) kinases, and the induction of apoptosis and necroptosis [19]. We have previously
shown that NF-xB decoy oligonucleotide possess antiproliferative activity against lung cancer
cells by inducing apoptosis through overexpression of RIPK1, RIPK3, and MLKL gene [20].

Thus, an ideal medication should target the aforementioned cell signalling pathway involved



in cancer progression as such as cancer cell proliferation, migration, survival, apoptosis, and

angiogenesis.

Currently, there is a lack of medications that can absolutely cure lung cancer, although the
treatments that are available mostly target neoplastic cells at the proliferation and migration
level [21]. Chemotherapy, radiotherapy, and immunotherapy are the main types of treatment
[22]. However, their usage is restricted because of the numerous associated side effects and the
issue of affordability due their high cost. In light of this, researchers are constantly looking for
novel therapeutic approaches that can slow down and, ideally, mitigate and halt the progression
of lung cancer. Numerous phytoceuticals elicit strong in vitro anti-cancer activity and include
berberine [23-28], curcumin [29], rutin [30], naringenin [31], boswellic acid [32], nobiletin
[33], zerumbone [34], as well as plant extracts such as agarwood oil [35] and polyherbal
formulation [36]. Another promising phytoceutical that demonstrates great potential as an anti-
cancer agent is 18-B-glycyrrhetinic acid (18- B-Gly) [37]. 18-B-Gly, originally extracted from
glycyrrhizic acid/glycyrrhizin from the liquorice plant, has been used in traditional medicine
for centuries due to its therapeutic effects [38]. 18-B-Gly possesses beneficial attributes such
as anti-neoplastic, anti-inflammatory, anti-oxidant, and anti-bacterial properties [39-41].
However, despite all the potential shown by 18-B-Gly, it has some undesirable physicochemical
properties which include poor bioavailability and low water solubility, thereby restricting its
therapeutic application [42]. As such, physiochemical parameter enhancement strategies are
needed to improve the bioavailability of 18-B-Gly. Therefore, the rationale for encapsulating
18-B-Gly acid into poly lactic-co-glycolic acid (PLGA) nanoparticles is to overcome all these

physiochemical hurdles and to enhance its biological activity.

In recent years, there is increasing interest in utilising nanotechnology to overcome the
challenges that are brought by nutraceuticals [43, 44]. The benefits of using nanocarriers

include safely carrying bio-active compounds without affecting pharmacological effects that



these compounds might possess while simultaneously improving the bio-active
physicochemical characteristics [45]. Other advantages of utilising functional nanoparticles
include improving the stability of the compound in vivo [46, 47]. There are three categories of
nanomaterials which include polymeric, lipid-based as well as inorganic nanocarriers.
Polymeric micelles, polymersomes, polymeric nanogels, polymeric nanocapsules and
dendrimers are examples of polymeric nanocarriers (PNCs) [48, 49]. The United States Food
and Drug Administration (FDA) has generally deemed the synthetic polymer, (PLGA) to be
safe for use in drug nano-formulations for the treatment of pulmonary diseases [50]. When
creating nanodrug delivery systems to remedy various ailments, PLGA is commonly the
material of choice. PLGA particles are used in the treatment of cancer [51], diabetes [52],
prevention of infections [53], and as anti-inflammatory [54]. Water and carbon dioxide are the
main PLGA by-products, and these substances are quickly eliminated via the body's citric acid
cycle [55]. Favourable biocompatibility, biodegradable nature, adaptive degradation, and
controllable mechanical properties are just a few of the advantageous characteristics that PLGA
demonstrates. Surface modification can alter the hydrophobic properties of PLGA, enhancing
the biological activity of the formulations. When employed in animal models, drug-loaded
PLGA nanoparticles showed good stability and sustained drug concentration in the blood for a
longer period of time [56]. PLGA nanoparticles have the potential to treat a number of lung

disorders in an efficient manner.

In this study, the first aim was to encapsulate 18-B-Gly using PLGA to prepare nano-
formulations. The prepared nano-formulation was characterized for specific physicochemical
parameters which include particle size, zeta potential, polydispersity index, entrapment
efficiency, and in vitro release. The second aim was to test the in vitro efficacy of 18-B-Gly
nano-formulation against human lung adenocarcinoma cell lines (A549). This study shows the

huge potential of 18-B-Gly as a viable option for lung cancer treatment.



