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Abstract
Lung cancer is the second most prevalent type of cancer and is responsible for the highest number of cancer-related deaths 
worldwide. Non-small-cell lung cancer (NSCLC) makes up the majority of lung cancer cases. Zerumbone (ZER) is natu-
ral compound commonly found in the roots of Zingiber zerumbet which has recently demonstrated anti-cancer activity in 
both in vitro and in vivo studies. Despite their medical benefits, ZER has low aqueous solubility, poor GI absorption and 
oral bioavailability that hinders its effectiveness. Liquid crystalline nanoparticles (LCNs) are novel drug delivery carrier 
that have tuneable characteristics to enhance and ease the delivery of bioactive compounds. This study aimed to formulate 
ZER-loaded LCNs and investigate their effectiveness against NSCLC in vitro using A549 lung cancer cells. ZER-LCNs, 
prepared in the study, inhibited the proliferation and migration of A549 cells. These inhibitory effects were superior to the 
effects of ZER alone at a concentration 10 times lower than that of free ZER, demonstrating a potent anti-cancer activity of 
ZER-LCNs. The underlying mechanisms of the anti-cancer effects by ZER-LCNs were associated with the transcriptional 
regulation of tumor suppressor genes P53 and PTEN, and metastasis-associated gene KRT18. The protein array data showed 
downregulation of several proliferation associated proteins such as AXL, HER1, PGRN, and BIRC5 and metastasis-associated 
proteins such as DKK1, CAPG, CTSS, CTSB, CTSD, and PLAU. This study provides evidence of potential for increasing 
the potency and effectiveness of ZER with LCN formulation and developing ZER-LCNs as a treatment strategy for mitiga-
tion and treatment of NSCLC.

Keywords Zerumbone · Liquid crystalline nanoparticles · Non-small-cell lung cancer · A549 lung cancer cells · Cell 
proliferation · Cell migration
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Introduction

Lung cancer represents one of the deadliest respiratory 
diseases that accounted for 1.7 million deaths worldwide 
in 2020 (Sung et  al. 2021). Non-small-cell lung cancer 

(NSCLC) comprises of the majority of the cases (~85% 
of lung cancer cases) (Malyla et al. 2020). Conventional 
treatment strategies for NSCLC face limitations of disease 
relapse occurrences, resistance to chemotherapeutic treat-
ment (Baci et al. 2022; Li et al. 2022), and elevated toxicity 
resulting from chemotherapy and radiotherapy (Kumbhar 
et al. 2022; Yazbeck et al. 2022).

There is an emerging interest in nanotechnological 
applications for delivering anti-cancer drugs to achieve 
a higher drug specificity and therapeutic efficacy. Liquid 
crystalline nanoparticles (LCNs) have unique structural 
properties that can add benefits to anti-cancer therapy 
by providing high capacity of loading lipophilic and 
hydrophilic drugs, low toxicity, controlled release, non-
toxic degradation, biodegradable matrix, low cost and 
ease of scale up for topical, oral, and intravenous drug 
administration (Jain et al. 2012; Pardeike et al. 2009). 
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The LCNs also provide the added benefits of site-spe-
cific drug delivery system, modulated drug release, and 
long-term stability (Muller et al. 2002). Nanotechnology 
and LCNs have been successfully employed to incor-
porate and deliver several plant-derived phytoceuticals, 
including berberine (Alnuqaydan et  al. 2022; Mehta 
et al. 2021; Paudel et al. 2022), curcumin (Clarence et al. 
2022; Sharma et al. 2021), rutin (Paudel et al. 2021), 
naringenin (Wadhwa et al. 2021), boswellic acid (Solanki 
et al. 2020), and agarwood oil (Alamil et al. 2022) to 
improve their therapeutic potency and efficacy.

Zerumbone (ZER) is a bioactive compound isolated 
from the Zinigiber zerumbet (Girisa et al. 2019) that has 
previously shown to exert potent anti-inflammatory (Su 
et al. 2021), anti-oxidant (Sidahmed et al. 2015), and 
anti-cancer activities (Foong et al. 2018; Ghasemzadeh 
et al. 2017; Rahman et al. 2014). ZER can induce apop-
tosis in A549 lung cancer cells and enhance cisplatin 
treatment efficacy in vitro (Hu et al. 2014). ZER can 
also inhibit proliferation of lung cancer cells in vivo 
mouse models (Kim et al. 2009). However, its medicinal 
applications are hindered by its poor aqueous solubility 
and bioavailability. With incorporation into LCN drug 
delivery system, ZER has potential for its development 
as an alternative anti-cancer therapy that can effectively 
inhibit lung cancer proliferation and migration as well as 
resolve the issues of drug toxicity, adverse effects, and 
treatment resistance that are apparent with the conven-
tional therapy. In the present study, ZER was formulated 
into a monoolein-based LCNs, and the resulting ZER-
loaded LCNs (ZER-LCNs) were characterized for physi-
ochemical properties including mean size, entrapment 
efficiency and in vitro release of ZER. The anti-cancer 
potential of ZER-LCNs was then tested in vitro in human 
A549 adenocarcinoma cell line in comparison with that 
of free ZER.

