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Overcoming the pulmonary barrier: new insights 
to improve the efficiency of inhaled therapeutics

Abstract: The pulmonary route offers an exceptional, 
non-invasive administration site for drug delivery. The 
principal characteristics that make the lungs an appeal-
ing route for drug administration include a large surface 
for drug dispersion (approximately 100 m2), a low content 
of drug-metabolizing enzymes, and a high vascularization 
for systemic drug delivery. Recent advances in this field 
such as the development of modern inhalation devices, 
novel inhalation-adapted formulations, and innovative 
drug carriers have contributed to a significant improve-
ment in the low level of lung aerosol deposition achieved 
in the past, and have allowed for an enhancement in 
aerosol penetration into the lungs. Less focus however 
has been placed on the fate of inhaled particles after 
they deposit onto lung surfaces. After first contact with 
a pulmonary surface therapeutic particles are exposed to 
complex microenvironments and biological barriers (both 
cellular and non-cellular) that may vary widely in compo-
sition depending on the region of the lung in which the 
particles deposit. Most of the current inhaled therapies 
aim to achieve deep lung deposition at the alveolar air-
blood barrier. In this particular region, the epithelium is 
coated with the pulmonary surfactant, a thin liquid layer 
composed of lipids and proteins that reduces surface ten-
sion in the alveoli, but which also interacts with and may 
influence the fate of inhaled therapeutics within the alve-
olar region. In addition, alveolar macrophages efficiently 
engulf inhaled particulates in the 1–5 μm size range; these 
therefore also pose a significant barrier to the effective 
delivery of therapeutic micro- and nanoparticles (NPs). 
Furthermore, the tightly-joined epithelium of the airways 
is coated with a dynamic viscous mucus layer which forms 
the mucociliary escalator, an efficiently coordinated piece 

of machinery that entraps inhaled particulates including 
pollutants, pathogens and, eventually, therapeutic NPs, 
and removes them from the lungs. A better understanding 
of the complex processes to which inhaled particles are 
subjected within distinct regions of the lungs may allow 
for the design of innovative therapeutics, including bio-
compatible polymeric NPs, aimed to efficiently overcome 
the complex pulmonary barriers and thus enhance the 
therapeutic efficiency of NP-associated actives. The cur-
rent review therefore discusses the structure of the pulmo-
nary barriers, as well as some of most innovative strategies 
to overcome them in order to facilitate an enhanced deliv-
ery of inhaled therapeutics.
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Introduction
The use of aerosols with therapeutic intention was made 
possible in the late 1950s, with the advent of the first effi-
cient jet nebulizers (1). In the following decades the use of 
inhaled therapies has significantly increased, powered by 
intensive multidisciplinary research which has led to the 
development of modern inhalation devices, novel inhala-
tion-adapted formulations and innovative drug carriers, 
including therapeutic nanoparticles (NPs) (2, 3).

The rationale for the use of the pulmonary route for 
drug delivery is based on several aspects. Firstly, this 
route is readily accessible (via oral or nasal access), and 
constitutes a non-invasive approach for drug delivery. 
The pulmonary route also presents an extensive surface 
area for drug dispersion, of approximately 100  m2 (4). 
In addition, drug metabolizing enzymes are in lower 
concentration within the lungs in comparison to other 
organs, which may a priori enhance drug bioavailability 
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after inhalation, compared for instance to oral adminis-
tration (5). In the case of pulmonary diseases (e.g., lung 
cancer or cystic fibrosis, CF) aerosolized therapeutics 
enable localized treatment of the pathology, thereby 
avoiding systemic exposure and its associated potential 
side effects (2, 6).

The pulmonary route may however also be used for 
systemic drug delivery (7). Besides a large alveolar surface, 
the lungs are also highly vascularized, allowing for a rapid 
absorption of many small drug molecules directly into the 
left heart (8). This feature is of special interest in relation 
to drugs which show a poor oral bioavailability due to first 
pass metabolism, as well as therapeutics for which a rapid 
onset of action is desired (9). In this regard, insulin is 
probably the most studied inhaled drug for systemic deliv-
ery, and has been proven to be effective in clinical trials 
when delivered via the pulmonary route (10, 11).

Extensive basic and clinical research on aerosol 
delivery of therapeutics, especially for the treatment of 
pulmonary diseases of high prevalence such as chronic 
obstructive pulmonary disease (COPD), asthma and CF, 
has resulted in a better understanding of inhalation tech-
nology. Traditionally, research efforts into pulmonary 
aerosol delivery have mainly aimed to improve lung depo-
sition of inhaled drug particles. In this regard, the aero-
dynamic diameter of therapeutic particles has received 
great consideration as a predictor of deposition within 
different anatomical regions of the lung, resulting in the 
designation of an acceptable aerodynamic diameter range 
(1–5 μm) by the pharmaceutical industry (6). In current 
research, the effect of a great number of other param-
eters that significantly impact on particle size and lung 
deposition, including temperature, humidity, driving gas 
flow, drug viscosity, surface tension, and patient charac-
teristics and breathing technique (6), is additionally con-
sidered during the design and development of efficient 
aerosol delivery devices. As a result of such additional 
research considerations, lung deposition levels as high as 
70% of the device-filling dose can be currently achieved 
in patients with a good inhalation technique (12), in com-
parison to the relatively low lung deposition percentages 
(10–20%) achieved previously (2, 13).

