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Abstract
Nanotechnology is associated with the development of particles in the nano-size range that can be used in a
wide range of applications in the medical field. It has gained more importance in the pharmaceutical research
field particularly in drug delivery, as it results in enhanced therapeutic drug performance, improved drug
solubility, targeted drug delivery to the specific sites, minimized side effects, and prolonged drug retention
time in the targeted site. To date, the application of nanotechnology continues to offer several benefits in
the treatment of various chronic diseases and results in remarkable improvements in treatment outcomes.
The use of nano-based delivery systems such as liposomes, micelles, and nanoparticles in pulmonary drug
delivery have shown to be a promising strategy in achieving drug deposition and maintained controlled drug
release in the lungs. They have been widely used to minimize the risks of drug toxicity in vivo. In this review,
recent advances in the application of nano- and micro-based delivery systems in pulmonary drug delivery
for the treatment of various pulmonary diseases, such as lung cancer, asthma, and chronic obstructive pulmonary disease, are highlighted. Limitations in the application of these drug delivery systems and some key
strategies in improving their formulation properties to overcome challenges encountered in drug delivery are
also discussed.
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Introduction
Pulmonary diseases have become one of
the common threats to human health and
are known to be a leading cause of mortality worldwide. These are diseases that
mainly affect the lungs and can also spread
to the other parts of the respiratory system, and they include asthma, lung cancer,
and chronic obstructive pulmonary diseases (COPD; e.g., chronic bronchitis and
emphysema) [1]. Pulmonary drug delivery
is one of the effective routes of drug administration in the treatment of pulmonary diseases and has been widely used owing to
its potential in achieving both systemic and
local drug delivery.
Pulmonary drug delivery has gained
much biomedical importance in the field of
pharmaceutical research. At present, it has
become one of the most preferred routes
of administration. This is mainly because,
through the pulmonary route, drugs can be
directly delivered to the lungs [2]. When

compared with oral and intravenous routes
of administration, pulmonary route offers
a number of advantages in the treatment
of respiratory diseases. It also achieves a
rapid onset of drug action and results in
a high pulmonary efficacy with low drug
doses whereas higher doses are required
in peroral applications to achieve the same
effect and may possibly result in more
side effects. Additionally, through the pulmonary route, drug bioavailability can be
improved unlike in the other routes of drug
administration. More importantly, when
drugs are administered via the pulmonary
route, the first-pass metabolism that normally occurs following oral administration
can be avoided [3, 4]. Drug inhalation has
been proven to result in an increased pulmonary efficacy and a rapid onset of action
in the lungs and is also associated with
reduced systemic side effects [2]. In addition, it is a non-invasive route of administration and is therefore preferred by most
of the patients.
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The type of drug delivery device, dosage form used, and
deposition of drug particles are some of the several factors
that influence pulmonary drug efficacy [5, 6]. The technique
of drug delivery to the targeted site also plays a prominent role in achieving maximum drug efficacy. Challenges
encountered in conventional therapy, such as the need for
drug administration in high doses to achieve high drug concentration in specific sites, have led to the clinical application of drug-targeted delivery systems as an alternative
strategy to improve the treatment outcomes of several pulmonary diseases. At present, the challenges encountered in
drug delivery in the treatment of pulmonary diseases such
as in vivo instability, poor solubility, and absorption of the
drugs can be overcome by the use of nano- and micro-based
drug delivery systems owing to their ability to enhance
drug solubility, absorption, and controlled release in the
target site. Several limitations in the efficient drug delivery
to the site of action, such as limited amount of drug particles passing through physiological barriers, have led to the
development of drug delivery systems as a strategy to ensure
maximal delivery of therapeutic agents to the targeted sites
with minimized systemic side effects. For instance, in the
treatment of lung cancer, the delivery of chemotherapeutic
drugs via inhalation can be limited by several physiological
barriers that can affect drug efficacy and deposition in the
lung. To overcome this challenge, lipid-based drug carriers
can be used for both passive and active targeting [7], owing
to their enhanced permeability and retention effect and
their ability to be modified with various targeting moieties.
Drugs can be encapsulated in various drug delivery systems
to not only protect them from enzyme degradation but also
improve their stability in vivo, ensure targeted delivery, and
controlled release to the site of action thereby improving
the treatment outcomes [8]. Targeted drug delivery and controlled drug release result in an increased drug therapeutic
index, and a less amount of drug accumulation in normal
healthy tissues since drug targeting is site-specific. As a
result, the frequent dosing that is normally required in conventional therapy to achieve maximum drug deposition at a
specific site can be minimized. In recent years, the developments in nano-based drug delivery have shown to have
several benefits, which include improved drug efficacy as
well as minimized risks of systemic side effects. The introduction of nanotechnology in the treatment of lung diseases
has allowed researchers to improve the bioavailability and
pharmacokinetics of drugs when inside a biological entity,
thereby overcoming several challenges in drug delivery. For
example, in the treatment of COPD, drug delivery systems
can be used to encapsulate antioxidants so as to combat oxidative stress which is involved in the pathogenesis of COPD
[9]. Drug delivery vehicles, including microparticles and
nanoparticles, have been known to achieve effective drug
deposition and controlled release in the lungs. Presently, the
use of drug-targeted delivery systems, namely liposomes,
micelles, and nanoparticles, is highly effective in the delivery of therapeutic agents to specific sites in the lungs [10].
In addition, the encapsulation of drugs in polymeric delivery
systems has been proven to protect the drugs from enzymatic
degradation before reaching the specific site of action [11].
To effectively deliver drugs to the targeted site in the lung,
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some formulation properties, such as particle size, need to
be considered during the preparation stage. At present, there
has been much progress in the synthesis and application of
drug delivery systems in pulmonary drug delivery. This article reviews the latest developments in the application of several novel drug delivery systems in pulmonary drug delivery. Furthermore, the main mechanisms in pulmonary drug
administration, absorption, and clearance are also discussed.
Challenges in the future clinical application of drug delivery
vehicles are also highlighted.