The results of this study provide substantial evidence of 
the advantages and feasibility of encapsulating poorly soluble 
bioactive molecule ZER in LCNs-based nano drug delivery 
systems for improving their anti-cancer potency and efficacy 
against NSCLC.

Materials and methods

Materials

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 137 mM 
sodium chloride, 2.7 mM potassium chloride, and 10 mM 
phosphate buffer were purchased from Merck (Kenil-
worth, NJ, USA). Ultrapure water and reverse-osmosis 
(RO) purified water were used in several studies. All the 
solvents and reagents used in the study were of analytical 
research grade.

Preparation and characterization of ZER‑LCNs

Solubility analysis of ZER

For the solubility analysis, 10 mg 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 con-
centrations of 10, 20, 30, 40, 50, 60, 70, and 80 μg/mL. The 
concentration of soluble ZER in these samples was deter-
mined by measuring their absorbance at a wavelength (λ) of 
249 nm 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.

Preparation of ZER‑LCN formulation

The ZER-LCN formulation was prepared by the ultra-
sonification method, with the formulation composition, 
as specified in Table 1. The method was conducted by 
briefly heating MO at 60 °C 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 
60 °C 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 min 
and using the ultrasonic cell pulverizer (Labsonic® P; 
Sartorius) at amplitude 80 and repeated cycles of 5 s on 
and 5 s off.

Table 1  Formulation composition of blank LCNs and ZER-LCNs

Formulation Formulation composition (%w/w)

code 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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Entrapment efficiency

0.1 mL of ZER-LCN was added to 0.9 mL of metha-
nol to obtain 10 mL 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=249 nm. 
The concentration of total ZER in the sample was cal-
culated by comparing the absorbance against the stand-
ard curve obtained from the solubility analysis. In order 
to obtain the concentration of free ZER (non-entrapped 
ZER) in the ZER-LCN formulation, 2 mL 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 absorb-
ance was measured using the UV-Vis method at λ=249 
nm. The concentration of free ZER in the supernatant 
was calculated by comparing the absorbance against the 
standard curve obtained from solubility analysis. The 
entrapment efficiency (%EE) was calculated using the 
following equation.

In vitro release study

The release profiles of ZER from ZER-LCN formulations 
were observed using the static dialysis method dialysis tub-
ing cellulose membrane; molecular-weight-cut-off: 14,000 
g/mol; Merck). By using the quantification of absorb-
ance, 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 1 mL of 
ZER-LCN sample before being clamped at both ends and 
submerged in 20 mL of PBS (pH 7.4) in a 50 mL centrifuge 
tube. The samples in the centrifuge tubes were then sub-
merged into a water-bath at 37 °C (SW22 Julabo, shaken 
horizontally at 50 strokes per min), thus mimicking the 
intestinal milieu. Then, 1 mL of each sample was drawn 
from the tubes at intervals 1, 2, 3, 6, 9, 12, and 24 h. Every 
time 1 mL 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 
was quantified by measuring absorbance using UV-spec-
trometry and comparing against the standard curve (Fig. 1).

The cumulative released percentage of ZER was calculated 
using the equation:

%EE = (Total ZER concentration − Free ZER concentration)∕Total ZER concentration × 100%

Cumulative drug release (%) = (CiV + Ve (C9i − 1) + C(i − 2) +⋯ . + C1)∕T × 100%

Where, 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).

Cell culture and treatment

Human lung carcinoma A549 cells (ATCC, Manassas, VA, 
USA) was kindly gifted by Prof. Alaina Ammit (Woolcock 
Institute of Medical Research, Sydney, Australia). The cells 
were cultured in low-glucose Dulbecco’s Modified Eagle’s 
Medium (DMEM, Lonza, Basel, Switzerland), 5% (v/v) fetal 
bovine serum (Lonza) and 1% (v/v) antibiotic mix of penicil-
lin and streptomycin (Lonza) in a humidified incubator. The 
incubator was maintained with 5%  CO2 at 37 ºC. The in vitro 
experiments were carried out by treating A549 cells with 
ZER or ZER-LCNs at the indicated doses for 24 h.

