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Abstract: Although various treatments are currently being developed, lung cancer still has a very high mortality rate. Moreover, while
various strategies for the diagnosis and treatment of lung cancer are being used in clinical settings, in many cases, lung cancer does not
respond to treatment and presents reducing survival rates. Cancer nanotechnology, also known as nanotechnology in cancer, is
a relatively new topic of study that brings together scientists from a variety of fields, including chemistry, biology, engineering, and
medicine. The use of lipid-based nanocarriers to aid drug distribution has already had a significant impact in several scientific fields.
Lipid-based nanocarriers have been demonstrated to help stabilize therapeutic compounds, overcome barriers to cellular and tissue
absorption, and improve in vivo drug delivery to specific target areas. For this reason, lipid-based nanocarriers are being actively
researched and used for lung cancer treatment and vaccine development. This review discusses the improvements in drug delivery
achieved with lipid-based nanocarriers, the obstacles that still exist with in vivo applications, and the current clinical and experimental
applications of lipid-based nanocarriers in lung cancer treatment and management.
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Introduction

Lung cancer (LC) is a global health issue affecting approximately 2.1 million people and causing 1.8 million deaths
per year. While LC rates continue to rise worldwide, they are decreasing among men in several Western countries. The
morphological, etiological, and molecular aspects of LC have been extensively studied.' The most common cases of LC
are usually of two types: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), comprising 85% and
15% of patients, respectively.

Histological studies, immunological studies, and molecular analyses are used to make a pathological diagnosis, while
the eighth edition of the Tumor, Node, Metastasis (TNM) classification for LC is currently used to stage LC. Awareness
of the tumor stage is crucial for diagnosis and treatment. The five-year survival rate is approximately 15-20%. Non-small
cell lung cancer has four stages: stage I, which is most common in the lung but does not extend to lymph nodes; stage II,
which spreads to lymph nodes close to the lungs; stage three, which spreads further into your lymph nodes and the
middle of your chest; and stage four, in which the cancer has spread broadly throughout the body. These rates approach
90% for patients with stage 1A1 NSCLC, but fall to below 10% for those with stage 4.° Patients with SCLC have a 30%
chance of developing a modest illness and a 10% chance of developing severe disease. Surgery, radiation, systemic
therapy (targeted therapies, chemotherapy, and immune checkpoint inhibitors), supportive care, and hospice care are used
in the management of patients with LC. Treatment is determined by tumor features, tumor stage, and other patient-related
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Figure | Schematic illustration of liposome-mediated lung cancer (LC) treatment.

factors. Nevertheless, for many countries, obtaining and reimbursing innovative pharmaceuticals is becoming increas-
ingly difficult.*

Various attempts have been made to treat LC.>® Among these, targeted therapy has recently attracted some attention.
Targeted therapy induces the selective death of cancer cells by detecting specific substances, such as hormone receptors,
expressed in these cells.” Therefore, in many cases, anticancer drugs are delivered together with a target substance to
improve the efficiency of the targeted therapy. Recently, nanocarriers have been actively used to deliver anticancer drugs
and their target substances. Various materials have been researched and developed as nanocarriers after considering their
biostability.”* Lipid-based nanoparticles are one of the more promising molecules for carriers of anticancer drugs
because they are easy to manufacture, have high stability in vivo, and have a low potential for side effects.” Recently,
lipid nanoparticles (LNPs) have been used in the development of a COVID-19 vaccine as an mRNA delivery system, and
have been recognized for their stability and ability to deliver drugs.'® Therefore, it is necessary to analyze and understand
the research trends related to LC treatment using lipid-based nanocarriers.

In this review, current technologies for anticancer, drug-loaded, lipid-based nanocarriers for LC treatments are
discussed (Figure 1). In addition, the potential function, benefits, and limitations of using lipid-based nanocarriers for
the delivery of anticancer medicines in treating LC are also discussed. Furthermore, improvements in the use of inhalable
lipid-based nanocarriers in the treatment of LC, as well as their evaluation in vitro, in vivo, and in clinical trials, are
discussed.

Challenges of Conventional Drug Therapy in LC Treatment

While a variety of drug therapies for LC treatment are currently being developed, chemotherapy is still common. The
medicines for chemotherapy are usually administered intravenously, which then circulate throughout the body and act as
the first-line of treatment for advanced stages of LC."" Platinum-based medicines such as cisplatin and carboplatin are
commonly used as first-line treatments for LC.'> However, chemotherapy’s indiscriminate cytotoxicity can have
unfavorable side effects by inhibiting fast-developing cells and tissues, such as hair follicles, bone marrow, and cells
of the gastrointestinal tract.'*> Moreover, chemotherapy can potentially cause multidrug resistance. The non-specificity
and heterogeneity of the distribution of the cytotoxic chemical agents employed in chemotherapy contribute to multidrug
resistance in the therapy process.'* This non-specificity reduces chemotherapeutic efficacy while hindering tumor growth,
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metastasis, and suppression of recurrence.'> A lack of selectivity, cell toxicity, short half-life, multidrug resistance, poor
solubility, and stem-like cell proliferation are some of the issues faced using current chemotherapy. Therefore, to
overcome these shortcomings, a recently developed method of combining various treatments with chemotherapy is
being studied. These treatments include molecular approaches, apoptosis regulation, immunotherapy, nucleic acid-based
therapy, and anti-angiogenesis therapy.