Mechanisms of drug delivery,
absorption, and clearance in
the lungs
The lung is the organ of interest in pulmonary drug delivery. The physiological characteristics of the lungs, such as
the large absorptive surface area, highly influence the drug
absorption in the pulmonary system [4]. Additionally, the
enzymatic metabolic activity in the lungs, which is significantly low and the presence of a thin alveolar epithelium
(∼0.2–0.5 μm thick) are also favorable for rapid drug absorption [12, 13]. Proper selection of the type of device to be
used in the pulmonary delivery of various drug formulations
is crucial to ensure effective drug deposition in the lungs.
Devices used in the delivery of drugs via inhalation route
include nebulizers [14], dry-powder inhalers, and pressurized meter dose inhalers [15]. More importantly, various
factors influence the availability of therapeutic drugs in
the lungs following their administration via the pulmonary
route. The deposition of drug particles in the respiratory system is also determined by their physicochemical properties
such as size and density. The main mechanisms that occur
following inhalation of particles include inertial impaction,
sedimentation, and Brownian diffusion [16, 17]. The deposition pattern is dependent on the size of particles, which
is expressed as an aerodynamic diameter. The particle size
also affects how deep in the lungs the inhaled particles can
be deposited. Larger particles (>6 μm) get deposited in the
upper airways (trachea) by inertial impaction, whereas those
ranging from 2 to 5 μm are deposited in the bronchioles by
sedimentation. Smaller particles (<2 μm) get deposited in
the alveoli by Brownian diffusion [18] (Figure 1).
Following deposition in the lungs, drug particles dissolve
in the lung epithelial lining prior to absorption across the
epithelium through various transport mechanisms, as summarized in Figure 2. The most common transport pathway
in drug absorption in the lungs is the transcellular pathway (absorption through cells). This transport mechanism
involves drug absorption through both passive diffusion
and receptor-mediated drug transport [19]. Transmembrane
transporters such as ATP-binding cassettes (ABC) and solute-linked transporters also play a role in the absorption, distribution, and elimination of therapeutic agents in the lung
[20]. Some drug particles can also be absorbed through the
paracellular transport mechanism (between adjacent cells)
[21].
RT Ndebele et al.: DOI: 10.15212/bioi-2021-0028
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Figure 1 Mechanism of drug delivery in the lungs.
1. Penetration of the drug encapsulated system into the lung surfactant layer.
2. Controlled drug release of drug particles from the delivery system.
3. Absorption of drug particles across the pulmonary epithelium.
4. Clearance of unabsorbed drug particles by mucociliary clearance in the upper airways and phagocytosis by alveolar macrophages in
the alveoli.

Figure 2 Transport mechanisms of drug particles across the lung epithelium.
A. Paracellular absorption of hydrophilic drug particles.
B. Absorption of larger drug particles by endocytosis.
C. Transcellular absorption of lipophilic drug particles.

Drug clearance mechanisms in the lungs can be a limitation in the efficacy of inhaled drugs. The main clearance
mechanism in the lung involves the phagocytosis of drug
particles by the alveolar macrophages [6]. The lung has its
own defense mechanism against foreign materials and protects the airways from being exposed to them by phagocytic
and mucociliary clearance. Although this may be a protective mechanism, it also appears to be a barrier in the effective
RT Ndebele et al.: DOI: 10.15212/bioi-2021-0028

delivery of therapeutic agents to the lungs [22]. The epithelial
cells act as a barrier against foreign inhaled materials [23].
Drug clearance mechanisms differ according to the location
of the deposited drugs in the lung. Particles deposited in the
conducting airway region are mainly eliminated by mucociliary clearance whereas those deposited in the respiratory part
are mostly cleared by alveolar macrophage clearance [24].
Transepithelial transport is also a clearance mechanism for
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inhaled soluble particles in the alveoli [25]. Taken together,
various ways in modifying drug delivery vehicles to reduce
drug clearance and achieve efficient drug delivery and successful drug deposition in the lungs should be addressed in
future studies. Presently, coating the drug delivery vehicles
with polymers such as chitosan is known to improve their
mucoadhesive properties and increase their stability in vivo.
Pulmonary drug administration can be achieved through
various mechanisms, which include intratracheal instillation, inhalation, and nebulization (Table 1). The main types
of devices commonly used in delivering drugs as aerosols
include dry-powder inhalers, pressurized metered-dose
inhalers, and nebulizers [14]. Compared with the dry-powder and metered-dose inhalers, nebulizers have been known
to achieve drug administration in larger doses. However,
this may result in an extended administration time [30].
Pressurized metered-dose inhalers have been widely used
owing to their effectiveness in achieving delivery of aerosols
and have also shown to be portable devices that can deliver
a fixed amount of drug formulation [1]. Dry-powder inhalers
have been successfully used in the delivery of aerosol drugs
in higher concentration in the airways, for the treatment of
COPDs, and have been known to achieve minimized systemic toxicity [31]. The extent of drug particle deposition as
aerosols is mainly influenced by the type of device used and
formulation [32]. Therefore, to achieve maximum concentrations of drug particles at the specific site, careful selection
of the device to be used and the physicochemical properties
of the drug particles have to be carefully considered.
Table 1