2. MATERIALS AND METHODS
Chemicals and Reagents

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide), Dulbecco’s Modified
Eagle’s Medium (DMEM) media, antibiotics mix (10,000 unit/ml of penicillin and 10 mg/ml
of streptomycin), phosphate buffer saline (PBS), trypsin, reagents related with RNA extraction,
cDNA synthesis, crystal violet, dimethyl sulfoxide (DMSO) and hematoxylin/eosin (H/E)
staining solutions were purchased from Sigma-Aldrich, Missouri, St. Louis, United States of
America (USA). Proteome Profiler Human XL oncology array kit was purchased from R&D
systems, Inc. a Bio-Techne brand (Minneapolis, USA). 18-B-Gly, 97%, Resomer RG 504 H
(PLGA), Resomer RG 752 H (PLGA), dichloromethane (99.8%), acetone (99.9%) and
poloxamer 407 were procured from Sigma-Aldrich, Missouri, St. Louis, United States of
America (USA). In this investigation, all the solvents and reagents utilized were analytical

research grade.
Solubility analysis

For the solubility analysis, 10 mg of 18-B-Gly was added to ImL of methanol to obtain a
concentration of 10000 pg/mL. This was then further diluted with methanol to obtain
concentrations of 10, 20, 40, 60, and 80 ug/mL. The soluble 18-B-Gly concentration in these
samples were determined by measuring their absorbance at a wavelength (1) of 248nm using
the UV-visable spectroscopy. The optical density (OD) values of the samples were then plotted
against their concentration and the R? value (greater than 0.99) and the graph equation was

calculated.
Preparation of 18-p-Gly encapsulated PLGA nanoparticles

Nanoparticles were synthesized using the adapted emulsion-evaporation method [57]. Five mL

of dichloromethane and acetone (dichloromethane/acetone 3/2) were used to dissolve 50 mg of



PLGA to produce a well-mixed PLGA solution (10 mg/mL) as PLGA completely dissolved.
10 mg of 18-B-Gly was added into the PLGA solution and sonicated at room temperature for 2
min at 200 W (organic phase) to develop a primary emulsion. The primary emulsion was slowly
added into the Poloxamer solution (1 percent w/v) (aqueous phase), with a further 4 minutes
of sonication room temperature at 200 W, which formed the final oil/water (O/W) emulsion.
15 mL deionized water were added to disseminate the final O/W emulsion. Centrifugation at
14,000 rpm at room temperature for 30 minutes helped extract the nanoparticles with also the
supernatant removed. The nanoparticles obtained were centrifuged three times for 20 minutes
at 10,000 rpm at room temperature with the deionized water removed. The nanoparticles were
then freeze-dried -20 °C and deposited at 4 °C after being vacuum frozen and resuspended in
deionized water. By using dynamic light scattering (DLS), the physicochemical characteristics

of 18-B-Gly-encapsulated PLGA nanoparticles were confirmed [57].

Physicochemical characterization

Particle size, polydispersity index (PDI), zeta potential and morphological analysis

Using Zetasizer, the prepared nano-formulations’ crucial physicochemical parameter namely,
particle size, zeta potential and polydispersity index (PDI) were assessed. Prior to analysis, 20

times dilution done using distilled water and the measurement taken in triplicate [58].

The morphology of 18-B-Gly-encapsulated PLGA nanoparticles was investigated using a
Hitachi TM3000 scanning electron microscope (SEM) operating at an accelerating voltage of
15 kV. For this analysis, a small quantity of the 18-B-Gly-PLGA nanoparticles was spread onto

double-sided tape secured to an aluminium stub.

Entrapment efficiency (EE)

500 pL of 18-B-Gly-encapsulated PLGA nanoparticles underwent centrifugation at 2,500xg

for 15 minutes at room temperature in a centrifugal filter. Before analysis, a 10-fold dilution of



the whole centrifuged filtrate (30 pL) was prepared. Furthermore, 100 pL containing 18-B-Gly-
encapsulated PLGA nanoparticles also underwent 10-times dilution in methanol. By using UV-
visible spectroscopy at 248nm, the total concentration of 18-B-Gly in and the concentration of
free 18-B-Gly were calculated. Each measurement was acquired in three replicates and the EE

was computed using the following equation.:

_ Total 18B—-GLY concentration - Total free 183—GLY
Total 183—GLY concentration

EE x100%

where entrapment efficiency is denoted by EE.

In vitro release study

To determine the in vitro release patterns of the formulations, the dialysis method was used. A
Spectra/Por dialysis membrane bag with a molecular weight cut-off of 3500 g/mol was used to
hold 1 ml of 18-B-Gly-encapsulated PLGA nanoparticles (containing 1.5 mg of 18--Gly)
dispersed in 0.01 M phosphate buffer, pH 7.4 and free 18-B-Gly (1.5 mg of 18-B-Gly dissolved
in 20% ethanol). The dialysis bag was then placed in 20 mL of 10% ethanol in 0.01 M
phosphate buffer, pH 7.4 in a falcon tube. Concurrently, the entire setup was shaken at 70
strokes per minute with the temperature maintained at 37°C in a water bath. The 1 mL sample
was removed from the tube and analysed at various time intervals, i.e. 0.5, 1,2, 3,6, 9, 12, and
24 hours. An equal amount of fresh release medium was reintroduced back into the tube after
each withdrawal. The amount of 18-Gly released was measured at 248 nm using UV-visible

spectroscopy.