Immunotherapy has been the most popular treatment in recent years.'®'” Compared with chemotherapy, it has the
advantage of fewer side effects as it uses the activity of immune cells in our body to remove cancer cells. However, it is
not completely free from side effects, which include inflammation. The most widely used form of immunotherapy utilizes
immune checkpoint blockade (ICB) antibodies to treat LC.'® However, the ICB antibodies have limited use as they can
be used only for LC cells expressing checkpoint protein, and there are symptoms of ineffectiveness for reasons
unknown.'® For this reason, attempts are being made to treat LC using the single use of ICB antibodies combined
with the use of existing anticancer drugs. The Food and Drug Administration (FDA)-approved drugs used in the
treatment of different stages of LC are listed in Table 1.

The Need for Nanotechnology and Nanomedicine in Therapeutics

Many traditional medicines are associated with poor pharmacokinetics and bioavailability, and toxicity, all of which limit
the extent of their application.'” The emerging fields of nanotechnology and nanomedicine have made substantial
progress in the detection, diagnosis, and treatment of various diseases at the clinical level to overcome these challenges
and increase the therapeutic indices of drugs.?° Paclitaxel (PTX) is a drug commonly used for LC; however, it has severe
limitations, which include the development of peripheral neurotoxicity, which may lead to treatment suspension and
therapy failure.?’ While PTX has severe side effects, there have been reports that these side effects can be significantly
reduced by the treatment method using nanocarriers.”* >* Nanotechnology can not only lower the toxicity of anticancer
drugs but can also confer various functions to cancer drug delivery systems (DDSs). Such functions include a) targeting,
which entails increasing drug concentrations at desired areas of action while lowering systemic drug levels and their
harmful consequences in healthy tissues;>> b) increased solubility, thereby making parenteral medication delivery
easier;”° ¢) maintaining a constant therapeutic dosage at the site of action with a constant rate of drug delivery and zero-
order release kinetics;>> d) reduced clearance to extend the half-life of the medication;*’ ¢) improved drug stability,
resulting in less drug breakdown and better drug activity;*” and f) drug transport across the blood-brain and blood-
cochlear barriers.”®

Lipid-Based Nanocarriers

The most promising colloidal DDSs currently available involve the use of NPs produced from natural polymers, such as
polysaccharides, phospholipids, and proteins.”” With regard to drug loading volume, biocompatibility, and reticuloen-
dothelial system (RES) opsonization, such systems have been recognized as more effective than synthetic polymers.*”
Furthermore, natural polymers have shown superiority to synthetic polymers in terms of their ability to be absorbed by
the human body and produce less harmful end products following destruction.*’ Thus, NPs made from naturally isolated
polymers may be the more appropriate choice for the colloidal drug delivery method for human use, as they are
reasonably safe and easy to prepare. An effective option for overcoming drug delivery problems is to use
a nanotherapeutic approach to administer hydrophobic chemotherapeutic drugs.*

Lipid-based nanocarriers have the advantage of being easily absorbed into cells and have fewer side effects, as they are
similar to the membrane components of cells.** > The hydrophobic chemotherapeutics can be loaded inside the lipid-based
nanocarriers, and the hydrophilic cancer targeting reagent can be attached to the outside, which is the biggest advantage of
using lipid-based nanocarriers for cancer treatment. Effective delivery of anticancer drugs to cancer cells depends on which
target material is attached to the lipid-based nanocarriers. Lipid-based nanocarriers use various functional groups on their
surface to facilitate the attachment of various substances, including antibodies, polysaccharides, and drugs, to enhance the
efficacy of their delivery to cancer cells (Figure 2). In addition, lipid-based nanocarriers can be administered via a variety of
routes for drug delivery, including oral, parenteral, ophthalmic, intranasal, and dermal/transdermal routes.>* The oral route is
the most favored route because of its non-invasiveness, lower cost, and lower risk of adverse effects, such as injection-site
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Table | FDA-Approved Drugs Used in Different Stages and Types of Lung Cancer (LC) Treatments

skipping alterations.

Drug Cancer Stage Target Date of Approval | Company
Atezolizumab Il to IHA NSCLC PD-LI expression 10/15/2021 TECENTRIQ®, Genentech Inc.
Atezolizumab Metastatic NSCLC PD-LI expression 05/18/2020 TECENTRIQ®, Genentech Inc.
Brigatinib Adult patients with Anaplastic lymphoma Anaplastic lymphoma kinase 05/22/2020 ALUNBRIG, ARIAD Pharmaceuticals Inc.
kinase (ALK)-positive metastatic NSCLC
Cemiplimab Advanced NSCLC Tumors with PD-LI expression 02/22/2021 Libtayo, Regeneron Pharmaceuticals Inc.
Durvalumab in combination Extensive-stage SCLC (ES-SCLC). - 03/30/2020 IMFINZI, AstraZeneca
with carboplatin/cisplatin
Lorlatinib Metastatic NSCLC ALK-positive 03/03/2021 Lorbrena, Pfizer Inc.
Nivolumab + Ipilimumab Metastatic NSCLC First-line treatment for EGFR or ALK genomic tumor 05/26/2020 OPDIVO, Bristol-Myers Squibb Co.
abnormalities YERVOY, Bristol-Myers Squibb Co.
Osimertinib for adjuvant NSCLC Tumors have mutated EGFR 12/18/2020 TAGRISSO, AstraZeneca Pharmaceuticals
therapy LP
Ramucirumab + Erlotinib Metastatic NSCLC Tumors with mutated EGFR 05/29/2020 CYRAMZA, Eli Lilly and Company
Amivantamab-vmjw Metastatic NSCLC With EGFR exon 20 insertion mutations 05/21/2021 Rybrevant, Janssen Biotech Inc.
Capmatinib Metastatic NSCLC Tumors had a mutation that caused exon 14 of the 05/06/2020 TABRECTA, Novartis
mesenchymal-epithelial transition (MET) to be skipped.
Lurbinectedin Metastatic NSCLC On or after platinum-based chemotherapy 06/15/2020 ZEPZELCA, Pharma Mar S.A.
Mobocertinib Advanced or metastatic NSCLC EGFR exon 20 insertion mutations 09/15/2021 Exkivity, Takeda Pharmaceuticals Inc.
Sotorasib Locally advanced or metastatic NSCLC RAS GTPase family inhibitor, for adult patients with KRAS 05/28/2021 Lumakras™, Amgen Inc.
GI12C mutated
Tepotinib Metastatic NSCLC Harboring mesenchymal-epithelial transition (MET) exon 14 | 02/03/2021 Tepmetko, EMD Serono Inc.