Types of novel drug delivery
systems
The application of novel drug delivery systems has gained
much attention in the treatment of pulmonary diseases. In the
last decade, the concept of drug-targeted delivery has been
investigated in the treatment of various pulmonary diseases
and has proved to be a promising route in the delivery of
drugs to the desired specific sites. Drug delivery systems are
materials that include liposomes, nanoparticles, polymeric
micelles, microparticles, and dendrimers among others that
are used in the delivery of therapeutic agents to targeted sites
[33]. The preparation techniques used vary depending on the
carrier type, as summarized in Table 2. These delivery vehicles have shown to be highly effective in the treatment of
various pulmonary diseases, including asthma and COPDs.
Their unique features such as enhanced stability and small
size range enable them to effectively deliver both hydrophilic and hydrophobic drugs to the targeted sites. They have
the ability to achieve drug deposition in the lung, improve
the rate of drug uptake by the targeted cells, and achieve high
drug efficacy. Drug delivery vehicles are highly effective in
the treatment of several lung diseases owing to their ability
to achieve maintained therapeutic concentrations over a prolonged time. The application of these vehicles results in a
reduced dosing frequency.
In addition, these delivery systems improve drug solubility, dissolution, and bioavailability. More importantly,

Mechanisms in Pulmonary Drug Administration

Route of
administration

Device used

Inhalation

Dry-powder
inhaler, soft-mist
inhaler,
pressurized metered-dose inhaler

Intratracheal
instillation

Nebulization

Air-jet nebulizer,
actively vibrating
mesh nebulizer,
passively
vibrating-mesh
nebulizer

Type of drug
delivery system
administered
Nanoliposomal
salbutamol
sulfate

Aim of study

Outcome

Reference

Evaluation of
dry-powder inhalation of salbutamol
sulfate liposomes in
treatment of asthma

Liposomal dry-powder inhalers achieved a prolonged drug
release in vitro which lasted up to
14 hours. They also exhibited an
excellent aerosol performance.

[26]

Polyvinylpyrrolidone-coated
AgNPs

Evaluation of silver
biodistribution following intratracheal
instillation of nanoparticles

[27]

Doxorubicin-conjugated dendrimers

Effect of
doxorubicin
dendrimers in enhancing drug
exposure to lung
resident tumors

Beclometasone dipropionate-loaded
dendrimers

Evaluation of
PAMAM dendrimers
in the pulmonary
delivery of
beclometasone
dipropionate

More silver ions were detected
in the lungs of mice exposed to
smaller AgNPs (5 nm), whereas
higher concentration of silver was
detected in the blood in mice exposed to larger AgNPs (50 nm).
7 days after intratracheal administration of doxorubicin dendrimers
in rats, approximately 15% of the
drug dose could still be detected
in the lungs, suggesting that the
dendrimers complex achieved a
prolonged retention time.
Air-jet and active mesh nebulizers
achieved excellent delivery of
PAMAM dendrimers. Nebulization analysis data indicated that
aerosol properties of the beclometasone dipropionate-loaded
dendrimers were influenced by the
type of nebulizer used.

[28]

[29]

AgNPs, silver nanoparticles; PAMAM, poly(amidoamine).
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Table 2

Summary of Drug Delivery Systems Used in Pulmonary Drug Delivery

Carrier type
Liposomes

Composition
Consist of phospholipid
bilayers

Micelles

Consist of phospholipids
with hydrophobic core and
hydrophilic head groups on
the outer region

Microparticles

Consist of synthetic or
natural polymers (glyceryl
trimyristate and soy lecithin)
Solid lipid nano- Consists of solid lipids, e.g.,
particles
triglycerides, fatty acids
(glycerol palmitostearate
and polysorbate)
Inorganic nano- Consists of inorganic mateparticles
rials such as silicon oxide
and calcium phosphate or
metals such as gold.
Polymeric nanoparticles
Dendrimers

Consists of polymeric
materials such as PEG and
chitosan
PAMAM, PEG, polylysine

Preparation technique
Film hydration method,
pH gradient method,
Surface coating using
polymers such as chitosan
Thin-film hydration
method, solvent evaporation method

Hot solvent diffusion
method, Hot homogenization method
melted homogenization
technique

Model drug
Ibuprofen, diazepam, midazolam

Insulin

Quercetin

Paclitaxel

Citrate reduction
method

Zinc oxide

Ionic gelation method

Rhodamineconjugated
erythropoietin
Doxorubicin

Direct PEGylation,
two-step PEGylation,
co-solvent-free method

Advantages
Can be used in the delivery of both hydrophobic
and hydrophilic drugs
and they improve drug
solubility
Polymeric micelles are
stable in vivo and have
the ability to dissolve
several drugs with poor
solubility
Protect the encapsulated
drugs from enzymatic
degradation
Can encapsulate lipophilic drugs, with high
biocompatibility
Gold nanoparticles
have high drug loading
capacity and can achieve
surface modification with
targeting ligands
Can achieve surface
modification with ligands
for targeted drug delivery
Can be effectively used
as absorption enhancers,
small in size compared
with other nanoparticles,
and can effectively penetrate epithelial barrier and
achieve tumor penetration

References
[35, 36]

[37]

[38]

[39]

[40]

[9, 41]

[42, 43]

PEG, polyethylene glycol; PAMAM, poly(amidoamine).

they play a vital role in minimizing the toxicity of the
encapsulated drug molecules and also extend the amount
of time the drug resides in the targeted site [34]. Various
materials, including polymers, polysaccharides, and proteins are widely used in the preparation of these delivery
systems.