Interestingly however, much less research focus has 
been placed on the fate of inhaled particles once they 
have been successfully deposited onto lung surfaces 
(14). After deposition a particle is exposed to a complex 
microenvironment, the exact composition of which 
varies greatly depending on the anatomical lung region 
in which the particle deposits (i.e., conducting airways 
or alveolar region). Moreover, the deposited particle 
encounters a number of biological barriers that might 

favor or preclude interaction with its therapeutic target. 
For instance, if a particle deposits in the upper airway, it 
may be trapped within the mucus layer and cleared by 
the mucociliary escalator before it reaches the underly-
ing epithelium (15). After alveolar deposition, a parti-
cle will interact with the alveolar surfactant layer and 
may potentially be taken up by a macrophage before it 
can be absorbed through the thin alveolar epithelium 
(16). Thus, it cannot be assumed that all deposited drug 
particles will ultimately facilitate a therapeutic effect. 
Gaining understanding of the complex interactions that 
occur between therapeutic particles and pulmonary ele-
ments within the lungs can give rise to an improvement 
in design of novel pulmonary carriers, such as therapeu-
tic NPs, for enhanced drug bioavailability.

The use of NPs may offer significant advantages for 
pulmonary administration of drugs, including facilitation 
of sustained or controlled release, deep tissue penetra-
tion, protection of the therapeutic cargo, and enhanced 
cellular uptake and subcellular trafficking (17, 18). In 
order to achieve these goals, therapeutic NPs can be engi-
neered from a wide range of biocompatible materials (3) 
and further modified through changes in shape or surface 
chemistry (19, 20). The use of biocompatible NPs therefore 
holds great potential as a method to enhance the efficiency 
of pulmonary drug delivery, not only due to their intrinsic 
advantages but also as a result of the possibility to adapt 
their design in terms of size, shape and surface chemis-
try to the demanding conditions imposed by pulmonary 
(both cellular and non-cellular) barriers. In this regard, 
recent advances in drug delivery confirm the viability of 
delivering aerosolized NPs by means of a vibrating mesh 
nebulizer for targeted drug delivery of poorly soluble com-
pounds (21).

The present review will discuss the histological 
organization of the lungs and the structure of the pulmo-
nary barriers, as well as the most innovative strategies to 
overcome these barriers for enhanced delivery of inhaled 
therapeutics.

Histological organization of the 
lungs
The respiratory epithelium represents the body’s largest 
exchange surface with the surrounding environment. The 
main function of the respiratory system is to deliver air 
to and excrete air from the alveoli, while simultaneously 
offering protection from exogenous threats contained 
within the inhaled air, such as pathogens and pollutants. 
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Accordingly, the structure of the respiratory system has 
evolved to efficiently carry out this function. The lungs 
resemble an inverted tree in which the conduction airways 
branch systematically over more than 20 generations 
before the alveoli are reached (22). As the air flows down 
through the conducting airways the turbulent nature of the 
inhaled air diminishes and it is warmed and humidified. 
This particular design allows for filtering of a significant 
amount of exogenous, inhaled particles at upper airway 
level, preventing them from reaching the alveoli, where gas 
exchange occurs through the large surface of the extremely 
thin air-blood barrier. More than 40 cell types contribute 
to ensure the proper functioning of the respiratory system 
(23), creating two well-differentiated histological regions 
along the respiratory epithelium: the gas exchange area or 
alveolar region and the conducting airways.

The trachea, bronchi and bronchioles form the con-
ducting airways of the lungs. The conducting airway 
epithelium is pseudo-stratified and columnar in nature, 
and is formed by ciliated, basal and secretory cells (24). 
Ciliated cells (20–60 μm tall) make up approximately 
half of the epithelial surface and each one is coated with 
approximately 250 cilia (25). A vital function of the cili-
ated cells is to propel the protective mucus layer on top of 
the airway epithelium towards the proximal airways, for 
gastric clearance and metabolism. Basal cells are situated 
near the basal membrane and therefore do not contribute 
to the luminal surface of the epithelium. However, a role 
as progenitor cells of ciliated and Clara cells have been 
proposed for basal cells (26). Clara cells, together with 
mucous, goblet and serous cells constitute the secretory 
cell set of the airways; these cells secrete a wide variety 
of molecules that are further incorporated into the mucus 
layer.

In contrast to the aforementioned pseudo-stratified 
columnar epithelium in the proximal airways, the struc-
ture of the airway epithelium in the distal bronchioles is 
more cuboidal and non-ciliated in nature (27). The pro-
tective mucus layer that covers the epithelium also pro-
gressively reduces in thickness as the alveolar region is 
approached, decreasing from a thickness of 10–30 μm at 
tracheal level, to 2–5 μm in the smaller bronchi (28, 29) 
(Figure 1).

