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Abstract

Respiratory diseases gather a wide range of disorders which are generally difficult to treat,
partly due to a poor delivery of drugs to the lung with adequate dose and minimum side effects.
With the recent developments of nanotechnology, nano-delivery systems have raised interest.
In this review, we detail the main types of nanocarriers that have been developed presenting
their respective advantages and limitations. We also discuss the route of administration
(systemic versus by inhalation), also considering technical aspects (different types of aerosol
devices) with concrete examples of applications. Finally, we propose some perspectives of
development in the field such as the nano-in-micro approaches, the emergence of drug vaping
to generate airborne carriers in the submicron size range, the development of innovative
respiratory models to assess regional aerosol deposition of nanoparticles or the application of

nano-delivery to the lung in the treatment of other diseases.
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1. Introduction

Respiratory diseases gather a wide range of disorders including acute and chronic respiratory
infections, lung cancer, asthma, chronic obstructive pulmonary disease (COPD), pneumonia,
cystic fibrosis and tuberculosis [1,2]. Unfortunately, respiratory diseases are frequent, with a
high incidence worldwide, and are responsible for almost 4 million deaths every year
representing a major public health issue [1]. In particular, lung cancers are among the most
frequent cancers with 2.21 million cases in 2020, and exhibit the highest rate of mortality with
1.8 million deaths in 2020 worldwide [2-4]. Lung cancer prognosis is poor often due to an
advanced stage at time of diagnosis [5]. In addition, the lung is one of the most frequent sites
of metastasis from primary cancers [3]. COPD is also a concerning disease, it has become the
third leading cause of death worldwide, with 3.23 million deaths in 2019, and the number of
deaths is growing annually [2,6].

Although progress has been made in the diagnosis and treatment, an effective therapy for severe
and chronic diseases is still missing. Moreover, certain lung diseases such as COPD and
pneumonia are becoming increasingly difficult to treat. Several factors can be involved such as
the difficulty for drugs to reach the lower respiratory tract with adequate dose and minimum
side effects or the development of multidrug-resistance [1,2,5]. In the treatment of COPD,
antibiotics, bronchodilators, and glucocorticoids can be used. However, they are not specific
drugs and their long-term use can be associated with adverse effects [2]. Furthermore, most
obstructive pulmonary disorders are associated with chronic inflammation, leading to cough
and secretion of mucus in the airway, which forms a “barrier” to an efficient drug delivery [2,7—
9]. In addition, bacteria growing in mucus form a dense bacterial biofilm resistant to drugs [2].
As poor delivery of drugs to the lung is a factor responsible for the lack of success of lung
disease treatment, new ways to reach this objective have been considered to improve it. In
particular, with the recent developments of nanotechnology, the development of nano-delivery

systems has raised interest.

2. Nano-delivery systems

2.1. Definition
Nanomedicine can be defined as the application of nanotechnologies to health and its related
research. According to the European Science Foundation, the aim of nanomedicine includes the
comprehensive monitoring, control, construction, repair, defense and improvement of all
human biological systems, working from the molecular level using engineered devices and

nanostructures, ultimately to achieve medical benefit [10]. Thus, nanotechnology consists of
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the design, characterization, intentional production and application of nano-objects of
controlled physicochemistry. In this context, nano- and submicron particlescan be used to
deliver drugs, genes or vaccines to specific tissues or cells by targeted delivery or systemic
route [7,11]. It is here important to mention that strictly speaking, the nanoscale ranges from 1
to 1000 nm but nanoparticles are defined as particles which size is lower than 100 nm [1].
Bigger particles (100 nm - 1 um) are consequently referred to as submicron particles.
Nanoparticles (NPs) can thus be used as carriers, allowing the delivery of therapeutic and/or
diagnostic agents. These agents are either encapsulated, adsorbed or covalently bound to the
NP surface [2,12]. Due to its nanoscale size, nanomedicine brings new functionalities in
comparison with classical formulations [3]. For instance, nanocarriers allow improving the
stability of the transported active agent, preventing its degradation by protecting it from
extracellular enzymes or avoiding clearance systems, fostering its cellular uptake, and allowing
a controlled and targeted delivery to a specific site with a homogenous distribution, also
prolonging its retention time in the target tissue, while reducing the side effects by shielding.
All these factors contribute to improve the pharmacokinetics and pharmacodynamics of the
active agent [3,7,13].

Different types of nanocarriers have been developed as detailed below. Ideally, they should be
biocompatible, biodegradable, non-immunogenic, and with high stability and scalability [13].
When administered by intravenous route, nanocarriers can accumulate preferentially in tumors
due to the enhanced permeability and retention (EPR) effect [3,14-16]. Indeed, they are able to
cross tumor vascular endothelium but not healthy tissue vascular endothelium because tumor
vascularization is altered and more permeable. This passive accumulation of nanocarriers
resulting from a mechanical and spontaneous effect, allows tumor targeting.

To increase the delivery of active agents to specific target cells or tissues, active targeting is an
option consisting of the addition of a targeting ligand to the surface of the nanocarrier. These
ligands can be proteins, peptides, polysaccharides, glycolipids, glycoproteins, or antibodies
with receptors that are overexpressed at the surface of target cells or tissues [3,13,14,16].

2.2. The different types of nano-delivery systems
Several materials have already been approved by the Food and Drug Administration (FDA) as
drug delivery systems. They include liposomes, polymeric nanocarriers, dendrimers, inorganic
nanoparticles and proteins [1]. Not all of them are used in clinical practice, the most complex

materials still need further research and are rather being developed in the context of pre-clinical



studies. Figure 1 illustrates some examples of the main nanomaterials used or in development
for medical purposes (not exhaustive); a brief description is also given for each below.
Liposomes consist of vesicles made of phospholipids and cholesterol bilayer. Due to their
amphiphilic nature, they can carry both hydrophilic and lipophilic formulations: the inner core
can encapsulate hydrophilic drugs while hydrophobic drugs can be entrapped in the lipid bilayer
[1,5,17]. In addition, because of their composition similar to that of cell membranes or
components of lung surfactant, liposomes appear biocompatible, with a low toxicity.
Furthermore, their lipidic nature can allow them to cross biological barriers and hence promote
their absorption [1]. Based on these advantages, liposomes are one of the most extensively
studied systems for controlled drug delivery to the lungs [17,18]. In 1995, they became the first
FDA-approved nanocarrier (Doxil®: a doxorubicin PEGylated liposome, which has been
clinically used in the treatment of lung cancer) [1,2,19]. Since then, many different drugs have
been encapsulated in liposomes [17] such as antibiotics [20,21], bronchodilators [22,23],
immunosuppressants [24,25], anticancer drugs [26], sex hormones [27,28], peptides [29],
proteins [30] and oligonucleotides [31].

Solid lipid nanocarriers (SLNs) are also based on a lipid structure but they are slightly different
from liposomes in the sense that they are made of solid lipids (i.e. lipids solid at room
temperature), surfactant(s) and water [1,18].

