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nanomaterials on public health is limited so far. This paper briefly reviews the unique size-controlled
properties of nanomaterials, their disposition in the body after inhalation, and the factors influencing the
fate of inhaled nanomaterials. The physiology of the lung makes it an ideal target organ for non-invasive
local and systemic drug delivery, especially for protein and poorly water-soluble drugs that have low

ﬁeﬁ;gﬁf};ology oral bioavailability via oral administration. The potential application of pulmonary drug delivery of
Nanoparticle nanoparticles to the lungs, specifically in context of published results reported on nanomaterials in
Nanotoxicology environmental epidemiology and toxicology is reviewed in this paper.

Pulmonary delivery © 2008 Elsevier B.V. All rights reserved.
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1. Overview of nanomaterials ‘Nanoscience’ and ‘nanotechnologies’ have been defined by the
Royal Society and Royal Academy of Engineering (Dowling et al.,
In the current era of nanoscience, the use of nanotechnologies in 2004; Borm et al., 2006b) as follows:

commercial applicationsisincreasing in many scientific disciplines,
including electronics, sporting goods, tires, stain-resistant clothing,
cosmetics, and medicine for diagnosis, imaging and drug delivery.

“Nanoscience is the study of phenomena and manipulation of
materials at atomic, molecular and macromolecular scales, where
the properties differ significantly from those at a larger scale”;
likewise, “Nanotechnologies are the design, characterization, pro-
duction and application of structures, devices and systems by
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least one dimension measuring 100nm or less. They include
nanoparticles, nanofibers and nanotubes, composite materials and
nano-structured surfaces. Nanoparticles, as a subset of nanoma-
terials, are currently defined as single particles with a diameter
less than 100 nm. Agglomerates of nanoparticles can be larger
than 100 nm in diameter but may be de-agglomerated with weak
mechanical forces or by dispersing in a solvent. Nanofibers and nan-
otubes have two dimensions measuring less than 100 nm but the
axial dimension can be much larger.

2. Characteristics of nanomaterials

The main differentiating characteristic of nanomaterials is their
size, which falls in the transitional zone between individual atoms
or molecules and the corresponding bulk materials (Hoet et al.,
2004). Size reduction can modify the physical and chemical prop-
erties of nanomaterials distinctively from their bulk and molecular
counterparts. It is known that for a group of airborne particles
with fixed mass (10 mg/m?3) and unit density (1 g/cm3), as the par-
ticle size decreases to less than 100 nm, the number of particles
increases exponentially along with the surface area, as shown in
Fig. 1. This allows a greater proportion of atoms or molecules to
be orientated on the surface rather than within the interior of the
material, hence allowing adjacent atoms and substances to interact
more readily. The surface-to-volume ratio determines the poten-
tial number of reactive groups; the intrinsic properties of materials
at the nano-sized level are emphasized compared to their larger
bulk counterparts. The enhanced activities could be either benefi-
cial (e.g., antioxidation, carrier capacity for drugs, increased uptake
and interaction with biological tissues) or disadvantageous (e.g.,
toxicity, instability, induction of oxidative stress) depending on the
intended use (Oberdorster et al., 2005; Nel et al., 2006).

Independent of particle size, the charges carried by the materials
in contact with cell membranes and the chemical reactivity of the
materials play a dominant role when the particles react with other
substances or tissues (Lee et al., 1986).

Due to the attractive properties of nanomaterials (summarized
in Table 1), such as high strength, conductivity, solubility, durabil-
ity and reactivity, they have been used in a variety of applications,
including fillers, opacifiers, catalysts, semiconductors, cosmetics,
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Fig. 1. Relationship between particle size and number of molecules displayed on
particle surface. The percentage of molecules displayed on the surface of the par-
ticles to the total molecules in the particles increases exponentially while particle
diameter decreases in the range of 1-100 nm. At a particle diameter of 30 nm, about
10% of its molecules are displayed on the surface; whereas at 10 and 3 nm particle
diameter, 20% and 50% of the total molecules in the particles may display on the
surface, respectively. Increase the ratio of atoms or molecules on the surface to the
total molecules of a material may enhance the chemical and biological properties
of nanomaterials. The enhanced activities could be either beneficial (antioxidation,
carrier capacity for drugs, increased uptake and interaction with biological tissues)
or disadvantageous (toxicity, instability, induction of oxidative stress) depending on
the intended use. Adapted from Oberdorster et al. (2005) with permission.

Table 1
Unique features of nanomaterials (Borm and Kreyling, 2004)

Size: 20-50 nm enters CNS
<70 nm, able to escape defense system in vivo

High surface to mass ratio

High strength, conductivity, solubility, durability and reactivity
Catalytic promotion of reactions

Ability to adsorb and carry other compounds

Ability to escape defense system in vivo

Ability to cross cellular and sub-cellular membranes

Surface coating (e.g., lecithin, albumin)
Enhance uptake by Type I/Il pneumocytes
Transcytosis across capillary

Charged particle (higher inhaled deposition)

microelectronics, and drug carriers (Meyer et al., 2001; Oberdorster
et al., 2005). However, as production and use of engineered nano-
materials have expanded, the potential impact to the environment
and human health must be investigated and confirmed (Dowling,
2004).