Liposomes
Liposomes are a type of drug delivery systems that are made
up of one or more phospholipid bilayers. According to their
size and number of bilayers, liposomes can be classified
into small unilamellar vesicles, large unilamellar vesicles,
and multilamellar vesicles [44]. To date, liposomes have
been used as delivery vehicles in pulmonary drug delivery,
owing to their ability to encapsulate both hydrophilic and
hydrophobic therapeutic agents and maintain a controlled
drug release profile at the targeted site [32]. When administered via the pulmonary route, liposomes can extend the
residence time of the encapsulated drug in the lungs and
achieve an enhanced local therapeutic drug effect with minimized systemic side effects; thus, they have been known to
be promising nanocarriers in pulmonary drug delivery [45].
To ensure effective drug deposition in the lung, the particle size of the liposomal formulation should be maintained
RT Ndebele et al.: DOI: 10.15212/bioi-2021-0028

in the nano-size range. Lamellarity is one of the properties
that affect the application of liposomes in pulmonary drug
delivery; for example, the number of lamellae significantly
affects the amount of therapeutic agent to be encapsulated
in the liposomes. Both small and large unilamellar vesicles
have a single lipid bilayer and work best in encapsulating
lipophilic and hydrophilic compounds, respectively, with
small unilamellar vesicles having a low aqueous core volume-to-lipid ratio, whereas large unilamellar vesicles have a
large aqueous volume-to-lipid ratio [46]. Multilamellar vesicles consist of two or more lipid bilayers and have the ability to encapsulate various lipophilic compounds. These have
been shown to work best in achieving a sustained release
profile of the encapsulated compounds.
In a recent study, Chennakesavulu et al. designed
dry-powder inhaler liposomes and further investigated their
efficacy in the pulmonary delivery of budesonide and colchicine for the treatment of idiopathic pulmonary fibrosis.
A sustained drug release profile for up to 24 hours following
administration of the liposomal formulation was observed.
From this study, it can be concluded that the composition
of the liposomal membrane and the concentration of the
drug trapped in the liposomes greatly influence the diffusion rate of the drug upon reaching the targeted site [47].
Current studies have also shown that the concept of surface
modification of liposomes by polyethylene glycol (PEG)
significantly enhances their stability in vivo. PEG is one of
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the most preferred polymers that have been widely used in
polymer-based drug delivery due to its high biocompatibility as well as its ability to prolong drug residence time in
biological systems [48]. The presence of PEG on the liposomal surface protects the liposomes from rapid degradation
and phagocytosis in vivo, thereby leading to an extended
systemic circulation period [49]. Lin et al. investigated the
pulmonary delivery of triptolide-loaded liposomes with
anti-carbonic anhydrase IX antibody (CA IX liposomes)
for the treatment of lung cancer and found that a sustained
drug release profile at the targeted site was achieved [50].
The liposomal formulation achieved direct drug delivery in
the lungs, thereby leading to a higher concentration of drug
accumulation in the targeted site and minimized systemic
side effects.
In a previous study, Manconi et al. reported the effectiveness of liposomes coated with chitosan and hyaluronan in the delivery of curcumin in the lungs [51]. The
liposomal surface modification with chitosan and hyaluronan significantly improved the bioavailability of curcumin. Moreover, the coating of liposomes with chitosan
improved their mucoadhesive properties and prolonged
their residence time in the airways. Several studies have
also confirmed that when compared with uncoated liposomes, chitosan-coated liposomes can achieve an extended
residence period in the pulmonary system [52]. Recent
studies have shown that liposomes are an effective delivery vehicle in the pulmonary delivery of fluticasone. As
evidenced by the in vivo biodistribution analysis, it was
clearly shown that the amount of fluticasone encapsulated
in liposomes that had accumulated in the lungs 3 hours
after intranasal administration was approximately 30 times
more compared to that of the free drug [53]. The in vitro
test results also indicated that the fluticasone liposomes
did not have any toxic effects on the A549 cells (alveolar
epithelial cell lines). Recently, the pulmonary delivery of
transferrin receptors, which target peptide surface-functionalized liposomes in the treatment of lung cancer, was
investigated [54]. From both in vivo and in vitro data, it
can be concluded that the T7 surface functionalized liposomes proved to be an effective drug delivery system in the
treatment of lung cancer by receptor-mediated targeting at
the tumor area.
Although the use of liposomes as carriers in pulmonary
drug delivery has showed great benefits, there are some
limitations involved, for example, drug leakage from the
liposomes [55]. When drug-loaded liposomes are delivered
to the lung as liquid dispersions via nebulization, the stability of vesicles can be reduced, and drug may also leak during nebulization [56]. To overcome these challenges, freeze
drying has shown to be a potential method applied during
the formulation preparation stage. Nevertheless, the need
for more studies to investigate various ways of minimizing
drug leakage and increasing vesicle stability remains an
issue of concern in pulmonary drug delivery. Future studies can also focus on overcoming the current challenges
encountered in the formulation of liposomes with much
emphasis on the careful selection of materials to be used
in modifying the liposomal surfaces so as to improve their
stability.
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Microparticles
Microparticles are particles ranging between 1 and 1000
μm that are used as drug delivery systems. They have been
widely used in the field of respiratory therapy owing to their
ability to achieve controlled drug release, enhanced drug
loading properties, and biocompatibility. Moreover, their use
in inhalation therapy has become an area of interest in pharmaceutical research. To achieve effective drug deposition
into the lungs, their particle size should be in the range of 1
to 5 μm because those larger than 5 μm easily get deposited
in the larynx and oropharynx [57].
Yildiz-Peköz et al. designed doripenem aerosolized
microparticles using the ionotropic gelation and spray drying method, and further investigated their effectiveness in
pulmonary drug delivery for the treatment of pneumonia.
When compared to other micro particle formulations, the
microparticles with 20% leucine showed the highest fine
particle fraction ratio; thus, the presence of leucine significantly improved their aerosolization properties [58].
Additionally, for the microparticles with leucine, higher
encapsulation efficiency was observed compared with the
other formulations with lactose and trehalose. This indicates
that the encapsulation efficiency of microparticles is also
influenced by both the quantity and type of excipients used
in the formulation. Therefore, proper selection of the types
of excipients to be used in the preparation of microparticles
is of paramount importance to achieve high encapsulation
efficiency and effective pulmonary drug delivery.
In a recent study, the pulmonary delivery of azithromycin-loaded respirable microparticles was investigated for the
treatment of pneumonia [59]. From the in vivo data, it was
clearly shown that when compared with the intravenous and
intragastric administration, the microparticle formulation
that was administered via intratracheal insufflation achieved
an extended retention time in the lungs, with a strong fluorescent intensity, 24 hours following administration. This
further shows that administration of microparticles via the
pulmonary route can significantly increase the amount of
drug that accumulates in the lungs compared to the other
routes of administration. Microparticles that consist of biocompatible polymers such as chitosan have been known
to be stable, have mucoadhesive property, and can achieve
controlled drug release in the targeted sites. However, the
molecular weight of chitosan to be used must be thoroughly
considered, since a high molecular weight (190–300 kDa)
could possibly result in high toxic effects. On the contrary,
low-molecular-weight (50–180 kDa) chitosan microparticles have been successfully used in the pulmonary delivery
of isoniazid and proved to be nontoxic to the alveolar macrophage [60].
Spray-dried fucoidan microparticles were investigated for
their effectiveness in pulmonary delivery of antitubercular
drugs. The aerodynamic properties of the microparticles
made them suitable for delivering antibiotics. The microparticles showed great potential in depositing the drugs directly
to the alveoli, owing to their particle size that was within
the suitable range (1–5 μm) [61]. Solid lipid microparticles
have been used in encapsulating salmeterol xinafoate (SX)
RT Ndebele et al.: DOI: 10.15212/bioi-2021-0028