Polymeric nanocarriers have also been designed for drug delivery. Polymers can be natural
(such as albumin, gelatin, alginate, collagen, cyclodextrin and chitosan) or synthetic (e.g. poly
lactic acid (PLA), poly-lactic-co-glycolic acid (PLGA), polycaprolactone (PCL), polyacrylates,
polyethyleneimine (PEI), polyethylene glycol PEG, polyanhydrides and poly-I-lysine)
[1,18,32]. These materials are characterized by their biocompatibility and biodegradability
[18,32]. For the treatment of respiratory diseases, polymeric nanoparticles have been
intensively studied to carry pulmonary drugs such as anti-asthmatic drugs [33,34], anti-
tuberculosis drugs [35,36], pulmonary hypertension drugs [37], and anticancer drugs [38].
PLGA, that has been approved by the FDA, has also been considered for gene transfer
applications as an efficient non-viral vector [1,39]. Similarly, PEI and chitosan are commonly
used in gene therapy [1].

Dendrimers are three-dimensional structures consisting of multi-branched polymers, their
surface can be functionalized with various groups. These later enhance dendrimers versatility
and biocompatibility. Furthermore, they can be modified by other charged compounds through

electrostatic interactions. Dendrimers can carry different drugs with variable solubility [1]. An



example of the use of dendrimers lies in the treatment of inflammatory respiratory diseases
related to asthma [1].

Inorganic nanocarriers including gold, silica, iron oxide, alumina or titanium dioxide
nanoparticles, exhibit several advantages. For instance, they are highly biocompatible, stable,
resistant to microbial degradation and show a high delivery efficiency as well as magnetic
properties [1]. Iron oxide nanoparticles can be used for the diagnosis of respiratory diseases,
using positron emission tomography, computed tomography, magnetic resonance imaging and
gamma scintigraphy [40,41]. In addition, their heating using an external magnetic field can
result in the induction of apoptosis in the neighbor cells, potentially leading to the elimination
of cancer cells [1]. Still regarding the treatment of respiratory diseases, gold nanoparticles have
been used as nanocarriers in drug delivery systems [1].

2.3. Advantages of the nano-delivery systems
Nano-delivery systems provide several advantages compared to classical formulations or
micron-sized delivery systems.
2.3.1. Targeted drug delivery

As mentioned before, a poor drug delivery to the lung is a reason for the failure of the treatment
of respiratory diseases. Nano-delivery systems have been considered to increase the local drug
concentration in areas of interest such as tumors, rising therapeutic effects, also decreasing the
global dose to administer, and consequently inducing less side effects. Nano-delivery systems
can help control the release of the drug, overcome the lung barrier, especially mucus secretions
that can be abundant in some diseases, and increase the permeability of the drug in the lung.
This finally results in enhanced cell uptake and consequently, therapeutic effects may be
reached with lower drug doses [1,2,13]. In addition, as mentioned before, the EPR effect can
enhance passively the targeting of the drug in tumors [3]. Active targeting is also possible to
further target the nanocarrier towards a specific cell type or tissue, expressing specific receptors.
Two recent reviews illustrating the application of targeted drug delivery can be quoted:
Rommasi and Esfandiari [42] discussed the application of liposomes in drug delivery in cancer
therapy while Habib and Singh [43] reviewed the merit of the lipid-mediated gemcitabine
delivery, especially with regards to overcoming the obstacles associated with conventional

chemotherapy.

2.3.2. Increased drug bioavailability



Nano-delivery systems can increase the bioavailability of the drug they carry by allowing a
better water solubility (in particular for insoluble hydrophobic drugs) and stability [44,45].
Indeed, by suspending the drugs as nanoparticles, one can achieve a dose that is higher than
that of a solution, which is thermodynamically limited by the aqueous solubility of the drug
[2,46,47]. Another way for a nanocarrier to improve drug bioavailability is by protecting it from
degradation [2]. Indeed, when encapsulated in the nanocarrier core, drugs are protected from
enzymatic attacks [13]. In addition, to further enhance the drug bioavailability various
stabilizers, absorption enhancers, and mucoadhesive adjuvants, such as fatty acids, surfactants,
and protease inhibitors, can be used [13,48,49]. A typical example is PEGylation, the addition
of safe, non-biodegradable and FDA-approved polyethylene glycol (PEG) chains at the surface
of the nanocarrier. It is a common process to improve the therapeutic value of a medicine by
prolonging its body residence time [2,5,17]. The presence of PEG prevents opsonins from
binding to the nanocarrier (by steric hindrance) and thus prevents the elimination of the
nanocarrier by phagocytosis. Therefore, PEG provides a “stealth” shield to the drug to bypass
the body’s defense mechanisms, allowing to prolong its half-life [5].

2.4. Limitations of the nano-delivery systems

Despite their numerous advantages previously detailed, nanocarriers also exhibit some
limitations.

2.4.1. Access to target tissue, bypassing the physiological barriers that are respiratory

secretions

The EPR effect is acknowledged to contribute to the passive accumulation of intravenously
injected nanocarriers in a tumor. In practice, it appears to be quite limited in clinical trials as it
is highly dependent on the patients, the tumor type and can vary over time [3,14,15].
Furthermore, the penetration and diffusion of a nanocarrier within a tissue are closely related
to its physicochemical features, especially size, shape and surface chemistry [3,14,15]. In
addition, when nanocarriers are introduced in the blood stream, the many present proteins bind
at the surface, leading to the formation of the protein corona [50-52]. This new interface screens
molecules grafted on purpose at the surface of the nanocarrier for active targeting, resulting in
ineffective targeting of the drug. Another strategy to overcome this issue is to deliver
nanocarriers directly into the tumor, i.e. through inhaled route for lung diseases [3]. Although
this administration route has advantages, as will be discussed with more details later, it has also
to face some challenges. Indeed, after local administration of the nano-delivery systems, they

have to overcome some physiological barriers, particularly present in obstructive diseases and
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consisting of respiratory secretions, such as mucus and alveolar fluids (e.g. pulmonary
surfactants), in order to gain access to the target cells or tissue. Nanocarriers can thus be
entrapped in mucus through steric, electrostatic, or hydrophobic interactions [11,53].
Nanocarrier properties play a key role in these interactions. As an example, it has been reported
that small nanocarriers (~ 100 nm) can better cross mucus layers than larger ones (> 250 nm)
[11,54]. Another way to ease the transport through the mucus secretions is by PEGylating
nanocarriers, this coating will reduce the nanocarrier adhesion to the mucus, allowing them to
diffuse more freely [7,11,55].

2.4.2. Clearance

Nanocarriers have to overcome the natural defense systems of the organism such as mucociliary
clearance and alveolar phagocytosis [7]. Indeed, nanosystems can be trapped in the airway
mucus that forms an extracellular gel mainly composed of water and mucins (heavily
glycosylated proteins). They are then transported out of the lungs by means of ciliary beating
and cough. After mucus ascends the trachea, it is propelled by ciliary epithelium in the larynx
and is swallowed [56]. Nanocarriers can also be recognized as foreign bodies by cells from the
immune system (reticuloendothelial system), such as hepatic and splenic macrophages in
systemic delivery and alveolar macrophages in topical delivery [11]. Here again, the
physicochemical features of the nanocarriers will have an impact on their tendency to be
phagocytized by alveolar macrophages, especially size, as it has been reported that optimal size
for phagocytosis is 500-3000 nm [13]. PEGylation by preventing opsonins to bind to the
nanocarrier surface and induce their phagocytosis is a way to cope with this early clearance
[51,53].