Particle size and surface area of the nanomaterials are impor-
tant characteristics from a toxicological viewpoint. Carbon black
nanoparticles of similar mass and composition but with different
specific surface areas (300 m2/g versus 37 m2/g) were studied. It
was found that the biological effects, such as, inflammation, geno-
toxicity, and histology were related to surface area and not particle
mass. Similar findings have been reported regarding tumorigenic
effects of inhaled particles. It was shown that the tumor incidence
correlated better with specific surface area than with particle mass
(Driscoll et al., 1997; Oberdorster and Yu, 1999). It is recognized
that biologically available surface area is probably the most crit-
ical parameter for the effects of the nanomaterials. Additionally,
particle surface chemistry, biodegradability, number, shape, and
solubility are all found to be significant factors in determining
harmful biological effects (Brown et al., 2001; Hoet et al., 2004;
Maynard and Kuempel, 2005).

Knowledge of the effects of nanomaterials on biological systems
is limited due to the relative novelty of this technology, and little
has been done to assess the risks of nanomaterials to the biological
systems. The current paradigm in environmental epidemiology is
that adverse health effects of fine and ultrafine particulates, such as
those found in air pollution and some workplaces, are driven by the
ultrafine particle fraction, indicating that exposure to materials in
the nano-size range could cause significant public health problems,
such as pulmonary and cardiovascular diseases (Donaldson et al.,
2005; Powell and Kanarek, 2006a,b).

3. The lungs as a delivery target for nanomaterials

The lungs, skin and intestinal tract are in direct contact with
the environment. These organs are likely to be a first port of entry
for nanomaterials into the body. Epidemiological studies showed
a positive correlation between increases in atmospheric partic-
ulate concentrations and the short-term increases in morbidity
and mortality (Borm and Kreyling, 2004; Powell and Kanarek,
2006a). Inhalation is the most significant exposure route for air-
borne nanoparticles (Hoet et al., 2004; Oberdorster et al., 2005).
The lung consists of two functional parts, the airways (trachea,
bronchi, and bronchioles) and the alveoli (gas exchange areas).
The conducting zone consist of the first 16 generations of airways
comprised of the trachea (generation 0), which bifurcates into the
two main stem bronchi, and subdivides into progressively smaller-
diameter bronchi and bronchioles. The respiratory zone consists
of all structures that participate in gas exchange and begins with
the respiratory bronchioles (Weibel, 1963). The human lungs con-
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tain about 2300 km of airways and 500 million alveoli (Stone et
al., 1992). The surface area of the human lungs is estimated to
be approximately 75-140m? in adults (Gehr et al., 1978; Smith
and Bernstein, 1996; Groneberg et al., 2003). The pseudostratified
epithelia that constitute the barrier to absorption into the blood-
stream are markedly different in airways and alveoli of the lungs.
The airways are composed of a gradually thinning columnar epithe-
lium, with the bronchial epithelium of 3-5mm and bronchiolar
epithelium of 0.5-1 mm in thickness (Weibel, 1963; Patton, 1996).
In the tracheobronchial region the epithelium is protected by a
mucus layer (Courrier et al., 2002). Any particle deposited in this
area is transported away from the lung by mucociliary clearance
(Gehr et al., 1996), or diffuse through the thick mucus to reach the
epithelium cells. In contrast, the alveoli have a thin, single cell layer.
The distance from the air in the alveolar lumen to the capillary blood
flow is less than 400 nm. The large surface area of the alveoli and
the intimate air-blood contact in this region make the alveoli less
well protected against inhaled substances, such as nanoparticles,
as compared to the airways (Courrier et al., 2002).

4. Deposition of nanomaterials in the respiratory tract

There are three principal mechanisms that lead to pulmonary
deposition: inertial impaction, gravitational sedimentation and
Brownian diffusion, as summarized in Table 2. The inertial
impaction occurs during the passage through the oropharynx and
large conducting airways if the particles possess a mass median
aerodynamic diameter (MMAD) more than 5 wm. When the MMAD
of particles ranges from 1 to 5 m, they are subject to sedimentation
by gravitational force that occurs in smaller airways and respiratory
bronchioles. Sedimentation is influenced by breath-holding. Parti-
cles with a MMAD of less than or equal to approximately 0.5 um,
they are deposited significantly by diffusion, based on the Brownian
motion (Martonen and Katz, 1993; Ariyananda et al., 1996; Courrier
etal., 2002).

The site, extent and efficacy of particle deposition after inhala-
tion is influenced primarily by three factors (aerosol properties
and physiology) during breathing: (a) particle/droplet size (diam-
eter), density, surface properties, or shape (i.e. fibers) (Vincent et
al., 1985); (b) anatomy of the upper and lower airways and the
alveolar structure; (c) ventilatory parameters with impact on the
particle deposition are breath pattern (including breath-holding
and presence of expiratory flow limitation), flow rates and tidal
volume, determining the airflow velocity and the residence time
in the respiratory tract (Newman et al., 1982; Martonen and Katz,
1993; Byron and Patton, 1994).

Next to morphological characteristics and ventilation parame-
ters, the particle size and geometry is most important (Martonen
and Katz, 1993). The particle size is commonly referred to the
aerodynamic diameter, which is a variable depending on the shape,
density and size of the object. If aerosols contain different particles,
the size distribution is usually characterized by MMAD, which is
particularly important to determine whether the particles will be
efficiently deposited deep into alveolar region (Byron and Phillips,
1990; Groneberg et al., 2003). A successful deposition into deep
lung requires the particles be small enough to avoid deposition
by inertial impaction on upper airways and can pass through the
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Fig. 2. The effect of particle size on the deposition of aerosol particles in the human
respiratory tract following a slow inhalation and a 5 s breath hold. Larger particles
deposit in the airways or mouth and throat, whereas smaller particles deposit in
the alveolar region. Particles <1 wm can be exhaled, thereby reducing deep lung
deposition. Reproduced from Patton (2005) with permission.