Cell proliferation assay

A549 cell proliferation was measured using 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, 
Merck), as previously described (Manandhar et al. 2020). 
Briefly, the cells were incubated for 24 h in the absence or 
presence of ZER-LCNs (1, 2.5, 5, 7.5, or 10 µM) or ZER 
(1, 5, 10, 25, or 50 µM). MTT (250 µg/mL) was added, and 
the plate was incubated for 4 h. The supernatant was dis-
carded and 100 µL dimethyl sulfoxide (Merck) was added to 

Fig. 1  Graph of absorbance against concentration of Zerumbone
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dissolve the purple formazan crystals. The absorbance was 
measured at 540 nm excitation wavelength with the help of 
TECAN Infinite M1000 plate reader (Tecan Trading AG, 
Männedorf, Switzerland). The cell proliferation was meas-
ured as % cell viability relative to control.

Colony formation assay

Colony formation assay was performed as previously 
described (Alnuqaydan et al. 2022). Briefly, A549 cells were 
plated at a density of 500 cells per well in 6-well plates and 
cultured at 37 °C for two weeks in the absence or presence 
of 50 µM ZER or 5 µM ZER-LCNs, with repeated replenish-
ment of the media every 48 h. The cells were washed with 
PBS and fixed at room temperature for 20 minutes with 3.7% 
(v/v) formaldehyde. After three washes with PBS, the cells 
were stained with 0.4% crystal violet (Merck). The cells 
were washed again three times with PBS. The individual 
wells were photographed from the bottom side of the plates.

Wound healing assay

The impact of ZER and ZER-LCNs on A549 cell migration 
was evaluated using a wound healing experiment. A549 cells 
were seeded at a density of 2.5×105/well in 6-well plates 
and cultured until fully confluent. The cell monolayer was 
scratched with the tip of a sterile pipette to create a wound. 
After washing the cells with PBS to remove floating cells, 
the cells were cultured at 37 °C for 24 h with or without 
ZER (50 µM) or ZER-LCNs (2.5 or 5 µM). At 0 and 24 h 
of incubation, images were captured using a phase contrast 
microscope equipped with a 10× objective lens. The wound 
closure was determined as a percentage (%) of the change 
in wound width between 0 h and 24 h relative to that at 0 h.

Trans‑well chamber migration assay

The A549 cell migration was also evaluated using a trans-
well chamber migration assay as described previously (Pau-
del et al. 2022).

Reverse transcriptase‑quantitative polymerase 
chain reaction (RT‑qPCR)

After 24 h of incubation of A549 cells in the presence or 
absence of ZER (50 µM) or ZER-LCNs (2.5 or 5 µM), the 
cells were washed twice with PBS and lysed with TRI rea-
gent (Merck). The total RNA isolation was conducted as 
previously described (Alnuqaydan et al. 2022). The RNA 
purity and concentration was determined using Nanodrop 
One (Thermo Fisher Scientific). The RNA was reverse tran-
scribed to synthesize cDNA and qPCR was performed to 
determine the mRNA levels of genes of interest (Alnuqaydan 

et al. 2022). The forward and reverse primers for genes 
encoding tumor protein 53 (P53, forward: ACC TAT GGA 
AAC TAC TTC CTG; reverse: ACC ATT GTT CAA TAT CGT 
CC), phosphatase and tensin homolog (PTEN, forward: 
GGC TAA GTG AAG ATG ACA ATC; reverse: GTT ACT CCC 
TTT TTG TCT CTG), keratin 18 (KRT18, forward: GGA AGT 
AAA AGG CCT ACA AG; reverse: GTA CTT GTC TAG CTC 
CTC TC), and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH, forward: TCG GAG TCA ACG GAT TTG; reverse: 
CAA CAA TAT CCA CTT TAC CAGAG) were procured from 
Merck.