2.4.3. Toxicity
The potential toxicity of nanocarriers has also to be carefully taken into account. The smallest
nanocarriers are not easily phagocytized by macrophages and, consequently remain in the
alveoli, they can then translocate to the interstitium potentially causing side effects [18].
Moreover, by their nature, some nanocarriers may be more toxic than others. For instance, while
liposomes seem relatively safe because of their similarity with biological compounds,
polymeric and inorganic nanocarriers could be more prone to induce adverse effects [17]. For
instance, although PLGA is biocompatible, its low degradation may result in excessive
accumulation in the respiratory tract, generating a pH drop and an acidic environment that will

lead to damages [1,17,57,58]. In addition to the possible inherent toxicity of the nanocarrier,
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some excipients used in the nanoformulation can exhibit adverse effects [3,46,53]. As an
example, polyvinyl alcohol (PVVA) is the most commonly used emulsifier in the formulation of
PLGA nanoparticles. Despite repeated washings, PVA is not completely eliminated and the
residual PVA remaining associated with the nanoparticles can be responsible for adverse effects
[59]. Inorganic nanocarriers are made of metals to which exposure of significant quantities in

the lungs could lead to acute pulmonary inflammation [60—62] and oxidative stress [63].

2.4.4. Technical challenges

A major issue of nanoformulation is achieving a suitable drug payload in the nanocarrier, which
is often in the range of 1-10% wi/w [3]. In particular, liposomes exhibit a low encapsulation
capacity (2 to 5%) [64,65] while polymeric particles can exhibit up to 10% drug loading [17].
In addition, some nano-delivery systems such as liposomes may show a low stability, a poor
retention of drugs of intermediate solubility and a challenging large-scale production [5,66].
PEGylation has been proposed to prevent the aggregation of nanocarriers and thus improve
their stability during storage [1].

2.4.5. Nano vs micro-drug delivery systems

Compared to formulations containing larger particles, nano-delivery systems offer several
advantages. As nanoparticles are characterized by a large surface area to volume ratio, a great
number of molecules can be added at their surface [17,46,47]. This large surface can be
functionalized (with targeting agents) or loaded with the active agent to transport. On the
contrary, more drug can be encapsulated inside sub-micron and microparticles (size typically
ranging between 0.1 and 500 pm) which are also physically and chemically more stable than
some nanosystems such as liposomes [5]. The use of submicron-sized particles is also safer
when the formulation is administered via systemic route. Indeed, particles larger than 5 um can
cause pulmonary embolism, potentially resulting in fatal outcomes [18,67].

In addition, the optimal particle size for phagocytosis ranges from 0.5 to 3 um, and it has been
reported that particles smaller than 0.26 um can escape phagocytosis by macrophages
[17,18,68].

Nanoparticles can also show an enhanced cell internalization compared to larger particles and
therefore potentially an enhanced drug delivery [46]. For instance, pulmonary epithelial cells
internalize particles of 0.5 pum or smaller 10 times more than 1 um particles and 100 times more
than 2 or 3 um particles [69]. Nanoparticles are also more internalized by vascular endothelial

cells than their micro-sized counterparts (typically >1 um in diameter) [70].
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3. Administration route

The release rate of a drug carried by a nano-delivery system and its deposition in the lung
parenchyma depends on the nanocarrier characteristics but also depends on the method of
delivery [5]. Different administration routes are possible: intravenous injection, oral
administration, or inhalation. Ideally, it should enable as much drug as possible to reach the
target area. When choosing the route of administration one should take into consideration
several parameters such as the physicochemical properties, pharmacology, and toxicology of

the drug and delivery vehicle, as well as the anatomical features related to the disease [2].

3.1. Systemic administration
Nano-delivery systems offer the possibility to carry active agents while altering their
pharmacokinetics and biodistribution profile toward a preferential accumulation in affected
tissues while sparing healthy tissues. They are mainly administered through systemic route. For
instance, in the treatment of cancer, chemotherapy, consisting of intravenous injection or
sometimes oral administration of non-specific and non-selective drugs is distributed not only to
the tumors but to other organs where it can induce undesirable side effects such as
myelosuppression, nauseas and vomiting, or alopecia. Moreover, because of this toxicity the
treatment has to be interrupted frequently to allow bone marrow to recover but on the other side
this suspension of treatment permits tumor cell repopulation [3]. To prevent such effects and
because the drug concentration in the tumor was found to be low after systemic chemotherapy
[71,72], nanocarriers were designed for a more targeted drug delivery. Because of the EPR
effect previously described, they passively accumulate inside the tumor when intravenously
injected [3,5]. But as the EPR effect is based on a typical characteristic of tumor vascularization,
it is only limited to oncologic applications, while other diseases may not benefit from this
passive targeting [11]. Therefore, considering more particularly lung diseases inhaled

nanomedicine could have many advantages.

3.2. Inhalation
3.2.1. Advantages over other administration routes
As targeted aerosol delivery to the affected lung tissues may both improve therapeutic

efficiency and reduce adverse effects, inhaled aerosols are widely used for the treatment of lung
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diseases such as asthma, COPD, cystic fibrosis, respiratory infection and, more recently, lung
cancer [1,3,7,73].

An aerosol is a stabilized dispersion of solid or liquid droplets suspended in a gaseous vehicle
[13]. Different types of aerosol generating systems exist as reviewed later and produce an
aerosol inhaled by the patient [74].

Being a non-invasive drug delivery route for drug is a first advantage of inhalation, with a
possibility for self-administration, improving the patient compliance [1,7,18].

The respiratory system offers a large surface area (100-140 m2 in humans), with abundantly
vascularized thin alveolar epithelium providing a favorable environment for the topical and
systemic delivery of drug [1,5,7,13]. Inhalation allows delivery of high concentrations of drug
to the target site, at the same time, the systemic drug concentration is low and consequently
other organs are less exposed to the drug, thus minimizing side effects [2,5,7,18]. Pulmonary
delivery allows reduction of administered dose of drug, for instance a reduction by 10 fold in
the treatment of asthma compared to oral route [75].

Furthermore, pulmonary delivery allows an enhanced bioavailability of drugs to lung sites and
offers the potential to achieve relatively uniform distribution of drug dose among the alveoli
[1,5,18,47].

In case of lung tumors, when nanocarriers are administered via inhalation, they may not
accumulate in the tumor through the EPR effect, unlike what happens when they are delivered
via systemic administration. However, the drug is delivered directly to the lungs allowing
passive targeting and nanocarriers are internalized by cancer cells via endocytosis, which does
not occur in the case of solubilized drug. Thus, nanoparticles can increase penetration and
accumulation of inhaled drugs in tumor tissues and cells, leading to improved anti-tumor
activity compared with the free drug. In addition, due to their small size inhaled nanocarriers
can cross the blood barrier and reach the systemic circulation and in a second time accumulate
in the lung through the EPR effect [76]. Inhalation can deliver drugs to the tumors creating a
favorable drug concentration gradient for diffusion, giving the drug an alternative to vascular
access to the tumor, which is the main delivery route in systemic treatments [3]. However, some
areas of tumors are poorly if even not vascularized, which renders them hypoxic, making an
environment favorable to the development of invasive and resistant cancer cells or clonogenic
cells that will subsequently cause tumor cell repopulation [77-79]. In addition, being farther
from blood vessels, the cells from these areas are exposed to a much lower drug concentration

from systemic routes [3].
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Contrary to other routes of administration, inhalation has a rapid onset of action [80]. Last, but
not least, pulmonary delivery allows bypassing hepatic first-pass metabolism [1].