Note: The data used in this table were retrieved from the FDA.
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Figure 2 Various types of modifications and conjugations on lipid-based nanocarriers for drug delivery.

reactions.>® The nasal administration method is thought to be the most effective for drug delivery for LC treatment, but it has

not yet shown any remarkable results with regard to its efficiency. Lipid-based nanocarriers can form various structures

depending on the formulation method. These formulation methods may exhibit differences in drug loading and delivery

efficiencies. The most common lipid-based nanocarriers used as DDS in LC are listed in Table 2.

Table 2 Lipid-Based Nanocarriers Used in Drug Delivery Systems for LC Treatment

Lipid-Based Pros Cons Drug; Target Cancer;
Nanocarriers Phase; Status (Source-
FDA)
Liposomes Improved drug-target selectivity; improved Expensive to produce; short shelf life | Irinotecan Hydrochloride
pharmacokinetics and pharmacodynamics; lowered | and low stability®” Liposome Injection (LYO1610);
toxicity; improved therapeutic efficacy against SCLC; Phase 2; Recruiting
pathogens®’8
Lipid Micelles Extends the circulation time of drug in blood; Dilution might induce shift in the Paclitaxel (Genexol®)
solubilizes hydrophobic drugs; has defined sizes and | equilibrium towards the unimer state | Drug: Paclitaxel-loaded
particle sizes®” that leads to their dissociation®’ polymeric micelle (Genexol-
PM®); NSCLC; Phase 2;
Completed
Solid lipid Protects drug against harsh environmental Crystalline structure; low drug Not available
nanoparticle conditions; high biocompatibility, and loading efficiency; and drug expulsion
(SLN) biodegradability***' due to storage conditions*
Lipid Easy synthesis using microfluidic techniques; Few reports of side effects such as Not available
nanoparticle improved charge-dependent drug loading such as hepatotoxicity due to the use of
(LNP) nucleic acid polyethylene glycol***?

Abbreviation: FDA, US Food and Drug Administration.
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Characteristics of Liposomes as DDSs

Liposomes have been used for a long time for drug administration owing to their distinctive properties. A liposome is
a hydrophobic membrane that surrounds a patch of aqueous solution and prevents the dissolution of hydrophilic solutes
from increasing lipids. Liposomes may accept both hydrophobic and hydrophilic molecules because hydrophobic
substances can dissolve into the membrane.* Lipofection is the process of employing liposomes to convert or transfect
DNA into the host cell. In addition to transporting genes and medications, liposomes might be used as carriers. The
liposome design for DDS as a drug carrier is far more sophisticated than it was 30 years ago when they were first
established.*® Approximately 12 liposome-based medications have been approved for medical use in various phases of
clinical studies.**

Liposomes are mostly composed of natural and/or manufactured phospho- and sphingolipids with other membrane
bilayer ingredients, such as cholesterol and hydrophilic polymer-conjugated lipids, randomly scattered around each
liposomal vesicle.*> Amphiphilic lipids are composed of a glycerol molecule coupled to a phosphate group and two
saturated or unsaturated fatty acid chains.*® Another organic molecule can be linked to the phosphate group. Natural
phospholipids are classified as phosphatidic acid, phosphatidylcholine (PC; also known as lecithin), phosphatidyletha-
nolamine (PE), phosphatidylinositol (PI), phosphatidylglycerol (PG), and phosphatidylserine (PS) according to their
chemical groups.*” Glycerophospholipids, which are responsible for liposome formation, are separated into two types:
natural and synthetic. PC and PE, abundant phosphatides in plants and animals, are the most natural phospholipids used
to prepare liposomes. However, liposomes and other lipid-based DDSs normally have PC membranes with very little PE.
PE can form non-bilayer structures that destabilize membranes and cause membrane fusion under biological conditions.
Based on the desired liposome characteristics, other phospholipids such as PS, PG, and PI can be used to prepare
liposomes.*®

Liposomal Dry Powder as DDSs in LC Therapeutics

Anticancer medications delivered through the lungs in the form of dry nanoparticulate powders are considered
a promising treatment option for LC.** Zhu et al worked on a liposomal dry powder (LDP) of docetaxel (DTX) as LC
therapeutics. DTX encapsulated in folic acid-conjugated liposomes demonstrated significant cytotoxicity and excellent
tumor targeting properties.*’ In both pharmacological and pharmacokinetic terms, the re-dispersed liposomes obtained
after the redispersion of inhaled dry powders differ from the initial liposomes. A study by Gandhi et al showed that by
using the lyophilization process, gemcitabine HCI could be effectively integrated into LDP.>® The potential application of
formulated LDP was observed in human adenocarcinoma cell line A549, as well as in in vivo experiments. These
experiments concluded that LDP formulations can be deposited all over the lung and can be used in the nontoxic
treatment of LC.

