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ARTICLE INFO ABSTRACT

Keywords: Chronic lung diseases such as asthma, chronic obstructive pulmonary disease, lung cancer, and the recently
Monoolein emerged COVID-19, are a huge threat to human health, and among the leading causes of global morbidity and
Nanomaterial

mortality every year. Despite availability of various conventional therapeutics, many patients remain poorly
controlled and have a poor quality of life. Furthermore, the treatment and diagnosis of these diseases are
becoming increasingly challenging. In the recent years, the application of nanomedicine has become increasingly

Drug delivery
Lung disease

Nanomedicine

Therapeutics popular as a novel strategy for diagnosis, treatment, prevention, as well as follow-up of chronic lung diseases.
This is attributed to the ability of nanoscale drug carriers to achieve targeted delivery of therapeutic moieties
with specificity to diseased site within the lung, thereby enhancing therapeutic outcomes of conventional
therapies whilst minimizing the risks of adverse reactions. For this instance, monoolein is a polar lipid nano-
material best known for its versatility, thermodynamic stability, biocompatibility, and biodegradability. As such,
it is commonly employed in liquid crystalline systems for various drug delivery applications. In this review, we
present the applications of monoolein as a novel nanomaterial-based strategy for targeted drug delivery with the

potential to revolutionize therapeutic approaches in chronic lung diseases.
1. Introduction the major contributors to the rising toll of morbidity, disability, and
premature mortality around the world. Specifically, it has been reported
According to the World Health Organization (WHO), chronic lung that approximately 235 million individuals suffer from asthma and more
diseases including asthma, chronic obstructive pulmonary disease than three million individuals succumb to COPD each year. Moreover,
(COPD), idiopathic pulmonary fibrosis (IPF), and lung cancer are among lung cancer, a major neoplasm, continues to be the leading cause of
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cancer-related premature deaths, with a higher rate of lung cancer
deaths observed in women compared to men [1,2]. Researchers and
health professionals have predicted that these figures will continue to
increase over the coming years, posing huge burden on public health and
socioeconomic growth, as well as raising the concerns that a huge
population would be impacted by these diseases. At the same time, the
burden brought upon by chronic lung diseases has also adversely
impacted the livelihoods of individuals suffering from these diseases
[3-6]. Typically, pharmacotherapy is essential for the management of
chronic lung diseases. Over the years, advancements in scientific
research and medical technologies have led to the discovery and
development of multiple synthetic drugs for treating these diseases.
Nevertheless, most of these conventional therapeutic agents failed to
effectively halt or reverse the progression of these diseases, and several
patients remain poorly controlled with a poor quality of life [7,8].
Furthermore, certain therapies have resulted in the development of
adverse reactions and side effects that may be potentially toxic, as well
as poor delivery of therapeutic agents observed especially in naturally
occurring plant-based moieties, which may hinder their therapeutic
potential (Fig. 1) [9-11]. Thus, the need for researchers to develop novel
innovative strategies for combating chronic lung diseases has become
increasingly prominent.

Nanomedicine refers to the innovation of nanotechnology in the field
of medicine. It is a multidisciplinary field of science involving material
science, biology, chemistry, and physics that has gained rising popu-
larity as the novel means for the diagnosis, treatment, prevention, and
the follow-ups of various diseases [12,13]. Studies have shown that the
application of nanomedicine in the management of human diseases has
superior outcomes as compared to conventional therapeutic approaches
[9,13-16]. This can be attributed to the ability of nanocarriers to ach-
ieve targeted drug delivery to specific site within the body, as well as
improved biodistribution, bioavailability, and enhanced solubility of
hydrophobic agents. At the same time, nanocarriers can potentially
reduce clearance and minimize premature degradation of encapsulated
moieties that may be unstable in the biological environment, thereby
enhancing overall therapeutic efficacy whilst avoiding off-target adverse
reactions [9,11,15,17]. As such, the use of drug-loaded nanocarriers
may be a feasible strategy for replacing conventional therapeutics in the
treatment of chronic lung diseases, and it could contribute to the clinical
translation of novel therapies that can effectively treat these diseases
and improve patients’ quality of life. Generally, nanomedicine-based
strategy employs colloid systems of sizes within the nanoscale range,
in which drug-loaded nanocarriers can be engineered using a wide range
of nanomaterials such as polymers, lipids, and other inorganic materials
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that can facilitate the loading and delivery of diverse chemical and
biological moieties [9,18,19]. Monoolein is an example of lipid-based
nanomaterial that is commonly utilized to prepare lyotropic cubic
liquid crystalline drug delivery systems due to its physicochemical
properties, including thermodynamic stability, non-toxicity, biocom-
patibility, biodegradability, as well as the ability to exhibit various
phase behaviours in water [20-22]. In this review, special focus will be
given to the applications of monoolein in advanced drug delivery sys-
tems for management of chronic lung diseases, explained by discussing
some of the most recent studies in this field of research.

2. Overview of common chronic lung diseases
2.1. Asthma

Asthma is a common yet poorly understood chronic inflammatory
disease of the respiratory system, in which the airways become swollen,
narrow, and produce excessive mucus [23,24]. Generally, it is a disease
that can manifest as episodic, where symptoms appear and resolve upon
therapeutic intervention, or persistent, where symptoms are continu-
ously present. The major clinical manifestations of asthma are shortness
of breath, coughing, wheezing, and chest tightness. Some major risk
factors of asthma include tobacco smoke, exposure to allergens such as
pollens, moulds, dust mites, animal dander, and chemical fumes, as well
as outdoor pollutants from biomass smoke, bushfire, and motor vehicles
[25,26]. These triggers may vary from person to person and may be
more pronounced under certain conditions, such as physical exercise,
emotions and stress, consumption of alcohol, use of aspirin, beta
blockers and non-steroidal anti-inflammatory drugs, as well as personal
and family medical history [27-29].

Most cases of asthma are associated with airway sensitization by
allergens, leading to a cascade of biological events that amplifies the
chronic inflammatory responses. Typically, most asthmatics present
type 2 inflammation that is commonly linked with pro-inflammatory
cytokines such as interleukins (IL)-4, —5, and —14, as well as inflam-
matory cells such as eosinophils, basophils, mast cells, type 2 T helper
(Th) lymphocytes, and immunoglobulin (Ig) E (IgE)-producing plasma
cells [24,30]. Among these, IL-5 is the cytokine that plays a primary role
in eosinophilic inflammation and asthma pathophysiology by modu-
lating the recruitment, differentiation, growth, activation, and survival
of eosinophils [31,32]. Besides, eosinophils also contribute to the pro-
duction of transforming growth factor (TGF)-f which leads to airway
fibrosis and remodelling, as well as IL-13 and cysteinyl leukotrienes
which enhance goblet cells differentiation, leading to airway
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Fig. 1. Challenges involved in the development of therapeutics for chronic lung diseases.
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hyperresponsiveness (AHR) and mucus hypersecretion [33,34]. At the
bronchial level, the damage brought upon by eosinophils accumulation
is thought to be associated with their degranulation and subsequent
release of toxic proteins, such as eosinophil peroxidase, eosinophil
cationic protein, eosinophil-derived neurotoxin, and major basic pro-
tein, which synergistically leads to bronchoconstriction and the activa-
tion of basophils and mast cells that further produce prostaglandins
(PG), histamine, and leukotrienes to amplify the ongoing inflammatory
processes [35,36]. Moreover, IL-4 along with the stimulation of mast
cells can promote IgE responses, resulting in the upregulation of mul-
tiple pro-inflammatory mediators that collectively induce smooth mus-
cle contraction, vascular leakage, eventual airway narrowing and AHR
that constitute the hallmarks of asthmatic patients [32,37].

Pharmacotherapy is essential in the management of asthma, and it
aims to reduce frequent exacerbations, preserve lung functions, and
minimize adverse reactions. Currently, the mainstay of asthma thera-
peutics are inhaled corticosteroids and long-acting B,-adrenoceptor ag-
onists [38]. However, therapeutic success of these agents can be
influenced by the individual characteristic of each patient, such as
compliance, ability to perceive worsening asthma control, and the
technique of using asthmatic inhalers. Besides, in patients whose
symptoms are poorly controlled, more than one type of therapeutic
agents may be required, thereby increasing the risks of adverse reactions
whilst decreasing patient compliance [11,39]. For example, prolonged
use of corticosteroids could result in adrenal suppression, osteoporosis,
dysphonia, candidiasis, myopathies, and metabolic disturbs that may
affect patients’ quality of life and reduces patients’ adherence to medi-
cations [40,41]. Furthermore, increasing chronicity and severity of the
disease could lead to irreversible airway narrowing, which can greatly
diminish the effectiveness of bronchodilators in relieving asthmatic
exacerbations. Tolerance and resistance may also be developed with
prolonged high-dose administration of bronchodilators in severe asth-
matic patients [42,43]. Therefore, the management of severe asthmatic
exacerbations is extremely challenging and most conventional thera-
peutics are unable to manage the disease.