Proteome profiler human oncology array

After 24 h of incubation of A549 cells with or without 
ZER (50 µM) or ZER-LCNs (2.5 or 5 µM), the proteins 
were extracted with RIPA buffer ((Roche Diagnostics, 
Basel, Switzerland). The proteins were quantified by bicin-
choninic acid (BCA) assay using Pierce BCA protein assay 
kit (Thermo Fisher). Three hundred micrograms protein per 
group was used to assess the expression of oncology-related 
proteins using proteome profiler human XL oncology array 
kit (R&D Systems, Minneapolis, MN), according to the 
manufacturer’s instructions. The protein signals in the array 
were photographed using the ChemDoc MP imaging system 
(Bio-Rad, Hercules, CA, USA). The Image J software (ver-
sion 1.53c, Bethesda, MD, USA) was used to analyze the 
pixel densities of the protein signals.

Statistical analysis

The data are presented as mean ± S.E.M and statistical 
analyses were performed by one-way ANOVA, followed by 
Dunnett’s multiple comparison tests using GraphPad Prism 
software (version 9.4, San Diego, CA, USA). A p-value of 
less than 0.05 was considered statistically significant.

Results

Characterization of ZER‑LCN formulation

Based on the solubility analysis, it was found that the λmax 
for ZER was at 249 nm. 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 Fig. 1. 
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.

The prepared ZER-LCNs was a white-pigmented vis-
cous liquid. As seen in Fig. 2, the TEM analysis which 
functioned to show the surface morphology of the 
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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 200 nm 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 ± 3 nm 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 h. Besides that, 
the results for the in vitro release test shown in Fig. 3 sug-
gested 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 pro-
duce a drug release over a prolonged period, which in this 
study was up to 24 h. 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%.

Effects of ZER and ZER‑LCNs on cell proliferation 
of A549 cells

ZER did not show inhibitory effect on the cell prolifera-
tion of A549 cells up to a concentration of 50 µM. ZER-
LCNs, on the other hand, exerted ~45% inhibition of A549 
cell proliferation at a dose of 5 µM (Fig. 4, p<0.0001 com-
pared to the control). The inhibition of cell proliferation by 
ZER-LCNs increased up to ~90% at doses of 7.5 and 10 µM 
(Fig. 4, p<0.0001 for both compared to the control). ZER 
at 50 µM and ZER-LCNs at 2.5 or 5 µM were used for sub-
sequent experiments to evaluate their anti-cancer potential 
on A549 cells.

ZER‑LCNs reduced colony formation of A549 cells

The crystal violet staining of the A549 cell colonies 
clearly demonstrates the anti-proliferative activities of 
both ZER (50 µM) and ZER-LCNs (5 µM), as compared 
to the control (Fig. 2). The representative well images 
visibly depict a modest decrease in the number of cell 
colonies in ZER-treated cells while almost no colonies 
in ZER-LCNs-treated cells (Fig. 5), suggesting a greater 

Fig. 2  The analysis of the surface morphologies as visualized on the 
transmission electron microscopy (Hitachi HT7700 high resolution 
TEM; Hitachi, Chiyoda, Tokyo, Japan). Scale bar 0.5 µm

Fig. 3  The in  vitro release study of free ZER (control) and ZER-
LCNs

✱✱✱✱

✱✱✱✱
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Fig. 4  Anti-proliferative effects of ZER and ZER-LCNs in A549 
cells. A549 cells were treated with or without ZER-LCNs (1, 2.5, 5, 
7.5, or 10 µM) or ZER (1, 5, 10, 25, or 50 µM) for 24 h, followed 
by incubation with MTT. The purple formazan crystals formed were 
dissolved with DMSO and the absorbance was measured with micro-
plate reader. The data in the figure are mean ± SEM of 3 independent 
experiments. ****p<0.0001
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potency of nanoparticle formulation of ZER compared 
to free ZER.

ZER‑LCNs inhibited wound closure in A549 cells

The images from wound healing assay show no differ-
ence in the closure of wound in A549 cells treated with 
ZER (50 µM) or ZER-LCNs (2.5 µM) (Fig. 6A). How-
ever, there is a visible inhibition of wound closure in 
A549 cells treated with ZER-LCNs at 5 µM concentra-
tion (Fig. 6A). The quantification of % wound closure 
is consistent with the representative images, with ~27% 
inhibition of wound closure in 5 µM ZER-LCNs-treated 
A549 cells as compared to the control (Fig. 6B, p<0.01).

ZER‑LCNs decreased the migration of A549 cells 
in a trans‑well chamber

The visual observation of images from trans-well cham-
ber assay showed decreased number of A549 cell migra-
tion when treated with 50 µM ZER or 5 µM ZER-LCNs 
compared to the control (Fig. 7A). This is also consistent 
with the decreased number of migrated cells in both 50 µM 
ZER-treated group (Fig. 7B, p<0.01 against the control) and 
5 µM ZER-LCNs (Fig. 7B, p<0.0001 against the control). 
Fifty micromolar ZER and 5 µM ZER-LCNs decreased cell 
migration by ~32% and ~60%, respectively (Fig. 7B), sug-
gesting a greater anti-migratory potential of ZER-LCNs 
compared to the free ZER.