Liposome-Mediated Targeting of LC

Because various functional groups can be added to liposomes, they can be used in cancer-targeted treatments. Triptolide
encapsulation in liposomes modifies the distribution behavior of triptolide, and, according to Congcong Lina et al, dual-
ligand modified triptolide-loaded liposomes elicited the highest anticancer response in the trial, with no clear systemic
harm.>' This shows that treating triptolide-loaded liposomes with anti-CA IX antibodies and lineage-homing cell-
penetrating peptides simultaneously improves the therapeutic benefits of these liposomes.

A recent study used RGD (arginine, glycine, and aspartic acid) tripeptide-modified PTX for LC therapeutics and
found that RGD-modified co-loaded liposomes are effective candidates for antitumor drug delivery.’? Transporting PTX
in large cationic liposomes could prevent negative effect of PTX such as tissue toxicity, thereby improving the patient’s
prognosis. Cationic liposomes are used to encapsulate PTX. High biocompatibility, enhanced internalization, and antic-
ancer efficacy of PTX was observed in human and mouse LC cells in culture, multicellular spheroids, and cancer stem
cells (CSCs).”?

The therapeutic effect of quercetin (QR) in the treatment of LC through the targeting of transferrin receptors is known
to be high in tumor cells. T7 (HAIYPRH) surface-functionalized liposomes with various T7 peptide densities and
nontargeted quercetin-loaded liposomes, with an encapsulation efficiency of 95%, were successfully produced in this
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study.>* Using manufactured liposomes, anticancer activity was examined in LC cells (A549 cells) and normal lung cells
(MRC-5 cells). T7 surface-functionalized liposomes (2% T7-QR-lip) increased cytotoxicity, cellular uptake, S-phase cell-
cycle arrest, and mortality in A549 cells. This contrasts with what is observed with nontargeted QR-lip due to receptor-
mediated endocytosis, although in MRC-5 cells no significant differences in cytotoxicity or cellular uptake were found
between T7-QR-lip and QR-lip. Furthermore, in 3D lung tumor spheroids, the 2% T7-Cou6-lip presented much deeper
penetration. Using in vivo experiments, Riaz et al revealed the beneficial effects of T7-QR-lip after pulmonary
administration in BALB/c nude mice with orthotopic lung tumor implantation.>

Characteristics of Lipid Micelles as DDSs

Lipid micelles refer to the form in which nano-sized particles are made in aqueous solution via self-aggregation with
lipid as the main component.>® Lipid micelles are made of lipids with amphiphilic properties contributed by the lipid-
containing polar head groups (hydrophilic) and the long hydrophobic chains. The polar part of the lipid faces water and
the hydrophobic chain is aggregated to form a micelle.’® Because of their amphiphilic properties, micelles are suitable for
loading both hydrophilic and hydrophobic drugs. The lipid micelle structure controls the sustained and controlled release
of anticancer drugs, and provides chemical and physical stability to the drug. In addition, it is being used as a drug
delivery agent because it can improve drug pharmacokinetics, is advantageous for intra-tissue delivery, and can improve
drug bioavailability.*

Lipid Micelle-Mediated Treatment of LC

Compared to liposomes, micelles are small in size and simple to manufacture; consequently, they are used in treatments
by loading various anticancer drugs that have been previously used. The epidermal growth factor receptor (EGFR) is
widely used as a drug delivery target for the treatment of LC.>® Although it is common to use antibodies to target the
EGFR, the use of aptamers based on nucleic acids has recently become popular. Aptamers can be easy to manufacture,
and have the advantage of low cost when compared with that of monoclonal antibodies. The micelles with EGFR
aptamer on the surface effectively deliver drugs to LC. In this study, salinomycin was introduced into micelles as a drug
capable of killing cancer stem cells in LC. The micelles containing the EGFR aptamer and salinomycin were of size 24
nm, and were confirmed to effectively target LC in mice and inhibit cancer growth.>’

Although EGFR is targeted for the delivery of LC treatment drugs, EGFR is often mutated in many patients.’® For
this reason, a method of blocking the signaling system, induced by EGFR, is sometimes used. Afatinib is an inhibitor that
blocks the tyrosine kinase of the EFGR signaling system that exists inside the cell, and is being used as a treatment for
EGFR-mutant NSCLC. For the effective delivery of afatinib to LC, a micelle with transferrin decorated on the surface
was fabricated, as transferrin receptors are overexpressed in LC.”® For LC, the delivery efficiency of afatinib by micelles
was four times higher than that of afatinib alone, and as a result, it was also shown to effectively inhibit LC growth in the
mice in vivo.”’

In addition, the overexpression of transferrin receptors in LC has been used for the delivery of other drugs. PTX,
which is the most commonly used anticancer drug, is known to have severe side effects. PTX was also loaded into
micelles and used in LC treatment via targeting of transferrin receptors. PTX@FT-NB, a micelle loaded with PTX and
having transferrin on the surface, was shown to be delivered to LC with high efficiency, and also inhibited cancer growth
in mice in vivo.®

Characteristics of Solid Lipid Nanoparticles (SLNs) as DDSs

SLNs are an emerging drug delivery method that is an alternative to the traditional colloidal delivery system.>* The SLN
is a fusion of polymeric nanoparticles and liposomes, and the resulting advantages can be applied to therapy.*® Because
the surface of the SLN is lipid, its biocompatibility is very high, and it is highly tolerable in the lungs and in the body.
Therefore, it is suitable as a drug delivery agent for the treatment of LC. SLNs are mainly prepared using physiological
solid lipids, which are in a solid state at room temperature and body temperature. In water, it disperses and the inner lipid
fuses to form a structure. Polyvinyl, compritol, glyceride, and steroids are commonly used for the synthesis of SLNs.®'
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SLN-Mediated Treatment of LC