2.2. Chronic obstructive pulmonary disease

Apart from asthma, COPD is another chronic inflammatory disease of
the respiratory system that represents a group of progressive and irre-
versible pulmonary conditions including small airway deterioration,
chronic bronchitis, and emphysema [44,45]. Cigarette smoking is
known as the major risk factor of COPD. Upon inhalation of cigarette
smoke, more than 4500 different substances including heavy metals,
toxins, carcinogens, and mutagens will be deposited along the respira-
tory tract from the upper airways to the deeper alveoli region. As a
result, the balance between oxidants and antioxidants within the res-
piratory system will be distorted, further leading to mucus hypersecre-
tion, deactivation of anti-proteases, as well as the upregulation of gene
expressions that code for various inflammatory mediators. These could
ultimately result in bronchial cell apoptosis and the destruction of local
respiratory tissues [46,47]. Generally, the early symptoms presented by
COPD patients are exertional dyspnoea while the three essential features
of COPD being chronic cough, worsening episodes of dyspnoea, and
increased production of sputum [48]. Although COPD is often regarded
as a progressive disease with a high mortality rate, it is often preventable
given that most COPD cases are induced by cigarette smoking [9,49].

Typically, COPD is characterized by chronic inflammation with an
elevated number of CD8* lymphocytes, macrophages, and neutrophils.
The pathogenesis of COPD usually involves both arms of the immune
system, namely, the innate and adaptive immune responses linked
through dendritic cell activation, and it is initiated by a switch from self-
limiting inflammatory response to a chronic persistent inflammatory
response [50,51]. Inhaled cigarette smoke and other pollutants can
directly upregulate pattern recognition receptors such as Toll-like re-
ceptors and purinergic receptors. At the same time, pattern recognition
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can also be initiated by damage-associated molecular patterns that are
released by dying-autophagic, apoptotic, and necrotic cells [50,52].
Besides, these noxious gases can also damage airway epithelial cells by
downregulating vascular endothelial growth factor (VEGF) and hepa-
tocyte growth factor, which lead to the apoptosis of alveolar cells that is
observed in the emphysema COPD phenotype. The damaged alveolar
epithelial cells further release TGF-p that facilitates the upregulation of
connective tissue growth factor, leading to collagen deposition, lung
fibrosis, and airway remodelling [47,52]. The inflammatory response
can also be propagated by chemotactic factors which attract inflam-
matory cells to the injured regions within the lung. Namely, chemokine
ligand (CCL) 2 (CCL2) acts on chemokine receptor 2 (CCR2) to attract
monocytes; C-X-C motif ligand (CXCL)-1 and CXCL-8 act on CCR2 to
attract neutrophils and monocytes; whereas CXCL-9, -10, and —11 act on
C-X-C motif receptor 3 (CXCR3) to attract Th1 cells and cytotoxic T cells
[47,50,52]. These attracted inflammatory cells then release proteases
such as matrix metalloproteinase (MMP)-9 at the injured site, leading to
elastin degradation and emphysema, as well as switching of the immune
system to a Th17 response for the promotion of chronic inflammatory
processes [50,53].

Like asthma, pharmacotherapy in COPD aims to improve symptoms
and reduce chronic exacerbations. Corticosteroids, long-acting f2-ago-
nists, bronchodilators, and anticholinergics are the agents that are
commonly utilized in the management of COPD. Nevertheless, these
agents are unable to modify the course of the disease, whereby complete
recovery is currently only possible with lung transplantation. Apart from
that, these agents are also associated with undesirable adverse reactions
that may further affect patients’ quality of life [8,9]. For example,
myocardial ischemia and electrolyte disturbance are associated with
long-acting po-agonists, whereas acute glaucoma and supraventricular
tachycardias are associated with anticholinergics [54]. Besides, it has
been reported that COPD patients respond poorly to corticosteroids even
at higher doses. Therefore, resistance to corticosteroids in COPD patients
is thought to be attributed to reduced histone deacetylase expression in
macrophages, which then impairs the ability to suppress production of
CXCL-8, MMP-9, and tumour necrosis factor (TNF)-a. Despite that,
corticosteroids are still commonly utilized due to the lack of effective
therapies, leading to other adverse effects such as osteoporosis and
cardiovascular events [54-56]. Furthermore, such abnormal macro-
phage activity also impairs the normal phagocytic processes, which
could lead to chronic bacterial colonization of the airways and increases
the risk of pneumonia in COPD patients [56]. Hence, there is an
increasing need to develop novel alternatives to conventional COPD
therapeutics to address the growing morbidity and mortality brough
upon by this disease.

2.3. Idiopathic pulmonary fibrosis

IPF is a chronic and progressive disease of the respiratory system that
is characterized by a dysregulated accumulation of fibrotic tissue in the
lungs parenchyma, and the disease is often associated with a poor
prognosis with significant morbidity. Dyspnoea is the most reported
symptom by IPF patients, in which studies have demonstrated correla-
tion between the severity of dyspnoea and the quality of life as well as
the prognosis of IPF patients [57,58]. Generally, the risk factors of IPF
include genetic predisposition, cigarette smoking, exposure to environ-
mental pollutants, viral infection, chronic aspiration, and medication
use. Nevertheless, none of these risk factors could adequately justify the
progressive nature of IPF or the extensive remodelling and increased
incidence of fibrosis with advancing age of patients [58].

Repair of damaged tissues is a fundamental biological mechanism of
the human body critical for survival that enables the replacement of
damaged or dead cells after an injury in an orderly manner. Fibrogenesis
is part of the wound healing process that is initiated in response to tissue
injury, leading to the ideal restoration of homeostasis [59]. In normal
physiological conditions, such wound healing process upon initiation by
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epithelial injury, releases inflammatory mediators including IL-25 and
-33, as well as thymic stromal lymphopoietin that facilitate the propa-
gation of pro-fibrotic Th2 responses. The process is followed by the
activation of platelets and enhanced vessel permeability for the
recruitment of leucocytes. These inflammatory cells further release IL-4
and -13 which induce the development of a pro-fibrotic macrophage
population that upregulates TGF-p, contributing to the recruitment and
activation of fibroblasts, as well as their subsequent differentiation into
myofibroblasts. Lastly, these myofibroblasts produce components of the
extracellular matrix (ECM) to facilitate the wound healing process,
resulting in eventual restoration of normal tissue and its structural
integrity [59,60]. However, during the development of IPF-associated
fibrosis, the wound healing process can be dysregulated in one or
more stages, which contributes to an irreversible and undesirable
deposition of scar tissue that is characterized by hypersecretion of ECM
components including interstitial collagens, fibronectin, hyaluronic
acid, and proteoglycans. Ultimately, the architecture of the lung is
remodelled with the development of a permanent fibrotic scar, pro-
ducing symptoms such as persistent cough, shortness of breath, and
chest tightness [59,61].

Despite numerous studies that are performed over the years, efforts
in identifying an effective therapy for the management of IPF remains
elusive, with lung transplantation as the sole option that is effective in
treating IPF. Therefore, IPF remains as a lung disease that is challenging
to treat, thereby posing a significant burden to public health and pa-
tients’ quality of life [62,63]. Recently, there are a few anti-fibrotic
agents that have been developed and approved as the potential
disease-modifying therapeutics for IPF, namely, nintedanib and pirfe-
nidone. However, the prolonged use of these therapeutic agents is
associated with adverse reactions [64,65]. For instance, nintedanib has
been found to cause acute nausea, diarrhoea, and modified liver enzyme
activity, whereas pirfenidone has been found to cause various derma-
tological, gastrointestinal, and neurological side effects, as well as
photosensitivity [64-66]. These may contribute to poor compliance to
medications and increased discontinuation rates in IPF patients. As such,
these agents are far from ideal therapies to prevent disease progression,
mortality rate and reversing the pathophysiological process of the dis-
ease [11,67]. Thus, efforts to identify novel IPF therapeutics with
greater efficacy and improved safety profiles are highly essential.

2.4. Lung cancer

Lung cancer refers to the development of tumours due to dysregu-
lated cell growth in the lung parenchyma or bronchi [68]. Currently,
there are two different types of lung cancer, namely, small cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC), with the latter
accounting for most of the lung cancer cases throughout the world [69].
The greatest risk factor for lung cancer is exposure to cigarette smoke,
whereby the rising prevalence of lung cancer can be largely attributed to
growing smokers’ population globally. Other risk factors for lung cancer
include genetic susceptibility, air pollution, occupational exposure, and
poor diet [70,71].