The successful pulmonary delivery of drug involves a good understanding of the drug and
aerosol characteristics, target pathophysiological lung condition and the aerosol generating
devices [7,13]. Indeed, the deposition of inhaled drugs in the respiratory tract highly relies on

several parameters, including the physicochemical features of the aerosolized drug particles.

3.2.2. Deposition of inhaled therapeutic agents in the respiratory tract - impact of the
aerosolized drug particles features

The size of the aerosolized drug particles, their shape, density, and electrostatic charge will
deeply impact their deposition in the respiratory tract [12,13,18,81]. Particle size being the most
important characteristic to take into account in order to achieve a deep lung deposition [47].
The size of these droplets is referred to as an aerodynamic diameter. This latter corresponds to
the diameter of a sphere of unit density with the same settling velocity as the particle of interest
[13]. It has been defined that to be inhalable an aerosol should be with an aerodynamic diameter
lower than 10 um and is classified into coarse particles (> 2 um), fine particles (0.1-2 um), and
ultrafine particles (< 0.1 um) fractions [49]. Figure 2 illustrates the influence of particle size in
lung deposition (A) and the underlying mechanisms of deposition (B).
Particles with diameters higher than 5 um tend to deposit in the upper airways by impaction,
while particles with diameters in the 1-5 um range are the most efficient to reach the deep lung
by inertial impaction and sedimentation. Particles smaller than 1 um can reach the alveoli
through diffusion and sedimentation mechanisms [2,3,3,13]. In addition, charged particles
could be exposed to electrostatic interactions [13].
For optimal aerosol delivery, it is considered that aerosol particles should have an aerodynamic
diameter ranging between 0.5 and 5 pum and lung flow rates should be 15-30 L/minute
[13,82,83]. By adjusting the particle size, one can achieve targeting to the desired lung region.
For instance, particles with diameters of about 500 nm have been reported as ideal to be
phagocytized by alveolar macrophages, which could be an interesting target in the treatment of
tuberculosis as the bacteria responsible for this disease, Mycobacterium tuberculosis, infect
alveolar macrophages [12,84]. Indeed, while phagocytosis of nanocarriers by macrophages is
often a hurdle to the delivery of the nanomedicine it becomes an advantage in the case of
infections such as listeriosis, salmonellosis, leishmaniosis, cryptococcosis, or tuberculosis
where micro-organisms live and replicate within macrophages. One could thus take advantage

of the nanocarrier phagocytosis to specifically target macrophages. As an example, we can
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quote Arikayce, an amikacin liposome inhalation suspension, administered using a nebulizer,
the first and only FDA-approved treatment option designed specifically for MAC lung disease.
Mycobacterium avium complex (MAC) is the most common form of nontuberculous
mycobacteria, which are commonly found in the environment. Upon inhalation, the liposomes
reach the lungs where they can enter alveolar macrophages where the MAC bacteria live
whereas free amikacin has a limited ability to cross the membranes of mammalian cells,
reducing its ability to achieve sufficient anti-mycobacterial levels inside the infected cells. The
liposomal formulation of amikacin has shown better in vitro and in vivo efficiency in the
delivery of the drug into macrophages, airways, and lung tissue compared to its non-liposomal
counterpart [85-87].

Successful aerosolization of various nanoparticle formulations has already been shown,
including liposomes [88,89], polymeric nanoparticles [90-92], and even Cu/Zn nanoparticles
[93]. However, liposomes are the only ones that have reached clinical development for
pulmonary delivery [17]. Regarding inorganic nanoparticles, their potential aerosolization
remains to be determined as currently too limited data are available in the literature [32].

The Mass Median Aerodynamic Diameter (MMAD) is a widely used parameter. It is defined
as the particle aerodynamic diameter for which half of the aerosol mass is contained in smaller
particles and half is contained in larger particle aerodynamic diameters, it is obtained from the
cumulative mass distribution [94].

3.2.3. Aerosol generating devices
As mentioned before, for pulmonary administration in human lungs by inhalation, the size range
of nanoparticles should not be too large to ensure their deposition and then retention in the deep
lung. Indeed, most of inhaled nanoparticles lower than 100 nm would be expelled during
exhalation or will remain in the upper airways if they deposited. It is generally acknowledged
that the optimal aerosol size for lung targeting is in the 1-5 pm range of aerodynamic diameters
[95]. As a result, the delivery of nanoparticles to lungs could be performed: i) by nebulization
of nanosuspensions (e.g. generating airborne micron-size droplets containing nanoparticles
using a medical device such as nebulizer) [96-102], or ii) by aerosolization of solid
microparticles containing nanoparticles (e.g. the Trojan horse concept) [76,103-105].
Undoubtedly, the easiest way to deliver airborne nanoparticles to the lungs seems to nebulize,
as no complex pharmaceutical development is needed. However, some challenges remain, such

as the choice of the most adapted aerosol drug delivery systems.
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Three types of aerosol drug delivery systems can be distinguished: nebulizers, metered dose
inhalers (MDlIs), and dry powder inhalers (DPIs) [13,18,46]. These devices use different
delivery mechanisms, and hence require different types of drug formulations [46]. The features,
advantages and drawbacks of each of them are detailed below. It should be kept in mind that
no universal system suitable for all applications exist, and different parameters should be
considered when choosing a device such as the active agent, the formulation characteristics, the
target site, and the pulmonary pathophysiology [13,73]. Indeed, the site and extent of aerosol
deposition in the lung is dependent on particle size, velocity and inertia, patient’s inspiratory
air flow and the inhalation technique. [7,106]

The principle of aerosol delivery is based on the transformation of an aqueous solution or
suspension of drug in an aerosol containing fine droplets in which the drug is dispersed. The
latter will be subsequently inhaled and deposited in the lung [73]. Theoretically by tuning the
particle size of the drug aerosol, one may control the dose of drug to be delivered and target
specific sites within the lung [73]. It is worth noting here that the deposition is dependent on
the size of the aerosol particles/droplets (in the micrometer range) not the size of the nano-
carrier systems. Accordingly, optimal technologies are required to produce droplets or particles
with a Mass Median Aerodynamic Diameter (MMAD) of 1-5 um to be suitable for deposition
in the therapeutically relevant areas of the lung [5,7,106-108].

In pressurized metered dose inhalers (pMDIs) the aerosol is emitted through a nozzle at a high
velocity using propellants [5]. The main drawback of this system is that it requires hand-mouth
coordination, a lack of such coordination results in a low aerosol deposition in the lung (only
10 to 20% of the emitted aerosol) [109-112].

