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A B S T R A C T

Lung diseases such as asthma, chronic respiratory diseases, and lung cancer are among the most prevalent and 
vulnerable health conditions. Various therapeutic approaches, including nucleic acids, peptides, and small 
molecules have been developed along with different delivery strategies for their treatment. Liposomes have been 
recognized as promising delivery candidates attributed to their biocompatibility, biodegradability, and ability to 
encapsulate both hydrophilic and hydrophobic drugs effectively. Their composition closely resembles pulmonary 
surfactants and can facilitate targeting deep lung tissue while also allowing localized drug delivery with less 
systemic exposure. The most rigorously explored route for delivering liposomal formulations to the lungs is 
inhalation. Additionally, liposomes help combat antimicrobial resistance and enhance targeted drug delivery by 
utilizing stimuli-responsive liposomes or modifying their physicochemical properties. Herein, we explore the 
liposomal delivery of different classes of drugs, their therapeutic potential in the treatment of lung disease, and 
discuss perspectives on clinical translation.

Introduction

Worldwide, millions of people are suffered from asthma, chronic 
respiratory diseases including chronic obstructive pulmonary disease 
(COPD), pulmonary tuberculosis, lung cancers, cystic fibrosis(CF), 
idiopathic pulmonary fibrosis (IPF), coronavirus diseases (COVID), 
Middle east respiratory syndrome (MERS), pneumonia and acute lung 
injury (ALI).1,2 Diverse pharmacotherapeutic agents, including β2- 

agonists, corticosteroids, anticholinergics, antimicrobials, chemothera
peutics, therapeutic peptides, antibodies, and nucleotides have been 
used as lung therapeutics.1,3 The integration of pharmacotherapy and 
non-pharmacotherapy approaches has proven effective in managing 
chronic conditions.4 Conventional treatment options also have several 
limitations, including low diffusion and suboptimal pharmacokinetics, 
which reduce the efficacy of the therapy.5 Therapeutic approaches for 
chronic and non-communicable diseases require the safest and most 
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novel therapeutic strategies or options that can improve treatment ef
ficacy, overcome limitations, and enhance patient’s overall health and 
well-being. To combat with the unmet need of treatment for lung dis
eases, various alternative approaches are being investigated, such as 
nanotechnology-assisted novel drug delivery strategy and drug repur
posing to overcome the limitations of existing drugs.6–9 Recently, nano 
drug delivery strategies have gained considerable interest among re
searchers and drug delivery scientists due to their potential to improve 
pharmacotherapy by offering enhanced and favorable physicochemical 
characteristics.10,11 Nanoparticles are discrete nano-object, less than 
100 nm size. Their favorable features include optimized physiochemical 
and mechanical characteristics, enhanced cellular uptake and improved 
therapeutic effectiveness.1,12 For the treatment of airway diseases, 
several nanoparticle systems have been studied, including lipid nano
particles, polymeric nanoparticles, solid-lipid nanoparticles, micro
spheres, inorganic nanoparticles, nanocrystals, dendrimers, and 
respiratory-triggered magnetic nanoparticles.13–15 Liposomal formu
lations are also among the most widely studied and clinically translat
able formulations for the treatment of lung diseases. Existing reviews on 
liposomal drug delivery targeting lung diseases have primarily focused 
on formulation design and both preclinical and clinical investigations. 
The exact mechanism and interaction of liposomes in the lung envi
ronment remain poorly understood. There is still a significant gap in the 
research and reviews on lung-targeted liposomal delivery of nucleic 
acids or macromolecules.

This review intends to describe and summarize the emerging ad
vancements in liposomal formulations of small and macromolecular 
therapeutics targeting lung diseases, interactions of liposomes with the 
lung environment, tissue-targeting approaches, use of liposomes as ad
juvants in tuberculosis vaccine, and translation approaches toward 
clinical application. This review is also intended to guide researchers in 
designing and engineering liposomal formulations with improved effi
cacy, while also providing the recent updates on the progression of 
liposomal formulations for the treatment of several lung diseases.

Liposomes

Liposomes, which marked the advent of lipid nanoparticle develop
ment, originating in 1960s. The wider concept “lipid nanoparticles” 
appeared in the 1990s as nanoscience and technology continue to 
evolve. Liposomes are closed lipid bilayer vesicles, typically nanosized, 
and are recognized as the initial form of lipid nanoparticles.16 In the 
1960s, Alec Bangham originally witnessed that liposomes instanta
neously develop upon dispersing phospholipids in water while exper
imenting on their effect on blood coagulation.17,18 Liposomes are 
generally in spherical shape and sizes vary between 50 and 500 nm. 
Basically, liposomes are assembled in aqueous media due to their 
amphiphilic nature, where phosphate group containing hydrophilic 
heads face the exterior and hydrophobic fatty acid tails are oriented 
toward inside of the bilayer, where they align with each other to form 
regions free from water. The center core allows the incorporation of 
hydrophilic drugs and hydrophobic drugs inside their lipid bilayer.19,20
Liposomes typically consist of phospholipids, including phosphatidyl
ethanolamines, phosphatidylserines, phosphatidylcholines, and phos
phatidylglycerols, and are often stabilized with cholesterol.16 The 
hydrophilic nature of polyethylene glycol (PEG) has also been used to 
influence the pharmacokinetic profile of liposomes and is employed for 
its stealth properties.21 Liposomes are one of the choices for encapsu
lating the therapeutic agents due to their biological compatibility, 
reduced toxicity, biodegradability, and lipid and water loving traits.19
Liposomes were the initial drug delivery strategies successfully trans
lated from bench to bedside applications. Several liposomal pharma
ceutical preparations have received approval for cancer treatment and 
other diseases. The first approved liposomal drug was Doxil®, aimed at 
the management of ovarian cancer.22

Based on the number of bilayers, liposomes are categorized into 

unilamellar, multilamellar (MLV), and multivesicular vesicles (MVV). 
They are further distinguished according to their size, such as small 
unilamellar vesicles (SUV) with a diameter of 20–100 nm, large uni
lamellar vesicles (LUV) ranging from 100 to 1000 nm, and giant uni
lamellar vesicles (GUV) measuring 1000-2000 nm. SUV and smaller 
MLV are predominantly designed for drug delivery systems, while GUV 
are primarily used as models for cells.16,23 The drug encapsulation and 
biodistribution can be primarily affected by the size of liposomes; the 
smaller liposomes have a chance to escape phagocytosis.24,25 Lipo
somes with a diameter of less than 100 nm were generally accepted for 
pharmaceutical applications, especially in parenteral administra
tion.25,26 The surface charge of liposomes is primarily influenced by 
the chemical properties of lipid head groups, which can be positive, 
negative, or zwitterionic. The resulting surface charge density affects the 
surface potential of liposomes, a key factor in their stability, by regu
lating interactions between particles and the binding of counterions. The 
high charge containing particles prevents aggregation due to electro
static repulsion, and uncharged particles are susceptible to aggregation 
over time. A valuable insight into the stability, biodistribution, cellular 
internalization, and biological interaction of nanoparticles can be 
gained by characterizing their surface charge using the zeta potential, 
which is the electrical potential at the hydrodynamic shear boundary of 
the particles. The ionic lipid fraction in liposomes is linearly related to 
zetapotential, and zeta potentials less than -30 mV and more than +30 
mV are typically considered for preserving stability of the particle in 
suspension.16,27,28

Classical liposomes, pegylated (stealth) liposomes, cationic or 
anionic liposomes, bubble liposomes, actively targeted liposomes, and 
stimuli responsive liposomes are among the various types of liposomes 
based on liposome composition and intended application.18 The 
composition of conventional liposomes generally consists of naturally 
derived or fabricated phospholipids, in the presence or absence of 
cholesterol. However, they are prone to rapid clearance by the reticu
loendothelial system (RES), preventing efficient accumulation at the 
target site.29–32 Stealth liposomes are liposomes that have been stabi
lized sterically by altering their surface using hydrophilic polymers such 
glycoproteins, polysaccharides, or PEG. These modifications enhance 
circulation time and enhance accumulation at the target site by reducing 
opsonization.33,34 Charged liposomes are formulated using charge- 
containing lipids and have various applications. Cationic liposomes 
efficiently encapsulate nucleic acids through electrostatic forces be
tween their positive charge and the negatively charged phosphate 
backbone of nucleotide sequences.35 Conversely, transdermal drug 
delivery often employs anionic liposomes, as their negative charge en
hances drug permeation across the skin more effectively than cationic 
liposomes.36

Bubble liposomes are small microbubbles with a core filled with gas, 
coated with lipids and other materials such as galactose, proteins, sur
factants, or biocompatible polymers. They release their gaseous content 
upon ultrasound exposure through cavitation. Ultrasound application 
induces sonoporation, forming transient pores in the cell membrane, 
which facilitates the delivery of encapsulated materials into targeted 
cells.37,38 Doxorubicin-loaded oxygen-containing nanobubbles lipo
somes have been shown to effectively supply oxygen to the lungs, paving 
the way for their use in mitigating hypoxia in tumors, which contributes 
to enhanced resistance to chemotherapy.39 Liposomes are directed to 
tumors through passive targeting via enhanced permeability and 
retention (EPR) effect, but this mechanism does not selectively target the 
cancerous cells. In contrast, actively targeted liposomes selectively 
recognize tumor cells through receptor-ligand interactions, achieved by 
conjugating recognition moieties to the liposome surface. Antibodies, 
nucleic acids, carbohydrates, vitamins, or peptides can serve as recog
nition moieties for active targeting.40,41

A range of stimuli-responsive liposomes has been developed to 
facilitate the efficient delivery of therapeutic molecules to the specific 
target sites (Fig. 1). Liposomes can be engineered to release their 
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payload from liposomes in response to systemic or external stimuli such 
as changes in pH, enzymatic activity, redox reactions, light, heat, ul
trasound, or magnetic fields.18 pH-responsive liposomes are triggered 
by changes in pH, where they become unstable in an acidic environ
ment. The functional groups present in the liposomes are protonated, 
causing the liposomes to become unstable and release the drug.42
Redox-responsive liposomes containing disulfide bonds are reduced 
when exposed to the elevated level of glutathione, which cleaves the 
bonds and releases the drugs from the liposomes at the targeted 
site.43,44 Enzyme-responsive liposomes generally release the encapsu
lated drug in response to elevated enzyme expression, which is 
commonly found in diseased cells. Overexpressed enzymes, such as 
proteases and esterases, cleave amide or ester bonds, disrupting the 
liposomal lipid bilayer and causing drug release into target cells.45
Some liposomes are photosensitive and become unstable upon exposure 
to a light source, releasing the drug at the targeted site because of the 
availability of photoreactive functional groups in the phospholipid 
bilayer.46,47 Thermosensitive liposomes experience a transformation 
from a gel state to a crystalline liquid phase, increasing phospholipid 
bilayer permeation and facilitating drug release when triggered by mild 
hyperthermia. A paramagnetic substance, such as iron oxide, is added to 
magnetic field-responsive liposomes, a specific category of thermo
sensitive liposomes. An alternating electric current magnetic field gen
erates magnetic hyperthermia, which facilitates the release of 
therapeutic agents.48,49