lower airways, meanwhile be large enough to avoid exhalation
(Tsapis et al., 2002; Gill et al., 2007). The optimal particle size for
achieving delivery deep into alveolar region has been established
to be an aerodynamic diameter between 1 and 3 pm (Byron,
1986). In general, aerosol particles measuring less than 1 wm can
be exhaled up to 80% after inspiration without being deposited,
because of their low inertia (Heyder et al.,, 1986; Heyder and
Rudolf, 1984). The deposition of particles in the lung; however,
is bi-model and ultrafine particles (less than 100 nm) appear to
settle effectively to the alveolar region with a fractional deposition
of around 50%, as calculated from mathematical modeling of
monodisperse particles after slow inhalation with a breath hold
(see Fig. 2) (Byron, 1986; Courrier et al., 2002; Patton, 2005).
This has been confirmed by controlled clinical studies evaluating
deposition and effects of laboratory-generated ultrafine particles.
High-deposition efficiencies in the total respiratory tract of healthy
subjects were found, and deposition was even greater in subjects
with asthma or chronic obstructive pulmonary disease (Jaques and
Kim, 2000; Chalupa et al., 2004).

Nanoparticle deposition in the respiratory tract is determined
predominantly by diffusional displacement due to the thermal
motion of air molecules interacting with particles in the inhaled
and exhaled air streams (Schurch et al., 1990; Geiser et al., 2003).
Depending on the particle size, shape and ventilation parameters,
deposition occurs in all regions of the lung: the airways and the
alveoli. With decreasing particle diameter below about 500 nm,
the deposition increases in all regions of the lung because of the
increasing diffusional mobility (Byron, 1986). Nanofibers with a
small diameter will penetrate deeper into the lungs, while very
long fibers (more than 20 wm) are predominantly located in the
upper airways (Oberdorster, 2002; Oberdorster et al., 2002).

5. Fate of inhaled nanomaterials in the lung

The fate of inhaled nanomaterials depends on regional dis-
tribution in the lung, because disposition within the lung is a
complex function of the kinetics of absorption and non-absorptive
clearance mechanisms (Sakagami, 2006). Once nanomaterials are
deposited onto the lining of the respiratory tract, they first con-

Table 2

Mechanism of aerosol deposition (Courrier et al., 2002; Byron, 1986)

Site Size (um) Mechanism Comment

Large airways 5-9 (slow inhalation), 3-6 (fast inhalation) Impaction Most deposition in segmental airways
Smaller airways 1-5 Gravitational sedimentation Improved with slow and deep breathe
Respiratory bronchioles 1-3 Gravitational sedimentation Improved with slow and deep breathe

Alveoli <0.5

Brownian diffusion Most exhaled
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tact the mucous layer within the airways or the surfactant-lining
fluid layer within the alveolar region. Airway mucus (about 5 pm in
depth) is a complex aqueous secretion of airways, comprising elec-
trolytes, proteins, glycoproteins (e.g., mucins) and debris of cells
(Widdicombe and Widdicombe, 1995). The components vary much
depending on environmental and disease states. The surfactant-
lining layer (10-20 nm in thickness) that covers the alveolar surface
is composed of 90% in weight of phospholipids and 10% in weight of
specific proteins (Goerke, 1998; Johansson et al., 1994). Both airway
and alveolar surface liquids are coated with at least a monolayer of
highly surface active lung surfactant, which are primarily water-
insoluble long-chain phospholipids. They form liquid crystals but
not micelles in aqueous media (Patton, 1996) to maintain the func-
tions of the lungs: facilitation of gas exchange and prevention of
alveoli collapse by reducing the lung air interface surface tension
(Veldhuizen et al., 1998; Schief et al., 2003).

It was found that regardless of the nature of the nanomate-
rials surfaces, they will be submersed into the lining fluids after
their deposition (Geiser et al., 2003). Study of interactions between
different nanoparticles and lung surfactant film indicated that
the smaller the size of nanoparticle, the more can be incorpo-
rated into the surfactant film. However, the surface pressure of
the surfactant film does not change significantly with the incor-
poration of nanoparticles, i.e. the size-dependent incorporation of
nanoparticles does not destabilize the lung surfactant film (Stuart
et al., 2006). p-Alpha-tocopheryl polyethylene glycol 1000 succi-
nate (TPGS)-coated nanoparticles also do not destabilize the model
surfactant film, suggesting potential application of nanoparticles to
lungs (Mu and Seow, 2006).

Once deposited within the lung lining fluid, there are separate
biokinetics for lung absorption and non-absorptive clearances. The
kinetics of dissolution of inhaled particulates determines whether
the inhaled nanomaterials will dissolve in the epithelial lining fluid
for lung absorption or whether such nanomaterials will undergo
non-absorptive clearances (Borm et al., 2006a). Inhaled nano-
materials that are either lipid soluble, or soluble in intracellular
or extracellular fluids undergo chemical dissolution in situ. Low
molecular weight hydrophobic molecules are thought to be rapidly
absorbed (within seconds) by passive diffusion through the lung
epithelial membrane (Patton and Byron, 2007). The kinetics of dif-
fusion in the alveoli is much faster than that in the small airways,
mainly because lung absorption mostly occurs from the air-side sur-
face of the alveoli to the pulmonary capillaries. The alveoli has a thin
monolayer (0.1-0.4 wm) composed of extremely broad and thin
Type I cells and small compact Type Il cells, and a large surface area
(more than 100 m?2). Only a small portion of inhaled nanoparticles
is absorbed from the tracheobronchial airways which have a much
thicker layer of column-shaped epithelial cells (10-60 pwm) and
lower surface area (1-2 m2) (Byron and Patton, 1994). This is sup-
ported by Fick’s law. Low molecular weight hydrophilic molecules
can be absorbed by active transport via specific transporters, or by
passing through the tight junctions (Patton, 1996). The kinetics of
active absorption should depend upon the lung-regional expres-
sion and functionality of receptors or transporters. It was recently
reported that the absorption of large molecule immunoglobulins
of the IgG class (150 kDa) might occur in the upper airways by
receptor-mediated transcytosis of IgG (Spiekermann et al., 2002;
Bitonti et al., 2004). Solutes and soluble components may be even-
tually cleared into blood and lymphatic circulation.