SLN is also suitable for loading hydrophobic drugs inside, similar to other lipid-based nanocarriers. DTX is
a hydrophobic anticancer drug, which is used for breast cancer, head and neck cancer, and NSCLC. Common side
effects of DTX include hair loss, cytopenia, and vomiting. These side effects appear to be due to the decreased delivery
efficiency of DTX to cancer cells, and research is being conducted to overcome them using the targeted effect of
nanostructures. DTX was loaded onto SLN made with Compritol® 888 ATO as the main raw material. Compritol-based
SLN, which was named SLN-DOX, was able to support DTX with 86% efficiency. In the in vitro assay, the SLN-DOX
efficiently promoted apoptosis of the cancer cells, as well as the arrest of the G2/M phase of the cell cycle. In addition,
administration of SLN-DOX prevented metastatic LC in mice in vivo.®>

Transferrin was also introduced into SLN for the LC-specific delivery of DOX, similar to lipid micelles. SLNs were
prepared with stearic acid and injectable soy lecithin. Together with DOX, plasmids of enhanced green fluorescent
protein (pEGFP) were co-delivered to cancer cells, and delivery efficiency was evaluated using EGFP expression. In the
in vitro assay, the transfection efficiencies of the EGFP plasmid using SLN were higher than 80%, and the released DOX
concentration was also higher than 80% in the A549 cells. As indicated by the specific targets of the transferrin receptor
by transferrin decoration in SLN, it promoted a dramatically increased DOX-mediated anticancer effect in the AS549
xenograft tumor model in mice.*®

Hydrogenated soybean phospholipids and polyvinyl pyrrolidone k15-based SLNs have also been applied in the
treatment of LC. In this SLN, PTX and curcumin were incorporated, which was then referred to as PC-SLN. PC-SLN
prolonged the residence time and half-life when compared with the combination of PTX and curcumin, which improved
circulation time. PC-SLNs showed a much greater inhibitory effect of tumor growth than the combined treatment of PTX
and curcumin in the xenograft tumor model.**

SLN has also been used for the delivery of traditional herbal medicine. As a Chinese tradition, Yuxingcao has been
used for the treatment of lung diseases such as pneumonia and respiratory infections. However, due to the indiscriminate
administration of Yuxingcao, a number of adverse drug reactions (ADRs) occurred, some of which led to death.®> This
side effect of Yuxingcao administration also appeared because effective drug delivery did not occur inside the diseased
lung, and efforts were made to overcome this using SLN. Polyvinyl acetate- and glyceryl behenate-based SLN were
synthesized, and Yuxingcao oil was loaded inside the SLN. The loaded Yuxingcao was fully released in the cultured
medium within 50 h. In addition, the intratracheal administration of Yuxingcao-loaded SLN effectively delivered
Yuxingcao to the lung.®® Although this study did not show in vivo results for LC treatment in mice, it suggested that
because SLN could deliver herbal medicine to the lungs, it may also be useful in LC treatment.

Characteristics of Lipid Nanoparticles (LNPs) as DDSs

LNP is a term that can collectively refer to all nanostructures containing lipids, but the meaning has changed slightly as it
has also been used in the development of a COVID-19 vaccine.®’ The LNP is synthesized using microfluidics, and unlike
liposomes, the inside is filled with lipids. Microfluidic-mediated synthesis of LNPs is a promising new method for the
mass production of LNPs.®® This method is well established and can be scaled up to Good Manufacturing Practice
(GMP) production in the currently preferred research lab for use in clinical trials.®® In addition, the use of microfluidics
has the advantage of ensuring qualitative control, which cannot be maintained by conventional methods. LNPs are most
actively used as carriers for delivering mRNA that is capable of producing antigenic proteins and thus have several
special compositions. Such conditions include a) ionized or cationic lipids having tertiary or quaternary amine heads for
facilitating loading inside LNPs using the negative conversion of nucleic acid molecules; b) phospholipids that can form
hydrophilic membranes such as DSPC; c) cholesterol capable of stabilizing the lipid bilayer of LNP; and d) PEGylated-
lipids to block the degradation of LNP in the blood and increase the stability and blood circulation time.®’

LNP-Mediated Treatment of LC

Unlike other lipid-based nanocarriers, LNPs are often used as carriers to deliver nucleic acids.®® The reason for this is
most likely the effectiveness of the COVID-19 vaccine, in which an mRNA was inserted into the LNP. In LC treatment
using LNPs, the research on delivering nucleic acids is more active than that on delivering anticancer drugs. In addition,
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the delivery of nucleic acids via LNPs is used for immunotherapy by targeting immune cells. Similar to COVID-19
vaccine, where mRNA capable of translating the antigen protein of SARS-CoV-2 was inserted into the LNP, cancer
treatment was attempted by introducing the cancer antigen into the LNP.®® Experimental antigen ovalbumin-contained
LNPs as well as LNPs containing melanoma antigen TRP2 mRNA promoted effective immunity against antigen-
expressing tumors, as these treatments suppressed tumor growth.”®

Dendritic cells (DCs) are central cells of immunity that can induce the activation of T cells.”' T cells activated by
dendritic cells can find and eliminate antigen-expressing cells. DCs activate themselves by recognizing the pattern of
pathogens, and substances that can stimulate this pattern are used as immune enhancers.”? In addition, activated DCs
express CD40 on their surface, and show stronger activity via the action of the CD40 ligand of T cells.”” To take
advantage of this DC activity, pattern receptor stimulant R848 (toll-like receptor 7/8 agonist) and CD40 mRNA were
loaded onto LNPs, referred to as RAL2 CD40-LNP, to induce DC activity. The RAL2 CD40-LNP-induced activity of
DCs was notably improved by the additional treatment of the anti-CD40 antibody. Consequently, the combined treatment
of RAL2 CD40-LNP and the anti-CD40 antibody almost completely inhibited tumor growth in mice in vivo.”

