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Delivery of peptides and proteins via the airways is one of the most exciting potential applications of
nanomedicine. These macromolecules could be used for many therapeutic applications, however due to
their poor stability in physiological medium and difficulties in delivering them across biological barriers,
they are very difficult to use in therapy. Nanoparticulate drug delivery systems have emerged as one of
the most promising technologies to overcome these limitations, owing mainly to their proven capacity to
cross biological barriers and to enter cells in high yields, thus improving delivery of macromolecules. In
this review, we summarize the current advances in nanoparticle designed for transmucosal delivery of
peptides and proteins. Challenges that must be overcome in order to derive clinical benefits are also
discussed.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Since the first attempts to administer insulin via inhalation in the
early 1920s, airway delivery of proteins has gradually emerged as
a serious non-invasive alternative for protein administration. The
human respiratory tract is an easily accessible route with a large
surface area, bypassing the first metabolic passage in the liver.
Moreover, the low thickness of the epithelial barrier, the vast
underlying vasculature, the low proteolytic activity, the low acidity
and the thinner mucus layer compared to the gastrointestinal
mucosa, make the airways suitable for both local and systemic
applications [1]. However, the respiratory mucosa forms a very tight
and complex barrier, hardly permeable to macromolecules such as
proteins. Indeed, proteins alone are poorly bio-available in the
airway, owing to their relative inability to cross the epithelial cell
wall, proteolysis, rapideliminationbymacrophagesandmuco-ciliary
clearance. For example, insulin has an extremely low systemic
bioavailability (only about 1%) following intranasal administration
[2]. Among strategies developed to improve proteins’ bioavailability
and absorption through the respiratory mucosa, the use of colloidal
carriers and especially nanoparticles is an emerging strategy under
investigation. Nanoparticles in particular have been shown to
provide several benefits, such as increasing proteins’ stability,
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bioavailability, targeting, uptake and biological activity. In this
review, we present the functioning of the respiratory tract and the
challenges to be overcome in order to enable effective delivery of
proteins.Wewill presenta synthesis of studies fromdifferentfieldsof
application, illustrating the potential of using nanoparticles for both
local and systemic applications, including cancer therapy, central
nervous system(CNS) targeting, allergyandvaccinationapplications.

2. Structure and function of the human respiratory tract

2.1. Description

The human respiratory tract is subdivided into three successive
parts from the nasal and the mouth cavities to the lungs, as shown
in Fig. 1 (ICRP, 1994): (i) the upper airways or extra-thoracic region
are the gateway for incoming air, comprising successively, the nasal
and mouth cavities, the pharynx and the larynx. They also partic-
ipate in other functions such as phonation, olfaction and degluti-
tion [3]; (ii) In the thorax, the upper airways give way to the
tracheobronchial (TB) region, successively made of the thoracic
section of the larynx and the tracheobronchial tree containing the
trachea and the two bronchi, which are divided in their deep parts into
many successive branches with smaller sections named bronchioles.
This region is responsible for air conduction and protection from
inhaled particles. (iii) The respiratory part of the airways made of
the respiratory bronchioles, the alveolar ducts and the lungs. Lungs
are massive spongy organs composed of respiratory bronchioles,
pulmonary alveoli and capillaries. The lungs’ alveoli are highly
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Fig. 1. Illustration of the major anatomical regions of the human respiratory tract (ICRP, 1994). Abbreviations: ET1: anterior nasal passages; ET2: posterior nasal passages, naso-
oropharynx, and larynx; BB: bronchial region, including trachea and bronchi; bb: bronchiolar region consisting of bronchioles and terminal bronchioles; AI: alveolar-interstitial
region, consisting of respiratory bronchioles, and alveolar ducts and sacs surrounded by alveoli [4].

C.Y. Dombu, D. Betbeder / Biomaterials 34 (2013) 516e525 517
vascularized small bags, made of thin wall pneumocytes, whose
role is to ensure respiratory gas exchanges with the blood. From the
upper to the deeper regions, the airways ducts’ diameters gradually
decrease while the number of branches and the surface area
increase. Therefore, the surface area gradually increases from
approximately 4m2 in the two bronchi, to 110e140 m2 in the lungs.
This unique organization ensures high volumes of gas exchange, to
a total lung volume of about 5500 ml [4]. Moreover, this
organization provides a large surface area for potential absorption
of several drugs, including proteins.