Interaction of liposome with the pulmonary environment

The interaction of liposomes varies depending on the route of 

administration. Liposomes are destabilized by gastric and pancreatic 
enzymes, gastric acid, bile salts, and intestinal surfactants during oral 
administration, resulting in the release of the drug. Many strategies have 
been implemented to improve liposomal stability in the gastric milieu, 
formulation with hydrogenated long-chain phospholipids, which have a 
greater phase transition temperature and help shield liposomes from bile 
salts.50 One of the most extensively studied routes for liposomal drug 
delivery is the transdermal route. Phospholipids in the stratum corneum 
can engage with liposomes, facilitating the successful delivery of the 
encapsulated drug. Transdermal delivery of liposomal formulations has 
shown promise in delivering anticancer drugs for the treatment of skin 
and breast cancers.51 Because of its high vascularity, the intranasal 
route is also effective for both systemic and local drug delivery. Addi
tionally, it also avoids the enzymatic breakdown in the gastrointestinal 
tract and the first-pass effect.52

The pulmonary route is another area of significant interest for lipo
somal drug delivery of low-dose drugs, particularly for treating lung 
diseases. When liposomes are administered systematically, they aggre
gate in the reticuloendothelial system (RES), mainly in the bone 
marrow, lymph nodes, lungs, kidneys, liver, and spleen. This accumu
lation initiates clearance through macrophage-mediated phagocytosis 
through direct interaction between liposomes and macrophages. The 
high prevalence of RES in lungs, direct pulmonary delivery of liposomal 
drugs could be beneficial in the treatment of lung infections caused by 
intracellular pathogens.53 A thin cellular lining, high-air blood gas ex
change area, by-passing first-pass metabolism, and exhibiting low 
enzymatic activity are some of the benefits of the pulmonary sys
tem.54,55 A proper understanding of the interaction between lipo
somes, the lung environment, and pulmonary surfactants is crucial for 

Fig. 1. Various types of liposomes
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designing targeted liposomal formulations for the treatment of lung 
disease.

Biochemical composition of pulmonary surfactants

Pulmonary surfactants are heterogeneous compositions of lipids and 
proteins produced by alveolar type II cells onto the air-liquid surface of 
the pulmonary epithelium. The pulmonary surface is stabilized during 
the compression and expansion cycles of breathing by surfactants that 
decrease surface tension at the air-liquid interface, contributing to the 
prevention of lung collapse.56 The lipid fraction, which accounts for 
more than 90 % of pulmonary surfactants, mainly consists of phospha
tidylcholine derivatives (60–70 %), with dipalmitoylphosphatidylcho
line (DPPC) comprising approximately 40 % of the total surfactant mass. 
Another major lipid fraction, phosphatidylglycerol, makes up about 10 
%, while marginal phospholipids such as phosphatidylethanolamine, 
phosphatidylinositol, sphingomyelin, and lysophosphatidylcholine are 
present in smaller amounts. Neutral lipids and cholesterol are also 
components of pulmonary surfactant membranes.57,58 The remaining 
10 % of the surfactant mass consists of proteins, which are categorized 
into hydrophilic and lipophilic surfactant proteins (SP). Hydrophilic 
proteins include SP-A (3–5 %) and SP-D (0.5 %), both of which fall under 
the collectin family and play key roles in alveolar homeostasis, innate 
immunity, and inflammatory reaction. Lipophilic proteins, SP-B and SP- 
C (0.5–1 %), are membrane related and vital for the biophysical role of 
surfactants. Unlike SP-A and SP-B, SP-D is not normally linked to sur
factant membranes.59,60

The composition of pulmonary surfactants can be altered in different 
pathological conditions. Changes in cytokine levels within alveolar 
spaces can affect surfactant synthesis, leading to abnormalities in sur
factant protein levels.61 Insufficient production or low levels of pul
monary surfactants contribute to respiratory disorders such as neonatal 
respiratory distress syndrome (NRDS), acute respiratory distress syn
drome (ARDS) and meconium aspiration syndrome.62,63 These condi
tions can be treated with pulmonary surfactant therapy. Surfaxin, a 
synthetic surfactant, has been FDA-approved for NRDS treatment, and 
several other synthetic lipids and surfactant substitutes are presently in 
preclinical trials.64

Interaction of liposomes with pulmonary phagocytes

Pulmonary surfactants are promising components for drug delivery, 
as they facilitate the solubilization of hydrophobic drugs and optimize 
their transport and distribution over the respiratory surface, and pro
vides protection against extracellular barriers.65 The main goal of 
inhalable liposomal drugs is to enhance drug availability deep within 
the lungs. Various studies have demonstrated interactions between 
inhalable liposomal formulations and pulmonary tissues. Liposomal 
formulations must overcome the physiological barriers of the lungs to 
increase pulmonary retention.66 However, information on nanocarrier 
interactions within the lung environment after administration remains 
limited. It is commonly believed that alveolar macrophages rapidly 
absorb inhaled nanocarriers while those that remain in the alveoli 
experience size and stability changes because of interactions with sur
factant proteins. Studies on the interactions between nanoparticle- 
antigen presenting cells in the airways and between nanocarrier and 
leukocyte interactions in the bloodstream support this assumption. 
Additionally, mucus and surfactant layers are thought to hinder trans
port of nanocarriers to the distal lung. However, studies suggest that 
surface modifications such as PEGylation, protein coating, or neutral/ 
negative surface charge can facilitate passage through mucus and sur
factant layers.67 Phosphatidylcholine, the major component of pulmo
nary surfactants, is also a key component of liposomes, which helps 
maintain alveolar patency and enable deep alveolar penetration without 
inducing pulmonary toxicity. Ferguson et al. studied the distribution 
mechanism of inhaled liposomes within specific lung compartments and 

cells using an inhalable liposome formulation of nintedanib, yielding 
several key findings. Surprisingly, they found that drug-encapsulated 
liposomes remained unchanged and free from aggregation for several 
hours after exposure to the cellular interior within the alveoli in vivo, 
even though several surfactants could rupture liposomes and nano
particle aggregation commonly occurs in other bodily fluids. This in
dicates that liposomes are compatible with pulmonary surfactants, 
suggesting their potential use in treating lung diseases such as pulmo
nary fibrosis. Additionally, they observed that alveolar macrophages do 
not play a dominant role in the entry of inhaled liposomes. Their results 
further suggest that molecularly small drugs can give significant drug 
delivery over time when they gradually release from adjacent com
partments and cell types, even in lung parenchymal cell types with 
limited uptake at first. The liposomal formulation of nintedanib 
increased lung exposure area under the curve (AUC) by 8000-fold 
compared to oral delivery, highlighting its potential clinical benefits. 
Additionally, they demonstrated that liposomes do not degrade over 
time in bronchoalveolar lavage fluid (BALF), supporting the theory that 
alveolar macrophages do not contribute much to extended drug release 
since they are not readily saturated. These important findings hold great 
promise for improving lung disease therapeutics and provide valuable 
guidance for the future engineering of inhalable drug formulations.67

The physiochemical properties of liposomes play a crucial role in 
their interaction with pulmonary barriers. Factors such as liposome size, 
membrane fluidity and surface charge have been rarely studied for their 
influence on pulmonary physiological interactions. The liposomes’ size 
of approximately 200 nm demonstrated effective lung delivery, uniform 
distribution throughout the lungs, and enhanced penetration into bio
films and stimulated macrophages to react at infection sites.68,69
Macrophage phagocytosis and mucus penetration activity can be tuned 
by altering the membrane fluidity of liposomes. Membrane fluidity 
represents a key characteristic of liposomes that influence their stability 
and permeability. Jing Zhao et al. studied the interaction of a series of 
PEGylated DPPC inhalable liposomes with different membrane fluidities 
and pulmonary physiological barriers. Liposomes with reduced mem
brane fluidity enhanced mucus permeability, whereas increased mem
brane fluidity resulted in reduced macrophage uptake under in vitro 
conditions. In in vivo studies, liposomes possessing moderate membrane 
fluidity exhibited enhanced tracheal permeation, while no substantial 
change was observed in lung retention.70 Ryoya Ibuki et al. investigated 
the impact of lipid composition on the cellular uptake of dipalmitoyl
phosphatidylcholine (DPP) /cholesterol liposomes with the size of 
approximately 200 nm into THP-1-derived macrophages. DPPC/ 
Cholesterol with an 80/20 mol% showed the highest membrane fluidity 
compared to other prepared liposomes. These liposomes were internal
ized through clathrin- and caveolae-mediated endocytosis and phago
cytosis. Membrane fluidity significantly affects protein adsorption as 
well as the subsequent uptake efficiency of liposomes which is primarily 
influenced by the cholesterol ratio in the formulation.68

The interaction between inhalable nanovesicles and neutrophils are 
not well studied due to their short half-life and terminally differentiated 
and non-proliferating properties.71 The interaction of phagocytes can 
be specified by tuning the properties of nanovesicles. Chang Liu et al. 
constructed various surface charge containing liposomes such as 
neutral, anionic and cationic and studied the interaction of those inhaled 
liposomes with macrophages and neutrophils to evaluate the particle 
biofate and anti-inflammatory effect in acute lung inflammation. They 
designed the pH-responsive, charge-sensitive lipid that remains 
neutrally charged while passing through the airways and acquire a 
cationic surface once accumulated in the inflamed alveoli due to the 
potential limitations of cationic liposomes such as insufficient mucus 
permeation and chronic inhalation toxicity. Those liposomes showed the 
increased distribution compared to alveolar macrophages and infil
trating neutrophils, acted as potential carriers for inhaled liposomes, 
prolonging lung retention in acute lung injury models. Roflumilast was 
loaded in a liposome with a different charge and anti-inflammatory 
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response of those varied surface charges liposomes were evaluated. 
Roflumilast-loaded liposomes, preferentially delivered to macrophages 
or neutrophils, exhibited maximal anti-inflammatory effects, which 
were linked to either the reduced phagocytic capacity of alveolar mac
rophages or the extended circulation time of neutrophils. This study 
suggests that designing lung phagocyte-targeted pulmonary delivery 
systems and exploring potential pathways to precisely control lung 
phagocyte activity in inflammatory lung diseases, where these immune 
cells are pivotal.72 Jing Zhao et al., explored the influence of micron- 
sized liposomes that interact with the lungs in various manners 
depending on their microstructure and phospholipid composition. They 
prepared micron-sized MVL and Multilamellar liposomes with various 
types of phospholipids such as soya phosphatidylcholine (SPC), egg yolk 
phosphatidylcholine (EPC), and DPPC, and in vivo lung retention in the 
lungs and distribution across organs were investigated. The type of 
phospholipid greatly influenced the interaction of liposomes in the 
lungs. Both NR8383 and A549 bronchial epithelial cells showed higher 
cellular absorption of SPC-based liposomes than DPPC-based ones and 
exhibited enhanced lung retention. The microstructure of liposomes had 
no impact on pulmonary cellular uptake, in vivo retention, or organ 
distribution.73