Genetic damage and mutations that affect normal cell regulation
processes are primarily the cause of lung cancer, where genetic alter-
ations usually promote the upregulation of oncogenes and down-
regulation of tumour suppressor genes. Examples of driver mutation
genes that have been established to be associated with NSCLC include B-
raf proto-oncogene, epidermal growth factor receptor gene, echinoderm
microtubule-associated protein-like 4-anaplastic lymphoma kinase
fusion oncogene, c-ROS oncogene 1, and p53 gene [72,73]. In addition,
chronic inflammation has also been shown to increase the risk of
tumorigenesis and induce the advancement of tumour from invasion to
metastasis [68,74-76]. As oncogenes and tumour suppressor genes are
implicated in tumorigenesis, they too play a role in inflammation by
regulating inflammatory mediators and the induction of neo-
vascularisation. Therefore, the same genetic alterations that result in
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tumorigenesis also aid in creating a favourable microenvironment for
the development of tumours and promoting immune escape by reducing
anti-tumour activity [68]. As described earlier, cigarette smoke contains
mutagens and irritants that could lead to pulmonary inflammation and
induce repeated insults to the lung parenchyma, producing a mutagenic
environment [74]. As such, the persistent chronic inflammation present
in COPD also increases the risk of developing malignant tissue within the
lungs as it has been shown that low grade emphysema is a risk factor for
lung cancer [74,77].

The goals in lung cancer treatment are to improve patients’ quality of
life, symptoms palliation, and to prolong survival, whereby the initia-
tion and choice of therapeutic regimen often depends on the type,
staging, and spread of the tumour cells, as well as the underlying health
status of the patient [78]. Nevertheless, there is still no definite cure for
lung cancer to-date, and all therapeutic options can only prolong the
survival rates of patients [78,79]. Current conventional cancer chemo-
therapies are also associated with various long-term adverse reactions
that could further decrease patients’ quality of life. For example,
doxorubicin has been linked with weight loss, alveolar haemorrhage and
reduction in pulmonary function; gemcitabine has been linked with
pulmonary oedema and connective tissue formation; whereas 5-fluoro-
uracil has been linked with weight loss and dose-dependent glossitis
[80]. In addition, these chemotherapies often demonstrate a low
long-term response rate as they lack specificity towards tumour tissues,
which leads to wide systematic exposure with limited quantity of drugs
being delivered to lung tumour, as well as undesirable diffusion to other
non-tumour tissues, thereby resulting in high off-target toxicity, sys-
temic side effects, and reduced therapeutic outcome [81,82]. Hence,
there is a need to develop novel and safer chemotherapies with mini-
mized systemic exposure and increased tumour targeting to improve
therapeutic window and subsequent clinical success in lung cancer
patients.

2.5. COVID-19

COVID-19 is a novel, highly contagious infectious disease of the
respiratory system caused by severe acute respiratory syndrome (SARS)
coronavirus (SARS-CoV) 2 (SARS-CoV-2). It first emerged in December
2019 in a cluster of patients presenting with pneumonia of unknown
cause in the city of Wuhan, People’s Republic of China [83]. This res-
piratory virus has demonstrated a significantly greater lethality
compared to the earlier emerging outbreaks of respiratory viruses,
including SARS-CoV in 2003 and Middle East respiratory syndrome
(MERS) coronavirus (MERS-CoV) in 2012 [84]. The early typical
symptoms of COVID-19 include fever, dry couth, and shortness of
breath. However, the clinical features of the disease may be highly
variable, ranging from asymptomatic patients to severe forms of respi-
ratory failure and widespread inflammatory dysregulated host response
that could lead to multi-organ failure, thromboembolism, and death.
COVID-19 can infect people of all ages, with older people and people
with underlying comorbidities at a greater risk of developing severe
disease. Cancer patients and those receiving immunosuppressants, as
well as pregnant women are also thought to be at a greater risk of
developing severe disease when infected with SARS-CoV-2 [84-86]. As
of November 2021, SARS-CoV-2 has infected more than 259 million
individuals and it has claimed more than 5 million lives globally [87].

As the ongoing outbreak of COVID-19 has posed an alarming and
extraordinary threat to public health, researchers have rushed to un-
derstand the pathophysiology of the disease to pave the way for the
development of medical interventions with the aim to contain the spread
of the virus. Like all viral infection, receptor recognition is the major
step for infecting host cells and is crucial for viral infectivity and path-
ogenesis [88]. Researchers have confirmed that SARS-CoV-2 depends
upon angiotensin-converting enzyme 2 (ACE2) receptor to enter host
cells. Upon binding of the virus to ACE2 receptor, type 2 transmembrane
serine protease (TMPRSS2) that is present in the host cell facilitates viral
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uptake via ACE2 cleavage and priming of the SARS-CoV-2 spike (S)
protein, thereby mediating coronavirus entry into the host cell through
the endocytic route [84,88,89]. Therefore, it can be assumed that a
higher risk of viral infection can be correlated with an upregulated ACE2
expression or a high-level co-expression of ACE2 and TMPRSS2 proteins
in SARS-CoV-2 targeted cells [90]. In humans, extensive ACE2 and
TMPRSS2 expression is shown in epithelial tissues of the heart, kidney,
gastrointestinal and respiratory tract. Particularly, SARS-CoV-2 entry
factors are highly expressed in the upper respiratory tract, nasal
epithelial cells, bronchi, and lower airways [88-90]. These suggest that
even without the presence of any underlying comorbidities, most vital
human organs can potentially be susceptible to SARS-CoV-2 infection
[90]. In the later stages of infection where viral replication accelerates,
compromised epithelial-endothelial integrity contributes to the infec-
tivity of SARS-CoV-2 on pulmonary capillary endothelial cells, thereby
augmenting the inflammatory response and inducing the rapid influx of
neutrophils and monocytes. Collectively, these result in lung injury,
dysfunctional alveolar-capillary oxygen transmission, and impaired
oxygen diffusion capacity that are the characteristic manifestations of
COVID-19 [83,84,91].

Vaccines are the first responders on the COVID-19 scene, in which
there have been substantial progress in the development of vaccines
against COVID-19 at an unprecedented speed, which can also be
attributed to the previous experiences gained by researchers from the
vaccine development path against SARS and MERS [92,93]. As of
November 3, 2021, eight types of vaccines have been listed for emer-
gency use against COVID-19 by the WHO. These include the vaccines
produced by Pfizer-BioNTech (Comirnaty®), AstraZeneca-Oxford
(Vaxzevria®), Moderna (Spikevax®), Sinovac (Coronavac®), Janssen,
Sinopharm, Serum Institute of India (Covishield™), and Bharat Biotech
(Covaxin®) [94,95]. However, the emergence of various SARS-CoV-2
variants of concern (VOC), such as B.1.617.2 (Delta), P.1 (Gamma),
B.1.351 (Beta), and B.1.1.7 (Alpha) has perturbed the initial optimism
that COVID-19 vaccines may provide a long-term solution to the
COVID-19 pandemic. Several studies have revealed that most vaccines
produced a lower neutralizing response against these VOCs, thereby
offering limited protection against mild to moderate COVID-19 in re-
gions where SARS-CoV-2 VOCs are prevalent [96-99]. For example, one
study has reported that the Delta variant, which has four mutations in its
S protein, had reduced susceptibility to vaccine sera especially in in-
dividuals who have only received one out of two doses of the Com-
irnaty® and Vaxzevria® vaccines [100]. Such findings also imply that
these variants may spread more rapidly due to increased immune
evasion potential arising from diverse mutations involving the
receptor-binding domain of the SARS-CoV-2 S protein [96-100].
Furthermore, the most recently discovered SARS-CoV-2 variant,
B.1.1.529 (Omicron), which was designated as a VOC by the WHO on
November 26, 2021, was found to possess numerous mutations on its S
protein which suggest an increased risk of reinfection with this variant
in contrast to other VOCs [101]. Recently, oral antivirals developed by
Pfizer (paxlovid) and Merck & Co. (molnupiravir) are also set to make
their mark as the United States Food and Drug Administration (FDA) is
considering granting authorizations for the use of these two oral anti-
virals in the treatment of COVID-19, whereby clinical studies have
demonstrated that both paxlovid and molnupiravir halt COVID-19
hospitalizations and deaths in patients treated soon after their initial
infection [93,102-104]. Nonetheless, given that the emergence and
rapid transmission of SARS-CoV-2 and its VOCs have sparked great
concerns on impending cases surge and negative public health outcome,
accelerating the pace of vaccination and continued development of
next-generation vaccines and/or therapeutic agents using the latest
technologies are crucial to address the growing risk of COVID-19 and to
modify the course of the pandemic.
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3. Application of nanomedicine in chronic lung diseases

Chronic lung diseases result in impaired work productivity, limita-
tions in the activities of daily life, as well as poor quality of life. As such,
these diseases impose a remarkable financial and emotional burden on
both patients and their families. It is predicted that by 2030, approxi-
mately 20% of global mortalities would be respiratory related [105,
106]. Despite availability of various therapeutic agents, these conven-
tional therapeutics have been insufficient in curing or slowing the pro-
gression of these diseases [17,105]. Therefore, there is a significant
global unmet need for researchers to develop novel classes of safe and
effective therapies that could enhance therapeutic efficacy by facili-
tating targeted delivery of therapeutic moieties to specific site within the
lung. Application of nanomedicine offers a unique opportunity and a
whole new vista of enhanced drug delivery for chronic lung diseases
such as asthma, COPD, IPF, and lung cancer, as well as emerging in-
fectious diseases such as influenza and COVID-19 (Fig. 2).