Cell Culture

For in vitro experiments, human lung carcinoma A549 cells (ATCC, Manassas, VA, USA)
received from Prof. Alaina Ammit (Woolcock Institute of Medical Research, Sydney,

Australia) were used and grown in Dulbecco’s Modified Eagle’s Medium (DMEM)



supplemented with 5-10% foetal bovine serum, 1% antibiotic mix (penicillin and streptomycin)
in humidified 5% CO2 incubator at 37 °C. 18-B-Gly-PLGA or empty NP were treated to A549

cells at the given concentrations for 24 hours below to conduct the in vitro tests.

Cell viability assay

The % of viable A549 cells was assessed using the MTT assay in response to 24 hours treatment
of 18-B-Glycyrrhetinic acid-encapsulated PLGA nanoparticles as previously described by
Paudel et al. [59]. First, a 96-well plate was used to seed the A549 cells. These cells treated
with 18-B-Glycyrrhetinic acid-encapsulated PLGA nanoparticles for 24 hours. Each well
received a final dose of 0.5 mg/ml of the MTT solution before being incubated at 37 °C for 4
hours. The supernatant layer will be delicately removed in the next phase. The mixture will
then be accurately dosed with 100 pl of dimethyl sulphoxide (DMSO), which will dissolve the
formazan crystals that have formed. At 540 nm, the absorbance of the resulting purple
chromophore was measured. Cells in the untreated group (control) will set at 100% viability
rate. However, the cells treated with 18-B-Glycyrrhetinic acid-encapsulated PLGA

nanoparticles will be used to calculate the % viability.

Colony forming assay

Colony forming assay was carried out as previously reported [23]. A549 cells were plated in
6-well plates at low density of 500 cells per well and cultivated for up to two weeks at a constant
temperature of 37 °C in the presence or absence of 18-B-Gly-PLGA or empty nanoparticles
(NP) with media replaced every 48 hours. After cells being washed with PBS, the cells were
fixed for 20 minutes at room temperature with 3.7% (v/v) formaldehyde. After being stained
with 0.4% crystal violet solution, the cells were washed with PBS. The six well plates were

photographed from the bottom side.

Wound healing assay



Wound healing migration assays were utilized to assess the influence of 18-B-Gly-PLGA and
empty NP on A549 cell migration [24]. 2.5x10° A549 cells/well were seeded in 6-well plates.
Next day, using the tip of a sterile 200 pL pipette, a scratch was made on the cell monolayer.
The cells were grown at 37 °C for 24 hours under 5% CO2 with 18-B-Gly-PLGA or with empty
NP after being washed with PBS to eliminate floating cells. During zero and 24 hours of
incubation, pictures were acquired using a phase contrast microscope with a 10-objective lens.
A percentage (%) of the difference in wound width from zero to 24 hours relative to zero hour

was used to compute wound closure.
Trans-well chamber migration assay

In a 48-well plate, A549 cells were seeded at a density of 20,000 cells per well (Corning). The
cells were cultured at 37 °C for 24 hours under 5% CO2 with or without 18-B-Gly-PLGA (final
concentrations of 5 uM) after 80% confluency. Cells were trypsinised and then washed once
with PBS and centrifuged at 300x g for four minutes at room temperature. Next, the supernatant
was decanted, and PBS was used to resuspend the cell pellets. In the subsequent steps, trypan
blue solution (0.4% (w/v) (Thermo Fisher Scientific, Waltham, MA, USA) was mixed 1:1 with
10 pL of cell suspension. Viable cells number were then determined using a hemacytometer
(Hawksley and Sons Ltd., Lancing, UK) and a phase-contrast microscope as previously

described [23].
Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR)

A549 cells in the presence or absence of 18-B-Gly-PLGA or empty NP (final concentration of
5 uM) underwent incubation for 24 h under 5% COaz. Following earlier instructions, total RNA
was extracted. After being gently washed twice in PBS, TRI reagent was used to lyse the cells,
which were then collected in 1.5 mL Eppendorf tubes. To each tube 250 pL of chloroform was

added before being pulse-vortexed for 5 seconds at room temperature. The tubes underwent a



15-minute (12,000x g) centrifugation at 4 °C after a 10-minute incubation at room temperature.
After the aqueous phase was transferred into brand-new Eppendorf tubes, 500 puL of ice-cold
isopropyl alcohol was added to precipitate the RNA. The tubes underwent pulse-vortexing (for
5 s) and 10 minutes incubation period at room temperature. After being pulse-vortexed once
more, the tubes were centrifuged for 10 minutes (12,000x g) at room temperature. The
supernatant was decanted, and the RNA pellets were washed with 1 mL of 75% ethanol. Next,
the tubes were centrifuged again at 8000x g for 5 minutes at 4 °C. Following another rinse, the
RNA pellets were centrifuged at 8000x g for 5 minutes at 4 °C and then placed on ice to air-
dry for 15 minutes after the ethanol was removed. Afterwards, nuclease-free water was used to
resuspend the pellets. Using Nanodrop One (Thermo Fisher Scientific), the RNA purity and
concentration were assessed. The cDNA was synthesized using reverse transcription of RNA.
The mRNA levels of the target genes were assessed using qPCR [60]. The forward and reverse
primers for KRT18, EGFR, BRAF, KRAS, RIPK3, MLKL, and GAPDH were procured from

Merck (Table 1).