Liposomes for nucleic acid delivery in the treatment of lung 
diseases

After the COVID-19 pandemic, mRNA therapy has gained intense 
interest in advancing nucleic acids and their delivery strategies.74
Nucleic acids regulate key signaling pathways in diseases, either directly 
or indirectly, through gene expression, gene silencing, and gene dele
tion, thereby disrupting the expression of their coded proteins.75,76
Nucleic acid therapy has shown effectiveness in tumor precision ther
apy, genetic disease treatment, and vaccination. However, effective 
delivery strategies remain a major challenge for their development and 
clinical application.74

For efficient delivery, the carrier material must safeguard nucleic 
acids from decomposition by nucleases and other enzymes while 
ensuring high encapsulation and transfection efficiency. Several 
methods of delivering nucleic acids have been investigated for the 
treatment of respiratory diseases, attracting growing interest from re
searchers in drug delivery formulations. Different administration routes 
have been investigated for pulmonary delivery, including inhalation 
methods. Inhalation offers high lung-targeted accumulation, improved 
pulmonary bioavailability, and is particularly suitable for local treat
ment of pulmonary diseases.74 Additionally, lung-targeted delivery of 
nucleic acids via parenteral administration is possible due to the tissue 
tropism effect of nanocarriers. Cationic charged nanoparticles can 
accumulate via protein opsonization, particularly involving proteins like 
vitronectin.77 Additionally, by means of the electrostatic attraction 
between negatively charged blood components and positively charged 
nanoparticles, passive organ tropism improves preferred lung deposi
tion. The primary contributing factors of this impact are the pulmonary 
endothelium’s large surface area and high local blood flow, which 
promote the distribution of drug or nucleic acid molecules into the 
lungs.78,79

The proper choice of inhalation devices and nanocarriers is crucial 
for effective nucleic acid inhalation therapy. Several biological barriers 
influence the bioavailability of inhaled nucleic acids by affecting 
deposition, clearance, mucus penetration, cellular uptake, and lyso
somal escape.80 In pulmonary diseases, structural changes in the res
piratory tract can impact the bioavailability of nanodrugs. Reduced 
respiratory function or low air velocity in the lungs may limit the deep 
deposition of nanoparticles, leading to lower bioavailability.81 In cystic 
fibrosis, the thick and sticky mucus layer can hinder the penetration of 
nucleic acid formulations.82 Similarly, pulmonary infections can also 
obstruct nucleic acid delivery by inducing airway inflammation, 
enhancing pulmonary clearance via macrophage phagocytosis, and 

restricting movement due to excessive mucus buildup.83
The carboxyl groups on mucin proteoglycans carry negative charges, 

allowing them to interact electrostatically with cationic nanomaterials. 
In contrast, nanoparticles with neutral or negative surface charges 
exhibit improved mucus penetration.84,85 Additionally, mucus strongly 
entraps particles with hydrophobic surface regions. Therefore, low- 
mucus-adhesive nanomaterials are the most suitable for inhaled 
nucleic acid delivery.86,87 Several nanocarriers with enhanced lung 
tropism, such as cationic polymers, cationic lipids, and hybrid polymer- 
lipid nanoparticles, have been designed for nucleic acid delivery. Among 
these, liposomes represent one of the most thoroughly researched de
livery strategies.

Various research groups have used liposomes or lipid nanoparticles 
to deliver different types of genetic materials, specifically targeting lung 
diseases. Wang et al. demonstrated the role of the Srpx2 gene in the 
progression of pulmonary fibrosis, showing that downregulating Srpx2 
could serve as a potential therapeutic approach. Srpx2 is upregulated 
through the canonical TGF-β1 signaling pathway during fibroblast-to- 
myofibroblast transition. The elevated levels of Srpx2 suppress AP1 
expression, resulting in reduced SMAD7 expression. This forms a posi
tive feedback loop that enhances TGF-β/SMAD signaling, ultimately 
promoting fibroblast-to-myofibroblast transition and worsening pul
monary fibrosis. The group also developed siRNA-loaded liposomes 
targeting Srpx2, and intratracheal administration of this formulation 
effectively silenced Srpx2 expression and improved bleomycin-induced 
pulmonary fibrosis.88 Similarly, Taetz et al. and their group targeted 
telomerase, which is considered a promising strategy for cells that 
overexpress this enzyme, as telomerase plays a key role in cell immor
talization and cancer development. They developed cationic hyaluronic 
acid-modified DOTAP/DOPE liposomes for the targeted delivery of anti- 
telomerase siRNA to CD44-expressing lung cancer cells. The modifica
tion of liposomes with anionic hyaluronic acid did not affect the binding 
efficiency or siRNA protection, but it improved stability in high-salt cell 
culture media and reduced cytotoxicity.89 MicroRNAs (miRNAs) also 
play a role in the development of pulmonary fibrosis by supporting both 
fibroblast-to-myofibroblast transition and epithelial-mesenchymal 
transition. Intravenous injection of anti-miR-21-loaded cationic lipo
somes has shown promising therapeutic potential in a bleomycin- 
induced pulmonary fibrosis mouse model.90 Various ionizable poly
mers have also been used in combination with lipid components to 
deliver genetic material to the lung surface. Vlasova et al. and their 
group synthesized polyethyleneamine-based ionizable lipopolymers and 
prepared lipopolymer-hybrid nanoparticles using the lipopolymer, 
DSPG, soyPC, cholesterol, and DMG-PEG for the delivery of mRNA into 
lung endothelial and immune cells. Using this formulation, they deliv
ered various sizes of mRNA, including IL-12 mRNA, which slowed the 
progression of Lewis lung carcinoma, CFTR mRNA, and CRISPR-Cas9 
mRNA for gene editing in lung tissue.91 Le et al. also synthesized de
rivatives of poly(β-aminoesters) and prepared a formulation using the 
polymer, DOPE, and PEG-lipid, which effectively transfected 
bevacizumab-encoded mRNA and inhibited VEGF expression in lung 
tissues. This study also demonstrated lung tissue-targeting by nano
particles. Tables 1 and 2 summarize various nucleic acid-loaded lipo
somal formulations for lung diseases that are currently in preclinical and 
clinical stages.

Liposomes for the delivery of peptides and proteins in lung 
diseases

Therapeutic peptides have been developed for the management of 
different types of lung diseases, such as lung infection, fibrosis, and 
cancer. Most of the peptides that are synthesized from natural sources 
are considered antimicrobial peptides (AMPs).93 WHO suggests the 
S. pneumoniae, P. aeruginosa, H. influenzae and S. aureus are considered 
highly resistant to antibiotics prioritized for lung-related harm, with 
both acute and chronic infections being the vulnerable disease affecting 
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the lungs.94 Researchers are currently fascinated by AMPs owing to 
their excellent cell selectivity, prompt lethality, and broad spectrum 
activity.95 The potential consequences of lung infection include lung 
fibrosis, which is defined by extreme and prolonged deposition of 
extracellular matrix caused by chronic tissue injury.96 IPF is the leading 
form of both interstitial lung diseases and diffuse parenchymal lung 
disease, for which therapeutic options remain limited.93 Peptides with 
anti-fibrotic activities are progressively being developed. Moreover, 
peptides and their analogs showed promising anti-cancer activity, and 
numerous peptide-based drugs have been approved for cancer treat
ment. Additionally, peptides hold strong promise in the treatment of 
lung cancer. The therapeutic peptides for the treatment of lung disease 
with their potential major pathways have been summarized in Fig.2.

Liposomes are promising candidates for delivering peptides into the 
lung environment. However, extensive research is needed on inhalable 
liposomal peptide delivery to overcome the limitations of peptides for 
clinical use, such as rapid degradation and proteolytic digestion. The 
composition of liposomes greatly affects the delivery of protein, and 
DPPC was extensively used in the pulmonary protein delivery. Chono 
et al. formulated the insulin-loaded liposomes using various phospho
lipids, including dioleoyl, dilauroyl, dimyristoyl, distearoyl, and DPPC. 
Among them, DPPC-based liposomes demonstrated improved pulmo
nary insulin delivery in rats.97 Ponkshe et al. used the Cy5.5-coupled 
bovine serum albumin (BSA-Cy5.5) as a standard protein for DMPC 

based inhalable liposomes delivery, using cholesterol and PEG as a 
surface modifier, and plasma pharmacokinetics were analyzed in mice 
following intratracheal aerosolization. The systemic bioavailability of 
inhaled liposomal formulation of BSA-Cy5.5 was higher than inhaled 
free BSA-Cy5.5, suggesting the inhalable liposomes containing DMPC 
can achieve systemic delivery of peptides through pulmonary de
livery.98 These studies suggest liposomes can be explored for the de
livery of peptides and proteins in lung environment. Studies on other 
liposomal proteins and peptides that are specific targets for the treat
ment of lung diseases is limited. Vasoactive intestinal peptide (VIP) is a 
promising approach for treating severe lung diseases. However, it has a 
very short duration of activity in the lungs. To address this issue, a 
liposomal formulation was developed, which prevented enzymatic 
degradation while preserving and maintaining the biological activity of 
the peptide. These formulations were tested in BALF, which was used to 
mimic the proteolytic conditions of the lungs.99

Liposomes in the delivery of anti-tubercular agents

Tuberculosis (TB) is the most prevalent contagious disease origi
nating from Mycobacterium tuberculosis (M. tuberculosis), primarily 
infecting the pulmonary system. Pulmonary tuberculosis affects nearly 
one in four people worldwide and remains a major contributor to the top 
10 causes of death.100,101 M. tuberculosis is transmitted through 

Table 1 
Various nucleic acid-loaded liposomal formulations for lung diseases that are currently in preclinical stages.

Nucleic 
acid

Composition Target model/target cell Outcomes Ref

siRNA C12–200, Cholesterol, 
DSPC, and mPEG-DMG

Srpx2 BLM-induced pulmonary 
fibrosis mice

Intratracheal administration of Srpx2 siRNA loaded liposomes 
effectively inhibited the Srpx2 expression that suppressed the 
fibroblast to myofibroblast transition which was effective in the 
treatment of PF in BLM induced PF mice.

88

siRNA Cationic Hyaluronic acid 
modified DOTAP/ DOPE

Catalytic domain of 
human telomerase 
(hTERT).

CD44-expressing A549 lung 
cancer cell line

Hyaluronic acid modified DOTAP/DOPE liposomes effectively 
transfected the siRNA into CD44-expressing A549 cell lines 
showing those strategies can be utilized in the treatment of Lung 
cancer.