in the treatment of COPD [62]. When compared with the free
drug, the SX-loaded microparticles were able to achieve an
enhanced cAMP expression. The retention time of the drug
in the lung was prolonged owing to the suitable aerodynamic
diameter, drug loading efficiency, and mucoadhesive characteristics of the solid lipid microparticles, suggesting that they
have a great potential as delivery vehicles in pulmonary drug
delivery. Uneven dispersion of solid lipid particles will affect
the drug’s deposition ability in the lungs. Particle-generating
technologies is needed for the generation of particles with
suitable aerodynamic diameter in order to achieve an even
dispersion, thereby resulting in an effective drug deposition
within the lungs.
In a similar study, Amore et al. analyzed the effectiveness of using chitosan and alginate mucoadhesive solid lipid
microparticles in the pulmonary delivery of fluticasone propionate. Effective delivery and controlled release of fluticasone propionate into the secondary bronchi were achieved,
mainly due to the suitable size and enhanced mucoadhesive
properties of the microparticles [63].

Micelles
The development of inhalable nanocarriers such as micelles
for lung cancer therapy has become an area of interest in
biomedical research. Polymeric micelles are a type of drug
delivery systems that are formed from several block polymers, with the hydrophobic part as the interior region and
the hydrophilic part as the outer region. They are spherical
in shape and their size varies (∼10–100 nm) [64]. They have
been known to be promising nanocarriers in the pulmonary
delivery of drugs for the treatment of respiratory diseases,
owing to their ability to encapsulate both hydrophilic and
hydrophobic drugs. Hydrophobic drugs are enclosed in the
interior region (core) whereas the hydrophilic drugs get
attached on the outer region (shell) [65]. Shang et al. found
that the pulmonary delivery of mycolic acid (MA)-loaded polymeric micelles could achieve induction of Mycobacterium
tuberculosis lipid-specific T-cell responses in the lungs of
hCD1Tg mice [66]. Unlike the intravenous route that could
result in drug distribution to many organs, the intranasal
route proved to be effective, as it could mainly target the
lungs and achieve a high amount of drug accumulation in the
lungs. In vitro data also confirmed that when compared with
the free drug, the MA-loaded micelles showed high efficacy
in activating MA-specific TCR transgenic (DN1) T cells.
It has also been discovered that introducing some modifications in the micelle formulation could enhance their
drug delivery properties further. For example, in the preparation of inhalable powders containing polymeric micelles,
micelles can be incorporated in lactose carriers by spray drying to enhance the maximal delivery of therapeutic agents
in the alveoli [67]. Lactose carriers are nontoxic and also
degradable; thus, they are recommended as excipients for
use in polymeric micelle formulation [68]. When curcumin
acetate-loaded micelles were delivered to rats by intratracheal administration, a higher concentration of curcumin
acetate was detected in the lungs compared with the lower
RT Ndebele et al.: DOI: 10.15212/bioi-2021-0028