Dry powder inhalers (DPIs) were designed to overcome poor actuation-inhalation coordination
[5]. They can be either single or multi-dose (containing only one or several capsules of dry
powder respectively). Their efficiency is highly variable among different devices, the lung
deposition ranging from 12 to 40% of the emitted dose and about 20%—25% is retained within
the device [5].

In the treatment of respiratory diseases, nebulizers have been widely used. Easy to use, using
face mask and not requiring coordination, they are particularly convenient for young or elderly
patients. Two main types of nebulizers exist: jet and ultrasonic nebulizers [5,73]. Jet nebulizers
are the most used device for inhalation of solutions and suspensions. Their functioning is based
on the use of compressed air allowing a liquid in the reservoir cup to be transformed into fine
mist. However, they are noisy, less comfortable to carry, need long time to nebulize a solution
(10-15 min) and only 10% of the emitted dose is deposited to the lungs [5,73].
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Ultrasonic nebulizers operate using piezo-electric crystals vibrating at a high frequency (1-3
mHz) to produce a mist of liquid in the nebulizer. By increasing the frequency, smaller droplets
can be produced [5]. Ultrasonic nebulizers are compact, silent, and faster than jet nebulizers,
however, they are not adapted to suspensions. Another issue is that the piezoelectric crystal can
heat therefore inducing the inactivation of protein-based drugs [73,113].

A new generation of nebulizers consists of vibrating mesh nebulizers and uses vibrating
perforated mesh to generate respirable sized droplets [5,73]. Their main assets are their high
efficiency, silence, portability, in addition, they exhibit an extremely low residual volume to
prevent drug waste. However, they are expensive, and need maintenance and cleaning to
prevent colonization by pathogens, buildup of deposits, and blockage of the apertures [5].

The main technical challenge using an aerosol drug delivery system is to generate airborne
nanoparticles without changes of chemistry or size and maintaining adequate aerodynamic
performance to allow a satisfactory aerosol regional deposition both in terms of drug
concentration and targeted areas. Indeed, the aerosol drug delivery system such as nebulization,
the technology or the type of medical devices for a same technology could have a strong impact
on the features of aerosol generation such as: modification of airborne droplet size, decrease of
aerosol output rate, increased nanoparticle aggregation within droplets, modified nanoparticle
shape. As an example, several studies have shown that jet nebulization is generally more
disruptive for liposomes or polymeric nanoparticles than vibrating-mesh nebulization [57,96—
99,101,102]. Compared to liposomes or polymeric nanoparticles, inorganic nanoparticles
exhibit a higher stability and a lower fragility (because of their physicochemical properties)
[114], making their use promising for jet nebulization.

Beside the choice of the aerosol generating device, some parameters of the aerosolized solution
will impact the nebulization process such as pH, viscosity, ionic strength, osmolarity, and
surface tension [5]. For example, a reduced drug output and bronchoconstriction, coughing, or
irritation can be caused by high drug concentration, extremely low pH, and hyper- or hypo-
osmolarity [115,116].

Among the numerous advantages offered by nanoparticle drug formulations compared to
traditional aerosol powders and liquid pulmonary dose formulations, one may quote the highly
enhanced bioavailability of poorly water-soluble drugs due to the large surface area of drug
nanoparticle formulations. Furthermore, nanoparticles can be formulated to offer increased
control over the morphology of dry powder drug formulations and the ability to produce
structures with both a low-density microstructure for delivery to the deep lung and

nanostructure for enhanced dissolution and bioavailability [46].
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Submicron aqueous dispersions, were proved to be more readily nebulized than their
micronized counterparts [7]. For example, ultrasonic nebulization of beclomethasone
dipropionate nanocrystals™ produced a higher respirable dose and 40% lower throat deposition
than the commercially available pMDIs containing the micronized drug (Vanceril®) [117].
Similarly, Wiedmann et al. reported that a higher respirable fraction of beclmethasone
dipropionate was achieved by nebulization of a nanosuspension rather than with a micronized
suspension of the drug [118]. Ali et al. confirmed that the particle size of the aerosolized drug
has an influence on the regional deposition following pulmonary administration as they
compared nano and micro-sized formulation of fluticasone propionate. When administered to
healthy human volunteers, significantly higher respirable fraction has been achieved by using
the nanoparticles (60.3 + 2.4%) rather than their micronized counterpart (16.4 + 0.7%).
Nanosized fluticasone propionate also showed a better deposition in the alveolar region than

the micronized drug, which was primarily deposited in the oropharyngeal region [119].

3.2.4. Limitations of pulmonary delivery

Despite numerous advantages the pulmonary route of administration faces challenges. First,
drug particles deposited in the respiratory tract can be cleared by the natural defense system of
the body (mucociliary clearance, phagocytosis by alveolar macrophages, degradation by
surrounding enzymes...) [2,5,32].

Second, a successful drug deposition in targeted areas will depend on anatomical features. In
particular, in respiratory diseases alterations of the architecture of the lung can be observed such
as airway constrictions, the presence of a tumor, inflammation, abundant mucus secretion...
Such modifications and obstructions alter the lung ventilation, and therefore the aerosol
deposition pattern [3,5].

Third, some technical challenges are associated with the inhalation route, especially regarding
drug formulation, storage, and delivery [13]. For instance, in the inhalation field the choice of
excipients is quite restricted, limiting pharmaceutical developments and formulation strategies
[3,17,120]. Still about formulation, the pharmaceutical development of a dry powder for
inhalation is more technically challenging than aqueous solution for nebulization [121,122]. In
addition, the scale-up capacity can be different from a process to another and should be carefully
considered for further development [3,123]. Other challenges are related to the aerosol
generating device. Indeed, unlike in the treatment of asthma or COPD, in the case of lung
cancer, it is necessary to deliver high doses of drug (i.e. one to several tens of mg) which can

require a long time of administration by nebulization and consequently represents an issue for
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patient compliance [3,65,124]. Delivering high drug doses by nebulization implies to deal with
different parameters. First, the drug concentration has to be considered (and consequently the
drug solubility in the formulation to be nebulized), second, the efficiency of the nebulizer,
especially the nebulization rate which usually ranges from 0.2 to 0.3 mL/min and third, the
fraction of the drug dose deposited in the lungs (usually between 10 and 15%) [76,124]. Only
nebulizers or DPIs are able to deliver high drug doses. In addition, aerosol formulations are
device specific [3,123]. The stability of the formulations is also an issue of paramount
importance both during their storage and the nebulization process. For instance, in the case of
nanoformulation, the stability of liposomes has been reported to be a concern upon storage and
nebulization [2,3,7,17,65]. This instability may lead to the dissociation of surface-modified
components subsequently affecting the targeting ability of nano-delivery systems [2].
Furthermore, nanocarrier such as liposomes in particular, can be mechanically-damaged upon
nebulization, triggering a leakage of the encapsulated drug [5,17,32]. For instance, Wittgen et
al. reported a 40-50% loss of cisplatin from liposomes during aerosolization [65]. Because of
this uncontrolled release of the drug, the efficiency of this therapeutic approach could be
seriously mitigated [7]. However if liposomes stability is a concern, other nanoformulations
could be more robust and better resist nebulization such as solid lipid or polymeric nanoparticles
[7,32]. Of course they also have their own drawbacks, for example, the degradation rate of PLA
nanoparticles was shown to be too low for practical applications (drug release about 15% over
a period of 8 days) [125]. And their accumulation following repeated dosing, their
biodegradability and toxicity should be examined [17,18]. Also, it has been reported that when
passed through a nebulizer, polymeric nanoparticles can highly aggregate within aerosol
droplets, especially those highly hydrophobic [32].