Fig. 5  Effect of ZER and ZER-
LCNs on colony formation of 
A549 cells. After seeding A549 
cells in 6-well plate, they were 
cultured for 2 weeks in the 
absence or presence of 50 µM 
ZER or 5 µM ZER-LCNs. The 
cell colonies were stained with 
crystal violet and photographed. 
The figure shows representa-
tive images from 3 independent 
experiments

Fig. 6  Wound healing effect of 
ZER and ZER-LCNs in A549 
cells. Wound was scratched on 
the monolayer of fully conflu-
ent A549 cells, then the cells 
were cultured for 24 h in the 
absence or presence of 50 µM 
ZER, 2.5 µM ZER-LCNs, or 
5 µM ZER-LCNs. The images 
were acquired at 0 h and 24 h of 
treatment with a phase contrast 
microscope at 4× magnifica-
tion. A representative images 
from 3 independent experi-
ments. B % wound closure 
after 24 h of incubation with or 
without ZER-LCNs. Data in B 
is expressed as mean ± SEM 
of 3 independent experiments. 
**p<0.01
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ZER‑LCNs increased P53 and PTEN mRNA expression 
and decreased KRT18 mRNA expression

Analysis of mRNA levels with RT-qPCR showed that 5 
µM ZER-LCNs upregulates the transcription of tumor sup-
pressor genes P53 and PTEN (Fig. 8A–B, p<0.0001 for 
both against the control) and downregulates transcription 
of metastasis-associated KRT18 (Fig. 8C, p<0.001). Fifty 

micromolar ZER and 2.5 µM ZER-LCNs did not show 
such effects (Fig. 8A–C).

ZER‑LCNs downregulated proteins‑associated 
with cancer cell proliferation

Treatment of A549 cells with ZER-LCNs significantly 
downregulated the protein expression of AXL receptor 

Fig. 7  Effect of ZER and ZER-
LCNs on migration of A549 
cells in a trans-well chamber. 
The cells seeded in a trans-
well chamber was treated with/
without 50 µM ZER or 5 µM 
ZER-LCNs for 24 h to allow 
cell migration. Migrated cells 
in the lower compartment were 
stained with staining solu-
tion of hematoxylin and eosin 
and microscopic images were 
taken at 20× magnification. A 
representative images from 3 
independent experiments. B The 
number of cells, and the data 
are expressed as mean ± SEM 
of 3 independent experiments. 
**p<0.01, ****p<0.0001
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Fig. 8  Regulation of mRNA levels P53, PTEN, and KRT18 by ZER 
and ZER-LCNs. A549 cells were treated with 50 µM ZER, 2.5 µM 
ZER-LCNs, or 5 µM ZER-LCNs for 24 h. Total RNA was extracted, 
cDNA synthesized, and mRNA levels were determined with qPCR. 

The figure shows the mRNA levels of P53 (A), PTEN (B) and KRT18 
(C), normalized against the levels of GAPDH. Data are expressed as 
mean ±SEM of 3 independent experiments. *p<0.05, ***p<0.001, 
****p<0.0001
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tyrosine kinase (AXL), epidermal growth factor receptor 
(HER1), progranulin (PGRN), and baculoviral IAP repeat 
containing 5 (BIRC5) at both 2.5 and 5 µM concentrations 
(Fig. 9A–D), while ZER only downregulated the protein 
expression of AXL (Fig. 9A, p<0.05 compared to control). 
This shows that the regulatory activity of ZER-LCNs on 
expression of proteins associated with cancer cell prolifera-
tion was far superior compared to ZER (Fig. 9A–D).

ZER‑LCNs downregulated proteins‑associated 
with cancer cell migration

Both 2.5 and 5 µM doses of ZER-LCNs significantly down-
regulated the protein expression of dickkopf1 (DKK1), 
actin capping protein, gelsolin like (CAPG), cathepsin S 
(CTSS), cathepsin B (CTSB), and cathepsin D (CTSD), 
as compared to the control (Fig. 10A–E), while only 5 µM 
ZER-LCNs could downregulate the protein expression of 
urokinase-type plasminogen activator (PLAU) (Fig. 10F, 
p<0.05 against the control). ZER-treated A549 cells also 
showed downregulation of DKK1, CAPG, CTSS, CTSB, 
and CTSD (Fig. 10A-E). 5 µM ZER-LCNs showed greater 

potential to inhibit migration than 50 µM ZER, which is 
highlighted by greater downregulation of DKK1 and CTSB 
in the presence of 5 µM ZER-LCNs relative to 50 µM ZER 
(Fig. 10A-D).

