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Abstract
Targeted delivery of drug molecules to organs or special sites is one of the most challenging research areas in pharmaceutical sciences. By
developing colloidal delivery systems such as liposomes, micelles and nanoparticles a new frontier was opened for improving drug delivery.
Nanoparticles with their special characteristics such as small particle size, large surface area and the capability of changing their surface properties
have numerous advantages compared with other delivery systems. Targeted nanoparticle delivery to the lungs is an emerging area of interest. This
article reviews research performed over the last decades on the application of nanoparticles administered via different routes of administration for
treatment or diagnostic purposes. Nanotoxicological aspects of pulmonary delivery are also discussed.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Over the last decades, colloidal drug delivery systems and
especially nanoparticles have received great attention. Nanoparticles can be administered via different routes of administration
such as parenteral, oral, intraocular, transdermal or pulmonary
inhalation. Aerosol therapy using particulate drug carrier systems
is becoming a popular method to deliver therapeutic or diagnostic
compounds either locally or systemically [1] as shown by the
development of inhalable insulin [2]. This is due to the large
alveolar surface area suitable for drug absorption, the low
thickness of the epithelial barrier, extensive vascularization and
relatively low proteolytic activity in the alveolar space compared
to other routes of administration and the absence of the first-pass
metabolism [3–6]. In general, nanoparticle delivery to the lungs is
an attractive concept because it can cause retention of the particles
in the lungs accompanied with a prolonged drug release if large
porous nanoparticle matrices are used [7]. On the other hand
studies have shown that nanoparticles uptake by alveolar macrophages can be reduced if the particles are smaller than 260 nm [7–
9]. Both effects combined might improve local pulmonary drug
therapy. However, the particle size of medically used nanoparticles is too small to be suitable for direct lung delivery. A
prerequisite for deep lung delivery is the design of proper carrier
systems [1]. Successful delivery of inhaled particles depends
mostly on particle size and particle density, and hence, the mass
median aerodynamic diameter [10]. The respirable fraction of an
inhalable powder is generally the fraction of particles with an
aerodynamic diameter ranging between 1 and 5 µm. This size
range guarantees a maximum deposition in the deep lung [11]. In
this article, we review research performed during the last three
decades in the area of nanoparticle delivery with special focus on
nanoparticle targeting to the lungs. While direct pulmonary delivery of dry powder formulations containing nanoparticles is rather
new, this article will also review nanoparticle delivery to the lungs
via different routes of administration.
2. Targeted delivery of nanoparticles to the lungs after
intravenous injection
Numerous studies were performed on the body distribution
of nanoparticles after iv injection. Different kinds of nanoparticles were used in several studies with different results. Early
studies were performed by different researchers investigating
the body distribution of nanoparticles. The results showed that
nanoparticles mostly accumulate in the organs of the reticuloendothelial system such as liver, spleen and lungs [12–14].
Kreuter et al. [12] studied the body distribution of poly
(methyl-2-14C-methacrylate) nanoparticles after intravenous
injection into rats and mice. They measured the radioactivity of
the nanoparticles in different organs at 0.5, 1, 2, 6, 24 h and 7 days
after i.v. injection. The results showed that a maximum
accumulation of the nanoparticles in the lungs was after 30 min
(21.8% of the administered dose). This amount decreased during
the surveillance time of 7 days to 13.2%. After intramuscular
administration of nanoparticles, all residual 14C-activity was only
found at the injection site. In this study no transportation or