3.1. Improvement in pharmacokinetic properties

Over the years, various chemical and biological agents, as well as
immunomodulatory agents have been developed as therapeutics for the
management of chronic lung diseases [107-109]. Besides, given the
significant roles of chronic inflammation and oxidative stress in the
pathogenesis of most chronic lung diseases, many plants and herbs have
also been shown to be beneficial as they possess compounds that are rich
in antioxidative and anti-inflammatory activities [5,110-112]. For
example, resveratrol in grapes and red wine, garlic, as well as curcumin
were found to exhibit anti-tumour effects by the inhibition of cyclo-
oxygenase (COX) enzymes or VEGF, and by targeting pro-inflammatory
signalling pathways including nuclear factor kappa B (NF-kB), mitogen
activated protein kinase (MAPK), and c-Jun N-terminal kinase (JNK)
[76]. Despite that, these agents are often unable to achieve their
maximal therapeutic potential due to several pharmacokinetic draw-
backs, which include low solubility, rapid clearance, and poor in-vivo
stability. Thus, the application of nanomedicine has been proposed as a
feasible strategy to overcome these drawbacks and to improve the
therapeutic outcomes of these potential agents in the management of
chronic lung diseases [113,114].

In terms of solubility, the delivery of therapeutic moieties using
nanocarriers appeared as a potential strategy for enhancing the
bioavailability and therapeutic efficacy of poorly water-soluble com-
pounds, as the use of nanocarriers can facilitate the delivery of thera-
peutic moieties to their physiological target whilst preserving their
integrity and bioactivity [115]. For this instance, therapeutic moieties
can be either conjugated, complexed, encapsulated, entrapped, adsor-
bed, and/or attached to the nanocarriers [116]. Studies have proven
that once a therapeutic moiety is encapsulated within a nanocarrier, its
pharmacokinetic properties, biodistribution, and in-vivo behaviour will
be solely dictated by the physicochemical properties of the nanocarrier
rather than the therapeutic moiety itself [117]. Apart from that, given
the submicron size of nanocarriers, there will be a remarkable increase
in surface area and the surface to volume ratio, which can be positively
exploited to enhance dissolution rate and offer great opportunities for
modulating the behaviour of nanocarriers [118-120].

Apart from that, the utilization of nanocarriers have been proven
advantageous to optimise the circulation half-life of therapeutic moi-
eties. This is due to the ability of these nanocarriers to achieve a sus-
tained and controlled drug release profile, which could subsequently
prolong therapeutic action and enhance therapeutic efficacy [121,122].
Besides, nanocarriers that exhibit a sustained release pattern can often
improve patients’ compliance as reduction in required dosage and fre-
quency of administration can be achieved. This is attributed to the
ability of nanocarriers to maintain drug circulation time greater than the
biological half-life of the drug, as well as generation of a steady-state and
fixed therapeutic action due to persistent biological concentration of the



Y. Chan et al.

Reduced off-target toxicity
Increased drug efficacy
Increase drug safety

Pharmacodynamics

Journal of Drug Delivery Science and Technology 74 (2022) 103541

Evades hepatic first-pass metabolism
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Fig. 2. Potential benefits of nanomedicine-based strategy in managing chronic lung diseases.

drug within the therapeutic window [122,123]. As the half-life and
bio-circulation of a compound is greatly influenced by its release from a
nanocarrier, modification to the structure and composition of a nano-
carrier and its method of preparation can produce varying effects on the
overall therapeutic action. Other factors that can influence the release of
therapeutic moieties from nanocarriers include pH, temperature,
desorption of adsorbed or surface-bound drugs, diffusion of drugs
through the nanoparticle matrix, as well as the swelling and erosion of
nanoparticle matrix [121,124].

On the other hand, biologics offer the benefits of high specificity and
potency as compared to other small molecule drugs in the treatment of
diseases. However, the structural complexity of biologics has made
formulation and intracellular delivery challenging [125]. In terms of
chronic lung diseases, siRNA is an example of biologics that can be
utilized to “silence” specific genes responsible for the expression of
pro-inflammatory factors to modify the molecular mechanisms under-
lying the pathogenesis of these diseases [126]. Nevertheless, biologics
are often highly unstable in-vivo. For example, environmental triggers
such as temperature and moisture could lead to the loss of bioactivity,
while chemical and enzymatic degradation can also occur both during
storage and in the physiological environment [127]. In addition,
although intranasal delivery of siRNAs is generally preferred due to
reduced invasiveness and systemic toxicities, as well as increased spec-
ificity for the respiratory system, biological barriers such as the respi-
ratory cilia and mucus layer have hindered their effective delivery
[128]. Thus, the utilization of nanocarriers can potentially improve the
delivery of biologics while enhancing their half-life and retention in the
systemic circulation to facilitate their absorption, protect these sensitive
cargoes from degradation in hostile biological environments and
enhancing therapeutic outcomes [129,130].

3.2. Pulmonary drug delivery

Generally, pulmonary delivery via inhalation is the preferred route
of delivering therapeutic agents in the management of chronic lung
diseases, as therapeutics moieties can be directly delivered into the lungs
with preferential deposition and retention within diseased regions. In
contrast to other routes of administration, pulmonary inhalation pre-
sented various advantages in the treatment and management of these
diseases [131,132]. Namely, drug delivery via pulmonary inhalation

offers direct administration to the lungs, resulting in high drug con-
centrations within the diseased tissues with low systemic concentra-
tions. Besides, the pulmonary route also evades hepatic first-pass
metabolism and gastrointestinal proteolysis. This is further associated
with high pulmonary efficacy and improved drug bioavailability within
the lung, which can greatly minimize the risks of adverse effects as a
lower dosage is needed to produce therapeutic effects [132-134]. Apart
from improving the biodistribution of therapeutic agents for site-specific
delivery, pulmonary inhalation also provides a large alveolar surface
area, dense capillary network, and a thin biological barrier that con-
tributes to efficient drug absorption and rapid onset of action [134,135].
In a nutshell, an efficient inhaled drug delivery system is typically
designed to achieve high retention in the lung and does not penetrate the
systemic circulation to protect other body parts from undesirable effects
[135].

3.3. Targeted drug delivery

As discussed, targeted delivery is essential to retain therapeutic
moieties within their desired site of action whilst limiting their accu-
mulation in healthy tissues and organs. Such a goal can be achieved by
both passive and active targeting of therapeutic agents (Fig. 3) [136].
The strategy of passive targeting allows drug-loaded nanocarriers to
accumulate at targeted sites by exploiting specific pathophysiological
characteristics of the diseased cells and tissues, as well as their sur-
rounding microenvironment. Particularly, passive targeting can be
achieved via the enhanced permeability and retention (EPR) effect, and
it is highly useful in the treatment of lung cancer, whereby particles with
sizes between 10 and 1000 nm can preferentially accumulate within
tumour tissues instead of normal tissues [137,138]. This is due to the
larger endothelial gap within the vasculature of angiogenic tumour as
compared to those of normal vasculature, as tumour cells are generally
non-responsive towards cell signalling processes involved in regulating
vasculogenesis. Therefore, it allows the entry of drug-loaded nano-
carriers into the tumour tissues through their leaky vasculature and
abnormally wide pores. In addition, tumour tissues have limited
lymphatic drainage that reduces molecule clearance, thereby resulting
in higher drug retention [137-139]. Thus, nanocarriers can be utilized
to deliver therapeutic moieties to targeted sites via the EPR effect,
allowing for a high retention of these agents within diseased tissues



Y. Chan et al.

67 o
@ Vesicle

Passive Targeting

Journal of Drug Delivery Science and Technology 74 (2022) 103541

Drug
Ligands

Cell surface
receptors

Receptor-mediated
endocytosis

Active Targeting

Fig. 3. Targeted drug delivery via nanocarriers can be achieved by passive and active targeting mechanisms.

whilst minimizing off-target adverse effects, leading to more effective
therapy.

On the other hand, active targeting refers to the strategy in which the
surface of nanocarriers is functionalized with targeting ligands such as
proteins, antibodies, aptamers, peptides, carbohydrates, and glycopro-
teins that present great affinity to their cellular binding partners such as
cell surface receptors, tumour antigens, and tumour vasculature [136].
Ideally, active targeting allows the specific localization of drug-loaded
nanocarriers to diseased cells instead of healthy cells, which could
also reduce non-specific interactions between the nanocarrier and cell
plasma membrane [139,140]. Therefore, an active targeting strategy
can be employed along with EPR-based passive targeting strategy to
further enhance the deposition and retention of therapeutic moieties
within the diseased site. Apart from targeting ligands, hydrophilic
molecules such as poly (ethylene glycol) (PEG) can also be functional-
ized to the surface of nanocarriers to extend their bio-circulation time by
avoiding recognition and clearance by the reticuloendothelial system
[141].