Inhaled nanomaterials that are insoluble in mucus and lining
fluid, are not able to be rapidly absorbed, and may undergo physical
translocation. This is different depending on lung region in which
the nanoparticles have been deposited (Oberdorster et al., 2005).
Immersion of the inhaled, slowly dissolving or insoluble nanoma-
terials in the fluid lining the lungs may enable them to be closely

associated with epithelial cells and cells of the host-defense sys-
tem for particle—cell interaction (Geiser et al., 2003). Subsequently,
several post-defense mechanisms, including the mucociliary esca-
lator transport, phagocytosis by macrophages and endocytosis, are
involved in the removal of deposited nanoparticles and to main-
tain the lung mucosal surfaces (Gumbleton, 2001; Arredouani et
al.,, 2004).

The mucociliary escalator dominates clearance of nanoparticles
from the upper airways. Nanoparticles that consist of slowly dis-
solving or insoluble materials in the airway mucus will be partly
moved by action of the ciliated epithelial cells pushing the mucus
along with the nanoparticles that deposited on the airway walls to
the larynx, where they are swallowed to the gastro-intestinal tract
or excreted through the mouth (Heyder et al., 1986). The deposited
nanoparticles may also be removed by coughing within 1-2 days
(Patton, 1996). However, Schurch et al. (1990) showed that mucus
clearance can be overcome by nanoparticles, possibly due to rapid
displacement of particles to the airway epithelium via surface
energetics.

Clearance of the slowly dissolving and insoluble nanoparticles
from the alveoli is predominantly by macrophage phagocytosis and
endocytosis (Sibille and Reynolds, 1990). The air-side surface of
each of the 500 million alveoli in the human lungs is routinely
monitored by 12-14 alveolar macrophages in the lung lining fluid
(Stone et al., 1992). The uptake of deposited particles by alveo-
lar macrophages depends on the particle size and composition
of coating material. Particles of 1-3 wm in diameter are far bet-
ter taken up than those of 6 wm by macrophages, which have
cell diameters about 15-22 pm (Chono et al., 2006). Particles of
less than 0.26 wm can escape from phagocytosis by macrophages
(Lauweryns and Baert, 1977). Due to the small size, the chance
of nanoparticles undergoing phagocytosis in the alveoli is much
lower than micron-sized particles. The remaining nanoparticles
will interact with the non-phagocytic cells of the epithelium, and
the endocytic events are regulated by clathrin-coated pits and cave-
olae, as well as scavenger receptors (e.g., scavenger receptor SR-A).
It has been suggested that caveolae and coated pits preferentially
transport small and large particles, respectively, but this needs to
be further verified in vivo (Rejman et al., 2004). Caveolae are inden-
tations of the plasma membrane lined with caveolin-1, and are
abundantly expressed on lung capillaries and Type I alveolar cells.
Macromolecules or particles of several nanometers in radii may be
transported within caveolae from lung to blood (Gumbleton, 2001;
Rejman et al., 2004).

Transport via pores, as suggested for lung-blood substance
exchange, is another possible route of disposition of inhaled nano-
materials. Inspiratory expansion and expiratory contraction of lung
alveoli may lead to the opening and closing of the caveolae. These
openings measure between 40 and 100 nm in size and are thought
to be involved in the transport of macromolecules, such as proteins,
across the alveolar-capillary barrier (Patton, 1996). Additionally, a
reactive nanomaterial surface will be able to initiate chemical inter-
actions between nanoparticles and membranes by inducing lipid
peroxidation at the interface, causing changes in membrane perme-
ability and dynamics (Nel et al., 2006). Thus, depending on size and
surface reactivity, nanoparticles may be transported across cellular
and sub-cellular membranes by different mechanisms. As a result,
most nanoparticles will be no longer retained as free particles on
the epithelium as inhaled and deposited.

6. Systemic translocation of inhaled nanomaterials

Recently, it was reported that inhaled nanomaterials may also
influence organs other than the lungs. Inhaled ultrafine technetium
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(99 mTc) labelled carbon particles, which are very similar to the
ultrafine fraction of actual pollutant particles, diffused into the sys-
temic circulation of hamsters within 5 min. Nemmar et al. (2001)
concluded that phagocytosis by macrophages and/or endocytosis
by epithelial and endothelial cells may be responsible for particle-
translocation to the blood, along with other mechanisms. There are
recent reports that inhaled nanoparticulates have been found in the
brain, probably traveling from the nasal nerves (Donaldson et al.,
2004). This suggests that nanoparticles may travel to sites away
from the site of deposition in the lungs.