Table 1. The forward and reverse primers for KRT18, EGFR, BRAF, KRAS and GAPDH.

Gene Forward Primer Reverse Primer

KRTI18 | GGAAGTAAAAGGCCTACAAG GTACTTGTCTAGCTCCTCTC

EGFR | AGAAAGGCAGCCACCAAATTAGCC | TTCCTGGCTAGTCGGTGTAAACGT

BRAF TGCTTGCTCTGATAGGAAAATG AGCATCTCAGGGCCAAAAT

KRAS TTAACCTTATGTGTGACATGTTCTAA | AGAATGGTCCTGCACCAGTAA

RIPK3 | AACTTTCAGAAACCAGATGC GTTGTATATGTTAACGAGCGG

MLKL GTGAAGAATGTGAAGACTGG AAGATTTCATCCACAGAGGG

GAPDH | TCGGAGTCAACGGATTTG CAACAATATCCACTTTACCAGAG




Proteome profiler human oncology array

The proteins were extracted from A549 cells using RIPA buffer supplemented with protein
inhibitor tablets (Roche Diagnostics, Basel, Switzerland) after 24 hours of treatment with or
without 18-B-Gly-PLGA or empty NP. Using a Pierce BCA protein assay kit (Thermo Fisher),
the bicinchoninic acid (BCA) assay used to measure the protein. The ChemDoc MP imaging
device (Bio-Rad, Hercules, CA, USA) was used to take pictures of the protein signals in the
array. The protein signals' pixel densities were examined using Image J software (version

1.53c, Bethesda, MD, USA) [24].

Annexin V-FITC immunofluorescence

For the study of 18-pB-Gly-PLGA induced apoptosis of A549 cells, we performed the Annexin
V-FITC staining and microscopic imaging. The cells were grown in a cover slip inside a 6
well plated and treated for 24 hours with or without 18-p-Gly-PLGA or empty NPs and stained
with Annexin V-FITC as describe previously [61]. Microscopic image of stained cells was

taken with a fluorescence microscope [61] (Zeiss Axio Imager Z2).

Statistical analysis

The results of experiments were reported as mean = SEM values and carried out in triplicate.
Using a two-tailed Student's t test, the statistical significance between the two groups were
compared. The analysis of data from more than two groups was undertaken using one-way
ANOVA and the GraphPad Prism software (version 9.5.1.1). At P<0.05, statistical significance

was recognized.

3. RESULTS



Preparation and physiochemical characterisation of 18-p-Gly-PLGA formulation

The wavelength for 18-B-Gly was discovered to be 248nm based on the solubility analysis. A
concentration versus absorbance study was performed and showed that the absorbance grew
linearly as a function of concentration (Figure 1). The graph yielded the linear equation y =
0.03x + 0.0594 with an R2 value of 0.9714, indicating a significant and strong association
between concentration and absorbance at 248 nm. Both empty NP and 83-Gly-PLGA NPs had

particle sizes under 200 nm.

18-B-Gly-PLGA was found to have a mean diameter of 136.2+3 nm, and all formulations while
being negatively charged at -2.76, also displayed a narrow PDI of 0.298. The 18-B-Gly-PLGA
formulation showed a good entrapment effectiveness of 60.23+0.13%. The SEM micrograph
reveals that the 18-B-Gly-PLGA nanoparticles are generally spherical with smooth surfaces
(Figure 2a). Notably, the morphological size observed in the SEM image appears larger than
the hydrodynamic size. This size difference is likely due to the nanoparticles being hydrated
and swollen by residual water, causing them to expand in the micrograph. Furthermore, the in
vitro release study indicates that 18-B-Gly-PLGA nano-formulation able to show sustained
release. In contrast, free 18-B-Gly exhibits complete release within just 3 hours, as shown in
Figure 2b. 18-B-Gly-PLGA nano-formulation showed a pattern of an initial burst release which

later plateaued around 14%.



Absorbance Against Concentration (ug) of 18B-Glycyrrhetinic Acid at 248 nm
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Figure 1. Graph of absorbance against concentration (ng) of 18-B-Gly. The graph shows

significant and strong association between concentration and absorbance at 248 nm.
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Figure 2. a. SEM image of 18-B-Gly-PLGA nanoparticles. b. In vitro release study of free

18-B-Gly (control) and 18-B-Gly-PLGA nanoparticles.
Antiproliferative activity of 18-p-Gly-PLGA and empty NP on A549 cell proliferation

18-B-Gly-PLGA showed a significant dose-dependent reduction in A549 cell proliferation. At
a concentration of 2.5 uM, 18-B-Gly-PLGA significantly inhibited cellular proliferation by

approximately15% (Figure 3, p<0.0001 vs control). A 20-fold increased (50 uM) dose of 18-