2.2. The airway mucosa as the primary defense of the respiratory
tract

The airway mucosa is responsible for airways homeostasis,
humidification, mucous secretion, mucociliary clearance and
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antibacterial defense [5]. The epithelium lining the airway is
covered by a 10 mm film of mucus [6], a hypotonic fluid made of 95%
water, 1% salts (1%), 1e2% proteins and glycoproteins (mucins), and
other elements [7]. Mucins are secreted or membrane-associated
high-molecular weight glycoproteins, produced by mucus
secreting cells. They are highly glycosilated as 80% sugars are linked
to a protein part rich in threonine and serine amino acids [8].
Several molecules secreted by airways cells are present in airways
fluids and participate in protection against infections, cellular
communication and cellular regulation. These molecules are
mainly secreted by serous cells (proteases, antioxidants, lysozyme,
lactoferrin, defensins, secretory leukocyte peptidase inhibitor, lac-
toperoxidase). Pneumocytes secret surfactant proteins and some
peptides - proteins are also secreted by macrophages. Moreover,
serum proteins are also present in the mucus as they diffuse
through the epithelial cells by different mechanisms including
transduction. The mucociliary clearance is the active transport of
the mucus along the airways ducts to the digestive tract, due to the
coordinated motion of cilia present on airways ciliated cells. Under
normal situations, cilia motion is a constant mechanism at
a frequency of 12e15 Hz, performed by airway epithelial ciliated
cells under neuro-stimulation [9]. The mucociliary clearance, sup-
ported by the mucus production plays a major role in innate
immunity, by entrapping and eliminating inhaled particles and
pathogens present in the airways [10].

Aside from mucociliary transport, macrophage phagocytosis
plays a major role in the protection of the respiratory tract. The two
mechanisms are complementary and act in different manners
along the airways. Indeed, the mucociliary clearance operates only
in the airways ducts while macrophages operate in the lungs
alveoli, and are responsible for particles clearance in the deep
lungs, including fine and ultrafine particles [11,12]. Phagocytosis is
facilitated by opsonization, which is the attachment of proteins on
the particle surface making it more visible to surface receptors on
phagocytic cells [13,14]. The airway is characterized by specific
opsonins, such as the surfactant protein-A (SP-A) and surfactant
protein-D (SP-D) which are principally secreted by type II alveolar
cells and, to a lesser extent, by Clara cells and some submucosal
glands cells [15e17].

2.3. The airway cells

The epithelium lining the airway is a continuous layer of cells
bound together with multiple, tight junctions [18]. The integrity of
Table 1
Principal airway cells.

Characteristics Localization(s)

Squamous cells Stratified non ciliated cells Pharynx, laryn
Ciliated columnar cells Pseudo-stratified ciliated cells Trachea, bronc
TypeII pneumocytes Spherical cells with dense

lamellar bodies
Lungs, respirat

TypeI pneumocytes Thin cells Lungs, respirat
Clara cells Ovoid non ciliated cells Bronchioles
Goblets Cells Electron dense large granules Tracheobranch

bronchioles (ra
Serous cells Electron-dense cytoplasm, much rough

endoplasmic reticulum
Small bronchi

Macrophages Large cells with dense granules Alveoli, Conne
space, and pulm

Dendritic cells Large cells with dense granules
and pseudopodia

NALT, Interepi
lamina propria

Endocrine, Kultchitsky
and Feyrter cells

Dense-core granulated (DCG) cell Surface epithel
these tight junctions is important to maintain impermeability
toward xenobiotics and has also been demonstrated to play roles in
cell signaling and proteins’ expression [18,19]. This epithelium is
made of several cell types with different but complementary
functions, whose proportions vary all along the respiratory tract
(Table 1). For example, the epithelium lining the larynx is a squa-
mous stratified epithelium [3], while the trachea is covered by
a pseudo-stratified layer of columnar ciliated epithelial cells. In
humans, ciliated cells represent about 56% of epithelial cells in the
trachea, with this proportion gradually decreasing to about 15% in
the fifth generation bronchioles [20]. They persist throughout the
major bronchi and in the respiratory bronchioles, and then give
way to a cubical epithelium in the periphery. In the deep airways,
the ratio of goblet cells to ciliated cells is estimated to be 1:5;
thereafter, both ciliated and goblet cell numbers gradually decrease
in smaller airways in favor of Clara and serous secreting cells [9,20].
Finally, in the lungs, the epithelium is mainly composed of alveolar
epithelial cells, subdivided into two different cells types: type I and
type II pneumocytes, the latter representing the majority.

Many secreting and non-secreting cells such as dendritic cells,
macrophages, Clara cells, serous cells, goblet cells and mucous-
secreting cells, also take part in the composition of the airways’
mucosa [8]. There are responsible for mucus secretion, proteins
secretion, xenobiotics metabolism, cell communication, and airway
protection, maintenance and differentiation. Furthermore, some
environmental stresses such as airways injury, reconstruction,
inflammation, asthma and cystic fibrosis have been shown to
influence the proportions and organization of these cells [21].
Finally, the ubiquitous exposure to airborne assaults make the
airways epithelium a very dynamic tissue under constant renewal,
with a total turnover estimated to be around 30e50 days, and
supported by numerous progenitor cells [10,22].