distribution of nanoparticles occurred to the lungs during 70 days
of observation. Other distribution studies using different nanoparticles showed also that they were taken up by phagocytes of the
reticuloendothelial systems and mainly distributed to the liver and
in smaller portions to the spleen, bone marrow and lungs [15]. In
general, for a passive targeting of nanoparticles to the lungs the
particle size should be above 7 µm to be retained in the alveolar
capillaries. This may occur through agglomeration of nanoparticles after injection due to a break down of repulsive forces
between the particles or by using microparticles larger than 7 µm.
In a study performed by Gipps et al. [13], 14C-polyhyxyl cyanoacrylate nanoparticles were intravenously injected into nude mice
bearing a human osteosarcoma. The study showed that the maximum amount of radioactivity in the lungs was 2.27% of the dose
and occurred after 1 h. This amount decreased during a 14 day
observation period to 1.11%. Altogether the highest levels of
nanoparticle accumulation were found in the organs of the reticuloendothelial system: liver, spleen, and lungs. The radioactivity
in other organs was found to be low at about 2%. Waser and coworkers [14] showed that it is possible to reach relatively high
concentrations in the organs of the reticuloendothelial system
including the lungs after i.v. injection of radio-loaded nanoparticles. They used three different colloidal formulations including
liposomes, 14C-hexylcyanoacrylate nanoparticles and 125I-albumin nanoparticles. Although these researchers showed that a
higher drug concentration can be reached in the lungs using
nanoparticles, numerous other studies which were performed
during the last two decades showed that there was no significant
change in the lung accumulation of a drug if it was delivered using
nanoparticles compared to free drug. Rolland et al. [16], injected
radioactive polymethacrylic nanospheres into mice and analyzed
the organ distribution of the nanoparticles. In his study radioactivity in lungs remained insignificant in the first hour.
In another study, Bazile et al. [17] injected 14C-polylactic acid
(PLA) nanoparticles (90–250 nm) coated with human serum
albumin into male Sprague–Dawley rats. They showed that the
dose distribution of these nanoparticles to the lungs was at day 1
and day 7, 0.09% and 0.010% respectively which was rather
negligible. Lescure et al. [18] prepared poly (methylidene malonate 2.1.2) nanoparticles and they studied the body distribution
using a 14C-labeled after a single dose injection into rats. They
showed that less than 2% of the injected dose was detected in the
lungs after 1 h and this amount decreased during the next 10 h.
Simon et al. [19] studied the body distribution of 14C-labeled
amino-modified polystyrene nanoparticles in mice. At 1 min,
they showed that for the entire particle size range only 3% of the
total particles accumulated in the lungs. This value dropped to
less than 1% after 2 min after injection. Page et al. [20] studied
the tissue distribution of colistin solution and colistin loaded
polyhexylcyanoacrylate nanoparticles in mice after intravenous
injection. Their study showed that free colistin was not detected
in the lungs of mice during a 24 h period. However, they showed
that colistin loaded nanoparticles were detected in low amounts
in the lungs after 1 h but after 6, 18 and 24 h they couldn't detect
any drug in the lungs. In another study by Leucuta et al. [21],
they studied the pharmacokinetics of epirubicin nanoparticles,
liposomes and free epirubicin after intravenous injection of the

Please cite this article as: S. Azarmi, et al., Targeted delivery of nanoparticles for the treatment of lung diseases, Adv. Drug. Deliv. Rev. (2008), doi:10.1016/j.
addr.2007.11.006

ARTICLE IN PRESS
S. Azarmi et al. / Advanced Drug Delivery Reviews xx (2008) xxx–xxx