The alveolar epithelium is dominated by two cell 
types: type I and type II pneumocytes. Type I pneumo-
cytes show a flattened shape with a variable thickness of 
2–3 μm around the perinuclear region and just 0.2 μm in 
the cell periphery (25). This particular shape allows them 
to cover more than 90% of the alveolar surface, although 
their contribution in terms of cell number accounts 
for only approximately 10% of all alveolar cells (23, 24, 
30). The thin squamous alveolar epithelium provides an 
excellent platform for gas exchange between the alveo-
lar lumen and the underlying blood capillaries. Type II 
pneumocytes, on the other hand, cover just 5% of the 
total alveolar surface even though they are significantly 
greater in number in comparison to type I pneumocytes 
(31). Their shape is rather cuboidal and they play a secre-
tory role within the alveolar region. Indeed, pulmonary 
surfactant, a complex mixture of lipids and proteins that 
lines the alveolar surface, is synthesized, stored and 
secreted by type II pneumocytes (32, 33). The main func-
tion of this surfactant layer is to avoid alveolar collapse 
by reducing surface tension within the alveoli, while the 
hydrophilic surfactant-associated proteins (SPs) A and D 
also play a role in the innate immune defense of the lungs 
(34, 35). Alveolar macrophages are additionally involved 
in the immune response of the lungs; they are derived 

Figure 1 Schematic representation of the epithelial morphology within different lung regions. Adapted from reference 29 with permission.
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from bone marrow monocytes and are transported to the 
alveolar space via the capillaries, where they patrol the 
alveolar air-spaces and have the ability to phagocytize a 
number of elements including pathogens, less active sur-
factant components and, ultimately, micropartlces and 
NPs (36–38).

The large alveolar surface is mirrored, to some 
extent, by a large capillary endothelial surface, which 
accounts for approximately 40% of the total cellular 
content of the lungs. The thin capillary barrier may vary 
in thickness from 200 nm to as little as 35 nm and, even 
though it is readily permeable to respiratory gases, it 
may pose a barrier to inhaled particles (24). Other cellu-
lar components of the lung epithelium include cartilage, 
smooth muscle cells, and the cells of the interstitium, 
encompassing the elastin- and collagen-producing 
fibroblasts along with inflammatory (dendritic and 
mast) cells, neural elements and other additional cell 
types (22).

Biological barriers of the alveolar 
region
The alveolar region represents a capital target site for 
drugs delivered via the pulmonary route. Inhaled thera-
peutics reaching the deep lung may have a local thera-
peutic function or may be intended for systemic drug 
absorption. In the case of inhaled β-2 agonists and 
inhaled corticosteroids, indicated for the management 
of mild to severe asthma or COPD, both local and sys-
temic actions account for therapeutic effect. On the one 
hand, these drugs are directly delivered to the local site 
of action within the lungs via inhalation. On the other 
hand, following primary systemic absorption of a portion 
of the inhaled dose, recirculation to the lungs through 
the pulmonary vascular system may occur; this fraction 
then also contributes towards pulmonary therapeutic 
efficacy (39).

The pulmonary lining fluid at the alveolar region 
reduces significantly in thickness (0.09–0.8 μm) (40) and 
is composed of a mixture of lipids and proteins termed 
pulmonary surfactant, as mentioned previously. Below 
the surfactant layer, the lung epithelial cells (type I and 
type II pneumocytes) and the underlying endothelial cells 
form the so-called air-blood barrier. The picture of the 
alveolar region is completed with mention of the presence 
of macrophages, which patrol the air spaces of the alveoli 
and have the ability to internalize particles on the nano- 
and micro-scale (36).

Alveolar epithelium

The alveolar epithelium is designed to serve as an efficient 
structure for gas exchange. For this purpose a vast portion 
of the epithelial surface ( > 90%) is covered by the flattened 
type I pneumocytes, which form a thin layer (0.1–0.3 μm) 
(23, 25) and allow for a fast diffusion of oxygen into the 
blood stream, as well as an evacuation of carbon dioxide 
to the alveolar air-space prior to its complete removal 
from the organism. In contrast, type II pneumocytes play 
a role in the regulation of surfactant metabolism, ion 
transport, and alveolar repair in response to injury (41). 
In the healthy lung, type I pneumocytes form tight junc-
tions with other type I pneumocytes as well as with type 
II pneumocytes, resulting in the formation of a tight alveo-
lar epithelial barrier that displays a high transepithelial 
electrical resistance (5, 42). Particles and molecules below 
100 nm in diameter are considered to efficiently penetrate 
this barrier (43), whereas larger particles may cross the air-
blood barrier chiefly by endocytic pathways (Figure 2). The 
specific mechanisms of particle uptake by alveolar epithe-
lial cells remains an area of active research, and seems to 
be highly dependent on the interaction of inhaled particles 
with the pulmonary surfactant layer. For instance, parti-
cle-surfactant interactions may lead to translocation of 
particles across epithelial barriers via receptor-mediated 
recycling of pulmonary surfactant components by type 
II pneumocytes (44); particles may also/alternatively be 
cleared from the alveolar space by SP-A- and SP-D-medi-
ated macrophage phagocytosis (16, 45).

Alveolar macrophages patrol the air spaces in the deep 
lung and have the ability to efficiently clear inhaled parti-
cles in the 1–5 μm size range (44), paradoxically the same 
particle size range expected to reach the alveolar region 
after aerosol therapy (6, 24). Thus, alveolar macrophages 
pose a significant barrier to therapeutic particles reaching 
the alveolar space as their presence and action may result 
in the majority of inhaled particles being cleared and 
degraded before they carry out their therapeutic effect 
(unless the alveolar macrophages themselves represent 
the therapeutic target; e.g., in tuberculosis).