B-Gly-PLGA inhibited cell proliferation by 50% compared to the control (Figure 3, p<0.0001).
Empty NP did not have a significant inhibitory effect against A549 cell proliferation. For
subsequent experiments, 5 uM of 18-B-Gly-PLGA and empty NP were used for A549 cell line
as 5 uM was the maximum safe dose for maintaining healthy human broncho epithelial cells

i.e., BEAS-2B cell line.
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Figure 3. Anti-proliferative effects of 18-B-Gly-PLGA and empty NP in A549 cells and BEAS-
2B cells. (Panel a and b) A549 cells and (Panel ¢ and d) BEAS-2B cells were treated with or
without 18-B-Gly-PLGA (0, 2.5, 5, 10, 25 or 50 uM) or empty NP (0, 2.5, 5, 10, 25 or 50 uM)
for 24 h, followed by incubation with MTT. The purple formazan crystals formed were

dissolved with DMSO and the absorbance was measured with microplate reader. The data in



the figure are mean + SEM of four independent experiments. ****p<(0.0001. The nano-
formulation showed significant dose-dependent reduction in A549 cells proliferation. The
nano-formulation began to significantly inhibit A549 cells proliferation starting from 2.5 uM
with a percent inhibition of around ~15% and cell proliferation inhibition by the nano-
formulation increased up to ~50% at doses of 50 uM. The maximum safe dose concentration

for the nano-formulation against healthy broncho-epithelial cell determined to be 5 uM.
Anti-colony formation activity of 18-p-Gly-PLGA and empty NP in A549 cells

When compared to the empty NP, the crystal violet staining of the A549 cell colonies clearly
demonstrates the anti-proliferative action of 18-B-Gly-PLGA (5 uM) (Figure 4). The
representative well photos of 6-well plates clearly show a substantial reduction in the number

of cell colonies in 18-B-Gly-PLGA treated cells, compared to empty NP (Figure 4).

Control 18-p-Gly-PLGA Empty NP

Figure 4. Effect of 18-B-Gly-PLGA and empty NP on colony formation of A549 cells. After
seeding A549 cells in 6-well plate, they were cultured for two weeks in the absence or presence
of 5 uM 18-B-Gly-PLGA or 5 uM empty NP. The cell colonies were stained with crystal violet
and photographed. The figure shows representative images from four independent experiments.
The representative well photos of 6-well plates clearly show substantial reduction in the

number of cell colonies in 18-B-Gly-PLGA treated cells, compared to empty NP.



Anti-migratory activity of 18-B-Gly-PLGA and empty NP in A549 cells

Images from a wound healing assay revealed that the control and empty NP treated A549 cells
showed no significant difference with regards to healing of the wound (Figure 5A). However,
A549 cells treated with 18-B-Gly-PLGA at a dosage of 5 uM strongly inhibited wound closure
(Figure 5A). With approximately 28% inhibition of wound closure 24 hours after treatment
with 5 uM 18-B-Gly-PLGA compared to the control (Figure 5B, p<0.05), the quantification of

percentage wound closure is comparable with Figure SA.
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Figure 5. Effects of 18-Gly-PLGA and empty NP on wound healing in A549 cells. Using a
phase contrast microscope at a 4x magnification, panel a shows the images taken at 0 and 24

hours after the start of the treatment. Panel b shows % wound closure after 24 hours of



incubation. Data in the Figure 5B is expressed as mean + SEM of three independent
experiments. *p<0.05. A549 cells treated with 18-B-Gly-PLGA at a dosage of 5 uM showed a
strong inhibition of wound closure. Panel B showing around ~28% inhibition of wound closure

by our nano-formulation, when compared to control.

Anti-invasion activity of 18-B-Gly-PLGA and empty NP in A549 cells.

A549 cells treated with SuM 18-B-Gly-PLGA compared to the control and empty NP showed
less cellular migration (Figure 6A). This is further supported by the fact that the migration was
reduced by ~20% when treated with 18-B-Gly-PLGA at a concentration of 5 uM (Figure 6B,

p<0.05 versus control).
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Figure 6. Effect of 18-B-Gly-PLGA and empty NP on migration of A549 cells in a trans-well
chamber. The cells seeded in a trans-well chamber were treated with/without 5 uM 18-B-Gly-
PLGA or 5 uM empty NP for 24 h to allow cell migration. Migrated cells in the lower
compartment were stained with staining solution of haematoxylin and eosin and microscopic
images were taken at 20X magnification. Figure 6A shows representative images from 4
independent experiments. Figure 6B shows the number of cells migrated/high power field. The
data are expressed as mean = SEM of 4 independent experiments. **p<0.01, ****p<0.0001.
Panel a indicate A549 cells treated with the nano-formulation showed fewer of the cells
migrated compared to empty nanoparticle. This is further supported by panel b showing cell

migration was reduced by ~20% at cells treated with 5 pM 18-B-Gly-PLGA nano-formulation.