Finally, in some specific cases, safety issues could be associated with the inhalation route,
representing a limitation. It is exemplified in the treatment of lung cancer where high doses of
cytotoxic drugs are necessary and as a large part of the aerosol is lost in the device and in the
air during the aerosolization process, systems preventing air contamination should be used [3].
For instance, nebulizers can be equipped with filters collecting exhaled aerosols, or be designed
to allow mouth-only inhalation or patients can be located in depressurized ‘tents’ or ‘cabins’
equipped with an air extractor and with activated charcoal and high efficient particulate air
(HEPA) filters [124].

4. Concrete examples of applications
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Despite intensive research and very likely because of the limitations mentioned above,
approximately 50 nanopharmaceuticals have been FDA-approved and available for clinical use,
a fifth of which having oncologic indications [3]. However, many nanoformulations, still in
pre-clinical development show promising perspectives. Few current clinical trials of
nanomedicine related to respiratory diseases have been reported, and the clinically known
applications of nanocarriers are liposomes [65,126] in non-tuberculous mycobacterial lung
disease and lung cancer, and PLGA in pulmonary arterial hypertension [127]. Table 1, far from
being exhaustive, presents some examples to illustrate the potential of nano-delivery systems
loaded with different agents (antibiotics, anti-inflammatory agents...) for the potential

treatment of various respiratory diseases.
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Table 1 — Examples of applications of nanoformulations in the treatment of respiratory diseases (in development).

Respiratory

Nano-delivery

i Active agent Main conclusion Reference
isease system
COPD Solid lipid Amikacin | Pulmonary delivery of solid lipid nanoparticles of amikacin caused higher drug [128]
nanoparticles concentration in lungs than i.v. administration of free drug.
PLGA Ibuprofen | Nanoparticles efficiently delivered ibuprofen to neutrophils in murine models [129]
nanoparticles of obstructive lung diseases.
Asthma Nano-salbutamol Salbutamol | The total deposition of salbutamol nanoparticles in the lungs increased by 2.3 [130]
sulphate dry times compared to conventional dry powder inhalation formulations.
powder inhalation
Liposomes Salbutamol | Nanoformulation can prolong the retention time in the lesion, and its curative [22]
effect is better than that of the free drug.
Liposomes Budesonide | Liposomal budesonide significantly reduced lung inflammation and the toxicity [131]
of inhaled steroid asthma drugs.
Lung fibrosis | Gold nanoparticles Imatinib Gold nanoparticles loaded with imatinib could significantly improve the [132]
anti-fibrotic efficacy of imatinib, thereby inhibiting the proliferation of
fibroblasts and macrophages.
PLGA Pirfenidone | Pirfenidone levels in the lungs were much higher following intratracheal [133]
nanoparticles administration of pirfenidone nanoparticles than pirfenidone solution. The
number of inflammatory cells in BAL was more significantly reduced by the
pirfenidone-containing nanoparticles than pirfenidone solution.
Lung tumor Nanostructured Doxorubicin | After inhalation, nanostructured lipid carriers effectively delivered their [134]
lipid carriers or paclitaxel | payload into lung cancer cells leaving healthy lung tissues intact.
Liposomes Paclitaxel | Pulmonary delivery of paclitaxel in liposome aerosol formulations was more [135]
efficient than intravenous injection in mice.
Polymeric Doxorubicin | Drug loaded nanoparticles exhibited higher in vitro cytotoxicity than that of the [136]
nanoparticles and cisplatin | drugs alone. In vivo, after pulmonary delivery, nanoparticles accumulated in

tumor tissues and showed higher anti-tumor efficiency than that in the single
treatment of doxorubicin or cisplatin, while no obvious side effects were
observed.
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PLGA Paclitaxel | Nanoparticles favor the intracellular uptake of paclitaxel and enhance its [137]
nanoparticles antitumor effect in human and murine lung cancer cells.
Fungal Polymeric Amphotericin | The killing rate of nanoparticles loaded with amphotericin B administered by [138]
infections nanoparticles B aerosol against Aspergillus was > 99%, and lung tumor necrosis factor-a was
reduced by 90%.
Lung Liposomes Ciprofloxacin | When compared to free ciprofloxacin, nebulized liposome ciprofloxacin has a [139]
infections better in vitro efficacy against Mycobacterium avium and Mycobacterium
abscessus.
Liposomes Ciprofloxacin | Aerosol inhalation of liposome-encapsulated ciprofloxacin provided complete [140]
protection to mice against a pulmonary lethal infection model of F. tularensis,
while ciprofloxacin given in its free form, was ineffective.
Tuberculosis Silver and zinc Rifampicin | Efficient uptake of the drug-loaded nanoparticles by M.tuberculosis-infected [141]
oxide nanoparticles macrophage and increased drug efficiency were observed.
Silica nanoparticles Isoniazid Isoniazid-loaded nanoparticles are avidly ingested by M. tuberculosis-infected [142]
human macrophages and Kill the intracellular bacteria in a dose-dependent
manner.
Cystic Nanostructured Lumacaftor | The combination of lumacaftor and ivacaftor delivered by lipid nanoparticles [143]
fibrosis lipid carriers and ivacaftor | directly into the lungs was highly effective in treating lung manifestations of
cystic fibrosis.
PLGA Ciprofloxacin | Enhanced antibacterial activity with drug loaded nanoparticles. [144]
nanoparticles
PLGA Tobramycin | The effectiveness against biofilms of P. aeruginosa and B. cepacia was strongly [145]

nanoparticles

enhanced by the encapsulation of tobramycin in nanoparticles.
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It is also of interest to mention that nano-delivery systems could be used for gene delivery. In
this context, usually cationic liposomes have been preferred because they are able of self-
assembly with DNA through favorable cationic-anionic electrostatic interactions [18,146—
154].

Beside the therapeutic aspects, it is worth citing applications in the diagnosis field. For example,
among the radiolabelled aerosols clinically used in patients, one of the most convenient is the
inhalation of radioactive nanosized aerosol using the so-called Technegas technique. The
preparation of this radiolabeled nanoaerosol takes place in a specially designed machine, where
a solution of sodium pertechnetate is loaded into a graphite crucible, evaporated until dry, and
then heated to 2550°C in an atmosphere of pure argon [155]. The resulting aerosol produced is
an ultrafine suspension of carbon particles labeled with ®™Tc showing a number size
distribution of airborne particles below 100 nm [156]. Since 3 decades, this radioactive
nanoaerosol is regularly used to perform lung ventilation scintigraphy as a diagnostic technique
in nuclear medicine for human application without any toxicological issues [157-160].