As mentioned, uptake of particles by alveolar mac-
rophages has been found to be size dependent. Particles in 
excess of 5 μm are apparently taken up to a much smaller 
extent, and NPs with a diameter below 240  nm are also 
minimally taken up by macrophages (46). The particle size 
for optimal macrophage uptake however remains contro-
versial (47), and in addition to size, particle uptake may 
vary according to particle shape and surface chemistry 
(36). Additionally, alveolar macrophages play a significant 
role in the modulation of the immune response triggered 
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by inhaled NPs by releasing inflammatory (TNFα, IL-1α 
and IL-1β) or anti-inflammatory (IL-10) mediators, or by 
interacting with dendritic cells acting as antigen present-
ing cells (48).

The barrier properties of the alveolar epithelium are 
difficult to mimic in vitro. To date significant efforts in the 
development of stable in vitro cell lines (tumor-derived or 
immortalized cell lines) intended to model the alveolar 
region have not yet resulted in a cell line which is able to 
form tight monolayers of polarized cells (as assessed by 
measurement of transepithelial electrical resistance), an 
important characteristic of the epithelium in vivo. There-
fore, primary cultures remain the option of choice for 
transport studies. Primary cells however have a number of 
limitations including their high cost, a limited life span, 
and a high level of variability between donors, passages, 
and experiments (49).

Animal- and human-derived type II pneumocytes 
differentiate into type I pneumocytes after 5–10  days in 
culture (24, 41). Under in vitro culture conditions type II 
pneumocytes lose their cuboidal appearance, and become 
flattened; also lamellar bodies, characteristic of type II 
pneumocytes, decrease in size and in number progres-
sively (41). As a result, a tightly joined type I pneumo-
cyte-like cell layer with a high transepithelial electrical 
resistance is achieved.

Cell lines that model the alveolar region have been 
frequently used for metabolic and toxicity studies (25), 
with A549 being the prevalent cell line used for these 
purposes. A549 cells exhibit a phenotype similar to that 
of type II pneumocytes due to the presence of lamellar 
bodies and SPs. Indeed, A549 has been widely used as a 
system to study the regulation of pulmonary surfactant 
synthesis (24). Moreover, A549 cells have also been incor-
porated into sophisticated triple co-cultures, together 
with macrophages and dendritic cells, to produce tools 
for the investigation of immunological crosstalk between 
cell-types after exposure to NPs (23). Nevertheless, the 
development of an alveolar cell line model that further 
displays significant epithelial barrier properties would be 
highly desirable. Recently, Salomon et al. have reported 
the potential of the NCI-H441 cell line as a model of the 
distal lung for transport studies (30). NCI-H441 cells 
express markers typical of human type II pneumocytes, 
including SPs. In the study by Salomon et al., high trans-
epithelial electrical resistance values and evidence of the 
presence of ZO-1 and E-cadherin, both markers of tight 
junctions, were observed under liquid culture condi-
tions. The barrier properties, however, were significantly 
lowered under air-liquid culture conditions, a culture 
condition that represents more accurately the in vivo 
situation.

Figure 2 Schematic diagram of the air-blood barrier at the alveolar region. The air-blood barrier consist primarily of a layer of pulmonary 
surfactant, composed of phospholipids (PL) and surfactant proteins (SP) A, B, C and D, followed by the tighly joined alveolar epithelium built 
up by type I (gray) and the surfactant-producing type II pneumocytes (lighter gray). Underneath the endothelial cells (brown) represent the last 
cellular barrier before the bloodstream is reached. In this context, the fate of a nanoparticle (NP) might significantly be influenced after a first 
contact with the surfactant layer; PLs and hydrophilic SPs (SP-A and SP-D) might absorb to the surface of the NP facilitating its clearence by 
alveolar macrophages (yellow) (1). On the other hand, NPs can be inmediatelly displaced to the hypophase and put in close contact with the 
alveolar epithelium (2), or might be internalized by type II pneumocytes via receptor mediated recycling of pulmonary surfactant components 
(3). Eventually, NPs internalized by epithelial cells by means of endocytic routes might penetrate into the capilaries and be suitable for thera-
peutic systemic delivery (4).
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Pulmonary surfactant

Pulmonary surfactant is a complex mixture of lipids 
and proteins that lines the inner epithelial surface of the 
alveoli. The pulmonary surfactant enables efficient gas 
exchange by reducing the surface tension that originates 
at the air-liquid interface at the end of expiration (50). It 
is composed of more than 50 lipid species, with PLs rep-
resenting approximately 80% of the total surfactant mass 
(32, 51). Dipalmitoylphosphatidylcholine (DPPC) is the 
most important lipid for the surface tension reduction 
function of pulmonary surfactant (52). However, at physi-
ological temperature the dynamic properties of DPPC are 
significantly limited, while its actual function is dramati-
cally enhanced in vivo by the hydrophobic SPs, SP-B and 
SP-C (53). Four different surfactant-associated proteins 
have been described to date, named SP-A, SP-B, SP-C 
and SP-D as previously mentioned, following the order in 
which they were discovered (54). SP-A and SP-D are hydro-
philic proteins with a minor function in surface tension 
reduction, but with an important role in the host defense of 
the lung (35, 55). On the contrary, SP-B and SP-C are small 
hydrophobic proteins which are involved, together with 
PLs, in the surface tension reduction at alveolar level (56).