However, no definite conclusion about the systemic transloca-
tion of inhaled nanoparticles can be drawn to date, based on the
conflicting results of human and animal studies. It was reported
that rapid translocation to the liver (more than 50%) of 13C-
labelled nanoparticles with a diameter of 26 nm occurred within
24 h following inhalation in a rat model (Oberdorster et al., 2002).
In another rat study, only less than 1% iridium nanoparticles
(15-20 nm in diameter) were found in secondary organs of rats,
but the nanoparticles were distributed widely throughout the body
to such organs as liver, spleen, kidneys, brain and heart (Kreyling
et al,, 2002). Kato et al. (2003) have provided morphological data
showing that inhaled polystyrene particles are transported into the
pulmonary capillary space, presumably by transcytosis; neverthe-
less, other research groups did not find any detectable particulates
in the body other than the lungs (Brown et al., 2002; Mills et al.,
2006).

The variable results from extrapulmonary translocation of
experimental nanoparticles may due to differences in the chem-
ical composition, particle size, surface characteristics, labelling
materials and experimental models reported in the different stud-
ies. Taken together evidence from the in vivo studies for alveolar
translocation of inhaled nanomaterials, supports that this pathway
exists in humans; however, the extent of extrapulmonary transloca-
tion is determined by characteristics of the nanomaterials. Systemic
translocation of the inhaled nanomaterials could better explain the
epidemiological findings of adverse cardiovascular effects found in
communities with air pollution (Pekkanen et al., 2002).

Inhaled nanoparticles may end up in systemic circulation and
the lymphatic system once they reach the pulmonary intersti-
tial sites following transcytosis across alveolar epithelial cells
(Oberdorster et al., 2005). There is uncertainty regarding the
real contribution of the lung’s lymphatic pathway to systemic
appearance following inhalation of nanoparticles. In the respira-
tory system, a vast network of lymphatic vessels drains both the
airways and the alveolar regions and terminates in the hilar and
mediastinal lymph nodes (Corry et al., 1984). Lymphatic drainage
is responsible for alveolar clearance of deposited drugs and par-
ticulates up to a certain particle diameter, i.e. 500 nm (Leak and
Ferrans Lee, 1991; McIntire et al., 1998). In vivo pharmacokinetic
studies of radiolabelled solid lipid nanoparticles (mean diameter
of 200 nm) revealed significant lymphatic uptake and a high rate
of distribution in periaortic, axillar and inguinal lymph nodes after
inhalation in rats (Videira et al., 2002). For the deposited nanopar-
ticles that are insoluble in the lining fluid of the lungs, they are
taken up less efficiently by the macrophages (Chono et al., 2006).
The phagocytosed nanoparticles may be destroyed once within
the lysosomes of phagocytic cells. Therefore, it is evident that for
the nanoparticles consisting of protein drug, macrophage engulf-
ment usually means eventual digestion of the protein (Lombry et
al., 2004). The nanoparticles sequestered by the macrophages may
also be transported to regional lymph nodes and may subsequently
migrate to systemic circulation. Particle-loaded macrophages were
seen in pulmonary lymphatic vessels and in hilar lymph nodes of
animals following instillation of particulates into the airways (Corry
et al.,, 1984). It has been shown that transfer of nanoparticles to the

lymph nodes of the lung generally increases with increasing molec-
ular weight greater than 10-20 kDa, whereas molecules less than
10 kDa are unlikely to be involved in this pathway (Muranishi et al.,
1996). The extent of elimination of inhaled nanoparticles from the
different pathways is highly dependant on the nanomaterial char-
acteristics (e.g., particle size, coating, surface charges), the amount
of inhaled nanoparticles, and potential degradation by lysosomal
enzymes before transport to the lymphatic circulation.

7. Factors influencing fate of nanomaterials

Clearance of inhaled nanoparticles from the lungs depends
mainly on particle size and, by implication, on particle surface char-
acteristics. It was reported following 3 months exposure of rats
to ultrafine (~20 nm) and fine (~200 nm) titanium dioxide (TiO-)
particles by inhalation, the ultrafine particles were cleared signif-
icantly more slowly, and showed more translocation to interstitial
sites and to regional lymph nodes as compared to the fine TiO,
particles (Oberdorster et al., 1994). Particles between about 20 and
50 nm in diameter may enter into the central nervous system and
cells. In addition, alveolar macrophages on the surface of the lungs
appear not be able to recognize particles of less than 70 nm as being
“foreign”, thus allowing them to gain access to the pulmonary inter-
stitium, and then capillary blood flow (Moghimi and Hunter, 2001).

Particle shape may also interfere with the clearance mecha-
nisms. Nanofibers measuring more than 20 um in one axis are too
long to be phagocytosed (fibers longer than the diameter of the
alveolar macrophage) and will be cleared very slowly, staying in the
lungs for months and possibly years. They induce a rather general
non-specific pulmonary inflammatory response, including release
of chemokines, cytokines, reactive oxygen species, and other medi-
ators, which can result in sustained inflammation and eventually
fibrotic changes (Borm and Kreyling, 2004; Hoet et al., 2004).

Surface coating of nanoparticles was found to effect particle
uptake. Albumin, lecithin, polysorbate 80 or peptide attachments
can enhance nanoparticle uptake into cells, whereas polyethy-
lene glycol interferes with nanoparticle uptake into the liver
(Somasundaran et al., 2004). Kato et al. administered intact
or lecithin-coated insoluble polystyrene latex beads (240nm
in diameter) intratracheally to rats using an air jet nebulizer.
Scanning electron micrographs of the rat lungs showed that
both lecithin-coated and -uncoated beads were incorporated into
alveolar macrophages. Some of the ingested beads in the alveolar
macrophages were sequestered within lysosomes. Types I and
II alveolar epithelial cells and monocytes in the capillary lumen
selectively incorporated only lecithin-coated beads. These findings
suggest that alveolar epithelial cells can incorporate exogenous
particles, which are then transferred from the alveoli to intravas-
cular spaces by transcytosis. The interaction between cells and the
lecithin-coated particles may involve cellular ligands to recognize
the lecithin by virtue of its molecular charge or hydrophilicity. Also,
as observed with lecithin, albumin coating of inhaled nanoparticles
appeared to facilitate nanoparticle endocytosis (Kato et al., 2003).