3. Nanoparticles as airway delivery systems

Nanoparticles have several advantages as airway delivery
systems. Their small hydrodynamic diameter allows them to
partially avoid clearance and to deposit in every region of the
respiratory tract, including the deep lung. Numerous studies,
including in vivo experiments and computational modeling, have
described the influence of particles’ size on their local deposition
along the airway [4,30,31]. It is widely accepted that, particles
below 3 mm are more likely to reach the deep lung [32]. Moreover,
smaller particles and especially nanoparticles (<100 nm) are
Function(s) References

x Protection, secretion [3]
hi, bronchioles Mucociliary clearance, immunity [20]
ory bronchioles Secretion, surfactant synthesis and

regulation, gas exchange, xenobiotic
metabolism, progenitor cells

[21,23]

ory bronchioles Secretion, gas exchange [21,23]
protection, immunity, progenitor cells [24,25]

ial tree,
re)

Mucous secretion [9,20]

and bronchioles Mucous and proteins secretion [26]

ctive tissue, pleural
onary capillaries

Phagocytosis, antigen presentation,
inflammation, neoplastic cells
destruction, secretions

[11,27]

thelial space, below
, alveolar interstitium

Inflammation, innate/adaptative
immunity, secretion

[28]

ium in bronchi Smooth muscle tone, mucous secretion
and ciliary stimulation

[29]
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preferentially expected to reach the deep lung, the trachea-
bronchial tree, and nasopharyngeal region [33]. In addition, nano-
particles are less susceptible to phagocytosis compared with larger
particles. Indeed, several studies converge to a size-range of
approximately 0.5e3 mm in which particles’ phagocytosis is
optimal [34,35]. For example, Lunov and co-workers showed that
polystyrene particles with sizes between 0.25 and 3 mm were
preferentially phagocytosed by macrophages [36]. Interestingly,
this size range fits with the role of macrophages in pathogen
clearance, as 1e4 mm represents the most common size of airborne
and waterborne bacterial pathogens [37,38]. Several studies have
shown that nanoparticle uptake by macrophages is highly depen-
dent on the particles’ physicochemical properties such as size,
surface charge, shape, and the extent to which they undergo mucus
interaction and endocytosis [12,39,40]. For example, a hydrophobic
surface is known to facilitate nanoparticle phagocytosis, while the
particles’ shape influences attachment and internalization by
macrophages [34,35].

In addition, nanoparticles can improve the bioavailability of
molecules in the airway, due to their ability to be deposited in and
adhere to themucosa. Mucoadhesion is the particular interaction of
a mucosal membrane with a synthetic surface [41,42]. Mucoadhe-
sive nanoparticles were found to have longer residence time and
improved bioavailability in the airway. The mucoadhesivity was
shown to be influenced by nanoparticles physicochemical charac-
teristics such as surface charge, size, porosity and the nature of the
polymer [43]. Different mucoadhesive polymers have been re-
ported in the literature, including chitosan (CS), alginate, polyvinyl
pyrrolidone, polyacrylic acid copolymer, polyvinyl alcohol copoly-
mers, and cellulose derivatives [44,45]. Among them, poly-
saccharides such as chitosan and its derivatives are of particular
interest due to their biocompatibility, biodegradability and low
toxicity [2,46e48]. Takeushi and co-workers showed that surface
coating of liposomes with CS polymers highly improved their
absorption to mucosa, compared to uncoated liposomes [49].
Moreover, PLGA nanospheres coated with CS exhibited improved
uptake by A549 alveolar epithelial cells compared with non-coated
nanospheres, without causing additional cytotoxicity [50]. Inter-
estingly, it has been reported that coating nanoparticles with
polysaccharide polymers may also limit their interaction with
opsonins [51,52]. Recently, lectins have been developed as cyto-
adhesive polymers, due to their ability to preferentially bind to
epithelial cells’ surface receptors. Therefore, combining nano-
particles with lectins is an emerging strategy under investigation to
improve their airway bioavailability by allowing direct attachment
to the epithelial cells, and thus limiting interactions with themucus
[43,53].