Discussion

Our in vitro investigation in A549 cell line has demonstrated 
the beneficial anti-cancer activity of ZER-LCNs. We have 
shown that ZER-LCNs remarkably inhibits key processes of 
cancer progression proliferation and migration, and down-
regulate the various protein expression linked with cancer 
progression. The results of the present study indicate that 
ZER-LCNs provide superior anti-cancer potency and effi-
cacy through increased inhibition A549 cell proliferation 
and migration at 10- to 20-fold lower concentrations of free 
ZER used. Mechanistically, ZER-LCNs inhibited cancer cell 
proliferation and migration by upregulating the mRNA lev-
els of P53 and PTEN, downregulating the mRNA levels of 
KRT18, as well as by downregulating the levels of several 
proteins involved in the promotion of cancer cell prolifera-
tion, migration, and invasion.

Fig. 9  Regulation of expression 
of proteins-related to cancer 
cell proliferation by ZER and 
ZER-LCNs. After treatment 
of A549 cells with 50 µM 
ZER, 2.5 µM ZER-LCNs, or 
5 µM ZER-LCNs for 24 h, the 
proteins were extracted and the 
expression of proteins-asso-
ciated with cell proliferation 
was evaluated with proteome 
profiler human oncogenic array 
kit. The figure shows the protein 
expression of AXL (A), HER1 
(B), PGRN (C), and BIRC5 
(D). The data are expressed as 
mean ± SEM of 3 independ-
ent experiments. *p<0.05, 
**p<0.01, ***p<0.001, and 
****p<0.0001
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Despite a wide range of promising pharmacological 
benefits of ZER, it has several limitations, including low 
dissolution rates, poor gastrointestinal absorption and low 
oral bioavailability, owing to the fact that it is very slightly 
soluble in water, thus limiting its clinical applications 
(Devkota et al. 2021). To overcome these shortcomings, 
it is essential to develop alternative drug delivery system 
for ZER utilizing nanotechnology and advanced pharma-
ceutical approach. The encapsulation of molecules within 
nanoparticles is advantageous because, besides improving 
solubility, it improves the stability and cellular uptake of 
the loaded molecules, simultaneously allowing selective cell 
targeting (Ng et al. 2020; Paudel et al. 2022). This results 
in an increased therapeutic efficacy of encapsulated drugs, 
with substantially lower doses necessary to achieve thera-
peutic effect compared to free, non-encapsulated drug, and 
subsequently reduced adverse effects (Paudel et al. 2022). 
A few studies have shown that formulating ZER with cyclo-
dextrin (Hassan et al. 2020) and nanostructured lipid carriers 

(Foong et al. 2018) improves its solubility and bioavailabil-
ity. Pharmaceutical formulations using nanoparticles have 
been suggested and developed for a better and more effective 
drug delivery system for ZER as an anti-cancer agent. LCN 
drug delivery system is one of such nanotechnology-based 
systems that offers versatility in designing and delivery of 
therapeutic moiety to manage chronic respiratory diseases 
(Chan et al. 2021). We have previously shown that rutin-, 
naringenin-, and berberine-loaded LCNs offer better anti-
cancer activity along with activity against oxidative stress 
and inflammation than using powder form of these com-
pounds (Alnuqaydan et al. 2022; Alnuqaydan et al. 2022; 
Mehta et al. 2021; Mehta et al. 2021; Paudel et al. 2022; 
Paudel et al. 2022; Paudel et al. 2020; Paudel et al. 2021; 
Wadhwa et al. 2021). Continuing with the similar research 
hypothesis, we have formulated ZER-LCNs and investigated 
its anticancer potential.