89

miRNA DOTMA, Cholesterol, PEG Anti-miRNA-21 Fibrosis induced NHLF cells, 
Bleomycin induced lung 
fibrosis mouse model

Anti-mir-21 loaded cationic liposomes remarkably enhanced the 
accumulation in the lung and cellular uptake of anti-mir-21 which 
improved the anti-fibrotic efficacy in in- vitro and in-vivo.

90

mRNA Modified PEI/DSPG/ soy 
PC, Cholesterol/ DMG- 
PEG2000

IL-12 mRNA 
CFTR mRNA 
CRISPR Cas9 
mRNA+sgRNA

IL-12 mRNA-Lewis lung 
cancer model, 
CFTR mRNA- CFTR KO mice, 
CRISPR-Cas9 mRNA- Ai9 
mouse strain

This formulation allows the delivery of different size of RNAs and 
gene editing in lung tissue. Delivery of IL-12 mRNA with this 
formulation slow down lewis lung cancer progression, CFTR 
mRNA restores the CFTR protein and CRISPR-Cas9 mRNA delivery 
can edit the gene in lung tissue.

91

mRNA PBAEs derivatives/ DOPE/ 
DMG-PEG2000/ DSPE- 
PEG2000

Bevacizumab-encoded 
mRNA

A549 cell lines and Orthotopic 
NSCLC mouse models

Bevacizumab-encoded mRNA loaded formulation having PBAEs 
polymer were distributed in lung endothelial cells and can 
translate the bevacizumab proteins which was more effective than 
recombinant protein.

92

C12–200: Cationic lipidoid C12–200, DSPC: Distearoylphosphatidylcholine, mPEG-DMG: Methoxypoly(ethylene glycol)-dimyristoyl glycerol, DOTAP: 1,2-dioleoyl-3- 
trimethylammonium propane, DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, DOTMA: N-[1-(2, 3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride 
(DOTMA), PEG: Polyethylene glycol, PEI: polyethyleneimine, DSPG: 1,2-distearoyl-sn-glycero-3-phosphoglycerol (DSPG), soy PC: Soybean phosphatidylcholine, 
PBAEs: Poly(beta-amino ester)s, CFTR: Cystic fibrosis transmembrane conductance regulator, CRISPR- Clustered regularly interspaced short palindromic repeats, 
VEGF: Vascular endothelial growth factor.

Table 2 
Various nucleic acid-loaded liposomal formulations for lung diseases.

NCT No. Title Disease Intervention Phase Status

NCT01829971 A Multicentre Phase I Study of MRX34, 
MicroRNA miR-RX34 Liposomal Injection

Primary Liver Cancer SCLC, NSCLC, Renal Cell Carcinoma 
Lymphoma, Melanoma, Multiple Melanoma,

microRNA 
(MRX34)

1 Terminated

NCT00004471 Study of Gene Therapy for CF CF pGT-1 gene lipid 
complex

1 Completed

NCT00059605 Phase I Study of IV DOTAP: CHOL -Fus1 in 
NSCLC

LC DOTAP: Chol-fus1 1 Completed

NCT01621867 Gene Therapy in CF Patients CF pGM169/GL67A 
Placebo

2 Completed

SCLC: Small cell lung cancer, NSCLC: Non-small cell lung cancer, DOTAP: 1,2-dioleoyl-3-trimethylammonium propane, CHOL- Cholesterol, CF: Cystic fibrosis, LC: 
Lung cancer.
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aerosol-based infection, at the initial stage of entering the airways and 
alveolar regions. Once inside, it is incorporated by alveolar macro
phages, which attempt to eliminate the bacilli. This triggers a multi
cellular immune response, attracting more protective cells to the 
infection site. As a result, granulomas form, which may develop a so
lidified caseous region where bacteria can remain viable for years, 
leading to latent TB. In the final stage, granuloma disintegration and 
caseous area liquefaction allow bacilli to spread, resulting in pulmonary 
TB.102

M. tuberculosis penetrates and proliferates within macrophages, 
making them unreachable to antitubercular drugs. Due to limited drug 
penetration, high doses and prolonged therapy are often required, which 
can lead to drug accumulation and increased side effects. Initially, pa
tients with pulmonary TB are treated with first-line antitubercular 
drugs.102,103 However, non-compliance with these drugs can result in 
multidrug-resistant tuberculosis (MDR-TB) because of unpredictable 
chromosomal mutations and genetic alterations in the bacterium.104
Patient compliance in TB therapy is significantly impacted by drug- 
induced side effects such as rifampicin can cause hepatotoxicity, renal 
failure, nausea and flu-like symptoms,105 isoniazid may lead to 
convulsive seizures, mental impairment, coma, and vasculitis,106 pyr
azinamide can cause arthralgia, arthritis, and gout, often developing as 
multiple joint pain within the first two months of treatment.107,108
MDR-TB strains are resistant to isoniazid and rifampicin, the primary 
first-line drugs, while extensively drug-resistant tuberculosis (XDR-TB) 
strains are characterized by resistance to second-line treatment options 
including amikacin, capreomycin, and fluoroquinolones.104 To 
improve TB therapeutic outcomes and lower side effects, various drug 

delivery strategies and alternative approaches have been explored. 
Among them, liposomes are the most investigated nanocarriers for 
delivering antitubercular agents. Liposomal formulations of isoniazid 
alone or in combination with other antitubercular drugs such as rifam
picin, ciprofloxacin, and usnic acid have been developed by various 
research groups. All these formulations demonstrated enhanced anti
mycobacterial activity compared to the free drugs.109–112 Another 
antitubercular drug rifampicin-loaded liposomal formulation has been 
studied and with enhanced efficiency.113,114 Rifampicin-loaded lipo
somal formulations incorporating polymers such as chitosan and ε-poly- 
L-lysine have shown improved mucoadhesion and entrapment effi
ciency. In particular, liposomes containing ε-poly-L-lysine enhanced 
rifampicin delivery to the lungs.114 Liposomal formulation of other 
antitubercular drugs such as amikacin,115 levofloxacin,116
clofazimine,117–119 and rifabutin120,121 also improves their activity. 
Obiedallah et al. developed a liposomal formulation containing a novel 
antitubercular agent, which improved the solubility of the agent and 
demonstrated antimycobacterial activity against Mycobacterium tuber
culosis H37Rv (ATCC 27294).122 The above-mentioned liposomal for
mulations for the delivery of antituberculosis agents are further 
summarized in Table 3.

Liposomal adjuvants for tuberculosis vaccine

The increased mortality associated with TB, MDR-TB, XDR-TB, and 
TB/HIV co-infection poses a significant public health threat, empha
sizing the critical need for a vaccine to prevent the spread of tubercu
losis.123,124 The World Health Organization (WHO) has made 

Fig. 2. Therapeutic peptides for lung diseases and their major signaling pathways.93
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substantial efforts in improving diagnosis and developing new thera
peutic vaccines to combat TB, aiming to reduce its prevalence and 
mortality.125 However, the immune mechanisms responsible for 
sensitivity to TB disease are not yet fully understood.

Despite significant advancements in pharmacological and diagnostic 

research, effective immunization remains the only economic solution for 
the ongoing control of this infectious disease. Among the most effective 
strategies for TB control is the Bacillus Calmette-Guérin (BCG) vaccine, 
originally developed by French scientists Albert Calmette and Camille 
Guérin using an attenuated live strain of Mycobacterium bovis.126

Table 3 
Liposomal formulations for the delivery of antituberculosis agent.

Drug Liposomal component Bacterial cell/ Model Outcomes Ref

Isoniazid DPPC Radiometric BACTEC 460 TB Effectively delivered to the alveolar surface and 
stabilizes the alveolar structure due to the anti- 
atelectatic effect of the formulation.

109

Rifampicin Soya lecithin/ cholesterol M. tuberculosis H37 RV (In-vitro) 
Wister rat model (In-vivo drug 
disposition)

Both the liposomal formulation and the free drug 
showed extended and sustained release, while the 
liposomal formulation delivered the drug to 
macrophages more rapidly.

113

Rifampicin Soybean HSPC/ DPPG M. abscessus (ATCC19977) 
Human promonocytic THP-1 leukemia 
cell line

Polymers decorated liposomes improved 
mucoadhesion without altering liposomal properties 
or encapsulation efficiency. ε-Poly-L-lysine decorated 
liposomes exhibited superior antibacterial activity 
against M. abscessus compared to chitosan-decorated 
liposomes.

114

Amikacin Egg Phosphatidylcholine M. avium 
Beige mouse (C57BL/6 J-bgj/bgj) acute 
infection model

The liposomal formulation of amikacin significantly 
reduced the viable counts of M. avium in the spleen 
and liver compared to free amikacin

115

Levofloxacin Bovine heart Cl/ PC/Cholesterol Antituberculosis drug resistant 
M. tuberculosis strain (H37Rv and CN-37 
strains)

Effectiveness of the formulation was directly rely on 
the concentration of CL in the liposomes.

116

Rifabutin PC/PS Murine infection model using M. avium 
strain P1581

Intravenous administration of the rifabutin 
incorporated liposomal formulation reduced the level 
of infection more than the free drug at both treatment 
and prophylactic doses.

120

Rifabutin DPPC/ DPPG M. tuberculosis H37Rv infected BALB/c 
mice model

Rifabutin loaded liposomal formulation have superior 
effect than free drug which suggest alternative 
therapeutic approach for treating extrapulmonary TB 
in HIV co-infected patients.

121

Clofazimine DMPC/ DMPG M. avium-M. intracellulare complex 
(MAC) infection model (beige mouse)

The formulation reduced the in vivo toxicity of 
clofazimine and decreased the CFU count in the 
spleen, liver, and kidneys. The results suggest that 
liposomal clofazimine is remarkably efficient in 
treating MAC infections.

117

Clofazimine DMPC/ DMPG Acute and chronic MAC infection model 
(beige mouse, C57BL/6 J bgj bgj)

The liposomal formulation of clofazimine showed a 
stronger antibacterial effect against MAC compared to 
free clofazimine, significantly reducing the live 
bacterial count in the liver and spleen at higher 
infection levels, as well as showing a marked decline 
in the lung involvement in mice with lower levels of 
infection.

118

Clofazimine DMPC/ DMPG M. tuberculosis-infection model in BALB/ 
c mice

The liposomal formulation exhibited lower toxicity in 
all tissues, even at a 10-fold higher dose compared to 
free clofazimine. This formulation was bactericidal in 
the liver and spleen, with the growth of M. tuberculosis 
remaining negative for up to 2 months.

119

3-(3,5-dimethylpyrazole-1-yl)- 
6-(isopropylthio) imidazo 
[1,2-b]1,2,4,5 tetrazine

Soybean lecithin (PC)/ cholesterol/ 
Choline palmitic acid ester/ Methyl 
ester of Palmitic acid

In-vitro antitubercular activity against 
M. tuberculosis

The in vitro release study highlighted that 
incorporating the drug into liposomes enhanced its 
solubility. Antimycobacterial effects against 
M. tuberculosis were observed with both free and 
liposomal formulations.