Another advantage of nanoparticles is their ability to be highly
endocytosed by airways’ epithelial cells. The endocytosis pathway
principally depends on the nanoparticles properties [54,55], and
cell type under consideration [56]. In a recent study, 60 nm cationic
maltodextrins nanoparticles (NPþ) were found to bind to anionic
receptors on human bronchial epithelial cells, and this was fol-
lowed by a fast internalization via the clathrin endocytosis pathway
[57]. Indeed, nanoparticles with a cationic surface are known to
bind anionic receptors, typically from the family of glycosamino-
glycans (GAGs) such as heparan sulfate proteoglycans (HSPGs),
syndecans, betaglycans and glypicans [58e61]. Similarly, the cla-
thrin route has been described for the uptake of different nano-
particles by airways cells, including chitosan nanoparticles [62],
PLGA nanoparticles [50,63], gold nanoparticles [64], and nano-
diamonds [65]. On the other hand, other endocytosis mechanisms
such as caveolae-mediated uptake, non-clathrin/caveolae uptake
andmacropinocytosis, have been described in the internalization of
nanoparticles and viruses by airway cells [54,66]. For example, DNA
nanoparticles were shown to penetrate BEAS-2B airways cells via
a caveolae-mediated endocytosis [67]. In the same manner, mac-
ropinocytosis was found to be implicated in nanoparticles’ uptake
by airway macrophages, in addition to phagocytosis [68]. Inter-
estingly, it has been reported that proteins’ attachment on the
nanoparticles’ surface (opsonization) may influence their uptake.
Indeed, opsonization of polystyrene particles with immunoglobulin
was found to modify the mechanism of their endocytosis from
clathrin and macropinocytosis pathways, to phagocytosis [36].
Other studies have shown that nanoparticles can cross alveoli cells
by transcytosis and merge into the bloodstream [12,69,70]. This
translocation of nanoparticles constitutes an interesting asset for
systemic drug delivery following airways administration [70e72].
In summary, nanoparticles exhibit considerable advantages as
airway delivery systems. They are able to be deposed efficiently in
the airway tract, to avoid clearance mechanisms, and to take
advantage of the endocytosis machinery of airway epithelial cells,
making them highly potent vectors for macromolecules delivery
systems.

4. Nanoparticles for airway delivery of peptides and proteins

Associating nanoparticles with proteins is an interesting
strategy to improve their bioavailability and biological activity
following airway delivery. Indeed, using nanoparticle delivery
systems is expected to provide benefits such as protein stability
increase, sustained release, intracellular targeting, cell/tissue tar-
geting and increased uptake by airway epithelial cells [73e75].
Numerous methods to load nanoparticles with proteins have been
developed, including encapsulation, surface adsorption, and
chemical linking [76]. For example, 50 nm self-assembled, cationic
nanogels are known to strongly interact to form stable nano-
particles even in the presence of serum [77]. Particle coating with
hydrophilic polymers such as PEG and CS was shown to improve
their ability to deliver proteins across the nasal and intestinal
mucosa [78]. Numerous nanoparticles have been developed to
promote airway delivery of proteins, including mucoadhesive
systems, tight junction disrupters, and macrophage targeting
systems. For example, it has been shown that mucoadhesive
nanoparticles can improve protein/peptide absorption and resi-
dence time in the mucosa [79,80]. Moreover, nanoparticles are
expected to enable long-term bioavailability and controlled release
of therapeutic proteins [75].

5. Applications

5.1. Airway delivery of therapeutic protein

So far, insulin is the most documented example of peptide
delivery via the airway. Studies of inhaled insulin for the treatment
of type 1 and 2 diabetes were reported in the 1920s, when Laqueur
and Grevenstuk reported on insulin bioavailability after intra-
tracheal administration (Laqueur and Grevenstuk, 1924). Intrana-
sally administered insulin has more recently been shown to elicit
long-term control of plasma glucose compared with the conven-
tional subcutaneous administration [81e83]. However, many
studies have also reported a low systemic bioavailability of nasally
administered insulin (less than 1%) [2], thus requiring very high
doses of insulin be taken (up to 10 times more than traditional
doses) [84]. Although therapeutic peptides and proteins such as
insulin can cross the air-blood barrier [85], their absorption across
airway epithelial cells is strongly limited by the airways’ clearance
mechanisms, low penetration through cell membranes and the
difficulty of determining effective doses depending on patients
[84]. Numerous studies have shown that associating insulin to
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nanoparticles can improve insulin’s bioavailability in the respira-
tory mucosa. For example, PEGylated chitosan nanoparticles were
shown to enhance insulin absorption to a greater extent compared
with non-nanoparticulates forms of chitosan and insulin alone
[86,87]. Chitosan nanoparticles were also found to enhance nasal
absorption of insulin in rabbit, regardless of chitosan molecular
weight [88]. Recently, Al-Qadi and co-workers reported that
intratracheal administration of dry insulin powder micro-
encapsulated in chitosan nanoparticles increased its distribution to
the deep lungs, and facilitated release of a biologically active form
of insulin to rats’ blood. Moreover, they observed a more
pronounced and prolonged effect compared to non-formulated
insulin [89]. In addition, the use of mucoadhesive liposomes
loaded with insulin has been shown to significantly reduce plasma
glucose compared with non-mucoadhesive liposomes [90], and
a significant reduction of glucose levels in blood was observed for
more than 12 h in rat, via intranasal administration after [49].
Similarly, Sintov and co-workers showed that intranasal adminis-
tration of an insulin microemulsion was able to control glucose
levels in plasma with good permeation, pharmacokinetics/phar-
macodynamics comparable to subcutaneous administration, and
with no need for co-administration of an absorption enhancer [91].
Similarly, the L-penetratin cell penetrating peptide (CPP) was found
to increase insulin permeability across nasal epithelial cells after
intranasal delivery in male Sprague Dawley rats [92]. These results
show that intranasal administration of nanoparticle-bound insulin
is a promising non-invasive strategy to treat diabetes.