In this study, the formulation of ZER using the monoolein 
(MO)-based LCN technology was successfully produced 
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Fig. 10  Regulation of proteins-associated with cancer cell migration 
by ZER and ZER-LCNs. After treatment of A549 cells with 50 µM 
ZER, 2.5 µM ZER-LCNs, or 5 µM ZER-LCNs for 24 h, the proteins 
were extracted and the expression of proteins-associated with cell 
proliferation was evaluated with proteome profiler human oncogenic 

array kit. The figure shows the protein expression of DKK1 (A), 
CAPG (B), CTSS (C), CTSB (D), CTSD (E), and PlAU (F). The 
data are expressed as mean ± SEM of 3 independent experiments. 
*p<0.05, **p<0.01, and ***p<0.001
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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 recognized 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 (Loo et al. 2020). MO has rather low cytotoxicity 
when used in nanoparticles in previous studies (Bode et al. 
2013; Leesajakul et al. 2004) in comparison to phytantriol-
based LCNs (Hinton et al. 2014). However, MO does have 
the tendency to cause haemolysis when distributed through 
the intravenous route. Therefore, in order to reduce the like-
liness of this occurring, it was proposed that the addition 
of P407 stabilizer would be useful as it can play the role of 
giving steric stabilization and coverage to the outer surfaces 
of the dispersed colloidal particles. This would in turn also 
reduce the immediate exposure of MO to the red blood cells 
(Loo et al. 2020).

The mean diameter of LCN is usually between 70 and 
130 nm (Lee et al. 2016), whereas the ZER-LCN had a mean 
diameter of 180.6 ± 3 nm which also corresponds with the 
addition of ZER into the formulation thus slightly increas-
ing the overall mean size. Additionally, the PDI obtained 
for 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 (Danaei et al. 2020). Addition-
ally, high entrapment efficiency was also observed for the 
ZER-LCN formulation at 90.63 ± 0.13%. The entrapment 
efficiency is the difference between the initial drug and the 
free drug in the supernatant with respect to the total amount 
added into the nanoformulation. The in vitro drug release 
study is an important study for the identification of the effi-
cacy, safety as well as the quality of nanoparticle-based drug 
delivery systems (Weng et al. 2020). Our 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 h was observed and this pro-
longed release is an added benefit as it ensures that patients 
would reap the benefits of the safe drug dosage over a longer 
period as well as being able to reduce the frequency of the 
drug consumption.

Once we confirmed that our ZER-LCNs exert favorable 
characterization data in terms of particle size, polydispersity 
index, entrapment efficiency, and in vitro release, we pro-
ceeded with the investigation of in vitro biological activity 
against A549 cells. The two key events of tumorigenesis 
are (a) proliferation and (b) migration/metastasis, which 
are governed by several pathways, and transcription and 
expression of cancer-related genes and proteins, respectively. 
P53 is a nuclear protein whose main physiological role is 
to regulate the progression of cells through the cell cycle, 

arresting the cell cycle in case of DNA damage, and initi-
ating apoptosis if the damage is irreparable (Chasov et al. 
2021). Loss-of-function mutations of p53 are very frequent 
in different types of cancer (Jin et al. 2010). This makes 
p53 an intriguing option as a therapeutic target, with many 
approaches emerging recently in an attempt to restore its 
function (Hassin and Oren 2022). Another important tumor 
suppressor whose function is often loss in many cancers, 
including LC, is PTEN (Gkountakos et al. 2019; Jin et al. 
2010). The PTEN protein is a potent oncosuppressor whose 
physiological function is to maintain the homeostasis of the 
mitogenic Phosphatidylinositol-3-kinase (PI3K)/AKT path-
way by dephosphorylating phosphatidylinositol-3, 4, 5-phos-
phate (PIP3) (Jin et al. 2010; Molinari and Frattini 2013). 
The loss of expression and/or function of oncosuppressors 
such as p53 and PTEN results, through different pathways, in 
increased cell proliferation and reduced cell death (Jin et al. 
2010). This is often accompanied by the aberrant expression 
of specific proteins that may be used as a cancer biomarker 
such as KRT18 (Zhang et al. 2019).