Although pulmonary surfactant may impose a barrier 
to pathogens and certain inhaled particles, the barrier 
properties of the alveolar lining fluid cannot be com-
pared to those of the pulmonary lining fluid of the airways 
(see Section Respiratory mucus). Pulmonary surfactant 
might in fact enhance the bioavailability of inhaled thera-
peutics, by increasing their solubility through complex 
drug-surfactant interactions (57). Particle wetting with 
surfactant PLs may induce their immediate displacement 
into the alveolar lining fluid, provided that the size of the 
particle does not exceed the thickness of the surfactant 
layer (58, 59). Current structural models for pulmonary 
surfactant propose the existence of several PL layers that 
act as a reservoir for those PLs exposed to the air-liquid 
interface. According to this model, these PL layers are con-
nected by SPs which would further form porous structures 
that facilitate the diffusion of small polar molecules such 
as ions, defense proteins and peptides through surfactant 
membranes (34).

In the case of larger structures like NPs- and micropar-
ticles, the barrier properties of pulmonary surfactant rely 
on the complex interplay between the hydrophilic sur-
factant proteins, SP-A and SP-D, epithelial cells, and alve-
olar macrophages. In this regard, Ruge et al. have recently 
demonstrated that both SP-A and SP-D have the ability 
to bind magnetic NPs and to promote their clearance by 
alveolar macrophages in vitro (16, 45). Interestingly, these 

studies have shown that the adsorption of SP-A or SP-D 
to NPs is largely influenced by the coating material of the 
magnetic NPs, with SP-A showing a higher preference 
for those particles with a PL coating and SP-D adsorbing 
to a greater extent to starch-coated magnetic NPs (45). 
These findings strengthen the theory of the formation of a 
protein corona around inhaled NPs that will further deter-
mine their fate within the alveolar environment (60). In 
the case of the alveolar region in vivo, one could expect 
the resulting corona around the NPs to be composed not 
only of SPs but also of many of the different lipid species 
contained within pulmonary surfactant, which have 
the ability to modulate the adsorption patterns of the 
hydrophilic SPs (45). Therefore, both lipid and protein 
components should be considered when investigating NP-
surfactant interactions.

The interaction between inhaled NPs and the hydro-
phobic SPs, SP-B and SP-C, has not been widely inves-
tigated, although this potential interaction has been 
pointed out as a possible mechanism of surfactant dys-
function as provoked by NPs (61). From a therapy safety 
perspective it is thus of critical importance that NPs have 
minimal or negligible effects on the surface tension reduc-
tion function of pulmonary surfactant. Furthermore, they 
should not induce lung inflammation and/or alveolar per-
meability, since many of the components of the inflam-
matory cascade and some of the proteins contained in the 
edema fluid may lead to pulmonary surfactant inactiva-
tion (34). The effects on surfactant function of therapeutic 
NPs should therefore be properly assessed in vitro prior to 
their in vivo use (61).

Biological barriers of the airways
Although alveolar deposition is the aim of many inhaled 
therapies, the airways remain a major site for drug depo-
sition as a result of the use of currently-available aerosol 
delivery devices (62). Therefore, the therapeutic efficacy 
of such inhaled therapies will be highly dependent on 
the ability of deposited particles to overcome biological 
barriers present in this particular anatomical region. As 
mentioned, in the conducting airways the mucociliary 
escalator and the underlying epithelia represent the major 
barriers for inhaled therapeutics.

Mucociliary clearance is probably the most important 
defense mechanism of the lungs. This mechanism works as 
a coordinated system of epithelial water and ion transport, 
mucin secretion and cilia action, resulting in the entrap-
ment and clearance of distinct particulate matter in the 
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nano and micro size range (63). Such a size range includes 
pathogens, harmful particulates and, ultimately, therapeu-
tic NPs. The exogenous particulates trapped in the viscous 
mucus blanket are continuously propelled towards the 
upper airways for gastric elimination. In the case of thera-
peutic NPs intended for intracellular or systemic delivery, 
even if they manage to traverse the mucus barrier (17), they 
will still have to cross the epithelial barrier. Here the tight 
junctions between neighboring cells provide a significant 
barrier property to the epithelium (64, 65) and the fate 
of the particles (cellular uptake, or not) will principally 
depend on their size, shape and surface chemistry (19).

Airway epithelium

The epithelium of the conducting airways is a tightly organ-
ized layer that poses a significant barrier to those therapeu-
tic particles aimed for intracellular or systemic delivery. The 
apical membranes of both bronchial and alveolar epithelial 
cells are joined by tight junctions dividing the cell mem-
branes into functionally distinct apical and basolateral 
domains (24, 64). Interestingly, apical-to-basal electrical 
resistance across the epithelium (a measure of the tightness 
of cell junctions) seems to decrease from a maximum in the 
trachea to a minimum in the distal airways before return-
ing to a high value in the alveoli (5). Since the mucus layer 

also decreases in thickness in the more distal airways, the 
terminal section of the conducting airways might represent 
an appealing target site for pulmonary drug delivery.