concentration detected following intravenous administration
[69]. In addition, following the intratracheal administration
of the micelle formulation, a sustained drug release profile and an extended drug retention time in the lungs were
achieved. These findings show that when compared with
other routes of administration, the intratracheal delivery of
micelles facilitates drug uptake in the pulmonary tract.
Polymeric micelles have been used in the preparation of
powders for pulmonary delivery of insulin. Previous studies
have been reported that the aerosolization properties (e.g.,
fine particle fraction) of these powders differ, depending
on the polymer used in the formulation [70]. When PEG is
added in the micelle formulation, it improves the mucus-penetrating properties, thereby achieving effective deposition of
insulin in the lung as well as its absorption in the bronchial
region.
One of the main limitations in using micelles as drug carriers in pulmonary delivery is that due to their small size,
they can be exhaled from the respiratory system, leading to
failure in achieving drug deposition in the deeper regions of
the lung [68]. Future studies can focus on modification strategies for micelle formulations to prevent their exhalation
from the respiratory tract prior to achieving drug delivery to
the targeted sites.

Nanoparticles
Nanoparticles have been widely used in drug delivery owing
to their ability to overcome systemic barriers and deliver
encapsulated drugs to the targeted sites [71]. More importantly, understanding the physicochemical properties of
nanoparticles can result in the production of safe nanoparticles since their extent of toxicity in biological systems is
largely influenced by these properties [72]. Their nano-size
range enables them to easily penetrate the biological systems
and deliver drugs to the specific sites [64]. Nanoparticles
can be modified to enhance their drug delivery properties;
for instance, they can be coated with various polymers to
improve their mucoadhesive properties. Further advancements have been accomplished in the use of biodegradable
nanoparticles. Poly(lactic-co-glycolic acid) (PLGA) nanoparticles have been investigated in the pulmonary delivery of
levofloxacin for the treatment of tuberculosis. More importantly, during the preparation stage, the amount of polymer
added and the homogenization speed should be carefully
considered because they significantly influence the particle
size of the nanoparticles and their drug release properties. It
was discovered that, the higher the amount of PLGA added,
the larger the nanoparticle size and a higher homogenization
speed led to a reduction in particle size [73]. With a mass
median aerodynamic diameter of 4.4 μm, the nanoparticles
were able to achieve effective lung penetration and controlled drug release. Therefore, the use of drug-loaded nanoparticles proved to be more effective, as evidenced by more
drug accumulation in the targeted site and controlled drug
release achieved. The pulmonary administration of nanoparticles in lung cancer therapy has been known to minimize
systemic toxicity of anticancer drugs as they can achieve

77

Review

BIOI 2022

Review

BIOI 2022

drug delivery to the targeted site [74]. To further enhance
the specific interaction between tumor cells and the drug
nanoparticles, the latter can be modified by the attachment
of tumor-specific ligands [28]. This can also minimize toxicity and prevent interactions between the normal lung cells
and the nanoparticles. Some of the challenges encountered
in tumor penetration are a result of chemical and physical
properties of nanoparticles. It has also been discovered that
the shape of nanoparticles affects their fate in vivo (i.e., their
penetration and cell uptake as well as their accumulation in
the target site). It can be concluded that nanoparticle penetration capabilities differ according to their shapes [75, 76].
Surface charge is another property that affects the interaction
between nanoparticles and tumor cells, with cationic nanoparticles known for easy adherence to tumor cells [77].
Chishti et al. designed optimized docetaxel-loaded nanoparticles (DTX-NPs) and investigated their effectiveness
in the treatment of non-small cell lung cancer [78]. In vivo
analysis data showed the presence of docetaxel in the lungs
72 hours following pulmonary administration of DTX-NPs,
whereas the free drug had been cleared at approximately 8
hours after administration. This indicates that nanoparticles
play a major role in achieving a prolonged drug retention
time in the targeted site. Taken together, both in vitro and in
vivo data confirmed that controlled drug release was maintained when DTX-NPs were administered. During the synthesis of nanoparticle formulations, the type of preparation
technique used is of paramount importance in achieving
effective drug delivery to the targeted site. In the preparation
of levofloxacin nanoparticles (Figure 3), the homogenization speed and the amount of PLGA added were shown to
have a significant effect on the mean particle size and drug
release [73].
Chitosan is a natural polymer that has been widely used in
the preparation of nanoparticles. Chitosan nanoparticles are
known to be effective in the delivery of therapeutic agents via
pulmonary route owing to their high compatibility, enhanced