There are a variety of nucleic acid components of immune stimulatory substances that can activate the pattern
recognition receptors of immune cells. Among them, cyclic dinucleotide (CDN) molecules, which are STING ligands,
have recently been shown to have excellent immune stimulatory effects. In the mouse lung metastasis model, STING-
LNP treatment elicits the infiltration of T cells and NK cells in the lung, as well as the expression of PD-1 and interferon
(IFN)-y. In addition, the combined treatment of STING-LNP and anti-PD-1 exerted a synergistic anticancer immunity in
the lung metastasis model.”*

Nanostructured Lipid Carrier (NLC)

Lipid nanoparticles, such as SLN and LNP have long been thought of as potential carrier systems with promising
therapeutic uses however have some limitations. The NLCs can be used as a cutting-edge drug delivery method for
a variety of medication classes due to having some unique properties of intelligent, adaptable systems that can increase
drug loading, control release, and production of final dosage forms such creams, pills, capsules, and injectables.”> NLCs
are lipid-based formulations and contain a blend of both solid and liquid lipid.”® The binary lipid-based nanocarriers
known as NLCs allow for the trapping of lipophilic actives, preventing their deterioration and enhancing their stability.””
It was demonstrated that NLCs had some advantages over conventional carriers for medication therapy, including
enhanced permeability, improved bioavailability, fewer side effects, prolonged half-life, and tissue-targeted delivery.
Recent years have seen an increase in interest in NLCs.”® These nanocarriers can be used to deliver medications that are
both lipophilic and hydrophilic. For the administration of medications via oral, parenteral, ophthalmic, pulmonary,
topical, and transdermal routes, NLCs have emerged as a viable carrier system. Recently, NLCs have also been used in
the administration of cosmeceuticals and nutraceuticals as well as chemotherapy, gene therapy, and brain targeting.”” Due
to their increased stability during storage and simplicity of scalability without the need for sterile conditions, NLCs are
a promising oral delivery medium and both hydrophilic and lipophilic medicines can be captured by these systems.*
Numerous studies have been conducted on NLC-based medication delivery systems for different kind of cancer
treatment, and many scientists are analyzing the features of NLCs to enhance their functionality.*'*** In 2014, Yiqun
Han and group form an NLC based formulation “EGFP-loaded NLC” and transfected in human alveolar adenocarcinoma
cell line (A549 cells) and in mice having A549 cell line using a modified vector. Result of in vitro and in vivo experiment
shown that NLC-based gene delivery system offers an effective strategy for LC gene therapy due to high transfection
rate.®® In 2019, NLC based drug delivery of doxorubicin (DOX) and B-elemene (ELE) (DOX/ELE Hyd NLCs) was
studied in both in vitro and in vivo for LC therapeutics. The formulation inhibits the lung tumor cells and tumor growth
effectively by synergistic effect.** The NLC based one more study was performed by Shenghu Guo and group for the
treatment of LC. They have loaded the cetuximab (CET), paclitaxel (PTX) and 5-Demethylnobiletin (DMN) drug in
NLCs to form CET-PTX/DMN-NLCs formulation. The formulation was checked both in vitro (A549 cell line) and
in vivo (Lung tumor xenografts mice) and found that the drug with NLC synergistically decreases the viability of the
cancer cells with low toxicity and which could be used as a promising system for the synergistic combination therapy of
LC.® In a recent study Cisplatin (CDDP) and etoposide (Etp) drug was conjugated with NLC to form a new formulation
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“EtpP—CDDP-NLCs” for the treatment of LC. The formulation was checked both in vitro and in vivo and resulted in
improved the tumor-cell uptake, cytotoxicity, and tumor-inhibition efficiency.®®

Although NLCs have a lot of potential as drug delivery vehicles, there are still not enough preclinical and clinical
research. As a result, it is necessary to broaden the range of their applications to incorporate clinical trials under proper
ethical guidelines.

Inhalation of Lipid-Based Nanocarriers for LC Treatment
One of the strategies for the treatment of LC is the inhalation of drugs. The lungs are readily accessible tissues after
passing the respiratory track, and the inhalation of drugs can induce the direct cancer-targeting effects of drugs. However,
because the respiratory track is a mucosal tissue, drugs do not pass through it in the usual manner. In addition, mucosal
damage from drugs may cause serious side effects.®” Therefore, a stable and effective DDS is required when using
inhalation as a route for the treatment of LC. As mentioned above, a liposome is a delivery vehicle of a vesicle based on
lipids. The lipids used in liposomes are natural and non-toxic to the body. In addition, liposomes are transporters that can
easily pass through mucous and stably carry drugs to tissues. Based on these advantages, liposomes are being studied as
inhaled drug delivery agents for the treatment of LC (Figure 3).