4. Monoolein as a novel nanomaterial for drug delivery

As mentioned earlier, the application of nanomedicine for the man-
agement of chronic lung diseases offers multiple advantages over con-
ventional therapeutic approaches. Typically, the nanocarriers or drug
delivery systems that are used to safely transport therapeutic moieties
are designed to enhance chemical stability and aqueous solubility of
active agents, improve pharmacological activity, and to minimize
adverse effects. In the recent years, various drug delivery systems have
been developed and have shown great potential in facilitating the loaded
agents to achieve their desired therapeutic effects [142,143]. Among
which, liquid crystalline nanoparticles have attracted the attention of
many researchers as a promising nanocarrier for different agents and
route of administration. It is a type of drug delivery system that is
self-assembled from polar amphiphilic lipids in the presence of excess
water. As they are present in an intermediate state between an ordered
crystal and disordered liquid, they combine the merits of both fluidic
and particulate delivery systems, which include sustained release pro-
file, improved colloidal stability, bio-adhesiveness and flexible structure
[144,145]. Besides, the amphiphilic nature of liquid crystalline nano-
particles enables them to carry both hydrophilic and lipophilic drugs, in
which hydrophilic drugs are usually encapsulated in the core while
lipophilic drugs will be loaded within the shell structure of the nano-
particles. Liquid crystalline nanoparticles also provide greater encap-
sulation potential as compared to other drug delivery systems as they

typically contain a greater proportion of lipids that results in a higher
surface area [146,147]. In addition, these nanoparticles do not degrade
through enzymatic reactions, thereby preserving the loaded moieties
from oxidation or hydrolysis, resulting in increased bioavailability with
greater cellular uptake at the target site [148].

Many types of liquid crystal-forming lipids have been utilized for the
preparation of liquid crystalline nanoparticles. For instance, glyceryl
monooleate, or monoolein, is often regarded as a special lipid that has
attracted much attention as a nanomaterial for developing liquid crys-
talline nanoparticles, attributed to its ability to self-assemble in water
and to form a wide range of thermodynamically stable and well-defined
liquid crystal structures, along with its unique properties including
biocompatibility and biodegradability [22,145]. In terms of its struc-
ture, it is composed of a hydrocarbon chain that is attached to a glycerol
backbone via an ester bond (Fig. 4). Generally, the two hydroxyl groups
of the glycerol backbone confer polar characteristics to this part of the
molecule, thereby enabling the formation of hydrogen bonds with water
in aqueous solutions. Conversely, the C;g hydrocarbon chain which
features a cis double bond at the 9,10 position is strongly hydrophobic.
As such, monoolein is rendered as an amphiphilic molecule [144].
Monoolein can be produced via direct esterification of fatty acids, pri-
marily oleic acid and glycerol, or via transesterification of refined
vegetable oils, such as sunflower oil or erucic canola oil. It is commer-
cially available in two different forms, namely, a mixed glyceride form
that is simply referred to as monoolein, or distilled monoolein that is
preferred for pharmaceutical applications due to its high purity [144,
149].

Lyotropic liquid crystals are formed by the self-assembly of amphi-
philic molecules in solvent at a relative concentration and given tem-
perature. Depending on the water to amphiphile ratio, spontaneous
phase transitions can occur, resulting in various lyotropic phases. Such
phases offer promising prospect for encapsulating a plethora of target
molecules with varying sizes and polarities due to their unique internal
structures of different phases. Besides, the drug release profile in
different lyotropic phases is also distinguishable due to varying diffusion

O/\(\OH
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Fig. 4. The chemical structure of monoolein (C1H4004).
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coefficients. In drug delivery applications, the most commonly occurring
lyotropic phases are the reversed bi-continuous cubic and reversed
hexagonal phases, and they have been shown to control and sustain the
release of encapsulated molecules (Fig. 5) [150,151]. Upon further
dispersion of these lyotropic phases in the presence of a stabilising
compound, commonly triblock copolymer poloxamer 407, kinetically
stable colloidal nanoparticles can be formed [152]. As for monoolein,
given that it is a lipid that exhibits a wide range of temperature and
composition sensitive behaviour, it has an extensive and intriguing
structural repertoire, in which lamellar, reversed hexagonal, sponge,
and cubic phases are among the phases monoolein can exhibit [153].
Specifically, the cubic phase in monoolein is highly attractive for drug
delivery applications as it exhibits mechanical stiffness, and it is stable
under both room and physiological environment. Other appealing
properties include its bio-adhesive property, sustained release pattern,
and the ability to shield sensitive cargoes from premature degradation. It
is important to note that the cubic phase possess a structural organiza-
tion that is identical to that of bio-membranes [149,150,153]. Cubo-
somes are the corresponding liquid crystalline nanoparticles that are
formed upon dispersion of the cubic lyotropic phase [20,152]. In
contrast to other lipid-based nanocarriers such as liposomes, cubosomes
possess a greater breaking resistance as well as a greater ratio of bilayer
area to particle volume. Over the years, studies have already proven
cubosomes to be an excellent drug delivery system that can be utilized
for various applications. For example, cubosomes can be conjugated
with specific ligands, such as folic acid, to target tumour tissue with an
overexpression of folate receptors which can increase the efficiency of
drug delivery. Besides, co-delivery of multiple compounds is also
possible with cubosomes. Therefore, when loaded with both therapeutic
and imaging agents, they can be beneficial for personalised theranostic
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nanomedicine, which are particularly useful for the management of
cancer [20,150].

5. Monoolein as drug delivery systems in chronic lung diseases

Over the years, there have been multiple studies that evaluated the
effectiveness and potential of monoolein-based drug delivery systems in
the management of chronic lung diseases (Table 1). Quercetin is a nat-
ural flavonoid compound found in fruits and vegetables that has a wide
range of biological actions, including anti-inflammatory and anti-
oxidative properties that are useful for treating chronic lung diseases.
However, its practical use is often limited by its poor solubility and low
absorption, thereby requiring interventions to overcome these liabilities
[154]. One study by Yong et al. has investigated the anti-inflammatory
activity of quercetin-loaded monoolein liquid crystalline nanoparticles
in lipopolysaccharide (LPS)-stimulated human primary bronchial
epithelial cell line. It was demonstrated that the monoolein nanocarrier
remarkably suppressed the production of IL-1f, IL-6, and IL-8. Notably,
there was a significant enhancement of the anti-inflammatory activity of
quercetin when encapsulated within the nanocarrier as compared to free
quercetin, with an efficacy comparable to those of fluticasone with
respect to the downregulation of IL-1p and IL-6. Such findings can be
attributed to the bio-adhesive nature of the nanocarrier, which facili-
tated membrane permeation to increase interaction with the bronchial
epithelial cells. As the lipid bilayer of the monoolein nanocarrier re-
sembles epithelial cell membrane, the nanocarrier can be easily trans-
ported across the membrane to yield greater drug absorption.
Interestingly, a noticeable reduction in pro-inflammatory cytokines was
also reported with the use of unloaded nanocarriers. This indicated that
the component of the nanocarrier, namely, monoolein, may have
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Fig. 5. Structures of the reversed hexagonal and reversed bi-continuous cubic phases of lyotropic liquid crystals.
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Table 1
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Summary of studies that demonstrated the potential of monoolein-based drug delivery systems in managing chronic lung diseases.

Encapsulated drug(s)

Concentration/Dose

Type of study

Key findings

Reference

Quercetin

Naringenin

Berberine

Bamboo shavings

(Bambusae Caulis in
Taeniam) (BCT)

Rutin

Ascorbyl palmitate and
alpha-tocopherol

Curcumin

Berberine

Berberine

Elesclomol

Pemetrexed and
resveratrol

Not specified

0.5 mg/mL

1, 2.5, and 5 uM

60 mg/mL

3, 4, and 5 yM

Not specified

5, 10, 15, and 20 pM

5 puM

0.5, 1, 2.5, and 5 pM

0.1-100 nM

In-vitro: 10, 20, and 30 pg/mL

In-vivo: 0.94 mg/kg

In-vitro: LPS-stimulated human primary
bronchial epithelial cell line (BCi-NS1.1)

In-vitro: LPS-induced human primary
bronchial epithelial cell line (BCi-NS1.1);
human lung epithelial carcinoma cell line
(A549)

In-vitro: Cigarette smoke extract-stimulated
human bronchial epithelial cell line
(16HBE) and macrophage cell line
(RAW264.7)

In-vitro: Carcinogenic fine dust-stimulated
RAW 264.7 cells

In-vitro: LPS-induced human primary
bronchial epithelial cell line (BEAS-2B)

Preliminary study

In-vitro: Human colon cancer cell line
(HCT116)

In-vitro: Human adenocarcinomic alveolar
basal epithelial cell line (A549)

In-vitro: Human lung epithelial cancer cell
line (A549)

In-vitro: Human lung cancer cell line
(A549)

In-vitro: Human lung carcinoma cell line
(A549)

In-vivo: Male BALB/c mice induced with
lung cancer via intraperitoneal injection of
chemical carcinogen and urethane

The production of IL-1p, IL-6 and IL-8 were remarkably
suppressed.