122

Rifampicin and Isoniazid 
combination

Egg PC/ Cholesterol/ CL M. tuberculosis-infected mice model The results showed an approximately 80 % survival 
rate after 30 days, with significantly lower CFU values 
and reduced relative lung weight (RSLW) compared to 
the free drugs.

110

Isoniazid and ciprofloxacin pH-sensitive liposomes functionalized with ligands 
influenced pH dependent drug release, showing 
slower release at alkaline pH (58.64 %) than at the 
macrophage pH (82–87 %), due to the destabilization 
of the pH-sensitive liposomes under acidic 
environment. Maximum drug accumulation in the 
lungs was observed with the ligand-anchored 
liposomes compared to conventional liposomes.

111

Rifampicin/ Isoniazid and 
Usnic acid

Soya PC, Cholesterol and SA M. tuberculosis H37Rv ATCC 27294 
strain and six MDR-TB clinical isolates 
(MDR-TB 1412, 1619, 0729, 1411, 1409 
and 1484)

A synergism between rifampicin and usnic acid was 
observed, suggesting that this usnic acid-loaded 
liposome can serve as an effective dosage form to 
enhance the antimycobacterial efficacy of rifampicin.

112

DPPC: Dipalmitoylphosphatidylcholine, HSPC: Hydrogenated phosphatidyl-choline from soybean, DPPG: 1,2-Dipalmitoyl-sn-glycero-3-phosphorylglycerol sodium 
salt, CL: Cardiolipin, DMPC: Dimyristoylphosphatidylcholine, DMPG: 1,2-Dimyristoyl-sn-glycero-3-phosphoglycerol, SA: Stearylamine.
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However, live attenuated vaccines are not recommended for immuno
compromised individuals, such as HIV-positive infants, due to potential 
safety concerns.127

The development of novel TB vaccines has gained significant inter
est, with approaches including viral vector vaccines, whole-cell or 
subunit-based formulations, and adjuvanted recombinant protein com
ponents. Various categories of TB vaccines, such as live or attenuated 
recombinant vaccines, viral vector vaccines, adjuvanted subunit vac
cines, and Mycobacterium-derived whole-cell or fragmented vaccines, 
are being explored as therapeutic vaccines or as adjuncts to chemo
therapy to reduce active or latent TB infections. Some of these candi
dates are undergoing various phases of clinical trials.124,128,129

Subunit vaccines, which contain pathogenic antigens but lack live 
microorganisms, are considered safer than attenuated live vaccines.130
However, adjuvants are required to modulate the adaptive immune 
response and provide the crucial innate immunopotentiation.131 Ad
juvants are primarily classified into immunostimulants and delivery 
vehicles. Immunostimulants (e.g., PAMPs, DAMPs, and synthetic agonist 
drugs) generate danger signals (signal 0) that trigger pattern recognition 
receptors (PRRs) on antigen-presenting cells (APCs). This enhances an
tigen presentation on MHC molecules (signal 1) and promotes cytokine 
release and co-stimulatory molecule expression (signal 2), thereby 
strengthening the immune response. Lipid nanoparticles (LNPs), poly 
(lactic-co-glycolic acid) (PLGA), and self-assembled protein nano
particles improve the efficiency of antigen presentation on MHC mole
cules, which amplify the immune activation. The precise mechanism of 
action of adjuvants is illustrated in Fig. 3.132

Among delivery systems, liposomes are widely used as adjuvants and 
have been applied in TB vaccine development. Since their introduction 
as an adjuvant in 1974, liposomes have been repeatedly evaluated in 
clinical trials.133,134 Liposomal adjuvants are extremely flexible, 
allowing modification through changes in lipid composition, addition of 
immunostimulatory agents, formulation technique adjustments, and 
optimization of antigen presentation.135,136 While subunit vaccines 
are considered safer than live vaccines, they require potent adjuvants to 

elicit a strong and lasting memory immune response to the vaccine an
tigen. Currently, no adjuvants approved for clinical use can efficiently 
induce antigen-specific effector cells and durable memory CD4+ and 
CD8+ T cells, highlighting the critical need for novel adjuvants capable 
of eliciting a precise cell-mediated immune response.137 Several adju
vants, AS01E, IC31, GLA-SE, and CAF01 are presently undergoing 
clinical trials for their potential use in TB subunit vaccines, as summa
rized in Table 4. AS01E is a liposome-based adjuvants that contain two 
immune stimulants. One is 3-O-desacyl monophosphoryl lipid A (MPL), 
which is a detoxified variant of lipopolysaccharide obtained from Sal
monella minnesota, and it induces activation of innate immunity via Toll- 
like receptor 4 (TLR4). Another is QS21, a saponin molecule from 
Quillaja Saponaria, and it facilitates antigen-specific antibody responses 
and also stimulates cytotoxic CD8+ T cells.138 The M72/AS01E vaccine 
is a combination of a recombinant fusion protein and the AS01E adju
vant, which has shown efficacy against pulmonary tuberculosis for three 
years in the clinical trial NCT0175598.139 IC31 is a synthetic cationic 

Fig. 3. Mechanism of action of adjuvants. Image was re-produced with permission from Zhao T et al., 2023.132

Table 4 
Adjuvants for their potential use in TB subunit vaccines.

Adjuvants Composition Developed by Reference

AS01E 3-O-desacyl monophosphoryl 
lipid A (MPL), QS21

GlaxoSmithKline 138

IC31 Immunostimulatory 
oligodeoxynucleotide (ODN1a) 
and an antimicrobial 
polypeptide (KLK) in a 25:1 M 
ratio

Intercell AG 
(Vienna, Austria)

140

GLA-SE Stable squalene-in-water 
emulsion of Glucopyranosyl 
Lipid A (GLA)

Infectious Disease 
Research institute

141

CAF01 Dimethyldioctadecyl- 
ammonium (DDA) and 
tetrahalose 6,6- dibehenate 
(TDB)

Statens Serum 
Institut

144
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adjuvants made up of a phosphodiester-backed immunostimulatory 
oligodeoxynucleotide (ODN1a) and an antimicrobial polypeptide (KLK) 
in a 25:1 M ratio. It induces a potent and enduring antigen-specific Th1 
adaptive immune response through the TLR9 signaling pathway.140
Glucopyranosyl lipid adjuvant- stable emulsion (GLA-SE) is also TLR4 
agonist, and it can trigger myeloid dendritic cells to release high levels of 
Th1 cell-promoting cytokines.141 ID93 + GLA-SE is an effective TB 
vaccine. In a randomized, double-blind, placebo-controlled Phase 2a 
trial (NCT02465216), the vaccine induced robust and long-term anti
body responses. Significantly higher and persistent antigen-specific IgG 
and CD4+ T-cell responses were observed following two injections of 
the 5 μg GLA-SE and 2 μg ID93.142 In the Phase 1 clinical trial 
(NCT03722472), the single-vial thermostable formulation of ID93 +
GLA-SE demonstrated similar safety and improved immunogenicity 
compared to the non-thermostable double-vial formulation.143 CAF01 
is one of the two component liposomal adjuvant systems consisting of 
dimethyldioctadecyl-ammonium (DDA) and tetrahalose 6,6 dibehenate 
(TDB). DDA is a cationic liposome carrier that is stabilized by TDB, a 
glycolipid-based immunomodulator that serves as a synthetic analogue 
of the mycobacterial cord factor found in its cell wall.144

Liposomes as drug delivery systems for the management of ARDS

Increased pulmonary vascular permeability caused by lung inflam
mation in acute respiratory distress syndrome (ARDS) results in the 
release of interstitial fluids in the alveolar cavity, resulting in alveolar 
collapse and hindering gas exchange.145 SARS-CoV-2 infection (COVID- 
19) is also related to ARDS, and patients who suffer from ARDS expe
rience severe hypoxemia and have no curative treatment, while existing 
options are curative.146 There are generally three stages of pathological 
stages: early exudative phase, fibroproliferative phase, and the fibrotic 
phase.145 Various drugs have been showing the best results in when 
they are used to treat the patients with ARDS. Glucocorticoids such as 
dexamethasone, hydrocortisone, and methylprednisolone, JAK in
hibitors such as tofacitinib, baricitinib, fedratinib, ruxolitinib, and 
others such as ascorbic acid, glycyrrhizinic acid, N-acetyl cysteine 
(NAC), remdesivir, aclatinib, infliximab, and heparin have been used for 
the curative care of the ARDS patients.145,147

Glucocorticoids such as methylprednisolone showed positive treat
ment outcomes in patients with ARDS and also improved the survival 
rate, while long-term systemic use is linked to severe adverse effects, 
including effector inhibition and disruption of the wound healing pro
cess.148,149 JAK inhibitors also improve prognosis and decrease 
inflammation in ARDS; however the timing of starting treatment affects 
the effectiveness of JAK inhibitors and they also increase the chance of 
thrombus development, autoimmunity, and the incidence of anemia and 
thrombocytopenia.150 Antioxidants such as ascorbic acid are also used 
as a supplementary treatment, but didn’t improve the clinical symptoms 
in low or moderate dose.151,152 Mucolytic agent NAC is also used for 
the treatment of ARDS, and it has been found that it helps to minimize 
the duration of stay in the intensive care unit. Due to the substantial 
first-pass metabolism, the bioavailability of NAC is less than 10 % when 
oral administration.145,153,154 Nucleoside analog remdesivir also 
mitigates cytokine storm damage by inhibiting the dsDNA-associated 
NF-kB pathway.155 In order to prevent thromboembolic conse
quences, especially in patients who are severely ill, heparin, an antico
agulant agent is also utilized in the acute therapy of ARDS. Nebulized 
heparin shortens ventilator days, lowers inflammatory marker levels, 
increases coagulation activation, decreases microvascular thrombosis, 
and enhances functional scores in preclinical trials.156,157 Liposome- 
based drug delivery in the lungs has shown a good response in com
parison with free drug, and it also shows a good response in the ARDS in 
an animal model. Scientists have developed variety of ligands including 
antibodies, peptides, mannosylation, and nucleic acids to enhance the 
targeted distribution of liposomes. This has provided an opportunity to 
modify liposomes, thereby improving the therapeutic index of drugs and 

reducing side effects.147 Sivan Arbar Raviv et al., formulated DPPC li
posomes containing corticosteroid methylprednisolone and the NAC, a 
mucolytic agent via consecutive drug loading. Liposome deposition was 
greater in an inflammatory lung than in healthy lungs after systemic IV 
doses, suggesting that liposomes preferentially target the inflammatory 
lung. In inflammatory lungs, local delivery of liposomes by the ET route 
results in a higher concentration and longer retention period of lipo
somes. Another important distinction between the IV and ET routes is 
that the distribution of IV-administered liposomes covered the entire 
lung, whereas ET liposomes were primarily identified in the lung pa
renchyma but absent from some distal regions of the lung. TNF α and NO 
levels dropped in response to liposomal and in vitro free medication 
treatments of LPS-stimulated macrophages. Since an effect is observed, 
it can be said that the availability of DPPC liposomal drug is consider
able and promising for the management of lung diseases.145