In a recent study on drug development for LC done by Khushaboo et al,*® they demonstrated the possibility of using
a sorafenib tosylate-loaded LDP inhaler as a vehicle for the direct targeting of NSCLC via a pulmonary DDS. The LDP
inhaler showed greater lung deposition than the standard formulation in the in vitro aerosol experiments. In vitro
experiments showed that the developed dry powder inhaler had long-term release characteristics. As a result, gradual
systemic dilution following an LDP inhaler injection is likely to result in a tailored distribution of sorafenib tosylate,
thereby lowering dose frequency and drug-related side effects.*® Zhang et al, formulated a liposomal curcumin dry-
powder (LCDP) inhaler for primary LC inhalation treatment.’® After freeze-drying the curcumin liposomes, LCDPs were
obtained. Curcumin liposomes were more readily absorbed by human A549 LC cells than free curcumin. These
liposomes caused significant cytotoxicity in A549 cells but low cytotoxicity in normal human bronchial BEAS-2B
epithelial cells. Curcumin powder, LCDPs, and gemcitabine were sprayed directly into the lungs of LC-affected rats via
the trachea. Concerning the pathology and expression of various cancer-related indicators, LCDPs have a stronger
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Figure 3 LC treatment via nasal inhalation of anticancer drug-loaded liposome.
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anticancer effect than the other two drugs.’® The curcumin-liposomal formulated drug was further studied by Adel et al in
2021. They used a nano-spray dryer to create spray-dried curcumin-loaded proliposomes for inhalation. When matched
with curcumin powder and plain formulations, using an MTT assay, cytotoxicity tests revealed better growth inhibitory
properties on lung tumor A549 cancer cells and low ICsy values.”’ A study by Parvathaneni et al, concluded that
inhalable pirfenidone (PFD)-loaded liposomes could be a potential treatment strategy for NSCLC.%* Chen et al, studied
the role of nanocarriers in DDSs for LC and reported that lycobetaine (LBT)-oleic acid (OA)-PEG liposomes could
entrap more LBT and displayed a slower drug release and prolonged circulation time in pharmacokinetic studies when
compared with LBT-OA-PEG-nanoemulsions (NEs). In vitro studies on lung carcinoma cells showed a boosted anti-
tumor effect of LBT-OA-PEG liposomes compared with that of free LBT. Additionally, when nRGD was used as
a therapeutic adjuvant, LBT-OA-PEG liposomes with nRGD demonstrated competence in the microenvironment-
depletion of tumors, as well as robust anti-lung cancer activity. Hence, LBT-OA-PEG liposomes with nRGD could be
beneficial for clinical cancer therapy.”® The various liposome-based bioformulations for the treatment and management of
LC are presented in Table 3.

Discussion
LC is a diverse molecular disease and understanding its cause is essential for the development of successful treatments.
The discovery and application of nanotechnology in the detection, diagnosis, prognosis, and treatment of cancer has
made huge strides in the previous decade, resulting in the emergence of a new discipline of “cancer nanomedicine”.''®
According to the National Institutes of Health, a nanoparticle is any material used in the formulation of a medicine,
which results in a final product that is less than one micron in size. Owing to their ability to penetrate biological barriers,
efficiently deliver hydrophobic treatments, and preferentially target areas of illness, nanoparticle-based therapeutic
systems have grown in popularity. Currently, lipid-based, polymeric, branching polymeric, metal-based, magnetic, and
mesoporous silica nanocarrier formulations are used. Moreover, novel methodologies have been applied to use multi-
component, three-dimensional constructions that provide multifunctional capabilities.'> Using such designs, chemother-
apeutics and anticancer gene treatments can be simultaneously delivered to precise targets. Nanoparticle-based medicines
are paving the way for primary and metastatic LC diagnoses, as well as their imaging, screening, and treatment.
However, problems in the fields of pharmacology, medicine, immunology, large-scale production, and regulation have
impeded the translation of such discoveries from the laboratory to the patients. Therefore, this study covers the current
developments and obstacles in DDSs using lipid-based nanocarriers using recent LC therapy cases as examples.

Medication formulations of lipid-based nanocarriers have long been promoted as promising DDSs; however, there are
various limitations and challenges with DDSs using lipid-based nanocarriers, as shown in Figure 4. DDSs using lipid-
based nanocarriers are costly to manufacture, resulting in high production costs due to the high price of raw materials, as
well as require costly equipment to enhance manufacturing capacity. Other than cost, further challenges are also observed
with DDSs using lipid-based nanocarriers. These include the sterilization process (as liposomes are temperature-
sensitive), short half-life and low stability (one of the major challenges as liposomes can be easily oxidized and
hydrolyzed by reagents), toxicity at increased doses (some lipids, especially charged lipids, used in liposome synthesis
become toxic when drug doses are increased), and rapid clearance from the bloodstream (phagocytic cells of the RES
rapidly remove the liposomes from the body).*’**!'%® In addition to these, challenges also lie in vesicular destabilization
as DDSs using lipid-based nanocarriers require interaction with plasma proteins which play a significant role in
nanocarrier biodistribution and in lipid nanoparticle clearance by the RES via opsonization, as well as in vesicular
destabilization. Additionally, pseudoallergies are an issue as some lipid-based nanocarrier systems activate the innate
immune response, which then activates the complement system, causing an acute hypersensitivity condition, also called
complement activation-related pseudoallergies.'®

The pharmaceutical industry made enormous strides in the second half of the twentieth century, with biopharmaceu-
tics and improved pharmacokinetics receiving considerable attention. Within this period the concept of a controlled and
targeted medication delivery system was introduced for the first time. As nanotechnology has become increasingly
prevalent in the medical industry, a delivery mechanism has become possible in the form of submicron-sized
particles.*®!'""!'? The use of lipid-based nanocarriers to aid drug distribution has already had a significant influence in
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Table 3 Recent Studies Presenting Different Liposome-Based Bioformulations for Drug Delivery in LC Treatment