Encapsulation of quercetin into monoolein-based liquid
crystalline nanoparticles enhanced anti-inflammatory
activity as compared to free quercetin.

Monoolein presented synergistic anti-inflammatory ac-
tivity with quercetin as unloaded nanoparticles had also
reduced pro-inflammatory cytokines.

Reduced expression of pro-inflammatory cytokines IL-6,
IL-8, IL-1f, TNF-a in BCi-NS1.1 cell line.

Significantly inhibited cell proliferation and migration,
as well as attenuated colony formation and induced cell
apoptosis in A549 cell line.

Inhibited TNF-o, IL-1p and IL-6 in 16HBE cells, as well as
TNF-a and nitric oxide production in RAW264.7 cells.
Downregulated the mRNA level of COX-2 in 16HBE
cells.

Suppressed the generation of ROS in both 16HBE and
RAW264.7 cells via downregulation of Gpx2 and Nqol
genes, respectively.

Greater biological activities as compared to free
berberine even at a low dose.

BCT loaded in monoolein cubosomes was more effective
than unloaded BCT in scavenging DPPH free radical and
intracellular ROS.

Radical scavenging efficiency of the cubosomes was
comparable to ascorbic acid and Trolox solution.
Significantly reduced the levels of NO and ROS in a dose-
dependent manner.

Prevented apoptosis in BEAS-2B cells.

Monoolein aqueous dispersion allowed a better control
in drug release profile as compared with free drugs
solution.

The presence of cubic structures within the nanocarrier
allowed greater retention of the drugs.

Nanocarrier preserved the antioxidative activity of the
loaded drugs.

Monoolein-based liquid crystalline nanoparticles greatly
enhanced the stability of curcumin.

Sustained release profile was achieved, contributing to a
steady state bioavailability of curcumin.

Remarkably enhanced cellular uptake as compared to
free curcumin.

Induced apoptosis when cells were treated with the
nanoparticles in contrast to free curcumin.

Findings can be extrapolated to the treatment of other
cancers, including lung cancer.

Monoolein-based liquid crystalline nanoparticles greatly
inhibited the protein expressions of CCL-20, CXCL-8,
and HO-1.

Inhibited tumour cell proliferation and migration,
thereby preventing the progression of cancer.
Sustained release of berberine was achieved by
monoolein-based liquid crystalline nanoparticles.
Significant suppression of cell proliferation, inhibition
of colony formation, and inhibition of tumour cell
invasion or migration via epithelial-mesenchymal
transition.

Inhibited proliferation-related proteins involved in
cancer progression, such as zinc finger protein SNAI1,
p27, and vimentin.

Nanoparticles were taken up by A549 cells with specific
accumulation within the mitochondria network.
Elesclomol-copper complex when encapsulated within
monoolein-based cubosomes had a greater anticancer
efficacy with a lower ECsg value in contrast to its free
counterpart.

Superior cytotoxicity profile against A549 cells with an
ICs value lower than those of free drugs.

Bio-adhesive properties of monoolein contributed to an
enhanced cellular uptake profile.

Inhibited tumour growth via suppression of
angiogenesis and induction of apoptosis.

[156]

[157]

[158]

[161]

[162]

[163]

[164]

[165]

(continued on next page)
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Table 1 (continued)
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Encapsulated drug(s) Concentration/Dose Type of study

Key findings Reference

Etoposide In-vitro: 1-100 pg/mL

(MCF-7)

In-vivo: 2 mg Rh-B/kg (Drug
not used, Rh-B used as dye for
fluorescence imaging)

3.12, 6.25, 12.5, 25, and 50
pg/mL

Brucea javanica oil and

doxorubicin (MCF-7)

Pemetrexed and
resveratrol

In-vitro: 0.468-30 pg/mL
(A549)

In-vivo: 0.342 mg/kg

urethane

Docetaxel 0.8 M

(HeLa)

inoculation of MCF-7 cells

In-vitro: Human breast carcinoma cell line

In-vivo: Female BALB/c mice induced with
breast carcinoma via subcutaneous

In-vitro: Human breast cancer cell line

In-vitro: Human lung cancer cell line

In-vivo: Male BALB/c mice induced with
lung cancer via intraperitoneal injection of

In-vitro: Human adenocarcinoma cell line

Encapsulation into monoolein-based liquid crystalline
nanoparticles allowed reduction in the dosage of
pemetrexed and alleviated adverse effects associated
with free drugs.

Sustained release of etoposide from both conjugated and
unconjugated cubosomes.

Lowest ICsg value exhibited by P407-FA-conjugated
cubosomes, followed by unconjugated cubosomes and
free drug, indicating greatest anti-proliferative activity
and superior cytotoxicity by conjugated cubosomes.
Greatest specific tumour uptake and cellular
accumulation by conjugated cubosomes due to
interaction between P407-FA and overexpressed folate
receptors on tumour cell surface.

Findings can be extrapolated to the treatment of other
cancers, including lung cancer.

Tumour fluorescence intensity in mice injected with
conjugated cubosomes was higher than those injected
with unconjugated cubosomes.

More remarkable increase in tumour fluorescence
intensity between 6 and 24 h post-injection in mice
treated with conjugated cubosomes as compared with
unconjugated cubosomes.

Findings can be extrapolated to the treatment of other
cancers, including lung cancer.

Structural transition of monoolein-based liquid crystal-
line nanoparticles from inverted hexagonal in normal
cell conditions (pH = 7.4) to cubic in acidic tumour cell
conditions (pH = 6.8).

Drug release was greater and faster in acidic tumour
microenvironment due to larger open water channels
within the bicontinuous cubic phase.

Significantly greater cytotoxicity and anticancer
apoptotic effects on MCF-7 cells by the nanoformulation
as compared with free drugs.

Remarkably higher drug uptake by the MCF-7 tumour
cells when delivered using nanocarrier as compared
with free drugs.

Findings can be extrapolated to the treatment of other
cancers, including lung cancer.

Conjugated monoolein-based liquid crystalline nano-
particles displayed the highest cytotoxicity with a lowest
ICs value as compared with unconjugated nano-
particles and free drugs.

Enhanced cellular internalization with conjugated
nanoformulation as compared with unconjugated
nanoformulation.

Mice treated with conjugated nanoformulation had
normal lung physiological characteristics with
significantly diminished malignant surface lesions.
Nanoformulation had greater tumour inhibitory effect,
characterized by lower VEGF-1 and greater caspase-3 as
compared with free drugs.

Lungs isolated from mice treated with conjugated
nanoformulation had remarkable reduction in lesion
numbers and lung adenomatous foci.

Greater lung-specific localization and uptake as
compared with free drugs.

Rhodamine and folate conjugated monoolein-based
cubosomes successfully imaged living HeLa cells.
Significant cytotoxicity against cancer cells with more
than one magnitude greater than free drug.

[166]

[168]

[169]

[170]

presented synergistic anti-inflammatory activity with quercetin via the
NF-xB and MAPK pathways [155]. Naringenin is also a flavonoid that
has known biological activity against chronic lung diseases, but the
presence of a large hydrophobic ring in its structure has prevented its
clinical application due to poor solubility and bioavailability. To
improve its pharmacological property, Wadhwa et al. loaded naringenin
into monoolein-based liquid crystalline nanoparticles and evaluated
their anti-inflammatory activity against LPS-stimulated human airway
epithelium-derived basal cells. The nanoformulation exhibited a sus-
tained release profile and effectively downregulated the expressions of

10

IL-1B, IL-6, IL-8, and TNF-a, with an efficacy comparable to those of
fluticasone propionate. While suppression of these pro-inflammatory
cytokines can ameliorate chronic inflammatory processes in the
airway, it can also exert a beneficial effect by mitigating the risk of
developing lung cancer, or by slowing down its progression, given that
chronic inflammation is a risk factor in driving tumorigenesis. This is
consistent with the findings of the present study which showed that the
nanoformulation when tested in A549 cell line, significantly inhibited
cell proliferation and migration, as well as attenuated colony formation
and induced cell apoptosis [156]. Apart from that, Paudel et al. in a
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study formulated berberine-loaded monoolein-based liquid crystalline
nanoparticles and evaluated their potential as a novel therapeutic
approach for inflammatory lung diseases caused by cigarette smoking.
Berberine is an isoquinoline alkaloid commonly isolated from herbs in
the Papaveraceae and Ranunculaceae families, in which its
anti-inflammatory potential has been documented in multiple scientific
studies. Similarly, the nanoformulation exhibited a sustained release
profile, thereby enabling a steady state bioavailability of berberine for
uptake by broncho-epithelial cells (16HBE) and macrophages
(RAW264.7). The researchers showed that the nanoformulation had
potent anti-inflammatory activity, justified by inhibition of the expres-
sions of inflammatory mediators TNF-a, IL-1p and IL-6 in 16HBE cells, as
well as the expression of TNF-a and production of nitric oxide in
RAW264.7 cells. Moreover, the mRNA level of COX-2 was remarkably
suppressed by the nanoformulation in 16HBE cells. Genes related to
oxidative stress, such as Gpx2 in 16HBE cells and Nqol in RAW264.7
cells were also downregulated. Notably, these biological activities were
more potent in contrast to free berberine even at a low dose, indicating
that the application of monoolein-based nanovehicle can improve the
physiochemical characteristics of berberine to exert a greater pharma-
cological action [157]. Taken together, these findings suggest that
monoolein can potentially be utilized for the fabrication of drug delivery
systems in the treatment of chronic lung diseases, such as asthma and
COPD.