encapsulation, and ability to resist enzyme degradation.
From in vivo pharmacokinetic analysis results, a higher concentration of bedaquiline accumulated in the lungs following
pulmonary administration of bedaquiline-loaded chitosan
nanoparticles compared to the free drug. For the cell viability assay using J774 macrophage cell line, the freeze-dried
bedaquiline-loaded nanoparticles showed 90% cell viability for 24 hours, indicating the safeness of the nanoparticle
formulation [79]. In a similar study, low-molecular-weight
chitosan-coated PLGA nanoparticles were investigated in
pulmonary delivery of tobramycin for cystic fibrosis treatment [80]. Low-molecular-weight chitosan was used to coat
PLGA nanoparticles to improve their mucoadhesive properties, enhance drug deposition, and prolong their retention
time in the lungs. The particle size of the nanoparticles was
influenced by the concentration of chitosan added in the
formulation. An increase in concentration of chitosan was
linked to an increase in the particle size. However, there are
some drawbacks that may be encountered as a result of adding chitosan as an excipient in nanoparticle formulation. For
instance, the incompatibility of chitosan with some biological fluids can result in particle degradation. To overcome this
challenge, polypeptides can be added to the chitosan nanoparticle formulation [81].
Although inorganic nanoparticles have been used in the
targeted drug delivery to the lungs, they have also been discovered to result in toxic effects in biological systems, for
example, lung inflammation [82, 83]. Roda et al. discovered
lung injury patterns in rats, 7 days after intratracheal administration of silver nanoparticles (AgNPs) [84]. In a similar
study, pulmonary administration of citrate-coated 20 nm
AgNPs resulted in a high level of acute lung inflammation
as a result of their rapid dissolution rate compared with the
110-nm particles suggesting that the size and dissolution rate
of AgNPs has a significant effect on the extent of potential
pulmonary injury [85]. Hamilton et al. used transmission
electron microscopy and also confirmed the high dissolution rate of two types of smaller (20 nm) AgNPs (PVC- and
citrate-coated) compared with the larger ones (110 nm). As
evidenced by the analysis results, the 20-nm AgNPs resulted
in higher toxicity in the epithelial cell lines [86]. It is still
unclear if coating the surfaces of AgNPs has a significant
effect in reducing their toxicity; therefore, more studies are
needed to investigate the effect of coating AgNPs with different materials in minimizing their toxicity.

Dendrimers

Figure 3 Preparation of levofloxacin nanoparticles for pulmonary
drug delivery [83].

78

Dendrimers are highly defined, branched polymeric materials
in the nano-size range that can be used in various applications,
for example, in the medical field, particularly in drug delivery,
owing to their distinctive properties such as their branching
and high biocompatibility [87, 88]. They have been used as
nanocarriers in drug delivery owing to their ability to improve
the bioavailability of drugs and to achieve controlled drug
release at the targeted sites [87]. Structurally, they mainly
consist of three components, which are the central core,
branches, and terminal groups [89]. Their shapes differ mainly
RT Ndebele et al.: DOI: 10.15212/bioi-2021-0028

depending on their generation numbers (branching points). To
enhance the drug delivery properties, dendrimer surface can
be modified by various procedures such as PEGylation and
acetylation [90]. Addition of various excipients such as PLGA
during the preparation stage also results in several benefits in
pulmonary drug delivery (Table 3). Dendrimers are small in
size compared with other nanoparticles and can therefore be
used as drug delivery systems to achieve tumor penetration
[91]. Poly(amidoamine) (PAMAM) dendrimers have been
successfully used as carriers in the delivery of proteins and
nucleic acids to specific sites [92, 93].
Pulmonary delivery of siRNA-targeting tumor necrosis factor α (TNF-α) using third-generation PAMAM dendrimers as
transfection agents was investigated by Bohr et al. PAMAM
dendrimers were used to deliver siRNAs to the lungs and
their effect on induction of gene silencing in the lung was
examined in a murine acute lung inflammation model. Mice
treated with the non-complexed TNF-α siRNA resulted in 2%
TNF-α silencing 4 hours after mice exposure to lipopolysaccharide, whereas mice treated with dendriplex TNF-α siRNA
showed a higher TNF-α silencing of 24%, thereby confirming the effective delivery of siRNAs to the lungs when a
transfection agent is used [94]. However, these dendrimers
achieved a rapid response in the inhibition of TNF-α that
only lasted for a short time that could be associated with their
low stability as well as elimination of the dendriplex TNF-α
siRNAs by mucociliary clearance. To improve the stability
of this dendrimer formulation, higher-generation dendrimers
could have been used, but the main challenge that could have
resulted was that of increased toxicity. Therefore, future studies may focus on evaluating various ways to improve stability
of dendrimers with minimized toxicity.
Previous studies have shown that PAMAM dendrimers
can improve pulmonary drug absorption of peptide and protein drugs that are known to be poorly absorbed due to their
weak membrane permeability properties [95]. PAMAM
dendrimers can therefore be effectively used as absorption
enhancers. Yan et al. investigated the pulmonary absorption of insulin using different levels of caproyl-modified
G2 PAMAM dendrimer (G2-AC) as absorption enhancers.
Table 3