Liposome Drug Formulation In vitro or in vivo/Model Cancer Result References
Name Type
Liposome Doxorubicin (Dox) SA-5-Dox-LP In vivo/mice with lung tumors NSCLC Targeted SA-5-Dox-LP showed better anti-proliferative activity [94]
In vitro/BT-474, A549, Calu-3, and
MCF-7 cells
Chitosan Paclitaxel (PTX) PTX-loaded CP50- In vitro/A549 LC CSO modification provides promising applicability for nanomedicine [95]
oligosaccharide- LSs In vivo/mice
modified liposomes
RGD-modified DOX DOX-RGD-LPs In vitro/A549 LC The DOX-loaded pH-sensitive liposome, which has been modified with 5% cRGD- | [96]
liposomes In vivo/Balb/c nude mice lipid, could be used to enhance cancer therapy
Liposome Lonidamine or - In vitro/A549 cells NSCLC The formulation used as an anticancer agent to treat drug-resistant LC [97]
Epirubicin In vivo/Female BALB/c mice
Folate-modified Rapamycin (RM) RM/FA-ssLip In vitro/KB and LL2 cells and A549 LC Administration of this formulation extended the survival of LL2 cell tumor-bearing | [98]
submicron-sized cells mice
liposome (ssLip) In vivo/Male C57BL/6NCr mice
pH-sensitive Thymogquinone (TQ) TQPSL In vivo/Swiss Albino Mice LC It shows potential of TQPSL as a LC therapeutic agent [99]
liposomes (PSL)
PEGylated liposome | Lycobetaine LBT-OA-PEG-Lipo In vivo/ mice xenograft Lung Improved tumor penetration, and increased extravasation of formulations and [93]
Olic acid + nRGD carcinoma | antitumor efficacy
RGD
PSL Afatinib (tyrosine AFT loaded PSL In vitro/human LC cells (H-1975) NSCLC AFT loaded-PSL prompted apoptosis in H-1975 cells [100]
kinase inhibitor) cells
Liposome Betulinic Drug-loaded In vivo/mice LC Cocktail liposome systems could offer a more efficient and safer treatment for LC | [101]
parthenolide, liposome In vitro/A549 cells
honokiol and
ginsenoside Rh2
PEGylated cationic PTX MLV-PEG-PTX In vivo/Female C57BL/6 mice LC MLV-PEG-PTX exhibited biocompatibility and anticancer activity against CSCs [53]
liposomes In vitro/A549 and the murine lung
carcinoma cell line LL/2
DSPE-PEG2000-PFV | Daunorubicin and Daunorubicin and In vitro/A549 cells NSCLC Increased the cellular uptake facilitated by PFV cell-penetrating peptide; augmented | [102]
Dioscin dioscin co-delivery In vivo/Male BALB/c nude mice inhibitory effects on vasculogenic mimicry formation and tumor metastasis from the
liposomes inclusion of dioscin
Liposome Docetaxel and CDI133-DTX LP In vitro/A549 tumor mice LC CD133-DTX LP significantly decreased cell proliferation and improved the [103]
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Folate-modified Metallothionein 1D Erastin/ In vitro/A549 and H1299 cells NSCLS The combination increased the bioavailability and effectiveness of the drug/gene [104]
liposomes pseudogene (MTIDP) | MTIDP@FA-LPs In vivo/BALB/c nude mice
Erastin (E/M@FA-LPs)
Folate-modified Plasmid BIM F-PLP/pBIM In vitro/LL/2 and A549 LC NSCLS Developed formulation considerably blocked tumor growth by inducing apoptosis in | [105]
liposome (F-PLP) In vivo/Female C57BL/6 mice tumor cells, and inhibited proliferation and angiogenesis
Liposome Curcumin Liposomal In vitro/A549 cells Primary Formulation having notable anticancer effects compared with the other two [90]
curcumin dry LC medications with reference to the pathology
powder inhaler
(LCD)
Liposome Inhalable Pirfenidone PFD-loaded In vitro/H4006, A549 cell lines NSCLC PFD-loaded liposomes induced cell migration, apoptosis, and angiogenesis assays [92]
(PFD) liposomes
Cationic liposome PTX and Survivin L-PTX-PSur In vitro/NCI-H460 LC cells LC Developed formulation synergistically inhibits cancer cell growth [106]
siRNA
Liposome PTX RGD- PTX-CUR In vitro/A549 LC cell lines LC The present formulation shows the antitumor effect in vivo, compared with the non- | [52]
Curcumin (CUR) LPs In vivo/BALB/c nude mice modified LPs
RGD
Liposome PTX LP (liposomal In vitro/A549 LC cell lines LC LPE significantly down-regulated the VEGF and HIF-la in rat primary LC, and [107]
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Figure 4 Limitations and challenges with DDSs using lipid-based nanocarriers.

several scientific fields. Lipid-based nanocarriers were the first nanotechnology-centered DDS for clinical use, owing to
their biocompatibility and biodegradability.''**''* Understanding the advancements in lipid-based nanocarrier technology,
as well as the hurdles that remain, will enable forthcoming research to upgrade existing platforms and discourse on the
translational and regulatory limits. Professionals participating in all stages of development for lipid-based nanocarrier
technology need to communicate and collaborate to ensure further translational success in manufacturing, pharmaceutical

design, cellular interfaces, and toxicology for clinical evaluation studies.'®

Conclusion

Lipid-based nanocarriers have an extensive range of applications as DDSs, owing to their versatility. They are
particularly appealing because of the ease with which they can be chemically modified, their capacity to transport
a variety of drugs/genes, and their ability to be applied through a variety of methods. Furthermore, the safe transport of
medications to their target sites and the ability to use a trigger-based release are additional highly valuable characteristics
of lipid-based nanocarriers as DDSs. The possible cytotoxic effects of lipid-based nanocarriers are a hindrance to their
successful market development. Nevertheless, given the recent technological breakthroughs, the high expectations for the
sustained development of lipid-based nanomedicines as drug delivery methods are justified.
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