Aside from insulin, a large number of proteins have been evalu-
ated for airway delivery, including peptide hormones (calcitonin,
oxytocin, growth hormone, somatostatin, thyroid-stimulating
hormone, follicle-stimulating hormone), growth factors (colony
stimulating factor, granulocytemonocyte-colony stimulating factor,
Insulin-like growth factor) and cytokines (IL-2, IL-12) [84]. Chen and
co-workers showed that formulating calcitonin (a 32 amino-acid
polypeptide hormone used in the treatment of bone diseases such
as Paget’s disease, hypercalcemia, osteoporosis and bone metas-
tasis) in liposomes produced an activity comparable to subcuta-
neous injection, with a significant improvement of calcitonin
absorption and hypocalcemia activity compared to calcitonin alone
[93]. The same results were also obtained using different liposomes
[94]. Positively and negatively charged gelatin nanoparticles were
also shown to enhance calcitonin intranasal administration [95].
Moreover, pulmonary delivery of calcitonin loaded in gelatin-
chitosan nanoparticles was found to produce a sufficient pharma-
cological availability with a pronounced hypocalcemic effect for
more than 24 h [96]. In the samemanner, incorporation of elcatonin
(a calcitonin derivative) in chitosan-PLGA nanospheres produced
a prolonged reduction in blood calcium for over 24 h comparedwith
the drug solution and the unmodified nanospheres which was
rapidly removed from lung [79].

5.2. Protein delivery for vaccination

Most of the antigens used for intranasal vaccination are proteins
immunogenic enough to generate effective protection against the
pathogen under consideration. However, due to barriers encoun-
tered in the respiratory mucosa, antigens alone do not effectively
generate sufficient immunity and adjuvants are necessary to
increase their immunogenicity. The main challenge in intranasal
vaccination is to target the Nasal Associated Lymphoid Tissue
(NALT). The NALT is mainly located in the pharynx as a ring of
lymphoid tissue (Waldeyer’s ring) just below the epithelial surface,
and it contains many lymphoid follicles (B-cell areas), macrophages
and dendritic cells (Fig. 2). The epithelium forming the NALT
comprises ciliated epithelial cells, mucous goblet cells and non-
ciliated cells similar to the M-cells present in the Peyer’s Patches
in the intestinal tract. These particular M-cells are responsible for
uptake and transcytosis of antigens from the lumen to theNALT [97].
Numerous studies have shown thatnasal immunization cannotonly
produce local secretion of IgA in the airway mucosa, but can also
produce systemic IgG [98]. Moreover, intranasal vaccination was
shown to induce immune responses, on distal mucosal lymphoid
tissues, including the oral and vaginal mucosa [99,100], and stimu-
late a protective immunity toward different HIV pathogens
[101,102], the human papilloma virus [103] and the influenza virus.

Nanoparticles are considered to have high potential as delivery
systems for antigens to the respiratory mucosa, being able to
protect antigens against degradation and to deliver them to antigen
presenting cells [104]. They have been shown to improve antigen
protection, recognition and uptake by the lymphoid tissues, and in
some case to lead modulation of the immune response [105]. For
example, some nanoparticles such as chitosan, PLGA, and poly-
styrene nanoparticles were found to greatly improve antigens’
uptake by the NALT [106e109]. Polysaccharide derivative nano-
particles, such as trimethyl chitosan (TMC) nanoparticles, were
shown to enhance antigens’ residence time in the airway mucosa,
and the production of IgG and IgA [110]. Recently, TMC was shown
to induce the production of several maturation markers by the
dendritic cells [98,111]. Furthermore, surface coating of nano-
particles with mannose moieties was shown to improve their
uptake by immune cells by enhancing macrophage targeting [112].
This strategy is of interest, as macrophages rather than dendritic
cells have been found to be responsible for immunomodulation in
some specific patterns of airway infections [113].

The surface glycoproteins hemagglutinin and neuraminidase are
the most commonly used antigen proteins for influenza virus
vaccination and numerous attempts at formulating hemagglutinin
with nanoparticles have been made to develop a nasally adminis-
tered ‘flu vaccination. For instance, the polysaccharide nano-
particles Supra Molecular Biovector (SMBV) underwent clinical
trials as a protein delivery system for intranasal vaccination against
flu [114]. They were also shown to produce local and systemic
immunity after intranasal vaccination in mice, using Hepatitis B
antigens [115] or MenC meningitis antigen [116]. Moreover, SMBV
were able to stimulate both Th1 and Th2 immune response,
without modification of the IgG profile compared to intramuscular
administration [116]. In the samemanner, liposomes and liposome-
based structures formulated with short, highly-conserved influ-
enza peptides produced protective immunity against influenza
virus infection [113]. In a recent study, Gupta and co-workers also
showed that a single intranasal vaccination of mice with hema-
glutinin using chitosan coated polycaprolactone nanoparticles
increased the production of Th1 and Th2 antibodies compared to
administering the antigen alone, without modifying antibodies’
isotype profiles. Interestingly, they also showed that longer reten-
tion in the airway using a chitosan coating resulted in higher
production of IgG antibodies [117].