Effects of Various Excipients in the Preparation of Drug Carrier Formulations

Excipient agents
Polylactide-PEG-polylactide
Chitosan

PLGA

PEG

Lactose
Trehalose
Leucine

It was discovered that G2-AC6 dendrimers were able to
cross the epithelial barrier through both paracellular and
transcellular transport routes and enhanced insulin absorption at low concentrations without any pulmonary membrane damage [96]. In a similar study, when doxorubicin
was conjugated to PAMAM dendrimers, its transportation across the pulmonary epithelium was significantly
improved compared to with the free drug. Furthermore,
the surface modification of these dendrimers by addition
of PEG also enhanced their penetration in the pulmonary
epithelium [97].
The mechanism of pulmonary administration also influences the extent of effective delivery of drugs to the targeted site. Three types of nebulizers with different operation
techniques were investigated in the pulmonary delivery of
beclometasone dipropionate (BDP)-loaded dendrimers and
differences in the aerosol properties of the BDP-dendrimer
complexes were discovered. The aerosol output analysis
results indicated that the dendrimer formulations (different
generations) had no effect on the aerosol output; instead, the
output performance of dendrimer complexes differed depending on the type of nebulizer used [29]. When polylysine dendrimers modified with different sizes of PEG groups were
administered in rats through inhalation, their absorption into
the systemic circulation differed depending on their sizes.
Larger dendrimers resulted in prolonged drug retention in the
lungs for up to 1 week, but the absorption into the blood was
poor compared with the small dendrimers, which were well
absorbed, although their retention in the lungs was limited
[98]. This also indicates that the level of PEGylation has a
significant influence on the breakdown and absorption of
dendrimers in the lungs. Similar studies have also showed
the relationship between the rate of absorption and molecular
weight of drug carriers with larger carriers being absorbed at
a slower rate compared with the smaller ones [21, 99].
Although dendrimers have been widely used for targeted
drug delivery, they also have some disadvantages that limit
their roles as drug delivery vehicles, which include poor
encapsulation for some therapeutic agents in the dendrimer
cavities as well as cytotoxicity [100].

Effects
Improves the lung deposition of the dendrimer formulation
A highly biocompatible and biodegradable polymer that extends the residence time of drug carriers in the pulmonary system
Low-molecular-weight chitosan improves the mucoadhesiveness of the
microparticle formulation
Biodegradable polymer that improves the mucoadhesive property of the
drug delivery vehicles
Maintains sustained drug release in the pulmonary system
Its presence on the liposomal surface protects the liposomes from phagocytosis and rapid degradation and improves their circulation time
Increases the stability of drug delivery vehicles and minimizes drug particle
aggregation by steric stabilization in vivo.
Reduces drug particle aggregation and improves deposition of the aerosolized drug particles
Prevents drug particle aggregation
Enhances the aerosolization properties of the microparticles

Carrier type
Dendrimers
Liposomes

Reference
[97]
[101]

Microparticles

[60]

Nanoparticles

[73]

Liposomes

[49]

Micelles

[102]

Microparticles

[103]

Microparticles
Microparticles

[58]
[104]

PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid).
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Challenges in the clinical
application of drug delivery
systems
Limitations in large-scale manufacturing of drug delivery
systems could be a challenge in their clinical application in
the future. For example, in combination therapy, the process
of encapsulating more than one drug into a single nano-sized
drug carrier is complicated and involves a series of steps,
which make large-scale production difficult and also results
in an increase in production cost. Furthermore, nanomedicine-based therapy is very expensive due to the high cost
of the raw materials used in the manufacturing process.
Advancements in the exploration and use of innovative manufacturing processes will play a major role in improving the
industrial large-scale manufacturing as well as clinical application of these drug delivery vehicles [105, 106].
Some of the challenges likely to be encountered in the
future clinical application of these drug delivery systems
include the potential cytotoxic effects. For example, in the
application of liposomes, drug leakage from the liposomal
formulation can result in high risks of systemic toxicity. In
addition, it has also been discovered in some studies that
charged liposomes can be toxic [107]. Such drawbacks
will also limit the successful market developments.
Nanomedicine toxicity concerns could also limit the clinical
application of nanoparticles. Ensuring the safety of nanoparticle-based drug delivery in inhalation therapy could also be
one of the major challenges in the future clinical application.
To improve the nanomedicine safety features, in vivo toxicity assessment should be carefully designed and should also
focus more on toxicokinetics and other aspects that are not
fully assessed in the in vitro experiments
Although there have been great results in the use of nanoparticles in preclinical experiments, the clinical application
of nanomedicine may possibly result in a reduced success
rate, due to the variations in species-dependent physiological
and pathological processes in animal models and humans
[105, 108]. To improve the correlation between preclinical
and clinical trials in the application of nanoparticles, animal-based disease models that are more similar to the human
pathophysiological mechanisms should be used.

route in targeting the lungs. The application of drug delivery systems in pulmonary drug delivery offers a number
of advantages, which include controlled drug release at the
specific targeted sites, prolonged drug retention time, and
reduced side effects in the untargeted regions, and is has also
been shown to result in great improvements in treatment outcomes. Surface modification of these drug delivery vehicles
is a promising strategy widely used in protecting the encapsulated drugs from rapid degradation, for example, the use of
chitosan in coating nanoparticles to improve their mucoadhesive properties. To date, low-molecular-weight chitosan
can be recommended as an excipient, to prevent the toxic
effects that may possibly occur following the use of high-molecular-weight chitosan. Several studies in pharmaceutical
research have highlighted that the amount of polymer added
during the preparation stage should be carefully considered,
as it significantly influences the particle size. Moreover,
encapsulation efficiency of these delivery systems depends
on the type of excipients used; therefore, selection of the
types of excipients and polymers to be used in the preparation
of drug delivery systems should be carefully considered to
achieve effective drug delivery to the lungs. Although the use
of novel drug delivery systems has been proven to improve
pulmonary drug delivery, there are still some drawbacks
encountered. The leakage of encapsulated drug particles from
some of these drug delivery vehicles especially in liposomal
formulations still remains a major limitation in pulmonary
drug delivery. Therefore, in future studies, researchers can
address the various ways to overcome drug leakage from the
drug delivery vehicles to ensure maximum drug deposition in
the lungs, minimize drug toxic effects, and achieve effective
treatment of pulmonary diseases in clinical application.
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