Effects of 18-p-Gly-PLGA on KRT18, EGFR, BRAF, and KRAS mRNA expression
Five uM of 18-B-Gly-PLGA significantly downregulated the transcription of the cancer

proliferation and metastasis-associated genes KRT18, EGFR, BRAF and KRAS (Figure 7,
*p<0.05, **p<0.01, ***p<0.001). In particular, a 43% reduction of KRT/8 in those cells treated
with 18-B-Gly-PLGA compared to the untreated cells. Similarly, percentage of inhibition of
EGFR, BRAF and KRAS in 18-B-Gly-PLGA treated cells was shown to be 19.3%, 14.8% and
13.7% respectively compared to untreated cells. Five uM of empty NP did not elicit these

effects.
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Figure 7. Regulation of mRNA levels KRT18, EGFR, BRAF and KRAS by 18-B-Gly-PLGA
and empty NP. A549 cells were treated with 5 uM 18-B-Gly-PLGA, and 5 uM empty NP for
24 hours. The figure shows the mRNA levels of KRT18 (Panel A), EGFR (Panel B), BRAF
(Panel C) and KRAS (Panel D), normalised against the levels of GAPDH. Data are expressed

as mean £ SEM of 3 independent experiments. *p<0.05, ***p<0.001, ****p<0.0001.

Effects of 18-B-Gly-PLGA on expression of oncogenic proteins involved in cancer cell

proliferation, migration, and survival



At 5 pM doses, the treatment of A549 cells with 18-B-Gly-PLGA significantly reduced the
protein expression of ErbB2, HO-1/HMOX1, M-CSF, mesothelin, PDGF-AA, survivin and
ENPP2-Autotaxin (Figure 8, *p<0.05 vs control). ErbB2 expression reduced by 36% in 18-f-
Gly-PLGA treated cells compare to the control. Similarly, HO-1/HMOXI1, M-CSF,
mesothelin, PDGF-AA, survivin and ENPP2-Autotaxin expression reduced by 14%, 33%,

31%, 30%, 10% and 25% respectively in 18-B-Gly-PLGA treated cells compare to untreated

cells.
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Figure 8. Regulation of protein expression involved in cancer cell proliferation and migration
by 18-B-Gly-PLGA. After treatment of A549 cells with 5 uM 18-B-Gly-PLGA for 24 h, the
proteins were extracted, and the expression of proteins associated with cell proliferation,
migration, and survival was evaluated with Proteome Profiler Human XL oncology array kit.
The figure shows the protein expression of ErbB2 (graph A), HO-1/HMOX1 (graph B), M-
CSF (graph C), mesothelin (graph D), PDGF-AA (graph E), survivin (graph F) and ENPP2-

Autotaxin (graph G). The data are expressed as mean = SEM of 3 independent experiments.



*p<0.05. At 5 pM doses, the treatment of A549 cells with 18-B-Gly-PLGA significantly
reduced the protein expression of ErbB2, HO-1/HMOXI1, M-CSF, Mesothelin, PDGF-AA,

Survivin and ENPP2-Autotaxin.

18-B-Gly-PLGA induced apoptosis of A549 cells

At 5 uM dose, the treatment of A549 cells with 18-B-Gly-PLGA significantly increased the
staining Annexin V-FITC as shown in fluorescence microscopic image figure 9A and
fluorescence quantification (figure 9B). Annexin V binds to phosphatidylserine on outer layer
of apoptotic cells’ phospholipid layer. Thus, strong intensity of Annexin-FICT in 18-B-Gly-
PLGA group which is 1.9 fold greater (**p<0.01) compared to control A549 or empty NPs
treated A549 suggests cells undergoing apoptosis more after treatment to 18-B-Gly-PLGA.
This was further confirmed mechanistically with gene expression of key apoptosis/necroptosis
gene. As shown in figure 9C and 9D, the expression of RIPK3, and MLKL was upregulated
after 24hrs treatment of by 18-B-Gly-PLGA respectively in 18-B-Gly-PLGA treated cells
compare to untreated cells and empty NP. However, statistically, only the expression of MLKL
was significantly increased while there was an increasing trend (but not significant) of RIPK3

in 18-B-Gly-PLGA group compared to untreated control.
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Figure 9. 18-B-Gly-PLGA induced apoptosis of A549 cells was measured by a) Annexin-V
FITC fluorescence microscopic imaging of A549 cells treated with 5 uM 18-B-Gly-PLGA or
empty NP for 24 h and b) quantification of fluorescence intensity in terms of mean fluorescence
intensity (MFI) arbitrary unit (a.u) using ImageJ. mRNA levels MLKL (panel ¢), RIPK3 (panel
d), normalised against the levels of GAPDH in A549 cells after treatment of 18-B-Gly-PLGA
or empty NPs was performed by qPCR. Data are expressed as mean + SEM of 3 independent

experiments. *p<0.05, **p<0.01 (18-B-Gly-PLGA vs untreated control).