Apart from anti-inflammatory effects, monoolein-based drug de-
livery systems have also been proven to enhance antioxidative effects of
therapeutic agents that could be beneficial in the management of
chronic lung diseases. Bambusae Caulis in Taeniam (BCT) extract was
loaded in monoolein cubosomes by Park and Kim and the in-vitro anti-
oxidative efficacy of the formulation on fine dust-stimulated RAW 264.7
cells was evaluated. It was found that the nanoformulation was more
effective than free BCT to scavenge 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical and the intracellular reactive oxygen species
(ROS) of stimulated RAW 264.7 cells in a dose-dependent manner. The
radical scavenging efficiency (RSE) of the nanoformulation can be
comparable to those of ascorbic acid, a well-known antioxidant, in
which the RSE was 58.1% at the concentration of 0.048 mg/mL as
compared to the RSE of 56% in ascorbic acid at the concentration of 0.1
mg/mL. This indicated that the nanoformulation demonstrated similar
potency as ascorbic acid in scavenging DPPH free radical with concen-
trations <50% of ascorbic acid used in the experiments. Similarly, at the
concentration of 0.48 pg/mlL, the nanoformulation demonstrated an
intracellular ROS scavenging efficiency of about 31.7%, which was
similar to that of Trolox solution, also a known antioxidative agent, at
the concentration of 250 pM. Such findings were attributed to increased
cellular uptake of the nanoformulation via the endocytosis mechanism,
as the major component of the cubosomes, monoolein, is amphiphilic
and miscible with phospholipids, the primary component of cellular
membrane [158]. Paudel et al. have also prepared rutin-loaded mono-
olein-based liquid crystalline nanoparticles and investigated their anti-
oxidant effects against LPS-induced oxidative damage in human
bronchial epithelial cell line. Rutin is a potent bioflavonoid with
well-established anti-inflammatory and antioxidative properties, but its
applications are limited due to its poor solubility and rapid metabolism.
Upon encapsulation of rutin into monoolein-based liquid crystalline
nanoparticles, the researchers have showed that the nanoformulation at
low doses of 3, 4, and 5 pM remarkably suppressed nitric oxide and other
ROS that were generated following LPS stimulation, thereby mitigating
oxidative stress and cell apoptosis, and ultimately protected bronchial
cells against chronic airway inflammation [159]. Moonolein-based
nanocarriers have also been proven to preserve the therapeutic activ-
ity of loaded drugs. One study by Sguizzato et al. had utilized monoolein
aqueous dispersions as a delivery system for the antioxidant molecules
alpha-tocopherol and ascorbyl palmitate. The researchers reported that
the utilization of monoolein aqueous dispersions allowed a better con-
trol in the release of loaded drugs in contrast to the corresponding free
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drugs solution. In addition, the morphological aspect of the nano-
formulation, specifically the presence of cubic structures within mono-
olein aqueous dispersions had enabled greater retention of the drugs for
a longer period as compared to free drugs solution. The antioxidant
potential of the drugs was also retained after encapsulation, indicating
that monoolein aqueous dispersions can be a promising nanocarrier to
sustain their pharmacological activity for mitigating oxidative stress in
diseases such as COPD and lung cancer [160]. In short, all these findings
from various studies have supported the use of monoolein-based nano-
carriers to enhance biological activity of therapeutic agents, holding
great promise as a novel therapeutic strategy in the management of
chronic lung diseases.

There are several other studies that have also investigated the ability
of monoolein-based drug delivery systems to enhance anticancer activ-
ity. Like most natural compounds, despite the promising anticancer
potential, therapeutic application of curcumin has been limited due to
its poor solubility, low bioavailability, and chemical fragility. Baskaran
et al. encapsulated curcumin into monoolein-based liquid crystalline
nanoparticles and evaluated the anticancer activity of the nano-
formulation on human colon cancer cell line. It was found that the sta-
bility of curcumin within the nanoformulation was greatly enhanced
with approximately 75% of curcumin survived after 45 days under
40 °C. A sustained release profile was also achieved over 15 days, which
could contribute to a steady state bioavailability of curcumin to exert its
biological action. As a result, the nanoformulation also remarkably
enhanced cellular uptake of curcumin, as shown by fluorescence-
activating cell sorting results which revealed 99.1% fluorescence
gating for 5 pM curcumin nanoformulation in contrast to 1.36% for the
same concentration of free curcumin. Consistent with these findings, cell
cycle studies have demonstrated induction of apoptosis when the cells
were treated with the nanoformulation, whereas there were no changes
in cell cycle or any noticeable cell death when the cells were treated with
free curcumin. Thus, these findings indicate that monoolein-based
nanocarriers may offer an opportunity to overcome the hurdles with
respect to stability, bioavailability, and cellular uptake of curcumin in
treatment of various cancers, including lung cancer [161]. Apart from
curcumin, berberine also possesses notable anticancer properties in
addition to its anti-inflammatory properties. Mehta et al. in their study
had investigated the inhibitory potential of berberine-loaded mono-
olein-based liquid crystalline nanoparticles against cancer progression
using A549 adenocarcinomic human alveolar basal epithelial cell line.
The results showed that the nanoformulation greatly suppressed the
protein expressions of CCL-20, CXCL-8, and heme oxygenase (HO)-1 at
the dose of 5 pM. Given the roles of CCL-20, CXCL-8 and HO-1 in tumour
cell proliferation and migration, these findings suggest that the nano-
formulation can inhibit the progression of cancer, which could represent
as a novel therapeutic strategy for the management of lung cancer [162].
Likewise, Paudel et al. in a recent study developed berberine-loaded
monoolein-based liquid crystalline nanoparticles and evaluated their
antiproliferative and antimigratory effects in A549 cell line. A sustained
release behaviour was exhibited by the nanoformulation, leading to
remarkable suppression in cell proliferation, inhibition of colony for-
mation, inhibition of tumour cell invasion and migration via the
downregulation of proteins involved in epithelial-mesenchymal transi-
tion, such as zinc finger protein SNAI1, p27, and vimentin [163]. The
anticancer potential of drug-loaded monoolein-based nanocarriers was
also demonstrated in a study by Faria et al. Elesclomol, a poorly
water-soluble anticancer drug which induces mitochondria cytotoxicity
by raising ROS up to unsustainable levels, was encapsulated into
monoolein-based cubosomes and their therapeutic effects were evalu-
ated on A549 lung cancer cell line. It was found that the nanoparticles
were taken up by tumour cells with specific accumulation at proximity
of the mitochondria network, supporting the feasibility of the nano-
formulation to deliver drugs to the inside of tumour cells. Generally, the
induction of oxidative stress in the mitochondria is achieved through the
chelation of elesclomol with copper (II) in the plasma, forming a
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elesclomol-copper complex in which copper (II) is then reduced to
copper(I) in the mitochondria, generating ROS. For this instance, the
study reported that loading of monoolein-based cubosomes with pre-
formed elesclomol-copper complex can significantly enhance the cyto-
toxicity of the nanoformulation. Moreover, at an equivalent
concentration, encapsulated elesclomol-copper complex had a superior
anticancer efficacy in contrast to free elesclomol-copper complex, which
is corroborated by a lower concentration of elesclomol required to
reduce call viability by half (ECs¢ value) in A549 tumour cells [164].
Monoolein-based nanocarriers have also been used to deliver combi-
natorial chemotherapeutic and herbal drugs to lung cancer cells.
Abdelaziz et al. had co-loaded pemetrexed and resveratrol into
monoolein-based lyotropic liquid crystalline nanoparticles and evalu-
ated their anticancer efficacy. In A549 lung carcinoma cells, the nano-
formulation displayed a biphasic release pattern with an initial burst
release followed by sustained release for up to 24 h. The nano-
formulation also manifested superior cytotoxicity profile against lung
cancer cells, justified by an ICs value of 4.0628 pg/mL in contrast to the
ICsg values of 7.94 pg/mL, 8.43 pg/mL and 4.51 pg/mL in free peme-
trexed, free resveratrol and free pemetrexed/resveratrol, respectively.
Besides, the nanoformulation demonstrated an enhanced cellular uptake
over 24 h in a time-dependent manner, which can be attributed to the
bio-adhesive nature of monoolein. In-vivo studies performed on lung
cancer bearing mice also demonstrated tumour growth inhibition by the
nanoformulation via suppression of angiogenesis and promotion of
apoptosis. Notably, the synergistic combination of pemetrexed and
resveratrol had greatly improved treatment outcomes and safety profile
as hepatotoxicity and nephrotoxicity that are commonly associated with
pemetrexed were alleviated. Furthermore, the nanoformulation allowed
for a reduction in the dosage of pemetrexed whilst maintaining their
capability in killing cancerous cells [165]. To sum up, these studies have
clearly demonstrated the use of monoolein-based nanocarriers as a po-
tential strategy to improve therapeutic outcomes in lung cancer.