Another interesting example of intranasal immunization is the
vaccination against Mycobacterium tuberculosis. To date, the most
common strategy against tuberculosis is vaccination with Bacillus
Calmette-Guérin (BCG). However, BCG was shown to be mainly
effective in the childhood, protection reducing with age [118], and
BCG immunization of adults producing only reliable protection
[119,120]. Therefore, nanoparticles have been increasingly investi-
gated to provide vaccination and immunization boosts in adults,
especially as recent studies showed that intranasal vaccinationwith
antigens may boost immune protection in adults. The proteins
ESAT-6, Ag85B, and ESAT-6/Ag85B (fusion protein) are immuno-
genic proteins commonly used for immunization against
M. tuberculosis (MbT) [121]. PLGA nanoparticles formulated with



Fig. 2. The Nasal Associated Lymphoid tissue [117], showing the inter-connection between cell lining the airway and the underlying immune cells.
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ESAT-6 or with Ag85B were shown to induce a strong immunity
and memory T-cell response in the lungs and the thoracic lymph
nodes after intranasal administration [122e124]. Similarly, adju-
vanted Pluronic-stabilized polypropylene sulfide nanoparticles
conjugated with Ag85B enhanced production of polyfunctional Th1
responses in the spleen, the lung and lung-draining lymph nodes,
as well as Th17 responses, after intranasal administration [125].
These results offer encouraging perpectives for the development of
new, non-invasive anti-tuberculosis vaccines, providing long-term
immunity in both children and adults.

Finally, antigens loaded in nanoparticulate delivery systems
have also been shown to generate immune protection against
infections other than airway infections after intranasal immuniza-
tion. For example, The HIV membrane glycoproteins gp120, gp124
and gp160 were shown to produce efficient systemic and mucosal
immune response against HIV in animal, when formulated with
various nanoparticles including liposomes [102], PLA nanoparticles
[126], gamma-PGA nanoparticles [111] and polystyrene beads
[127]. Although intranasal vaccines using nanoparticle/protein
formulations are not yet available in the market, these research
achievements are illustrative of the potential of nanoparticles for
the delivery of protein antigens via the airway.

5.3. Cancer

Proteins play major roles in the processes of carcinogenesis and
tumor persistence. They are involved in every cellular mechanism
including cell signaling, proliferation, migration and apoptosis.
Moreover, cancer cells are known to express/over-express several
proteins markers. Therefore, numerous anti-cancer therapies take
advantage of the protein-protein interactions to develop proteins
and peptides based drugs, in order to specifically target membrane
proteins or to impede intracellular machinery of cancer cells.
Proteins drugs are developed for different anti-cancer strategies
including diagnosis, antibody therapy, vaccination, and cancer
targeting using proteins combined with anti-cancer drugs.
However intranasal delivery of proteins for cancer therapy still
presents serious difficulties, principally due to the airway barriers
and the low uptake by tumors.

Different nanoparticles/proteins formulations are being devel-
oped to target specific protein receptors on tumors. For example, the
epidermal growth factor receptor (EGFR) is a commonly targeted
surface receptor, as EGFR is overexpressed in 80% of cancers, and this
over expression has been associated with poor survival prognostics
[128]. Biotinylated-EGF coupled with gelatin nanoparticles were
shown to preferentially target lung adenocarcinoma cells (A549)
in vitro, compared to normal lung cells. Moreover intranasal delivery
to cancerous lungs mice showed accumulation in lung carcinoma
cells. On the other hand, some approaches use specific antibodies to
target EGFR. Cetuximab (or Erbitux, or C225) is a chimeric human-
murine monoclonal antibody that specifically binds EGFR with
high affinity, resulting in inhibition of cell proliferation, angiogen-
esis, invasiveness, metastasis, as well as enhanced apoptosis [129].
Recently, ultrasmall superparamagnetic iron oxide nanoparticles
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(USPION) conjugated with cetuximab were shown to specifically
bind EGFR and accumulate in nasopharyngeal carcinoma cells
(CNE1 cells), showing their potential as non-invasive contrast agent
for airway carcinoma [130]. In a same manner, various protein/
nanoparticles have been studied, including cetuximab conjugated
quantum-dot for tumor-specific imaging [131], Anti-ENO1-
conjugated gold nanoparticles for non small cell lung cancer
(NSCLC) [132] and bombesin coupled gold nanoparticles to target
gastrin-releasing peptide (GRP) receptors in NSCLC cells [133].