4. Discussion

Lung cancer represents one of the most lethal cancers due to its high morbidity and mortality
rates worldwide. Continuing research regarding therapeutic alternatives is crucial due to the
fact that the current first-line medications for lung cancer has significant drawbacks such as
high cost and unfavourable side effects. In light of this, research into diverse nutraceuticals or
bioactive compounds from medicinal plants may provide better alternatives with increased
efficacy against the disease. Many compounds have demonstrated biological activity, including
anti-neoplastic effects [24, 30, 31, 34]. In our study, 18-B-Gly was chosen as a phytoceutical

to evaluate whether it possesses anti-neoplastic activity against the A549 lung cancer cell line.



18-B-Gly has demonstrated its potential as a therapeutic agent against various diseases,
however, there are certain challenges limiting its potential usage in a clinical setting, which
include poor bioavailability and low water solubility [42]. To utilise 18-B-Gly for clinical
purposes, it is necessary to develop a new drug delivery system using nanotechnology and
advanced pharmacological approaches. Numerous studies have indicated that formulating 18-
B-Gly with NP such as hyaluronic acid and liposomes help to improve the physicochemical
properties of the compound [62-64]. NP-based pharmaceutical formulations can be prepared
as a carrier for 18-B-Gly, thus, providing a more effective form of drug delivery systems.
PLGA-based drug delivery systems provide versatility in designing and delivery of
nutraceuticals to treat pulmonary diseases [50]. Several research studies have shown PLGA
has the ability to improve the efficacy of anti-cancer agents compared to free anti-cancer agents
[65, 66]. With a similar research hypothesis, we formulated and investigated 18-B-Gly-PLGA

ability as an anti-cancer agent.

For this study, 18-B-Gly nano-formulation using PLGA based nanotechnology was
successfully prepared by dissolving the compound into the PLGA and adding into the
solubilizer Poloxamer 407. Lactic acid and glycolic acids are joined by ester bonds to form the
biodegradable copolymer PLGA [50]. Due to its extensive clinical usage, favourable
degradation processes and potential for prolonged drug delivery, PLGA is the most widely used
biodegradable polymer. In particular, PLGA, approved by the FDA for use, is widely employed
to provide regulated delivery systems for medicines and small compounds. Drug release at the
desired concentration can be achieved by using PLGA breakdown [67]. Poloxamer 407 was
used as it provides steric stabilization and outer surface coverage for dispersed colloidal

particles [68].

PLGA typically has a mean diameter of 10 to 100 nm [50]. The mean diameter of 18-B-Gly-

PLGA is 136.2+3 nm which is slightly bigger than empty PLGA NP. Additionally, it is



interesting to note the favourable physiochemical properties of our PLGA formulation. The
PDI for the 18-B-Gly-PLGA had negative values of less than 0.5, indicating that the sample
was generally more uniform and had low polydispersity [69]. A good entrapment efficiency of
60.23+0.13% was also noted for the 18-B-Gly-PLGA formulation. Entrapment efficiency is
defined as the difference between the initial drug and free drug in the supernatant with respect
to the total amount added to the nano-formulation. An important study for determining the
effectiveness, safety, and quality of drug delivery systems based on NPs is the in vitro drug
release study [70]. According to our findings, 18-B-Gly-PLGA demonstrated sustained
medication release and lasted longer than 24 hours. This extended release is advantageous since
it guarantees that patients will benefit from the safe drug dosage over a longer period of time

and hence, subsequently reduces the frequency of drug usage.

After confirming the 18-B-Gly-PLGA complex possesses favourable characteristics i.e. particle
size, PDI, entrapment efficiency and in vitro release, we investigated the in vitro biological
activity of the formulation against human-derived cancer cells. Proliferation and
migration/metastasis are the two primary processes in the development of lung cancer. The cell
proliferation assays showed that at a dose of 5 uM, 18-B-Gly-PLGA significantly reduced A549
cell growth by approximately18% (Figure 3), while the empty NPs had zero effect against the
A549 cells, thereby highlighting the anti-cancer effects of 18-B-Gly. The decrease in the cell
growth was due to apoptosis of A549 after 24hrs treatment of 5 uM of 18-B-Gly-PLGA through

upregulation of MLKL gene as shown in Figure 9C.

We observed that 18-B-Gly-PLGA significantly reduced A549 cellular wound closure in the
scratch wound healing and trans-well chamber migration assays. Approximately 28%
inhibition of wound closure was evident by in those cells treated with 5 uM of 18-B-Gly-PLGA
(Figure 5). Furthermore, the 18-B-Gly-PLGA formulation reduced (~20%) A549 cell migration

also at a concentration of 5 uM (Figure 6).



Successively, we examined the impact of our formulation on the expression of four known
oncogenes: KRT18, EGFR, BRAF, and KRAS. Overexpression of gene KRT18 is positively
linked with tumour invasion and metastasis in human cancer [71], while the EGFR gene has
been shown to be crucial for encoding proteins that transmit growth factor, which signal to the
cells to grow and divides. Overexpression of EGFR associated with cancer cell proliferation
[10]. Further, its gene expression is upregulated in 60% of NSCLC cases [10]. BRAF belongs
to the RAF kinase family and plays a vital role in cellular development, proliferation, and
differentiation via the mitogen-activated protein kinase (MAPK) pathway. Mutated BRAF is
an oncogene that leads to cancer cell proliferation [9]. The KRAS gene, also a member of the
RAF family, is involved in cellular growth signalling [8], while an altered KRAS gene has been
shown to be highly expressed in aggressive lung cancer [8]. In the qPCR assays, we found that
18-B-Gly-PLGA significantly reduced the expression of KRT18, EGFR, BRAF, and KRAS
genes, hence indicating a potent anti-cancer effect compared to the NP control. (Figure 10

provides a diagrammatic summary of these results).