preparations. They measured a higher AUC in the lungs after
liposome and nanoparticle administration compared to the free
drug. However, the results showed that the accumulation of
nanoparticulate systems was not improved and there was no
significant difference in the drug's half-life. Chen et al. [22]
investigated the body distribution of nanoparticles containing
Adriamycin injected into the hepatic artery of hepatoma-bearing
rats. They showed that the drug concentration in the lungs of the
animals was significantly lower when nanoparticles were used
compared to free Adriamycin injection. Teng et al. [23] showed
that the incorporation of paclitaxel into gelatin nanoparticles
changed the body distribution of the drug in some organs such as
liver, spleen, small intestine and kidney but the tissue concentration of the drug in the lungs did not change significantly
compared to a conventional iv paclitaxel solution. In contrast to
the mentioned works, other scientists showed that using nanoparticulate delivery system for drugs can increase the drug
concentration in the lungs [24–26]. Zara et al. [24] studied the
pharmacokinetics of doxorubicin loaded solid lipid nanoparticles after intravenous injection and compared the results with a
doxorubicin solution. They showed that the drug concentration
in the lungs was higher in animals treated with doxorubicin
nanoparticles compared to the doxorubicin solution. Santhi et al.
[25] studied the body distribution of methotrexate-loaded bovine
serum albumin nanospheres in mice after a single i.v. injection.
This study showed a 33.14% drug increase using nanospheres
compared with a free drug. Löbenberg et al. [26] studied the
body distribution of 14C-azidothymidine bound to hexylcyanoacrylate nanoparticles after i.v. injection to rats. They showed
that the drug concentration in the lungs was significantly
increased compared to the control solution. 480 min after injection the drug concentration in the lungs was 18 times higher than
the control solution.
As mentioned earlier, the pioneer work by Kreuter [15]
showed that most of the injected nanoparticles will accumulate
in the reticuloendothelial system (RES) and do not reach other
organs. To overcome the uptake of nanoparticles by the RES,
Leu et al. [27] coated the nanoparticles with surfactants and
studied the body distribution after an i.v. injection. They showed
that surfactant-coated polymethyl [2-14C] methacrylate nanoparticles showed significantly different distribution pattern in
rats compared to non-coated and albumin-coated particles.
Surfactant-coated nanoparticles did not accumulate in the liver
as dramatically as uncoated ones. Although the accumulation of
surfactant-coated nanoparticles in the lungs was nearly doubled
but still the maximum dose after 24 h was only 7.0%. Nanoparticles coated with rat serum albumin did not show any significant changes in the lung distribution compared to uncoated
ones. Coating of the nanoparticles changed the body distribution
after i.v. injection, but it did not influence the targeting to the
lungs. Gulyaev et al. [28] studied the effect of polysorbate 80
coatings on the body distribution of cyanoacrylate nanoparticles.
Although their study was focused on the delivery of nanoparticles to the brain, the body distribution study showed that there
was a significant increase of doxorubicin concentration in the
liver when nanoparticles were used. At all time points, except for
the 4 h time point, (10 min, 1, 2, 4, 6 and 8 h) the doxorubicin
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concentration in the liver of polysorbate 80 coated nanoparticles
was less compared to non-coated nanoparticles but in the lungs
this difference was not significant. Araujo et al. [29] studied
the influence of surfactant coatings on the body distribution of
2-14C-poly (methyl methacrylate) nanoparticles. They coated
the nanoparticles with different concentrations (0.001%–5%)
of either polysorbate 80 or poloxamine 908. Their results showed
that the lung accumulation of polysorbate 80 coated nanoparticles was decreased compared with uncoated nanoparticles.
However, the nanoparticle concentration in the lungs was
increased when the nanoparticles were coated with 1% or 5%
poloxamine 908. There was no significant change in the lung
uptake when other concentrations were used.
As mentioned there are controversial results using different
animal models and i.v. injections of nanoparticles to increase the
drug concentration in the lungs. However, a multi centre phase
II clinical trial showed that Abraxane®, a novel Cremophore
free, albumin-bound paclitaxel nanoparticle formulation,
showed encouraging results in regard to efficacy and safety in
patients with non-small-cell lung cancer (NSCLC) [30]. A
significant tumor response and prolonged disease control was
documented in forty-three patients. This study shows the
potential that nanoparticles may have as carriers of chemotherapeutics to treat tumors and lung cancer in particular. It should
be mentioned that, Abraxane® nanoparticles are suspected to
dissolve shortly after administration; therefore, it is not known if
the nanoparticles simply improve paclitaxel injectability and
dissolution or if they contribute to the observed therapeutic
efficacy in other ways (e.g. affecting drug biodistribution).
More clinical research involving different nanoparticles and
drugs is needed to assess if nanoparticles can improve drug
therapy especially for cytotoxic drugs; however, preclinical
studies suggest that nanoparticles might revolutionize Chemotherapy. The major obstacle, after intravenous injection, is to
overcome the massive liver uptake. In conclusion, it seems to be
difficult to achieve nanoparticle accumulation in the lungs via
intravenous administration. However, in the case of cancer
treatment other effects like passive nanoparticle targeting to
tumors might still improve lung specific cancer therapy. Table 1
shows a summary of lung targeting using different types of
nanoparticles as injections.
3. Antibody conjugated nanoparticles for lung targeting
The development of monoclonal antibodies and utilization of
their targeting properties [31] can be used for active targeting.
This can be used to improve drug delivery by attaching
antibodies to drug molecules or drug delivery systems [32–36].
In an attempt to target lung tumors using antibody modified
nanoparticles, Akasaka et al. [37] injected bovine serum
albumin (BSA)-conjugated with Lewis lung carcinoma monoclonal antibodies to Lewis lung carcinoma-bearing mice. They
showed that nanoparticles made from the BSA-conjugate with
monoclonal antibodies were only slightly localized in the
carcinoma tissue. Twenty-four hours after injection the amount
of the nanoparticles localized in the carcinoma tissue was rather
low. This study however, showed that the particle size was more
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Table 1
Summary of intravenous administration of nanoparticles for lung targeting
Nanoparticle type

Size (nm)

Active ingredient Lung accumulation

In vivo model Ref

Poly (methyl-2-14C-methylacrylate)
14
C-polyhyxyl cyanoacrylate
Hexylcyanoacrylate and albumin nanoparticles
Radioactive polymethacrylic
14
C-polylactic acid (PLA) nanoparticles
Poly (methyliden malonate 2.1.2)
14
C-amino-modified polystyrene
Polyhexylcyanoacrylate
Poly (methyl methacrylate)
Polybutylcyanoacrylate
Gelatin
Solid lipid nanoparticles
Bovine serum albumin
Hexylcyanoacrylate

Not provided
200–300
750
280, 300
90–250
250
100, 240, 470
Not provided
50
93.1
664
80
712.5
230

14

Mice, rats
Mice
Mice
Mice
Rats
Rats
Mice
Mice
Rats
Rats
Mice
Rats
Mice
Rats

[12]
[13]
[14]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

Surfactant-coated polymethyl [2-14C]
methacrylate
Tween 80-coated iso-butylcyanoacrylate
Surfactant-coated poly (methyl methacrylate)