Particles are internalized (or not) by airway epithe-
lial cells depending on a number of factors such as their 
size, shape, charge, and surface functionalization (19). 
The uptake can happen through different mechanism: 
phagocytosis, macropynocitosis, clathrin-dependent 
endocytosis, caveolae-mediated endocytosis or clath-
rin- and caveolae-independent endocytosis (Figure 3). 
Small molecules can be transported by passive diffusion 
through the plasma membrane, absorbed as a result of the 
action of specific transporters, or translocated via tight 
junctions (paracellular transport), whilst larger particles 
may require vesicular transport systems for their translo-
cation through the epithelium (5, 19, 25). In this regard, 
among the different endocytic routes available for particle 
translocation, some require receptor-mediated activation, 
whereas others such as macropinocytosis and phagocy-
tosis (which use membrane folds to encircle and take up 
particles) are considered as nonspecific internalization 
modalities (19).

In vitro cell culture models represent an excellent tool 
to investigate particle trafficking through the airway epi-
thelium. Ideally, a relevant in vitro model of the airway epi-
thelium should accurately represent the barrier properties 
of the bronchial epithelium in vivo. Primary cells, those 

Figure 3 Possible uptake mechanism for cellular entry of particles and their subsequent trafficking.
Small molecules may be transported passively via diffusion through the plasma membrane (A). Particles may be also internalized via 
clathrin-dependent endocytosis (B), caveolin-dependent endocytosis (C), clathrin- and caveolae-independent endocytosis (D), macropino-
cytosis (E) and phagocytosis (F). Endocytic stages (B-F) proceeds from the plasma membrane and involves engulfment of particles into intra-
cellular vesicles, which usually are carried to early endosomes (EE), late endosomes (LE) and lysosomes in order to be digested. Sometimes 
particles might be also exocytosed (G).
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obtained directly from human or animal lung tissue, are 
considered the gold standard model to study the barrier 
properties of the airway epithelium. On the other hand, 
stable cell lines, represented by tumor or immortalized 
cells, are readily accessible at a significantly lower cost. 
Their biological relevance has however been frequently 
brought into question due to their genetic alterations, and 
because important physiological characteristics may be 
lost when such cells are grown in vitro (25).

Calu-3 is one of the most used cell lines for the study 
of the airway epithelium and has been used for transport 
and metabolic studies (66, 67). When grown on collagen-
coated permeable filters, Calu-3 cells are able to form 
tight junctions as shown by the expression of occludin, 
claudin-1, connexin 43 and E-cadherin (24, 25). Calu-3 cells 
can be cultured in liquid culture conditions as well as with 
an air-liquid interface (27). Air-liquid culture conditions 
better resemble the in vivo situation of the airways; in 
such circumstances Calu-3 cells form a pseudo-stratified 
layer of columnar cells, display enhanced ciliogenesis, 
secrete a mucus gel layer on the cell surface, and possess 
barrier integrity typical of the upper airway epithelium 
(62). Other utilized? cell lines of the airway epithelium 
include 16HBE14o- and BEAS-2B (68, 69). Nevertheless, 
neither of these models is able to secrete mucus and the 
latter cannot form tight junctions (25), which presents a 
serious drawback when the barrier function of the epithe-
lium is considered.

Respiratory mucus

Upon deposition within the airways inhaled particulates 
make contact with one of the most important defense 
mechanisms of the lungs, the respiratory mucus. Human 
mucus can be defined as a protective semipermeable 
secretion that coats several mucosal epithelia throughout 
the body, including the gastrointestinal tract, the female 
cervicovaginal tract, the ocular surface epithelium, and 
the pulmonary airways (70). Some of the secreted ele-
ments are common to many mucosal tissues (71), however, 
the specific composition and the physicochemical charac-
teristics of mucus may significantly vary between different 
anatomical locations in the human body (17, 72).

In the conducting airways of the lung, the mucus 
barrier possesses gel-sol characteristics and is organized 
in two differentiated phases (24). The upper layer of the 
mucus, that which is exposed to the airway lumen, pos-
sesses a high viscosity (gel) and acts as a potent sticky 
filter for inhaled particulate matter. On the other hand, 
the lower layer, also termed the periciliary fluid (73), is 

considered a watery (sol) layer. This layer allows the cilia 
to beat and recover, so that the rather thick mucus blanket 
can be propelled towards the proximal airways (24, 25).

Mucus is primarily composed of water (95%), glyco-
proteins (mucins, 2–5%), salts, non-mucin proteins, lipids, 
DNA, enzymes, cells and bacteria, and most likely of a layer 
of pulmonary surfactant (24, 72–74). Mucins are glycopro-
teins that are made up of a polypeptide backbone contain-
ing high levels of O-glycosylated tandem repeats (75). The 
glycans account for 40–80% of the weight of the mucins 
and confer upon them a negative charge at physiological 
pH (17, 75). Five major mucins are expressed in the airways: 
MUC1, MUC4, MUC5AC, MUC5B, and MUC16 (76). Of these, 
MUC1, MUC4 and MUC16 are cell membrane-tethered 
mucins with a single-pass intracellular domain and an 
extracellular domain that may extend 500–1500 nm into 
the extracellular space (15, 76, 77). Some of the proposed 
roles for membrane-associated mucins include intracellu-
lar signal transduction pathways, control of inflammation 
and immune responses, and regulation of cell differentia-
tion and proliferation (76). On the other hand, MUC5AC 
and MUC5B are the most important secreted mucins of the 
airways (77). MUC5AC is produced and secreted by goblet 
cells (78), whereas MUC5B is mainly produced by submu-
cosal glands (76). The gel-forming MUC5AC and MUC5B 
are the major macromolecules of mucus and are primarily 
responsible for the viscous nature of the luminal mucus 
mesh. This complex mesh is formed due to the ability of 
single mucin units to interact with other mucin molecules 
by means of intermolecular disulfide bonds (75, 79), 
yielding large molecular structures which may be several 
micrometers in length. For instance, in a 2–5% mucus gel, 
each mucin may crosslink up to 100 other mucins (44). 
This systematic overlapping of mucin macromolecules 
leads to the formation of a tight mesh with a highly het-
erogeneous pore size, and a bulk viscosity at physiological 
shear stress levels up to 10,000 times higher than that of 
water (72, 80).