Interestingly, proteins can be loaded in nanoparticles as airway
anticancer drugs or associated with nanoparticles containing anti-
cancer drugs, in order enhance their bioavailability and reduce
undesirable effects [134]. El-mir and co-workers showed that, IL2
associated with maltodextrin nanoparticles was able to induce
complete regression of a tumor and partial immune protection from
tumor rechallenge, after intranasal administration in mice implan-
ted with mammary adenocarcinoma TS/A tumor [135]. Recently,
anti-EGFR antibody combined with hybrid plasmonic magnetic
nanoparticles wasshown to impede EGFR signal transduction on
NSCL cell culture, resulting in high cytotoxicity, autophagy and
apoptosis [128]. Moreover, heparin-nanoparticles coupled with
Cisplatin, was found to significantly increase their association on
EGFR and the intracellular concentrations of cisplatin in non-small
cell lung cancer H292, compared to the free drug alone [136].
Similarly, combining an anti H-ferritin monoclonal antibody to
polylactide nanoparticles formulated with praclitaxel was shown to
enhance their accumulation in A-549 cells lung carcinoma cells,
leading to a much higher cytotoxicity on these cells.

Finally, therapeutic vaccines against cancer are under develop-
ment using cancer proteins marquauers associated to nano-
particules. Indeed, nanoparticles are expected to enhance proteins
immunogenicity, as these protein makers alone are generally
unable to induce sufficient tumor immune responses due to their
poor inherent immunogenicity. For example, Matsuo and co-
workers recently showed that intranasal vaccination with poly g-
glutamic acid nanoparticles containing ovalbumin were able to
induce antitumor immunity against cancer cells transfected with
ovalbumin and injected in mice [137]. These achievements show
encouraging perspectives for the use of proteins associated nano-
particles to treat airway’s cancers.

5.4. Delivery to the central nervous system

Proteins and especially neurotrophic factors and recombinant
antibodies have great therapeutic potential against neurological
diseases. Recently, the brain targeting of proteins via the nasal route
increasingly appears as a promising non-invasive route to deliver
proteins to the brain, allowing bypassing the so selective blood
brain barrier. Indeed, different pathways allowing direct passage of
molecules from the nasal cavity to the brain have been character-
ized. (i) The olfactory nerve passage, operating by molecules
transport along the axon to the brain through the manifold small
holes of the cribriform plate of the ethmoid bone,after receptor
mediated endocytosis in the olfactory epithelium locatedin the roof
of the nasal cavity. (ii) The trigeminal nerves passage, which
transports molecules to the posterior parts of the brain, such as
cerebellum and brainstem. (iii) The vasculature route, in which
molecules cross the blood-brain barrier after passing the epithelial
barrier andmelting into the circulation streamvia the blood vessels
draining the nasal mucosa. (Iv) the cerebrospinal fluid (CSF) and
lymphatic system route, fitting into the nasal lymphatic’s and the
subarachnoid space containing CSF, accessible after nasal absorp-
tion [138,139].

Numerous attempts of proteins nose-to-brain targeting have
been studied for the treatment of neurological deseases such as
Alzheimer disease (IGF-1, NGF, BDNFand insulin), Parkinson disease
(TGF-alpha, FGF) and traumatic brain injury (erythropoietin, CNTF).
For instance, intranasal delivery of Insulin-like growth factor was
shown to elicit IGF biodistribution in the brain and the spinal cord in
rats [140]. Brain uptake via the nose can be improved using
absorption enhancer such as surfactants, bile salts, lipids, cyclo-
dextrins, chitosan and derivatives, poly-L-arginine, gelatin and
poly(acrylic acid) or by using transporteurs such as nanoparticles
[138,141]. For example, Vaka and co-workers showed a 14-fold
increase in the bioavailability of intranasally administered NGF
with chitosan compared to the formulationwithout chitosan, in rats
[142]. Recently, nanoparticles are increasingly developed to improve
CNS uptake of peptides and proteins via the nasal route. Though
nanoparticles have already shown ability to overcome the blood-
brain barrier via systemic delivery, recent studies are increasingly
showing that brain targeting of proteins via the nasal route can be
achieved by using nanoparticles[143]. One strategy to improve
nanoparticles uptake by the nasal olfactory epithelium is to coat
them with particular proteins such as the lectins Ulex Europeus
Agglutinin I (UEA I) and wheat germ Agglutinin (WGA), or with
homingpeptideswhich furthermore have advantages of beingmore
tolerated by mammalians [139]. For example, Liu and co-workers
showed that association of nanoparticles with WGA enabled their
targeting to rat brain using the olfactory and the trygemal nerves
pathways [144]. Same results were observed using Solanum tuber-
osum lectin conjugated PEG-PLGA nanoparticles [145].