5. Conclusion and future directions
5.1. Features of the ideal nano-delivery system

Aerosolization allows targeting the lung via a non-invasive route. Successful delivery of
therapeutic agents using this mode of administration requires a good understanding and
mastering of various parameters including the drug physicochemical characteristics, the
formulation, the inhaler device, and the pathophysiologic lung conditions [13].

Some challenges are associated with the development of formulations suitable for pulmonary
delivery such as poor loading capacity, loss of stability, degradation by proteolytic enzymes,
mucociliary and phagocytic clearance, immunogenicity, and toxicity. In that context, it has been
shown that carrier-based delivery systems may help overcoming these challenges [13]. In
particular, nanocarriers have raised interest as they show some advantages over their micron-
sized counterparts. But their design needs to carefully consider some of their features such as
surface properties, particle size and shape, to allow them a better penetration of the pulmonary
biological barrier [161]. The ideal features of a nano-delivery system could be defined as
follows: small particle size (< 200 nm), with neutral charge surface or coated with PEG, strong
targeting ability (can be fostered by active targeting), sufficient loading of active drugs, and
low toxicity [2]. Also important are the features of the aerosol: an aerodynamic particle size

below 5 um is crucial for particles reaching the mid and deep lung parenchyma [73]. Combining
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nanotechnology and pulmonary delivery represents a promising way to improve the targeting,

release, and therapeutic effects of drugs [18].

5.2. Perspectives, future developments
5.2.1. Nano-in-micro approaches
Drug delivery to the lung through a nanocarrier is limited because of the low efficiency of
nanocarriers deposition in the lungs by diffusion, sedimentation or impaction. Indeed, because
of their small size the majority of the inhaled dose is exhaled. Therefore, to overcome this issue
and improve the aerosol delivery of nanoparticles to the deep lung, micron-sized powder
carriers containing nanoparticles or agglomerated nanoparticles were designed and used with
MDIs and DPIs [18]. Upon inhalation, these nano-in-microparticles (or nano-embedded
microparticles) dissolve to release individualized nanoparticles within the lung parenchyma
[3,73,162]. Thus, this system combines the advantages of nano-sized particles (potential for
drug targeting) to those of micron-sized particles (better flow and aerolization properties) [73].
However, this approach often requires additional excipients in the formulation, which dilute the
final drug content and can induce additional tolerance concerns. Furthermore, the
pharmaceutical development is more made complex due to necessary additional production
steps [3].

5.2.2. The emergence of drug vaping to generate airborne carrier in the submicron
size range

In the last decade, the development of new aerosol drug delivery systems has benefited from
various innovations enabling the generation of smaller airborne particles [163—-165] compared
to standard medical devices used in clinical practice for aerosol therapy like nebulizers, pMDIs
and DPIs. For example, these technological breakthroughs allowed the improvement of the drug
delivery via the deep lung for systemic administration (for instance for the delivery of nicotine
or insulin). Regarding this latter application, we can mention the example of Afrezza® from
MannKind, FDA-approved in 2014 and currently the only inhalable insulin available in the US.
It is based on the Technosphere® Insulin (T1) technology consisting of a dry-powder
formulation of human insulin delivered from a small and portable inhaler. It allows medication
to be delivered efficiently through the lungs, a rapid subsequent passage into the bloodstream
allows the control of blood sugar level within minutes of administration [166—168]. Other
devices have also been applied in the treatment of obstructive lung diseases such as asthma,

cystic fibrosis and COPD [148,149]. Despite this progress, alternative aerosols delivery
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technologies still need to be developed for nanodrug delivery to the deep lung. These systems
should be inexpensive, convenient and user-friendly for the patient, and allowing the production
of small-sized aerosol particles (with aerodynamic diameter ranging from 500 nm to 1 um) to
reach potential gain in terms of aerosol deposition [171].

Smokers of tobacco have implicitly found out that aerosols generated from thermal generation
can reach the alveoli and are mostly systemically absorbed upon inhalation. For pharmaceutical
purposes, of course smoking cannot be considered as a possible drug delivery system because
it is accompanied by the production of carcinogens, and the size of the produced aerosol
particles is uncontrolled. In this context, Electronic nicotine delivery systems (ENDS) were
launched more than 10 years ago and experienced a growing success (from several thousand
users worldwide in 2006 to several million in 2020). They have become a popular tool for
smoking reduction or cessation [172,173].

Basically, ENDS are battery-powered personal devices that deliver aerosol that can contain
nicotine as active pharmaceutical ingredient. This device contains 3 main components: a
battery, an atomizer and a coil heating element. The physical principle shared by all ENDS is
an electrically-powered heating element which enables to vaporize a liquid solution (named e-
liquid) so that airborne particles are produced for the user to inhale. This e-liquid usually used
contains humectants in variable concentrations (vegetal glycerin and propylene glycol),
nicotine, water and other ingredients in small quantities such as flavorings.

ENDS can therefore be considered as thermal aerosol generation devices. Indeed, ENDS exhibit
a working principle similar to that of some medical devices previously developed and
commercialized for different clinical applications such as schizophrenia or bipolar disorder in
adults, the delivery of anti-panic or anti-migraine agents [171,174,175]. Since their emergence
in the early 2000s, ENDS have experienced continuous development and evolution. The latest
models of ENDS have proved their efficiency to deliver very high levels of airborne nicotine
[176,177]. Consequently, ENDS could be adapted for clinical purposes, representing a potential
promising aerosol device. Indeed, they are user-friendly and could be adapted to the customer
need, and most of all, they were proved to be efficient to deliver a drug (i.e. nicotine) for
systemic administration thanks to small-sized aerosol particles. However, currently ENDS are
mainly regulated as general consumer products and not as medical devices. Nevertheless, some
very rare exceptions exist, as for example the UK Medicines and Healthcare Products
Regulatory Agency (MHRA), which approved and licensed the use of British American

Tobacco’s e-cigarette e-\Voke, in a move that enables doctors to prescribe the vaping device as
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a smoking cessation aid [178]. Thus, since a decade, ENDS are mainly consumer products that
became a popular alternative to conventional tobacco smoking.

Recently a patent has been applied for an ENDS with face adapter to spray essential oils [179].
In addition to this, in a recent study it was demonstrated that in the treatment of COPD for
chronic smokers, employing e-cigarettes with bronchodilators or corticosteroids
nanosuspensions; such as Beclomethasone dipropionate might be beneficial [180]. Finally, a
work also demonstrated the potential of recent high power ENDS as thermal aerosol generation
devices for inhaled bronchodilators such as terbutaline sulfate [181]. This study proved that
ENDS could represent a possible alternative aerosol delivery system to be considered for a
respiratory pathology requiring inhaled bronchodilators. As a matter of fact, this work showed
that new generation high-power ENDS appear to be highly patient-adaptive, and very efficient
to generate carrier-droplets in the submicron range containing drug molecules with a constant
drug concentration whatever the size-fractions. It also proved that drug vaporization using
ENDS can occur without thermal degradation of the terbutaline sulfate whatever the power
levels. Finally, a linear correlation was observed between the power level and the delivery of
aerosol bronchodilator. All things considered, this shows the growing scientific field and the
emerging industrial interest in the development of drug vaping, i.e. the use of ENDS capable of

aerosolizing active substances other than nicotine.