Our cell proliferation assay revealed that ZER-LCNs 
remarkably inhibited the A549 proliferation by ~45% at a 
dose of 5 µM (Fig. 4). Interestingly, the pure ZER upto the 
dose of 50 µM did not significantly change the cell prolifera-
tion indicating ZER-LCN is more potent than its pure form. 
Furthermore, this was supported by our colony formation 
assay where ZER-LCNs at a dose of 5 µM inhibited the 
colony formation of A549 compared to both control (only 
media treated) and pure ZER at 50 µM (Fig. 5). Mecha-
nistically, we have revealed that the decrease in A549 cell 
proliferation was due to the inhibition of protein expression 
of Axl, progranulin, Survivin/BIRC5, and ErbB1/HER1 
that are involved in cell proliferation/growth (Fig. 9). The 
expression of oncogene Axl is observed in 60% of NSCLC 
cell line and it is known to facilitate tumor cell growth and 
adhesion (Kim et al. 2015; Wimmel et al. 2001). Progranu-
lin expression is correlated with A549 growth and induce 
tumor growth in vivo (He and Bateman 1999). Survivin/
BIRC5 inhibits apoptosis of tumor cells, and therefore 
supports cancer cell survival (Hirano et al. 2015; Schott 
et al. 1995). HER1 is a member of epidermal growth factor 
receptor (EGFR) family with crucial function of mediating 
NSCLC proliferation (Guo et al. 2016). P53 and PTEN are 
well known tumor suppressor genes in NSCLC (Andjelkovic 
et al. 2011). It is interesting to note that tumor suppressor 
gene P53 and PTEN were upregulated by only ZER-LCN 
but not by pure ZER (Fig. 8).

In relation to A549 migration, we have observed that 
ZER-LCNs drastically inhibits the A549 would closure in 
scratch wound healing assay and trans-well chamber assay, 
the methods to quantify cell migration. This was evident 
by ~27% inhibition of wound closure by 5 µM ZER-LCNs 
while pure ZER could not significantly close the wound 
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compared to the untreated control (Fig. 6). Similarly, in 
trans-well chamber assay, 5 µM ZER-LCNs inhibited the 
migration of A549 by ~60% while pure ZER could only 
inhibit ~32% (Fig. 7). Mechanistically, we have revealed that 
the decrease of A549 cell proliferation was due to the inhibi-
tion of protein expression of CTSB, CTSD, CTSS, DKK1, 
CAPG, and PLAU that are involved in cell migration/metas-
tasis (Fig. 10). CTSS protein is associated with NSCLC 
progression as CTSS can cleave proteoglycan of interstitial 
matrix such as decorin (Kehlet et al. 2017) and nidogen-1 
(Willumsen et al. 2017) to facilitate the invasion of NSCLC 
cell. DKK1, CTSB, CTSD, and CAPG are also associated 
with the metastatic potential of cancer (Shao et al. 2011; 
Tan et al. 2013; Zhang et al. 2017). Our biological study 
clearly suggests that ZER-LCNs possess more significant 
anti-cancer potential against A549 cells compared to pure 
ZER. KRT18 gene is overexpressed in human cancer and 
positively correlated with tumor invasion/metastasis (Zhang 
et al. 2014). In our study, we observed that KRT18 gene 
expression was significantly downregulated by ZER-LCNs 
but not by pure ZER. These findings are diagrammatically 
summarized in Fig. 11.

We cannot neglect the various limitations in our 
study that could be a research platform for us and other 
researcher for further expansion of our current study. Our 
study lacks the inclusion of the expression of other lung 
cancer related genes besides P53, PTEN, and KRT18. It 
would be interesting to explore further to validate whether 
the genes encoding the proteins in Figs. 9 and 10 are inhib-
ited by ZER-LCNs. As our research outcomes is based 
on in vitro experimental data, there is a scope for fur-
ther expansion of our hypothesis utilizing in vivo animal 

models of lung cancer. Furthermore, apart for the A549 
cell line, there are many other cells line of both NSCLC 
and SCLC where we can study the therapeutic potential of 
ZER-LCNs as anticancer agents. Moving forward, it would 
be useful and compelling to conduct in vivo biological 
analysis of ZER in the LCN formulation through the inha-
lation delivery method in experimental mice model with 
other models that have been established. 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 deter-
mining toxicity and the bioavailability of drugs. Neverthe-
less, our study suggests that with further strengthening of 
research with Zerumbone -LCNs, it can be a promising 
therapeutic option for lung cancer.

Conclusion

In conclusion, ZER-LCNs show significant anti-prolifera-
tive and anti-migratory activity in A549 cells by regulat-
ing the mRNA expression of P53, PTEN, and KRT18 and 
the expression of several proteins associated with cell 
proliferation and migration such as AXL, HER1, PGRN, 
BIRC5, DKK1, CAPG, CTSS, CTSB, CTSD, and PlAU. 
This study highlights successful application of nanotech-
nology in formulating LCN-encapuslated ZER to generate 
superior efficacy and potency compared to free ZER for the 
treatment of NSCLC. 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 unfavorable characteristics of pure ZER using 
the nanoformulation method. This study will help to direct 
future research towards the investigation and development 
of ZER as a potential anti-cancer drug therapy with the help 
of nanotechnology.
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