Moreover, surface electrostatic charge is an important fac-
tor influencing the deposition of inhaled nanoparticles. Charged
nanoparticles have higher deposition efficiencies as compared to
neutrally charged nanoparticles. Moderately lipophilic compounds
with a positive charge at physiological conditions, such as pen-
tamidine and verapamil, are preferentially bound to lung tissue
(Byron, 1993). Polycationic macromolecules show a strong inter-
action with cell membranes in vitro. Three polycationic paint
components exhibited considerable cytotoxicity (LD50 generally
below 100 mg/mL for an incubation period of 20-24h) in pri-
mary cultures of rat and human Type Il pneumocytes, alveolar
macrophages and human erythrocytes. The authors argued that the



244 W. Yang et al. / International Journal of Pharmaceutics 356 (2008) 239-247

multiple positive charges play an important role in the toxic mech-
anism (Hoet et al., 1999, 2001). It was found that nanoparticles with
polar surfaces showed different translocation rates across respira-
tory epithelium and into circulation in a hamster model (Nemmar
et al., 2001).

8. Potential application of nanomaterials in drug delivery

Learning from environmental toxicology studies, nano-sized air
pollutants, especially the spherical solid materials, easily enter the
lungs and reach the alveoli, and subsequently are cleared from
the lungs by different clearance mechanisms. However, due to
their small size, nano-sized particles are not likely to be detected
around the lung epithelial barriers. They will translocate into sys-
temic circulation and target other organs. Since the definition for
the cut-off size of airborne nanoparticles is the same as that of
engineered nanoparticles (100 nm), they should share the same
biokinetics upon inhalation into the lungs. Furthermore, the high
surface-to-volume ratio of natural airborne and engineered nano-
materials renders them more reactive, even though they are inert
as larger particles. Therefore, any possible effects of the nanoma-
terials may be amplified once entering the body via inhalation. On
the other hand, the extrapulmonary toxicity induced by inhaled
nano-sized air pollutants may also provide evidence for systemic
delivery of nano-sized pharmaceutical agents by inhalation, for
the medicines not suitable for oral or parenteral administration to
improve bioavailability and patient compliance.

Due to rapid advances in nanotechnology and biotechnol-
ogy, nanoparticles have been considered as an effective form for
delivery, and have been studied extensively to deliver the new gen-
eration of protein-, gene-based macromolecular therapeutic agents
into the body, since many of the components of living cells are
constructed at the nano-level, such as ribosomes, membrane trans-
porters, receptors and cell signaling systems (Labhasetwar, 2005).
Nanoparticles fall in the same size range of the biological entities;
therefore they can readily interact with molecules on both the cell
surface and within the cell (Rao et al., 2004; Moore, 2002). Further-
more, drugs that are deposited within the lungs in nanoparticulate
form have a greater chance to escape from the clearance mecha-
nisms by the lung defense systems, compared to microparticulate
form (Chono et al., 2006; Schurch et al., 1990). Thus, drug-bearing
nanoparticles have the potential to deliver drugs efficiently to the
epithelium, while avoiding unwanted mucociliary clearance. In the
pharmaceutical area, most nanoparticles described in the litera-
ture for drug delivery are between 50 and 500nm in diameter
(Yokoyama, 2005).

Nanoparticles are useful to deliver water-insoluble drugs.
Despite high potency, the effectiveness of water-insoluble drugs
can be severely limited because the solubility is too low to reach
therapeutic systemic concentrations. However, when their size is
reduced to nano-level, the increased particle surface-to-volume
ratio helps to enhance solubility and dissolution rate in an aque-
ous environment. Nanoparticulate forms of drug could have an
enormous benefit by significantly improving systemic bioavailabil-
ity (defined as the rate and extent of therapeutically active drugs
reaching the systemic circulation) and allowing a more rapid onset
of therapeutic action (Shargel and Yu, 1999).

The route of administration is as important as the drug itself
for therapeutic success. Nano-based approaches to drug deliv-
ery are focused on crossing a particular physical barrier, such as
the gastro-intestinal epithelium for absorption of macromolecules,
blood-brain barrier; or on finding alternative and acceptable
routes for the delivery of drugs expensive and vulnerable to the
gastro-intestinal environment. Pulmonary delivery of drugs at the

nano-level is a non-invasive promising means to provide not only
local lung effects but possibly high systemic bioavailability.

9. Delivery devices

Aerosols are an effective method to deliver therapeutic agents to
the lungs. Nebulizers, metered dose inhalers (MDIs), or dry powder
inhalers (DPIs) are commonly used to generate aerosols (Newman,
1991; Thompson, 1998). Despite the above mentioned advantages
of nanoparticles, the use of a drug-bearing nanoparticle itself for
delivery to lungs is severely limited because their low inertia causes
them to be exhaled after inspiration. Moreover, their small size
leads to particle aggregation due to their high surface energy, mak-
ing handling of nanoparticles very difficult (Hinds, 1998). Therefore,
the drug-bearing nanoparticles require carriers with MMADSs suit-
able for efficient pulmonary delivery.