The mucus gel pore size (size filtering), on the one 
hand, and polyvalent particle-mucus interactions (elec-
trostatic and hydrophobic filtering) on the other, repre-
sent the governing mechanisms that enable exogenous 
particulate material to be trapped and immobilized in 
the viscous mucus layer (81). With regard to the pore size 
of pulmonary mucus the average mesh spacing remains 
a point of discussion, in part because the sample prepa-
ration protocols for the imaging techniques used to esti-
mate the pore size (e.g., scanning electron microscopy, 
SEM) alter the native structure of the gel layer during the 
dehydration and fixation processes (72). Mucus mesh pore 
sizes for cervicovaginal mucus has been suggested to be 



Murgia et al.: Overcoming the pulmonary barrier      165

around 350 nm, whereas human CF mucus and rhinosi-
nusitis mucus have been estimated to form a mesh with 
an average spacing of approximately 150 nm (44). Recent 
data from Kirch et  al. using cryogenic SEM (cryo-SEM), 
which allows for unbiased determination of the native 
mucus structure, has revealed a highly heterogeneous 
pore size for respiratory mucus ranging from pores of 
approximately 100 nm to voids of several micrometers in 
diameter (Figure 4). In this study, the authors highlighted 
the significant thickness and rigidity of the polymer scaf-
fold that resulted in the entrapment of all types of studied 
nanoparticles (size range 170–500 nm) (80).

In addition to size filtering, polyvalent low-affinity 
interactions are of paramount importance in order to 
entrap and remove foreign particles smaller in size than 
the mesh pore of mucus. Besides the negative charge 
provided by the glycan side chains (82), the mucins also 
possess non-glycosylated regions with a high capac-
ity for hydrophobic interactions (17). Hence, one would 
expect that positively charged particles (i.e., chitosan-
coated NPs) as well as hydrophobic NPs will interact with 
mucins by electrostatic and hydrophobic interactions, 
respectively, even when their diameter is lower than the 
mesh pore size (72). Thus, the interplay between stearic 
forces and polyvalent low-affinity interactions provide 
the mucus with an exceptional barrier property for any 
inhaled particulate matter, including those microparticles 
and NPs intended for therapeutic purposes.

In order to improve the therapeutic delivery of NPs to 
mucosal tissues, several delivery strategies are currently 
being explored. The use of mucoadhesive substances 
has been proposed as a method to prolong the residence 
time of the particles in mucosal tissues (83, 84). One of 
the mechanisms of mucoadhesion in pulmonary deliv-
ery would be the alteration of mucus rheology (increased 

viscosity), which would lead to a decrease in the rate of 
mucociliary clearance and would therefore prolong the 
residence time of the therapeutic NPs in the respiratory 
tract. However, while this strategy might be of interest for 
oral delivery of therapeutics (adhesion to gastrointesti-
nal mucus), in the case of pulmonary drug delivery it can 
be expected that mucoadhesive particles will most likely 
remain trapped in the luminal gel mucus layer, even if the 
overall mucus clearance rate could be diminished. More-
over, in the course of several pulmonary diseases in which 
mucus rheology is already altered (i.e., CF) an increase of 
the bulk viscosity of mucus should be rather avoided than 
promoted.

In many lung disease states mucolytics can be used 
as an adjuvant therapy for the delivery of inhaled thera-
peutics. Mucolytics can alter the mucus mesh structure 
by degrading or interacting with some of the compo-
nents of the mucus mesh. For instance, N-acetylcysteine 
reduces the bulk viscosity of mucus by interfering with the 
disulfide bonds that hold mucin molecules together (79), 
while Pulmozyme (DNase) is useful for degrading the DNA 
of pulmonary purulent secretions which accumulate in 
the mucus layer during several pulmonary conditions and 
lead to increased mucus viscosity (85). Nevertheless, even 
if the use of mucolytics might be of advantage in certain 
cases, it should be noted that the use of these substances 
disrupts the natural barrier property of the mucus layer. 
The use of mucolytics might therefore result in undesired 
particulate matter traversing the mucus barrier together 
with therapeutic NPs.

The most innovative and promising method to over-
come the mucus layer for therapeutic purposes is the 
development of mucus-penetrating NPs (17, 70, 86). The 
rationale for the design of such NPs is derived from the 
observation that some viruses can cross the mucus gel 

Figure 4 Representative cryo-SEM images of pulmonary mucus.
The cryo-SEM images of mucus show the strongly heterogeneous nature of mucus polymer mesh (left image). Large as well as very small 
pores can be observed (left image). Furthermore, the enlarged view of the mucus (right image, representing the area on the left image 
indicated by a square) shows a thick wall of the polymer scaffold (Scale bar: left 10 μm; right 500 nm.). From reference (79), reprinted with 
permission from PNAS.