Liposomal drug delivery to manage asthma and COPD

Asthma is a chronic respiratory disease that impacts individuals of all 
ages, being the most prevalent chronic condition in children. It is caused 
by inflammation and smooth muscle constriction around the airways, 
causing airway narrowing, making it difficult to breathe. Several factors 
have been associated with an elevated risk of asthma, including genetics, 
allergic conditions, urbanization associated with different lifestyle fac
tors, and early life events that affect lung development, such as low birth 
weight and exposure to smoke and air pollutants.158,159 Environ
mental and occupational exposures, as well as being overweight or 
obese, also contribute to the risk. Asthma is often underdiagnosed and 
untreated, particularly in middle-income countries. While asthma 
cannot be cured, it can be controlled with treatments such as inhaled 
bronchodilators and steroids.160 The first-line strategy for asthma 
management involves the combination of steroids and bronchodilators, 
including leukotriene receptor antagonists and short- or long-acting 
beta-agonists.161 A significant problem with asthma management is 
steroid resistance, which can occur after using high doses of steroids. 
Other treatment options beyond corticosteroids include cytokine/che
mokine antagonists, nebulized glucocorticoids, and monoclonal anti
bodies. However, these alternatives are often limited by different 
asthma types and symptoms.162 Liposomal formulations, especially for 
the treatment of asthma, offer a novel strategy over current conventional 
formulations due to their biocompatibility, increased drug retention, 
reduced extra-pulmonary side effects, and enhanced therapeutic 
effectiveness.163,164

COPD is also a global disease burden and predominant underlying 
cause of death worldwide, which is marked by chronic bronchitis, 
emphysema, and mucus hypersecretion, leading to a gradual progres
sion of irreversible airway obstruction.165,166 Oxidative stress, 
imbalance of protease/antiprotease, apoptosis, and cellular senescence 
are the pathogenic events linked with the pathogenesis of 
COPD.167–170 Anticholinergics, beta-2 agonists, and inhaled cortico
steroids are the recent therapeutic strategies and treatment with anti
oxidants is an effective way to reduce excessive reactive oxygen species 
(ROS) in the airways which are one of the main driving factors for the 
pathogenesis and progression of COPD.165,171,172

Honmane et al. developed a liposomal dry powder inhaler (LDPI) for 
salbutamol sulfate, showing a sustained in-vitro release of over 90 % for 
up to 14 h according to Higuchi’s controlled release model. The LDPIs 
displayed enhanced aerosol performance, featuring a better fine particle 
fraction, mass median aerodynamic diameter, lower impaction loss, and 
reduced retention in the capsule and device compared to those prepared 
using lactose through spray drying. These characteristics help reduce the 
dosing frequency of salbutamol sulfate and minimize associated adverse 
drug reactions.173 Chen et al. developed an aerosolized liposomal 
formulation of Salbutamol sulfate using the vesicular phospholipid gel 
(VPG) method. The encapsulation efficiency was 70 %, and the particle 
size of the liposomal suspension was 57 nm. The liposomal formulation 
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released salbutamol sulfate for a minimum of 48 h. In contrast, the free 
salbutamol solution only lasted for less than 8 h, and the liposomal 
formulation’s anti-asthmatic effect was prolonged for 18 h in guinea 
pigs, as demonstrated by pharmacodynamic study. This study demon
strates that liposomes can enhance the therapeutic efficacy of salbuta
mol sulfate by increasing its concentration and retention time in the 
lungs.174 Elhissi et al. prepared liposomal formulations of salbutamol 
sulfate and beclomethasone dipropionate, both individually and in 
combination, with or without cryoprotectants. The rehydrated lipo
somes containing both drugs had particle sizes below 100 nm when 
sucrose was used as the cryoprotectant and below 136 nm with treha
lose. This study suggests that a freeze-dried liposomal formulation 
combining these two anti-asthmatic drugs can be successfully produced 
and utilized for pulmonary delivery.175 Konduri et al. compared the 
effectiveness of weekly therapy using stealth-encapsulated budesonide 
liposomes to daily therapy with plain budesonide in reducing allergic 
inflammation in mice. Mice were sensitized with ovalbumin, which led 
to significant increase in eosinophil peroxidase activity (EPO), periph
eral blood (PB) eosinophils and serum IgE levels. Lung inflammation 
was observed on histologic examination. The therapy was started with 
weekly budesonide-loaded stealth liposomes, plain budesonide admin
istered daily or weekly and weekly stealth liposomes without budeso
nide. The results demonstrated that the weekly therapy as effective as 
daily budesonide in decreasing lung inflammation markers (EPO activity 
in BAL, PB eosinophils, serum IgE levels, IL-4, IL-5) in experimental 
asthma.176 Yin Ng et al. evaluated a novel therapeutic approach using 
curcumin-loaded liposomes, which were able to downregulate pro- 
inflammatory markers (IL-6, IL-8, IL-1β, and TNF-α) in the BCi-NS1.1 
cell line due to the synergistic effect of curcumin and phospholipids. 
This study suggests that curcumin-loaded liposomes could be a potential 
pharmacological option for managing asthma, though it primarily pro
vides a foundation for future research.177 The gradual and repeated 
administration of allergens may lead to a potential cure. However, 
allergen-specific immunotherapy has drawbacks, such as the failure to 
modify the immune response, patient non-compliance due to long-term 
therapy, and the risk of developing anaphylaxis. Alberca-Custodio et al. 
developed liposomes containing a low allergen concentration (OVA) 
combined with a synthetic TLR9 agonist (CpG-ON). The cationic lipo
somes encapsulated the OVA, which significantly reduced anaphylactic 
reactions. Co-encapsulation of allergens with CpG during the therapy 
protected against anaphylaxis and provided prolonged effects against 
different allergens, suggesting this type of immunotherapy as a treat
ment option for the eosinophilic asthma endotype.178 To explore the 
immunological and functional responses to a liposome-encapsulated 
D. pteronyssinus vaccine in people with moderate asthma who are sen
sitive to dust mites, a double-blind, placebo-controlled trial was 
performed.

The study included 20 asthma patients who received either the 
vaccine or a placebo for one year. The liposomal D. pteronyssinus 
vaccination decreased the inflammatory and functional alterations 
brought on by allergen bronchial stimulation and prevent mild asthma 
patients from their condition getting worse because of extended mite 
exposure.179 Qingrui li et al. prepared a liposomal sustained-released 
nebulized aerosol of R-terbutaline hydrochloride. Liposomes were pre
pared using a thin film hydration method and were loaded with the drug 
using ammonium sulfate-driven transmembrane electrochemical 
gradient. This technique successfully resulted in an efficient encapsu
lation of up to 71.35 % and produced particle sizes of approximately 
145 nm. The liposomal formulation of R-terbutaline hydrochloride 
demonstrated a longer anti-asthmatic effect in guinea pigs compared to 
non-encapsulated R-terbutaline hydrochloride.180

Studies on the liposomal delivery of antioxidants for the treatment of 
oxidative stress related COPD have been using hydrophobic (α-tocoph
erol) and hydrophilic (NAC, glutathione) antioxidants and enzymes 
(catalase, superoxide dismutase).165 Liposomes can effectively trans
port the hydrophilic, hydrophobic, and amphiphilic antioxidants to the 

different tissues and organs. Manconi et al. prepared a curcumin loaded 
liposomal formulation and surface modified with hyaluronan or chito
san for enhanced protection of the drug and vesicles. Liposomes coated 
with negatively charged hyaluronan showed improved lung deposition 
and effectively protected A549 cells from oxidative stress. This study 
explored liposomal formulations for the delivery of phytodrugs in the 
treatment of chronic inflammatory conditions. For the delivery of cur
cumin, hyaluroanan-coated liposomes act as a potential and safe de
livery option for the local treatment of lung diseases.181 In another 
study, liposomal curcumin showed superior biological activity 
compared to free curcumin powder to inhibit the cigarette smoke- 
induced inflammation (IL-8, IL-24) and aging in an in vitro COPD 
model using human broncho epithelial cell.182,183

Liposomes in the delivery of anti-cancer agents for the treatment 
of lung cancers

Lung cancer is major contributor to cancer-related deaths and ac
counts for more fatalities in women than breast cancer. It originates in 
the lung parenchyma or within the bronchi.184–186 The rising inci
dence of lung cancer is primarily linked to smoking habits in both 
genders, with smoking being one of the most common causes of the 
disease.187,188 The cellular and molecular basis of lung cancer is not 
yet fully understood; however, it is hypothesized that frequent inhala
tion or contact with cigarette smoke or other carcinogens leads to 
dysplasia of the lung epithelium, resulting in genetic mutations that 
affect protein synthesis. Mutations in MYC, BCL2, and p53 are signifi
cant in small cell lung cancer (SCLC), while EGFR, KRAS, and p16 mu
tations are associated with non-small cell lung cancer (NSCLC). The 
treatment and management of both SCLC and NSCLC typically involve 
adjuvant chemotherapy or surgery followed by chemotherapy, 
depending on the stage of lung cancer.189–193

Liposomal anticancer formulations have benefited from enhanced 
efficacy and reduced toxicity, further supported by advancements in 
liposomal technology for controlled and targeted drug delivery.194
These formulations can be delivered through various routes, including 
oral, parenteral, and inhalation, with their interaction depending on the 
chosen administration route. Generally, liposomal anticancer drugs are 
delivered via parenteral routes. Upon entering systemic circulation, the 
mononuclear phagocyte system (MPS) phagocytizes and breaks down 
liposomes once they are rapidly absorbed by the reticuloendothelial 
system (RES) and recognized as foreign particles by opsonin. This pro
cess significantly influences their circulation time and overall stabil
ity.195,196 Increased vascular permeability and prolonged retention of 
macromolecules within solid tumors are hallmarks of the enhanced 
permeability and retention effect.197 Tumor tissues exhibit structurally 
and anatomically aberrant endothelial cells with increased gaps because 
of the high oxygen and nutritional demands of fast growth, in contrast to 
normal tissues where microvascular endothelial gaps are closely packed 
and intact. The buildup of macromolecules in the tumor microenviron
ment is caused by the increased obstruction of lymphatic fluid drainage 
caused by the lack of lymphatic capillaries in tumor tissues. This pro
longed retention enables nanoparticles, including liposomes, to persist 
in tumor tissues for a long period. The enhanced permeability and 
retention (EPR) effect is recognized as a crucial factor in the accumu
lation of nanoparticles at tumor sites, and liposomes facilitate drug 
enrichment in these regions, making it a crucial mechanism for 
improving tumor treatment outcomes.198,199