In contrast to the conventional micron-sized particulate drug
formulations for nebulizers, the drug-bearing nanoparticles in an
aqueous colloidal dispersion is more easily incorporated into the
“respirable percentage” of aerosolized droplets (McCallion et al.,
1996). Therefore, more nanoparticles can be enveloped into the
aerosol droplets and delivered to deep lung. For instance, assuming
the particles are spherical, if the volume fraction of particles in the
carrier solvent is 0.01, only about 1/100 of 3 wm carrier droplets
will contain a 3 wm particle; whereas each carrier droplet would
contain about ten 300 nm particles. Thus, nanoparticle colloidal
dispersions, relative to microparticle dispersions, have the poten-
tial to increase the rate of drug absorption by promoting more
uniform drug distribution throughout the alveoli (Ostrander et al.,
1999; Jacobs and Muller, 2002).

For pulmonary delivery of drug formulations in solid form,
micron-sized powder particles containing the drug-bearing
nanoparticles were designed for deep lung delivery by using MDIs
and DPIs. Sham et al. (2004) developed a platform for aerosol
delivery of nanoparticles by preparing carbohydrate (e.g., lactose,
mannitol) carrier particles containing nanoparticle clusters using
spray-drying technique. Carrier particles can be made with an
appropriate MMAD to optimize alveolar deposition. Dispersion of
the lactose carrier containing either gelatin or polybutylcyanoacry-
late nanoparticles by a DPI showed a fine particle fraction (FPF) of
about 40% and MMAD of 3 pm. Upon reaching the deep lung and
contacting with the aqueous lining fluid of the lung epithelium, the
carrier particles dissolved and released the nanoparticles. A novel
type of effervescent carrier particle containing nanoparticles, with
a MMAD suitable for deep lung delivery, was reported by Ely et al.
(2007). Incorporation of effervescent technology into carrier parti-
cles adds an active release mechanism for the nanoparticles after
pulmonary administration using DPI. Nanoparticles were observed
to be distributed throughout the gas bubble that caused by the effer-
vescent reaction when exposed to humidity. Another idea reported
for pulmonary delivery of nanoparticles is forming trojan parti-
cles, which can be formed by incorporation of nanoparticles into
a thin-walled micron-sized large porous particles (LPPs) (Tsapis et
al.,, 2002). LPPs, characterized by geometric sizes larger than 5 pm
and mass densities around 0.1g/cm3 or less, offer advantage of
higher aerosolization efficiency over conventional inhaled thera-
peutic aerosol particles (Edwards et al., 1998). In addition, LPPs
with geometric diameters of 10-20 wm can penetrate deep into the
lungs and avoid macrophage engulfment by virtue of their large
size (Edwards et al., 1998; Edwards and Dunbar, 2002). The tro-
jan particles reportedly have several attractive features: they are
comprised solely of nanoparticles; they are readily redispersed as
nanoparticles in solution, yet the trojan particles are readily dis-
persed as aerosols. By using these micron-sized carriers to deliver
nanoparticles to deep lung, benefits of aerosolization properties of
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micron particles and the drug release and delivery advantages of
nanoparticles can be combined.

10. Pulmonary delivery of therapeutic nanomaterials

Drug-loaded nanoparticles have the potential to be used for pul-
monary delivery of therapeutics for treating lung diseases locally
and exerting systemic actions. Delivery of therapeutic agents to the
site of action for lung diseases may allow for efficient treatment of
chronic lung infections, lung cancers, tuberculosis and other respi-
ratory pathologies (Gelperina et al., 2005).

In vivo studies have observed an accumulation of nanoparti-
cles in tumor sites after intravascular administration (Brigger et
al., 2002), due to the leaky blood vessel structure of tumors. Such
properties make nanoparticles a very attractive delivery vehicle
for lung cancer treatment. Polysorbate 80-coated nanoparticles
which were loaded with doxorubicin (DOX) have been developed
to treat lung cancer. The nanoparticles were then incorporated
into inhalable carrier particles by a spray freeze-drying technique
(Azarmi et al., 2006). DOX-loaded nanoparticles had a particle size
of 173 £43 nm after re-dissolving the carrier particles. Cytotoxi-
city was assessed by incubated cultured monolayer of two lung
cancer cell lines (H460 and A549) with DOX-nanoparticle (powder
form) at the concentration of 0.625 pg/ml for 24 h. The DOX-loaded
nanoparticles showed enhanced cytotoxicity in a concentration-
dependent manner, compared to free DOX. This indicates that
DOX-loaded nanoparticles are more effective than free drug. The
enhanced activity of DOX-loaded nanoparticles resulted from the
nanoparticles being more readily internalized by an endocytosis
mechanism compared to a passive diffusion mechanism of DOX
into cells. This study supports the approach of lung cancer treat-
ment using nanoparticles as a drug delivery vector. The carrier
particles containing DOX-loaded nanoparticles may be delivered
by a dry powder inhaler. Development of inhalable nanoparticles
loaded with bioactive molecules is a new delivery platform which
can allow targeting of lung-specific diseases in the future.