Further investigation using the protein array, we showed that 18-B-Gly-PLGA significantly
down-regulates the proteins associated with cancer cell proliferation and migration such as
ErbB2, HO-1/HMOX1, M-CSF, mesothelin, PDGF-AA, survivin and ENPP2-Autotaxin
(Figure 9). ErbB2 belongs to the epidermal growth factor (EGF) family, and plays an important
role in NSCLC proliferation [12]. HO-1 is overexpressed in lung cancer and its high level of
expression is directly linked to an advanced stage of lung cancer [72]. M-CSF is a colony
stimulating factor that induces lung cancer cell invasion [6]. High level expression of M-CSF
and interleukin-34 by cancer cells implies that the tumour will be more highly aggressive,
resulting in poor survival rates among lung cancer patients [14]. Mesothelin is a plasma
membrane differentiation antigen that is highly expressed in a variety of human solid tumours

including almost all mesotheliomas and 70% of lung cancers [15]. Mesothelin plays a crucial



role in regulating human lung cancer and mesothelioma cells' epithelial-to-mesenchymal
transition (EMT), which is significant in transforming well differentiated epithelial cell to
undifferentiated mesenchymal cells for tumorigenicity, including metastasis [15]. PDFG-AA
is a vital autocrine regulator in lung cancer that stimulates VEGF expression, is a key mediator
in cancer angiogenesis [16]. The survivin gene prevents tumour cells from undergoing
apoptosis, thus promoting the survival of cancer cells [17]. ENPP2-Autotaxin is a glycoprotein
that extracellularly, catalyses the synthesis of lysophosphatidic acid [7]. In lung cancer, the
higher expression rate of ENPP2-Autoraxin noted in patients’ biopsies and sera confirmed its’
pro-carcinogenic role in lung cancer [7]. Down-regulation of these important cancer
proliferation and migration proteins showcases the potential of 18-B-Gly-PLGA as a viable

option for lung cancer treatment.

Luo et al conducted a study and showed that pure 18-B-Gly at a concentration of 10 pM was
able to significantly reduce the viability of A549 cells [69]. Furthermore, a study by Huang et
al, the authors demonstrated that at 160 uM [73], pure 18-B-Gly significantly decreased the
percentage of viable A549 cells to 40.5£10.5%. Similarly, another study by Tang et al showed
that pure glycyrrhetinic acid inhibited A549 cells line at 40 uM [74]. These two studies taken
together, clearly highlights that our prepared nano-formulation at a lower concentration of 5
uM, was far superior with regards to the inhibition of A549 cell proliferation. Moreover, our
results have clearly show that the 18-B-Gly formulation into PLGA offers significantly more

pharmacological and biological advantages than 18-3-Gly alone.

Given that the majority of this work was based on in vitro analysis, future directions should
include the additional testing of other cell lines, such as SCLC and NSCLC. Further research,
to explore the therapeutic potential of 18-B-Gly in treating asthma and COPD should also be

undertaken. Moreover, only four genes relevant to lung cancer were included in our



investigation and hence, other genes or proteins shown in Figure 10 should be evaluated

regarding as to whether they too, are also downregulated by 18-B-Gly-PLGA.

To further research in this area, it would be beneficial to undertake an in vivo biological
investigation of 18-B-Gly in the PLGA formulation using the inhaled administration method in
an experimental mouse model in combination with other tested models. By using an animal
model, the long-term safety, pharmacokinetics, herb-drug interactions, and a variety of other

aspects could be assessed to help determine toxicity and bioavailability.
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Figure 10. Underlying anti-cancer mechanism of 18-B-Gly-PLGA in vitro against A549 cells.
Conclusion

In our study, by controlling the mRNA expression of proto-oncogenes as well as down-

regulating proteins associated with cancer cell proliferation and migration, 18-B-Gly-PLGA



was shown to exhibit strong anti-proliferative and anti-migratory effects in A549 cells. This
work demonstrates the effective use of nanotechnology in the formulation of PLGA-
encapsulated 18-B-Gly to produce greater efficacy and potency for the treatment of lung cancer
compared to free 18-B-Gly. When combined with PLGA, 18-B-Gly offers far more
pharmacological and biological advantages than free 18-B-Gly alone. The strong biological
activities of 18-B-Gly-PLGA demonstrate its ability to outperform many of the disadvantages
of pure 18-B-Gly through the nano-formulation process. With the aid of nanotechnology, this
study will assist in focusing future research on the examination and development of 18-B-Gly

as a viable anti-cancer medication therapy.
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