Cellular internalization of liposomes depends on their physico
chemical properties. Neutral liposomes can readily enter cells via passive 
diffusion, whereas others may undergo active transport mechanisms 
such as micropinocytosis, caveolae-mediated endocytosis, clathrin- 
mediated endocytosis, or clathrin/caveolae-independent endocy
tosis.54,200 Generally, hydrophilic drugs smaller than 5.5 nm are often 
rapidly eliminated in urine; however, their retention can be enhanced by 
encapsulating them within a larger liposomal vesicle. The particle size of 
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liposomes deemed a pivotal factor in determining their half-life, with 
particle sizes between 20 nm and 200 nm generally avoiding rapid 
elimination while improving tumor site penetration.201,202

Several liposome types, including PEGylated liposomes, pH-sensitive 
liposomes, magnetic liposomes, enzyme-responsive liposomes, thermo
sensitive liposomes, and ligand-targeted liposomes, have been evaluated 
for their potential in delivering anticancer drugs.196 PEGylation is one 
of the most widely used strategies for reducing immunogenicity and 
enhancing circulation time by conferring stealth properties. Hydrophilic 
polymers such as PEG coatings prevent opsonization, thereby prolong
ing liposomal circulation. The hydrophilic and flexible nature of PEG 
chains allows them to extend outward on the liposomal surface. When 
opsonin bind to the particle surface, the extended PEG chains adopt a 
more condensed, higher-energy conformation, where repulsive forces 
counteract attractive interactions between opsonin and the particle 
surface.203

The first PEG-coated liposomal formulation of doxorubicin, Doxil®, 
was approved in 1995 to treat AIDS-related Kaposi’s sarcoma in 1995, in 
2003 to treat metastatic breast cancer, and in 2007 to treat multiple 
myeloma.196 It was also the first clinically approved pH-sensitive 
liposomal formulation, designed to release its drug payload in the 
acidic tumor microenvironment.204 Several drugs have gained regula
tory approval for the treatment of various types of lung cancer, including 
doxorubicin, etoposide, paclitaxel, irinotecan, erlotinib, docetaxel, and 
cisplatin. These drugs are being formulated into liposomal delivery 
systems to improve their therapeutic efficacy. The main strategies for 
lung-targeted drug delivery include tumor microenvironment-specific 
targeting, overexpressed receptor-mediated targeting, and organelle- 
specific targeting.205 Numerous clinical trials are evaluating lipo
somal formulations for the treatment of lung cancer, as summarized in 
Table 5.

Clinical translation and optimization of liposomal formulations: 
Prospects and challenges

Nano-based drug-delivery systems show significant potential in 
combating various diseases. Since the approval of Doxil® for clinical 
application, numerous types of nano-based drug delivery approaches 
have been rapidly participating in the pre-clinical and clinical trials. 
Although considerable studies have been performed in this field, only a 
limited number of formulations have successfully been translated into 
clinical applications. Harashima et al. suggests five key areas to consider 
in nano-based drug delivery research that could support translation from 
bench to bedside. These include rational design during the research and 
development phase, deliberate design of clinical trials, development of 
harmonized and specific protocols, and emphasis on non-classic spon
sorships.206 Here, we summarize the some of the efforts that can 
accelerate the clinical translation of liposomal formulations.

Engineering the liposomes can address the formulation shortcomings and 
help in increasing the success rate of clinical translation

Among nano-formulations, liposomal formulations are among the 
most approved nano-formulations for clinical use. Despite the success in 
clinical translation, there are some basic challenges that remain, such as 
encapsulation efficiency for both hydrophobic and hydrophilic small 
molecules, control release of payloads and liposome stability. Ap
proaches such as synthesis of new types of lipids and chemical modifi
cations have been helpful in addressing such shortcomings. The rate- 
limiting step of passive diffusion of molecules through cellular or engi
neered membranes (liposomes) is passage through the bilayer, where 
hydrophobic region is 100–1000 times more viscous than the exterior 
aqueous phase.207 Kohane and colleagues prepared aromatized lipo
somes by substituting the phospholipid’s hydrophobic acyl chains with 
aromatic groups at their ends. These aromatized liposomes improve the 
sustain release of both small and macromolecules and increase the drug 
loading compared to the commonly used liposomes. A strong correlation 
between aromatization, molecular weight, and hydrophilicity with the 
release profile is not observed in small molecules, whereas such a cor
relation is seen in macromolecules. These aromatized liposomes also 
prolonged the duration of action of the hydrophilic local anesthetic 
tetrodotoxin and reduced toxicity in in vivo models.207 This study 
provides a proof of concept that aromatic substitution at the end of 
hydrophobic tails can solve the problems of low loading of hydrophilic 
small molecules and prolong the release of drugs and macromolecules 
such as proteins and peptides.

The clinical translation of liposomal drug delivery is also limited by 
drug leakage in systemic circulation. Plasma proteins disrupt the bilayer 
architecture of liposomes and blood shear stress causes the disruption 
and permeability of liposome membrane leads to premature drug 
release. Nanobowls can provide mechanical support to liposomes, 
enhancing their stability during circulation and preventing premature 
release of the drug due to vascular shear stress and plasma proteins. 
Fang et al. was first to develop the nanobowl-supported, doxorubicin- 
loaded liposomes which improved drug loading, reduced drug leakage 
and enhanced antitumor efficacy. Despite various existing stabilization 
methods, this approach uniquely embeds a rigid nanobowl within the 
water cavity of an existing liposome formulation.208 This simple and 
effective approach may offer valuable benefits for liposomal formula
tions intended for lung diseases and clinical translation.

Current status and challenges in clinical translation of liposomal 
formulations

There are limited commercially available liposomal formulations 
specifically approved for the treatment of lung diseases, although 
several liposomal formulations are available for the treatment of disease 

Table 5 
Clinical trials evaluating liposomal formulations for the treatment of lung cancer.

Trial No. Title Intervention Phase Status

NCT04727853 Study of Irinotecan Liposome Injection as second-line regimen in 
patients with SCLC

Irinotecan liposome injection II Completed

NCT06462105 Liposomal Irinotecan Combination Regimen for First-line 
Treatment of SCLC

Liposome Injection of Irinotecan Hydrochloride, Carboplatin 
Injection and Serplulimab Injection

Not 
applicable

Not yet 
recruting

NCT06820762 Irinotecan liposome (II) combined with ivonescimab as second- 
line treatment for SCLC: a prospective, single-arm, multicenter 
clinical study

Irinotecan liposome (II) plus Ivonescimab via intravenously 
(IV) Q3W for 4–6 cycles, with subsequent Ivonescimab until 
progression of diseases or intolerable toxicity

II Not yet 
recruting

NCT00157209 Phase 2b randomized controlled study of tecemotide (L-BLP25) 
for immunotherapy of NSCLC

Tecemotide (L-BLP25) 
And cyclophosphamide given in a Single low dose 
Best Supportive Care (BSC)

II Completed

NCT04887298 Study of Liposomal Annamycin for the Treatment of Subjects 
with Soft-Tissue Sarcomas (STS) with Pulmonary Metastases

Liposomal Annamycin (L-Annamycin) I/II Completed

NCT00960115 Combined phase I/II clinical study of EMD531444(L-BLP25 or 
BLP25 liposome vaccine) in subjects with Stage III unresectable 
NSCLC following primary chemoradiotherapy

Tecemotide (L-BLP25) and cyclophosphamide given in a 
Single low dose 
Saline

I/II Completed
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other than lung diseases. Here, we presented some approved liposomal 
formulations that are either currently in prescription status or have been 
discontinued according to the FDA and European Medicines Agency 
(EMA) databases. ARIKAYCE®, an amikacin liposome inhalation sus
pension, is the first licensed formulation for the treatment of lung dis
ease caused by a group of bacteria, Mycobacterium avium complex 
(MAC), in a limited number of patients who do not respond to conven
tional therapy. ONIVYDE®, an Irinotecan liposome injection, is a 
topoisomerase inhibitor, indicated for the first-line treatment of adult 
patients with metastatic pancreatic adenocarcinoma in combination 
with oxaliplatin, fluorouracil, and leucovorin, and adult patients with 
metastatic pancreatic adenocarcinoma after disease progression 
following gemcitabine-based therapy in combination with fluorouracil. 
Myocet®, a liposomal formulation of doxorubicin citrate, is indicated 
for the first-line treatment of breast cancer in adult women used in 
combination with cyclophosphamide. AmBisone® is a marketed single 
bilayer liposomal formulation of amphotericin B used for serious fungal 
infections. VYXEOS® is a liposomal formulation of daunorubicin and 
cytarabine indicated for the treatment of newly diagnosed therapy- 
related acute myeloid leukemia (t-AML) or AML with myelodysplasia- 
related changes (AML-MRC) in adults and pediatric patients 1 year 
and older. ZOLSKETIL® is a doxorubicin hydrochloride-loaded lipo
somes coated with methoxypolyethylene glycol indicated for the treat
ment of metastatic breast cancer, advanced ovarian cancer, progressive 
multiple myeloma in combination with bortezomib, and AIDS-related 
Kaposi’s sarcoma. These are some examples of clinically approved and 
currently used liposomal formulations.

Some marketed liposomal formulations intended for other than lung 
diseases have been discontinued from the FDA databases. These include 
DaunoXome® (liposomal formulation of daunorubicin citrate), Depo
cyt® (liposomal formulation of cytarabine), Marqibo® (liposomal 
formulation of Vincristine sulfate), and Amphotec® (liposomal formu
lation of amphotericin B). The reason for the withdrawal varies, such as 
discontinuation of Marqibo® due to the uncompleted post marketing 
clinical trial to confirm its clinical benefit and issues with adequate level 
of patient enrollment.209 Although liposomal formulation has attracted 
significant interest, their clinical translation faces various challenges, 
including large scale manufacturing difficulties, batch to batch consis
tency, availability and affordability, profitability and public acceptance. 
Moreover, most studies have focused on the formulation optimization 
and the development of an advanced carrier system. While many in vitro 
studies show the potential efficacy, a large number of studies remain 
unsuccessful in preclinical studies, approximately 20–25 % of preclinical 
findings advance to the clinical implementation, and the success rate 
declines from 94 % in phase I to 14 % by phase III.209,210 The clinically 
translated liposomal formulation remains limited, not only for lung 
diseases but across a range of diseases. The translation of liposomal 
formulations from bench to bedside remains challenging and requires 
extensive research due to several factors, including difficulties in large- 
scale manufacturing, complex critical quality attributes, and a lack of 
harmonization in scientific evaluations. Regulatory authorities such as 
the FDA, EMA, and Japan’s Ministry of Health, Labour, and Welfare 
(MHLW) have released guidelines to facilitate the registration and 
market approval process for liposomal products. Key guidelines include: 
Guidance for Industry: Liposome Drug Products—Chemistry, 
Manufacturing, and Controls; Human Pharmacokinetics and Bioavail
ability; and Labeling Documentation (FDA), Data Requirements for 
Intravenous Liposomal Products Developed with Reference to an Inno
vator Liposomal Product (EMA), and Guidelines for the Development of 
Liposomal Drug Products (MHLW).211 However, there is still a need for 
harmonized guidelines to streamline the registration process and ensure 
the safety and quality of liposomal formulations.