Solid lipid nanoparticles (SLN) are lipophilic particulates con-
sisting of spherical solid lipid matrixes, and can be used as an
efficient and non-biotoxic drug carrier for drug delivery (Mehnert
and Mader, 2001). Recently, SLN have been proposed as carriers
of either diagnosis or therapeutic reagents upon encapsulation
of cytotoxic drugs. Videira et al. (2002) prepared lipid nanoparti-
cles using gliceryl behenate by a melt homogenization technique
and radiolabelled with 99 mTc using the lipophilic chelator D,L-
hexamethylpropyleneamine oxime (HMPAO). Thus obtained SLNs
have a mean diameter of 180-220 nm. Biodistribution studies were
carried out following ultrasonic nebulization of an aqueous disper-
sion of the 99 mTc-HMPAO-SLN and administration of the aerosols
to rats by inhalation using a mask. Dynamic images were obtained
up to 4 h post-inhalation, and showed a significant uptake of the
radiolabelled SLN into the lymphatic system after inhalation, and a
high rate of distribution in periaortic, axillar and inguinal lymph
nodes. The results revealed an important role of the lymphatic
pathway in the uptake of inhaled nanoparticulates. This study sug-
gested the possibility of pulmonary delivery of radiolebelled SLN as
a lymphoscintigraphic agent and direct delivery of cytotoxic drugs
to target lung cancer, which may metastasize through lymphatic
drainage.

In vivo pulmonary delivery of 5-fluorouracil (5-FU) in lipid-
coated nanoparticles (LNPs) system to a hamster model was
recently reported (Hitzman et al., 2006). The 5-FU lipid-coated
nanoparticles consisted of a core composed of 20% (w/w) 5-FU,
20% (w/w) FITC-dextran, and 60% (w/w) poly-(glutamic acid) with
a shell composed of 33% (w/w) cetyl alcohol and 67% (w/w) tri-
palmitin. The cores measure 600 nm in diameter and the shells

measure 200 nm in thickness. The LNPs were suspended at 5 mg/mL
in 0.01% Pluronic F68 aqueous solution and atomized into droplets
using an ultrasonic driver. The produced droplets were dried and
then directed into a nose-only rodent aerosol exposure chamber
for inhalation by hamsters at a dose of 30 mg LNPs/kg body weight
(1.5 mg 5-FU/kg body weight). The pharmacokinetics of the 5-FU
lipid-coated nanoparticle and total 5-FU in the lung, trachea, lar-
ynx, esophagus, and serum was studied. It was found that effective
local targeting as well as sustained efficacious concentrations of
5-FU in the expected tumor sites were achieved. The results sug-
gest using 5-FU containing lipid-coated nanoparticles for treating
squamous cell carcinoma of the lung.

Besides the success in delivering macromolecules via inhala-
tion to systemic circulation, the potential of pulmonary delivery
of small molecule weight entities that encounter formidable bio-
pharmaceutical challenges with conventional routes (e.g., oral)
of administration was also explored. Itraconazole (ITZ), a poorly
water-soluble compound, has displayed low and erratic absorp-
tion following oral administration. It has been used for treating
invasive fungal infections, which quite often gained entry to
the body from lung, and may disseminate to the circulation in
immune-suppressed patients. Two formulations of amorphous
nanoparticulate ITZ using polymers and surfactants as excipients
were prepared by spray freezing into liquid (SFL) technology. One is
designed for pulmonary delivery (ITZ-pulmonary). Eight milliliters
of the aqueous colloidal dispersion of the ITZ-pulmonary nanopar-
ticles (containing 200 mg of ITZ equivalent) was aerosolized by a
micropump nebulizer. The aerosols were administered to mice via
inhalation exposure for 20 min at a dose of 30 mg/kg body weight of
ITZ. The other (ITZ-oral) is for oral delivery (Vaughn et al.,2006). The
pharmacokinetic profiles of the two formulations were compared
with the commercial product Sporanox® oral solution (itra-
conazole/Janssen) after repeated dosing. ITZ-pulmonary achieved
significantly greater (more than 10-fold) lung tissue concentra-
tions compared to the Sporanox® oral solution and ITZ-oral. There
were no statistical differences between the two oral formulations.
ITZ-pulmonary achieved significantly greater lung levels per unit
serum concentration compared to the orally dosed ITZ composi-
tions. High and sustained lung tissue concentrations were achieved
via inhalation of an amorphous nanoparticulate ITZ-pulmonary
formulation while maintaining serum levels above the minimum
lethal concentration of Aspergillus fumigatus. This study and other
related research (Vaughn et al., 2007; Alvarez et al., 2007) showed
a paradigm of treating disseminated lung infection by pulmonary
delivery of nano-sized therapeutics to achieve both high lung local
and sufficient systemic drug concentrations to effectively improve
survival.

Budesonide, another poorly water-soluble drug has been pre-
pared as a nanosuspension by high-pressure homogenization and
delivered by nebulization (Jacobs and Muller, 2002). This budes-
onide nanosuspension has a mean particle size about 500-600 nm,
99% of the nebulized aerosols were below 3 pm; and the nanosus-
pension also displayed long-term stability without aggregation or
particle growth occurring over the examined period of 1 year. The
manufacturing technology is feasible to scale up. These features of
the budesonide nanosuspension imply the potential of successful
in vivo pulmonary application. However, it is regretted that no in
vivo experiments were reported to study the pharmacokinetics and
effects of the budesonide nanosuspension.

11. Conclusion

While nanotechnology provides great promises in healthcare,
the potential risk imposed by natural and engineered nanomate-
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rials to public health has also been of concern. This is due to their
enhanced activity at the nano-scale. The potential of the lung as a
natural entry for systemic delivery of aerosols of macromolecules
that are otherwise vulnerable to enzyme degradation in the gastro-
intestinal tract, and of water-insoluble drugs, has been recognized
in the pharmaceutical field. The integration of nanotechnology
and pulmonary delivery of drug aerosols represents a new and
exciting frontier for pharmaceutical dosage form design to increase
bioavailability and patient compliance, as supported by the results
of studies using nanoparticles as either diagnostic or therapeutic
agents for lung and systemic diseases.
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