As discussed earlier, the versatility of monoolein-based drug delivery
systems has also allowed surface modification of the nanocarrier to
achieve active targeting, which is specifically useful for therapeutic
applications in cancer to reduce systemic side effects and improve
treatment outcomes. In a study, Tian et al. developed monoolein cubo-
somes functionalized with poloxamer 407-folic acid (P407-FA) and
evaluated their targeting ability and therapeutic effects on human breast
carcinoma cell lines (MCF-7) and MCF-7 breast cancer-bearing mice.
The results showed that normal cubosomes without surface modifica-
tions can target tumour cells due to the EPR effect, however, P407-FA
functionalized cubosomes had superior tumour targeting capability,
which can be attributed to the interaction between P407-FA and folate
receptors that are overexpressed on the surface of MCF-7 cells, thereby
resulting in a high specific tumour uptake. This was consistent with the
findings that there was a remarkable increase in cellular accumulation of
rhodamine B (Rh-B) when P407-FA-conjugated Rh-B-loaded cubo-
somes are utilized as compared to unconjugated Rh-B-loaded cubo-
somes and free Rh-B. In-vivo study also demonstrated that the tumour
fluorescence intensity in mice injected with P407-FA-conjugated cubo-
somes was significantly higher than that of unconjugated cubosomes
between 6 and 24 h post-injection. As a result, folate-modified etopo-
side-loaded cubosomes was found to exhibit the greatest cytotoxicity
and anti-proliferative activity with an ICs( value of 3.60 + 0.68 pg/mL,
followed by normal cubosomes with ICsq value of 6.73 + 1.69 pg/mL,
and free etoposide with ICs value of 47.89 + 12.60 pg/mL [166]. On
the other hand, imparting pH-responsiveness on nanocarriers can be
useful for targeted drug delivery in cancer as the hallmark of malignant
tumour cells is an acidic microenvironment due to glycolysis in tumour
cells, hypoxia, and insufficient blood perfusion. Such an acidic micro-
environment is not present in normal cells as glycolysis is inhibited by
the presence of sufficient oxygen [167]. For this instance, Li et al. had
developed a pH-responsive monoolein-based liquid crystalline nano-
particles co-loaded with Brucea javanica oil and doxorubicin. It was
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found that the release of drugs at pH of 5.3 was remarkably faster,
whereas the release of drugs at pH of 6.8 was more rapid than that at pH
of 7.4. The pH-dependent drug release can be attributed to the presence
of different structures of liquid crystalline nanoparticles under varying
pH conditions, namely, the inverted hexagonal or cubic phases. The
researchers reported that there was a phase transition from inverted
hexagonal in simulated normal cells environment where pH is 7.4, to
cubic in simulated tumour cells environment where pH is 6.8, and to
emulsified microemulsion in simulated intracellular lysosome environ-
ment where pH is 5.3. As drug diffusion from lyotropic liquid crystalline
nanocarriers relies on the topology and diameters of water channels of
their internal structure, the network of large open channels in the
bicontinuous cubic phase allowed faster drug release from that of hex-
agonally packed channels of smaller diameters. Therefore, such an effect
can greatly facilitate drug delivery and to exert their pharmacological
actions in the pathological state whilst minimizing cytotoxicity to
healthy cells. This is also consistent with the findings on human breast
carcinoma cells (MCF-7) in which cytotoxicity and anticancer apoptotic
effects demonstrated by the nanoformulation was remarkably greater
than the free drugs in all the studied concentration range (3.12, 6.25,
12.5, 25, and 50 pg/mL) with an evidently greater drug uptake by the
tumour cells [168]. Although these studies were not directly performed
on models of lung cancer, the fundamentals of customised engineering
via surface or structural modification of monoolein-based nanocarriers
for achieving tumour specific targeting can also be applied to improve
anticancer effects and therapeutic outcomes in lung cancer. In another
study, Abdelaziz et al. had also attempted to formulate pemetrexed and
resveratrol co-loaded monoolein-based liquid crystalline nanoparticles
surface functionalized with lactoferrin (LF) and chondroitin sulphate
(CS). In A549 lung cancer cells, LF/CS-conjugated nanoparticles had the
highest cytotoxicity with an ICsq value of 2.56 pg/mL, followed by un-
conjugated nanoparticles with ICsy value of 3.85 pg/mL, and free
pemetrexed-resveratrol mixture with ICsp value of 4.12 pg/mL. Such
findings were also consistent with cellular uptake study in which there
was a significant enhancement in cellular uptake of LF/CS-conjugated
nanoparticles as compared with unconjugated nanoparticles and free
dye. Besides, in-vivo study on tumour-bearing mice has showed that the
lungs harvested from mice treated with LF/CS-conjugated nanoparticles
had normal physiological characteristics with significantly diminished
malignant surface lesions, as well as a remarkable reduction in lesion
numbers and lung adenomatous foci. The tumour inhibitory effect of the
nanoformulation was also characterized by the low level of VEGF-1 and
higher level of active caspase-3 in contrast to the free drug mixture. In
addition, in-vivo imaging of lung cancer-bearing mice revealed signifi-
cantly greater fluorescence when treated with LF/CS-conjugated nano-
particles especially in the center and throughout the lungs without any
luminescence in other regions of the body, indicating specific localiza-
tion and uptake of the nanoformulation. Collectively, these findings
affirmed the potential of LF/CS-conjugated monoolein-based nano-
particles in improving therapeutic outcomes in lung cancer [169]. Apart
from that, Meli et al. engineered docetaxel-loaded monoolein-based
cubosomes conjugated with the imaging probe rhodamine and the
cancer cell targeting ligand folate for theranostic applications. The re-
searchers documented that the nanoformulation was successfully uti-
lized to image living cells on HeLa cell line and exerted significant
cytotoxicity against these tumour cells with more than one order of
magnitude greater than the free drug. Such findings indicate that
monoolein-based cubosomes can be a promising candidate as nano-
carriers for hydrophobic drugs with both therapeutic and diagnostic
capabilities in the management of cancers, including lung cancer [170].

6. Conclusion and future directions
Chronic lung diseases are a global public health concern as they are

associated with poor clinical outcomes and have resulted in high rates of
morbidity and mortality. Although several agents have been developed
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against these diseases, most of the therapeutic agents only target the
symptoms and do not reverse the progression of chronic lung diseases.
Some of these agents are also associated with adverse reactions that can
significantly affect the quality of life of suffering individuals. Besides,
the clinical application of most herbal and plant-based compounds with
proven biological activities against the pathogenesis of chronic lung
diseases is also limited due to their poor pharmacokinetic properties.
Collectively, the lack of effective management strategies has greatly
contributed to a rise in the prevalence of chronic lung diseases, as well as
increasing clinical and socioeconomic burden at an alarming rate.
Therefore, there is a pressing need for the development of novel thera-
peutics that could address the shortcomings of current conventional
therapeutics. Nanomedicine offers a versatile approach in managing
these diseases as the use of advanced drug delivery systems can
contribute to targeted drug delivery to specific sites within the body
whilst improving the bioavailability of therapeutic agents, thereby
leading to an enhanced therapeutic outcome. Monoolein is an amphi-
philic lipid that is commonly employed to prepare cubosome liquid
crystalline nanoparticles for drug delivery applications in various dis-
eases. In targeting chronic lung diseases, monoolein-based drug delivery
systems have also proven their potential as safe and effective alterna-
tives to conventional therapeutics in multiple studies. Nevertheless,
most of these studies are primarily pre-clinical evaluations focusing on
cell lines or animal models of chronic lung diseases. Moreover, most
studies were only performed on inflammatory and oxidative lung dis-
eases such as asthma, COPD, and lung cancer while the efficacy of
monoolein-based nanocarriers in the infectious respiratory diseases is
yet to be demonstrated. Thus, this area of research should be further
explored, to demonstrate whether the positive findings on inflammatory
and oxidative lung diseases could potentially be extrapolated to produce
novel monoolein-based nanotherapeutics for treatment of infectious
respiratory diseases, such as pulmonary tuberculosis, influenza, and the
ongoing COVID-19 pandemic. Clinical studies should be carried out
vigorously prior to their clinical translation as the findings obtained
from human studies may deviate from those of cell lines or animal
models, due to the presence of a complex biological environment in the
human body.
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