Incorporating all the required pharmaceutical quality system ele
ments into a single formulation is not enough to obtain marketing 
authorization. Various biological and physicochemical factors signifi
cantly affect therapeutic efficacy and must be evaluated on a case-by- 

case or science-based basis by regulatory authorities, making it diffi
cult to generalize these requirements in a single guideline. However, 
general guidelines outline common Critical Quality Attributes (CQAs) 
and define key terms to promote harmonization. There are major chal
lenges in achieving precision in intra-laboratory analysis and analytical 
techniques for assessing CQAs. Several standardized protocols for CQA 
analysis have been published, and others are currently under develop
ment. Characterization of morphology, size, surface properties, drug 
loading, release behavior, and stability can be performed using a variety 
of techniques. Organizations such as the International Organization for 
Standardization (ISO), the European Nanomedicine Characterization 
Laboratory (EUNCL), the International Council for Harmonization 
(ICH), and the American Society for Testing and Materials (ASTM), 
among others, have published and developed analytical methods for 
these purposes. Notably, stringent regulatory authorities have made 
significant progress in the registration of liposome-based non-biological 
complex drugs. Adherence to good practices in the development of 
liposomal products has facilitated faster approval of such formulations. 
However, low- and middle-income countries often lack comprehensive 
regulatory guidelines for nanomedicine registration, which are crucial 
to ensure patient safety and treatment efficacy.

Generally, manufacturing methods and physicochemical properties 
are more prone to change during scale-up or industrial production. The 
most common challenges in the industrial manufacturing of liposomes 
include batch inconsistency, lack of reproducibility, scale-up difficulties, 
limited shelf-life and stability, sterility issues, quality control limita
tions, and economic pressures—despite advances in various pharma
ceutical technologies.212 Developing robust batch manufacturing 
methods, minimizing multistep processes and the number of batches, 
applying the principles of Quality by Design (QbD), and strictly adhering 
to regulatory manufacturing guidelines can help overcome these chal
lenges. Furthermore, continuous efforts toward the development and 
implementation of new technologies are equally important for 
improving manufacturing efficiency and product quality. For instance, 
sterility is one of the major bottlenecks in the development of liposomal 
formulations, and the advancement of effective sterilization techniques 
is essential to ensure their successful clinical application. Nevertheless, 
it is encouraging that researchers are continuing to explore new strate
gies as well as optimizing liposomal formulation in order to increase 
their translational success rate from bench to bedside application.

Another major challenge in the development of liposomal formula
tions is ensuring their safety. Several commercially available liposomal 
products have been withdrawn from the market due to safety-related 
concerns. Most of these adverse effects are immune-related and 
include infusion-related reactions, hand-foot syndrome, hypersensitiv
ity, and both anaphylactic and allergic reactions.213 Unwanted immune 
responses associated with liposomes include immunogenicity, uptake by 
the mononuclear phagocyte system (MPS), activation of the complement 
system, and immunosuppressive effects. Liposomes interact with the 
immune system through various receptors such as toll-like receptors, 
scavenger receptors, C-type lectin receptors, apolipoprotein receptors, 
complement receptors, and folate receptors.213 To reduce these im
mune responses and improve clinical outcomes, the use of stealth lipo
somes or modifications aimed at lowering immunogenicity is essential. 
However, the Accelerated Blood Clearance (ABC) phenomenon should 
be considered when designing the dosage of PEGylated liposomes. 
Although this phenomenon has been observed in some preclinical 
studies, its magnitude appears to be reduced in clinical settings.214
Further research on the biological interactions and underlying mecha
nisms of liposomes, along with strengthened industry-academic collab
oration, is essential to address challenges related to manufacturing and 
safety.

Harnessing machine learning (ML) to accelerate clinical translation

Optimizing the formulations in a laboratory setting is time- 

S. Bashyal et al.                                                                                                                                                                                                                                 Nanomedicine: Nanotechnology, Biology, and Medicine 69 (2025) 102855 

13 



consuming and expensive, often delaying clinical translation. Various 
prediction and modeling techniques, such as response surface method
ology (RSM), and artificial neural networks (ANNs), are applied for the 
optimization and prediction of nanoparticle characteristics. They excel 
through a data-driven approach, proficiency in managing non-linear 
relationships, and broad use in machine learning applications.215
Alternatively, RSM follows a statistical framework specifically designed 
for process modeling and optimization, utilizing empirical data and 
mathematical formulations.216 Machine learning models have been 
leveraged in predicting and optimizing liposomes. Ensemble learning 
(EL) modeling is another advanced meta method of machine learning 
that aims to improve predictive performance by integrating the outputs 
of multiple learning models. This approach plays an important role in 
interpreting experimental outcomes and may offer deeper insights into 
optimal formulation parameters.217,218 The properties of the lipo
somal formulation can be greatly influenced by the optimization of the 
independent variables, and EL can act a as tool for supporting decision- 
making to optimize the best-performing liposomal formulations.219 The 
optimization of the liposomal manufacturing process can be enhanced 
through ML and Explainable Artificial Intelligence (XAI), which can also 
significantly reduce the reliance on empirical methods and enhance the 
transparency. Luciani and colleagues employed ML to predict critical 
quality attributes and process parameters for liposome manufacture via 
a microfluidic system. They utilized the concepts of XAI to gain a greater 
understanding of the complex interaction between different parameters 
thereby improving the lipid behavior during manufacturing process. 
This approach also explores similar models for drug encapsulation and 
supports the broader application of commercial microfluidic chips. In 
future research, such models can be applied to optimize drug release 
profiles to ensure the effective and consistent delivery. Emerging ML- 
based microfluidic production offers considerable promise for 
enhancing the efficiency of drug formulation development220 as well as 
their clinical translation, which is often limited by batch-to-batch vari
ation. The integration of design of Experiments (DoE) and AI has 
enabled the manufacturing of optimized liposomes with high repro
ducibility. No significant differences were observed between the ANN 
predicted value and experimented results. Computational tools that 
support microfluidic-based manufacturing methods offer a promising 
strategy for accelerating the development of drug delivery systems and 
clinical translation.221

Future perspectives and conclusions

Over the years, various nanoparticle systems have been studied for 
the treatment of lung diseases. Among them, liposomal delivery of 
therapeutic agents to the lungs has shown promising potential for clin
ical applications. Several liposomal formulations for lung disease 
treatment have already been approved, demonstrating enhanced clinical 
efficacy, while others are still in preclinical and clinical trials.

Since the COVID-19 pandemic, the development and formulation of 
nucleic acid drugs have advanced significantly. Pulmonary delivery of 
nucleic acids faces several physiological barriers; however, targeted 
liposomal formulations have shown promising results in preclinical 
trials, offering precise therapeutic strategies for lung disease treatment 
in the future.

For the treatment of drug-resistant tuberculosis, novel therapeutic 
agents have been discovered, and nano-drug delivery systems for 
existing drugs have been developed to reduce the probability of resis
tance. Liposomal formulations not only improve patient compliance but 
also help mitigate drug resistance. Moreover, liposomes are being 
explored as adjuvants for next-generation vaccines against Mycobacte
rium tuberculosis. Various studies on liposomal formulations for tuber
culosis treatment suggest that liposomes are among the most effective 
nanocarriers for this purpose.

Liposomes have also demonstrated significant potential in delivering 
chemotherapeutic agents for lung cancer treatment. Inhalable liposomal 

anticancer drugs help reduce systemic toxicity by localizing drug de
livery to the lungs. The development of inhalable liposomal anticancer 
agents should consider critical factors such as formulation stability, 
nebulization mechanisms, aerosol targetability to cancer cells, and 
minimized deposition in the oropharyngeal region.222 In conclusion, 
although liposomal drug delivery techniques have been used to treat 
various diseases, including lung diseases, clinical translation remains 
scarce and necessitates more extensive studies and harmonization of 
scientific assessments to reduce the translation time, ultimately 
benefiting patients.
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217.. Džeroski, S., P. Panov, And B. Ženko, Machine learning ensemble methods in. 
2009.

218. Neumann D, Merkwirth C, Lamprecht A. Nanoparticle design characterized by in 
silico preparation parameter prediction using ensemble models. J Pharm Sci. 2010; 
99(4):1982–1996.

219. Hoseini B, et al. Application of ensemble machine learning approach to assess the 
factors affecting size and polydispersity index of liposomal nanoparticles. Sci Rep. 
2023;13(1):18012.

220. Eugster R, et al. Leveraging machine learning to streamline the development of 
liposomal drug delivery systems. J Control Release. 2024;376:1025–1038.

221. Rebollo R, et al. Microfluidic manufacturing of liposomes: development and 
optimization by Design of Experiment and Machine Learning. ACS Appl Mater 
Interfaces. 2022;14(35):39736–39745.

222.. Rudokas, M., et al., Liposome delivery systems for inhalation: a critical review 
highlighting formulation issues and anticancer applications. Med Princ Pract, 
2016. 25 Suppl 2(Suppl 2): p. 60–72.

S. Bashyal et al.                                                                                                                                                                                                                                 Nanomedicine: Nanotechnology, Biology, and Medicine 69 (2025) 102855 

18 

http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1045
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1045
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1045
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1050
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1050
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1050
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1055
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1055
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1060
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1060
http://refhub.elsevier.com/S1549-9634(25)00056-5/rf1060

	Liposomal drug delivery system for lung diseases: Recent advancement and future perspectives
	Introduction
	Liposomes
	Interaction of liposome with the pulmonary environment
	Biochemical composition of pulmonary surfactants
	Interaction of liposomes with pulmonary phagocytes

	Liposomes for nucleic acid delivery in the treatment of lung diseases
	Liposomes for the delivery of peptides and proteins in lung diseases
	Liposomes in the delivery of anti-tubercular agents
	Liposomal adjuvants for tuberculosis vaccine
	Liposomes as drug delivery systems for the management of ARDS
	Liposomal drug delivery to manage asthma and COPD
	Liposomes in the delivery of anti-cancer agents for the treatment of lung cancers
	Clinical translation and optimization of liposomal formulations: Prospects and challenges
	Engineering the liposomes can address the formulation shortcomings and help in increasing the success rate of clinical tran ...
	Current status and challenges in clinical translation of liposomal formulations
	Harnessing machine learning (ML) to accelerate clinical translation

	Future perspectives and conclusions
	CRediT authorship contribution statement
	Consent for publication
	Ethics approval and consent to participate
	Funding
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