Interestingly, nanoparticles can be combined with therapeutic
protein to improve nasal targeting of the CNS. For example, intra-
nasal administration in mice of a vasoactive intestinal peptide (VIP)
incorporated into PEG-PLA nanoparticles decorated with WGAwas
studied. The authors showed that WGA decoration induced a pref-
erential affinity and localization of nanoparticles in the olfactory
mucosa contrary to the respiratory mucosa. Futhermore, WGA
decorated PEG-PLA nanoparticles were shown to efficiently trans-
port VIP to the brain, following intranasal administration [146].
Recently, polysorbate-80 coated nanoparticles were shown to
improve distribution of the neurotoxin-II (an analgesic peptide) in
brain via intranasal administration to rat [147]. Moreover, Veronesi
and co-workers observed a strong protection against glutamate
toxicity in rat model’s brain after intranasal delivery of thyrotropin-
releasing hormone (TRH) incorporated in PLA nanoparticles,
showing interesting potential for the treatment of epilepsy
patients. Furthermore, this effect was greatly improved using
nanoparticles compared with TRH formulation alone [148].
Although the mechanisms of protein delivery to the brain using
nanoparticles are still poorly understood especially in terms of
toxicity on the brain after repeated administration, these results
enlighten the possibility of using nanoparticles as a new non-
invasive carrier to deliver proteins to the brain using the nasal
route and could bring considerable outcome for the treatment of
neurological disease.

6. Conclusion and future perspectives

The ubiquitous role of proteins in a plethora of biological
processes makes them molecules with a high therapeutic potential.
However, their use in therapy remains a difficult challenge, princi-
pally due to the difficulty of targeting proteins in the body while
simultaneously maintaining their stability and biological activity.
Recently, the delivery of proteins via the airway has received
increasingly significant attention as an alternative, non-invasive
route of administration, able to bypass the first metabolic passage
in the liver, while at the same time retaining proteins’ biological
activity. However, multiple barriers present in the respiratory tract
combine to severely limit the systemic uptake of macromolecules
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such as largepeptides andproteins. In this review,wehavepresented
numerous studies showing that, using nanoparticles as peptide and
protein vehicles can significantly improve their therapeutic efficacy
following airway delivery. Indeed, associating proteins with nano-
particles has been shown to improve they stability, residence time,
cell targeting, and uptake by airways’ epithelial cells. These proper-
ties were found to be dependent upon nanoparticles’ physicochem-
ical characteristics. Forexample, due to their small size, nanoparticles
are able to carry proteins throughout every regions of the respiratory
tract, including to the deep lungs. Moreover, using nanoparticles
coated with specific polymers such as PEG was shown to protect
proteins from proteolysis, mucus entrapment and clearance by
macrophages, resulting in a higher bioavailability in the airways. In
addition, proteins’ residence time can be significantly improved in
airways using mucoadhesive or cytoadhesive nanoparticles. This
constitutes an interesting asset as different cell populations can be
targeted by coating nanoparticles with specific cytoadhesive poly-
mers such as lectins ormannose. These results show that developing
nanoparticles as peptide and protein delivery systems is a promising
strategy to improve the delivery of these potentially important
therapeutic molecules to and through the airway. The application
areas are numerous and include cellular imaging, anti-cancer
therapy, vaccine development and CNS targeting.

Because of the current paucity of knowledge regarding the
potential toxicity of airway-delivered nanoparticles, numerous
studies have developed biodegradable nanoparticles, in particular
because nanoparticles can pass directly into the brain after intra-
nasal administration and consequences of repeated and/or long-
term administration are poorly known. This lack of data is partly
explained by the wide variety of nanoparticles, but also because
there is currently no widely accepted and reliable methodology to
study the toxicity of nanoparticles in the airways which mimics real
exposure conditions. Studies have long been limited to the toxicity
of airborne nanoparticles such as diesel [149], fullerene [150], tita-
nium dioxide [151] or oil vapor nanoparticles [152]. A recent study
suggested that nanoparticles’ interaction with proteins can have
a significantly influence on their genotoxicity [153]. In contrast,
beneficial effect of nanoparticles were observed on both inflam-
mation and allergies [154]. However, toxicity studies are usually
performed with doses of nanoparticles and under experimental
conditions that fail to realistically mimic exposure to nanoparticles.

Finally, the type of protein to be delivered via the airway is
a crucial parameter to consider. Indeed, most success in delivery of
proteins via the airways have generally been obtained with
peptides or proteins of relatively low molecular weight, such as
insulin (5.8 kDa), oxytocin (1 kDa), calcitonin (3.4 kDa), elcatonin
(3.3 kDa), VIP (3.3 kDa) IgG fragments (approximately 25 kDa),
rarely exceeding 50 kDa. This is principally due to the difficulty
large proteins have in crossing the epithelial cell layer. Moreover,
the blood bioavailability of airway-delivered proteins remains
modest, even associated with nanoparticles: for example, the
systemic bioavailability of airway-delivered insulin formulated in
nanoparticles rarely exceeds 30%. Therefore, larger doses of protein
are generally required in airway delivery. Regarding these param-
eters, the candidates for airway administration should be peptides
or proteins of small molecular weight, with high biological activity,
or preferentially developed for local applications.
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