166      Murgia et al.: Overcoming the pulmonary barrier

layer at similar rates as they move in water (81). In fact, 
if the pores of the mucus mesh are filled with a fluid with 
a similar viscosity to that of water, then particles with a 
diameter below the average mesh spacing would theo-
retically penetrate the mucus gel layer, provided they do 
not interact with airway mucins. In the case of viruses, a 
muco-inert armor is achieved by the presence of alternat-
ing surface charges (positive and negative) that make the 
virus into an hydrophilic “particle” with overall neutral 
charge (87). The complex natural surface of these viruses 
would be difficult to mimic in the design of therapeutic 
NPs and thus feasible approaches have been investigated 
in the development of mucus-penetrating NPs (20, 86).

In general, uncoated polymeric NPs possess hydro-
phobic surfaces that adhere to the hydrophobic domains 
of mucins (72). Adding a cationic coating, as achieved 
through the use of chitosan, also leads to mucus adhesion 
of particles due to electrostatic interactions (83). In con-
trast, mucus-penetrating NPs are hydrophilic and gener-
ally possess a neutral or slightly negative surface charge 
(20, 70). Kai et al. demonstrated that covalently-modified 
polystyrene NPs coated with high density, low molecu-
lar weight polyethylene glycol (PEG) of 200 or 500 nm in 
diameter could penetrate fresh undiluted human cervical 
mucus, contradicting the previously reported mesh pore 
size for this particular mucus layer (70). Moreover, in a 
further study using PEG-coated NPs exposed to human 
airway mucus collected from the endotracheal tubes of 
patients undergoing non-thoracic surgery, the authors 
were able to demonstrate that 100 and 200 nm diameter 
PEG-coated NPs were small enough to diffuse through the 
fluid-filled pores of the mucus network (72). In this second 
study, 500 nm PEG-coated particles were immobilized by 
respiratory mucus; this highlights the difference in struc-
ture of cervicovaginal and respiratory mucus, despite the 
presence of similar rheological properties. In a similar 
fashion, Mura et al. have recently shown that PLGA NPs 
coated with a low molecular weight and negatively-
charged molecule (Pluronic F68) could diffuse unimpeded 
through the mucus layer and were highly internalized in 
an in vitro model (Calu-3) of the airways (20).

Paradoxically, Ungaro et  al. have reported that 10% 
of chitosan coated (positive) and about 7% of poly-vinyl 
alcohol (negative) coated PLGA NPs can penetrate a syn-
thetic mucus layer after 24 h of exposure (88). This appar-
ent discrepancy in the results might be partly explained 
by the use of diverse NPs, different mucus types (native 
human-derived, calu-3-derived, or synthetic mucus) 
which might display different characteristics, but also by 
the time-scale of the NP penetration measurements (24 h 
in the Mura and Ungaro studies) that might in some cases 

be significantly higher in comparison to the clearance rate 
of the mucociliary escalator. Therefore, in vivo, mucus 
penetrating NPs should penetrate the mucus layer in a 
relatively short time period and in a significant amount, in 
order to achieve a proper therapeutic effect. A key factor 
for the efficient mucopenetration of these particles seems 
to be appropriate coating (high density) with neutral or 
slightly negatively charged low molecular weight mole-
cules. This further minimizes the electrostatic interactions 
of the particles with mucins, while conferring on them a 
hydrophilic nature by efficiently hiding the hydrophobic, 
surface-exposed areas.

Conclusion
Significant technological advances over the last decades 
have dramatically improved the lung deposition of aero-
solized therapeutics, achieving deposition percentages as 
high as 70% with the most innovative devices. Neverthe-
less, increasing interest in particle-lung interactions has 
identified a number of pulmonary barriers that may hinder 
the therapeutic effect of the deposited particles. The lung 
epithelium at both alveolar and airway level, together with 
present macrophages, represent the main cellular compo-
nents of the pulmonary barrier. The pulmonary surfactant 
in the alveolar region and the mucus layer in the conduct-
ing airways constitute the pulmonary lining liquid, which 
can be considered as the major non-cellular pulmonary 
barrier to inhaled therapeutics. Recent investigations of the 
pulmonary barrier have identified a number of mechanisms 
by which particles can be entrapped and cleared from the 
lungs. For example, inhaled therapeutics may be entrapped 
in the mucus layer by polyvalent interactions or stearic 
forces, whilst in the alveolar region NPs may be cleared from 
the alveolar space via SP-mediated macrophage uptake.

Nanotechnology has the potential to revolutionize pul-
monary drug delivery by utilizing the scientific knowledge 
of pulmonary barriers for the design and development of 
more efficient inhaled (nano)therapeutics. Present devel-
opments in this field include mucus-penetrating NPs, or 
NPs with different shapes that can evade clearance by 
alveolar macrophages. Further possibilities of nanotech-
nology in the field of lung delivery however remain exten-
sive, and are expected to significantly improve the efficacy 
of many pulmonary therapies in the coming years. On the 
other hand, the main challenge of delivering nanophar-
maceuticals by inhalation remains on the ability to couple 
the new developments in the field of nanotechnology to 
efficient aerosol delivery devices.
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