5.2.3. Beyond in vivo animal experiments, the need to develop innovative respiratory
models to assess regional aerosol deposition of nanoparticles

In the context of nano-delivery to the lungs, in vivo preclinical evaluation in animal models
remains essential. Indeed, to overcome patient to patient variability inherent to clinical research,
preclinical models have been widely used to characterize the transport of a drug, its deposition,
and the biological effects induced. As a result, animal models are of paramount importance to
assess the pharmacokinetics as well the possible toxicity of inhaled nano-delivery systems. Two
main types of preclinical in vivo aerosol studies can be performed: in vivo aerosol deposition
studies on rodents; and in vivo aerosol deposition studies on pigs and non-human primates
(animal models most similar to human lungs). However, despite the positive and promising
preclinical results of nano-delivery to the lungs (both of diagnostic and therapeutic agents)
using in vivo animal models, the translation from animals to humans remains challenging and

requires further methodological validation steps.
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One of the major pitfalls in animal-human transposition lies in the different anatomy of the
airways and the different respiratory physiology between rodents and humans [182-184]. For
instance, rodents have no lobe divisions in the left lung, similarly, the bronchial divisions of
most mammals are very different from those of humans [185]. Furthermore, physiological
ventilation is very different: for example, while the respiratory rate is 15 cycles per minute for
an adult human at rest, it is approximately 80 cycles per minute for a rat. This limitation specific
of rodent models could be partially overcome by using bigger animals such as pigs or non-
human primates. Indeed, the anatomy of the airways of these animals are quite similar to that
of humans, making them appropriate to perform in vivo aerosol deposition investigation [186—
188]. As an example, baboons have been used to mimic the respiratory tract of children
[163,189,190]. Although very relevant, these studies can however be limited by ethical
restrictions, high cost of experiments, and uncontrolled breathing pattern (inspired to expired
ratio, frequency, obstruction, etc.) in spontaneous breathing.

Another major pitfall is due to the technology of administration of the nanoparticles in the
respiratory tract. In small animal models such as rodents, direct instillation is used (intratracheal
administrations) [191-194], using a needle placed in the trachea and an aerosolization process
using a syringe generating aerosol from the nanoparticle suspension. However, it has been
clearly demonstrated that this mode of administration induced an inhomogeneous deposition of
the aerosol, making it difficult to transpose data to human [195]. On the contrary, inhalation of
an aerosol generated by a nebulizer resulted in a homogeneous deposition and, thus, an easier
extrapolation to human [196]. The fact that instillation and inhalation resulted in different
deposition pattern has already been reported in nanotoxicology [197-199] and it has also been
observed in mechanically ventilated patients [200].

Therefore, to bridge the existing gap, an important research direction to assess nano-delivery to
the lungs is to develop ex vivo preclinical models highly relevant for human that are easy to
use, less expensive and no subject to ethical restriction. To reach this objective, innovative ex
vivo respiratory models appear to be an interesting preclinical tool to assess aerosol regional
deposition of nano-delivery systems in healthy and pathological-like respiratory tracts
[165,201]. Composed of a 3D-printed Ear-Nose-Throat replica connected to ex vivo animal
respiratory tract in a hypobaric chamber simulating passive ventilation, these models appear as
an innovative and promising way to quantitatively assess aerosol deposition into the lungs and
to transpose it more easily to human [202,203].

For example, this type of innovative ex vivo anatomical model was developed to optimize a

process of nebulization of inorganic nanoparticles (in terms of emitted dose and mass median
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aerodynamic diameter), but also to determine the lung distribution of nanoparticles [204]. This
study is focused on AGuIX®nanoparticles, as a potential theranostic approach by the pulmonary
route. AGulX® nanoparticles act as radiosensitizers under radiotherapy and as MRI positive
contrast agent [205-207]. These inorganic nanoparticles are composed of a polysiloxane matrix
and allow multimodal imaging and theranostic approach [114,208-212]. These nano-delivery
systems were primarily developed for intravenous injection (IV). However their administration
to the lungs has been also evaluated in mice [191,192]. These nanoparticles can be delivered
passively to lung tumors after administration through the airways [191]. These radio-sensitizing
nanoparticles were administered via the intrapulmonary route to the mice, these latter were then
exposed to radiotherapy. A 45%-increase of the mean survival time was observed [193]. Within
the perspective of a potential clinical translation of nebulized AGulX® for the treatment of lung
diseases in human, innovative ex vivo anatomical model was used to determine the performance
of a process of nebulization thanks to a commonly clinically used jet nebulizer [204]. Through
this work, a multimodal approach thanks to scintigraphy and Magnetic Resonance Imaging
(MRI) were performed to qualitatively and quantitatively assess the deposited aerosol on an ex
vivo respiratory model. Thus two types of labelled aerosols were developed, using molecular
tracers (*®™Tc-DTPA for scintigraphy and gadoterate meglumine for MRI1) and nanoparticular
tracers (*tindium chloride chelated on the AGUIX® nanoparticles for scintigraphy and Gd-
AGuIX® nanoparticles for MRI). With both imaging techniques, a homogenous pattern of
deposition was observed with the nanoparticular aerosol, pattern which is similar to the one
obtained with a molecular tracer using the same nebulizer. The quantity of aerosol deposited
into the respiratory tract with the nanoparticular aerosol was 2-fold lower compared to that of
the molecular tracer aerosol, for both imaging techniques. Despite the limitations of the ex vivo
model used to assess the regional deposition pattern of the aerosol, this work proved that the
aerosolization of a nanoparticulate suspension could be achieved with a clinical nebulizer, and
perfectly demonstrated that this type of preclinical respiratory model offers promising findings
which could facilitate the transfer of the aerosolized nanoparticles to the clinic.

5.2.4. Toward other clinical applications of nano-delivery to the lung by inhalation
One may wonder "why nano when micro is largely sufficient"? As a matter of fact, micro is
sufficient for local delivery of active agents into the lungs. Nano could be helpful to address
some of the limits of current pulmonary therapeutic (frequency of administration, loss of dose
in not relevant lung regions, ...). However, there are still many challenges to overcome to reach

systemic approaches by pulmonary route. Thus, nano could be an interesting tool for such
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purposes. Indeed, inhaled nanoparticles can reach the blood circulation through translocation
and exert systemic effects. This is why nano-systems for pulmonary delivery of insulin have
been designed [213,214].

More recently, a European-funded project, Cupido, has developed a new strategy to treat
cardiovascular diseases. They propose to use calcium phosphate nanoparticles loaded with
therapeutic molecules, formulated as microparticulate dry powder that once inhaled reach the
alveoli and then the heart through blood circulation. Here, the drug cargo is released to cardiac
cells where it can exert its therapeutic effect [215].

This example perfectly illustrates how could nano-delivery to the lung be a promising strategy,
offering much more potential than the treatment of respiratory diseases. Although further
developments and optimizations are still necessary, promising therapeutic perspectives can be

expected from such approach.
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Figure captions

Figure 1 — Potential nanocarriers for nano-delivery to the lung (not exhaustive).

Figure 2 — A) Influence of particle size on lung deposition. B) Deposition mechanisms.
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