131

14

21.8% 30 min after inj, 13.2% 7 days after inj
2.27% 1 h after inj
Higher accumulation compared to control solution
No lung accumulation
Negligible after day 1 and 7
2% 1 h after injection, negligible after 10 h
Less than 1% 2 min after inj
Negligible after 6, 18 and 24 h
No improved accumulation compared to control solution
Lower drug concentration compared to free drug solution
No significant change compared to free drug solution
Higher compared to control solution
33.14% increase compared to free drug
18 times drug concentration increase in lungs compared
to control solution
7% after 24 h

Rats

[27]

270
130

14

Rats
Rats

[28]
[29]

Albumin

130

Paclitaxel

No significant change
Poloxamine 908 coated (1%, 5%) nanoparticles showed
increased lung accumulation
Significant tumor response

NSCLC
patients

[30]

C
14
C
Diazepam
111
In
14
C
14
C
14
C
Colistin
Epirubicin
Adriamycin
Paclitaxel
Doxorubicin
Methotrexate
Azidothymidine
C

Doxorubicin
C

important than the affinity of the monoclonal antibodies to the
tumor cells. Although the study showed some promising data
for targeted delivery of nanoparticles to lung tumors there is still
room for improvements.
Endothelial cell targeting is another major research area for
antibody oriented nanoparticle delivery [38]. The endothelium
represents an important therapeutic target for controlling oxidative stress, thrombosis and inflammation involved in pulmonary diseases. However, rapid blood clearance and lack of affinity
to the endothelium compromise targeted drug delivery of antioxidants, enzymes or fibrinolytics. Constitutive endothelial cell
adhesion molecules (CAM, such as ICAM-1 and PECAM-1),
which are stably expressed and functionally involved in
oxidative stress and thrombosis are normally ideal candidates
for the targeting of anti-oxidants and fibrinolytics. It has been
shown that endothelial cells internalize nanoparticles containing
multiple copies of either ICAM-1 or PECAM-1 antibodies
conjugates [39,40]. The capacity of endothelial cells to uptake
anti-CAM multimeric conjugates depends on the size of the
nanoparticles. Conjugates with diameter from 100 to 300 nm can
enter endothelial cells, whereas conjugates of larger size
(500 nm to 1 µm in diameter) remain attached to the cell surface
at 37 °C [39,40]. Therefore, by modulating the size of anti-CAM
conjugate carriers, the drugs can be targeted to the surface of
endothelial cells or their interior. It seems that utilizing nano
carrier conjugated anti-CAM can be a promising delivery
concept to endothelial cells; such approaches are specially useful
to treat pulmonary diseases.

shown in the past promising results. In a study published by Jani
et al. [41], they used negatively charged polystyrene microspheres
with covalently linked rhodamine (nominally 100 nm and 1 µm in
diameter), and non-ionized polystyrene microspheres with
covalently linked fluorescein (nominally 100 nm, 500 nm,
1 µm, 3 µm in diameter). The nanoparticles were administered to
female Sprague–Dawley adult rats by gavage. They found that
1 µm diameter microspheres were taken up less efficiently than
smaller particles. The liver, tissues of the Payer's patches, villi,
lymph nodes and spleen showed evidence of non-ionic microspheres uptake while sections of the heart, kidney and lung tissues
showed none. The same group [42] studied the uptake of polystyrene nanoparticles with covalently linked fluorescein (50 nm–
3.0 µm) after oral administration and again they couldn't detect
any nanoparticles in the lungs. In another study Löbenberg et al.
[43] investigated the body distribution of 14C-labeled azidothymidine bound to hexylcyanoacrylate nanoparticles after oral
administration. Their study did not show a profound increase of
drug concentration in the lungs compared to control oral solution.
Also Araujo et al. [44] studied the uptake of polymethyl (2-14C)
methacrylate nanoparticles from the gastrointestinal tract after
oral administration to rats. They showed that when the
nanoparticles were suspended in peanut oil containing oleic
acid the uptake of nanoparticles increased by 50%, however, the
lung accumulation of the nanoparticles was nearly negligible.
These studies show that oral delivery of nanoparticles might not
be the proper route of administration to reach the lungs.

4. Oral delivery of nanoparticles to target the lungs

5. Delivery of nanoparticles into the lungs for
diagnostic purposes

In general, the oral route of administration is convenient for
drug administration of conventional dosage forms. However, oral
delivery of nanoparticles for drug targeting to the lungs has not

Although there are several studies using nanoparticles for
diagnosis of cancers [45–47], so far only one study was published
on the pulmonary instillation of nanoparticles for diagnostic
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purposes. In this study, Ketai et al. [48] instilled iodinated
nanoparticles intrabronchially to eight dogs. The contrast material
used was sterile NC 70146 (1-ethoxycarbonyl) pentyl bis ((3, 5acetylamino)-2, 4, 6-triiodobenzoate) which was formulated as a
nanoparticle stabilized by surfactant. They used spiral computed
tomography (CT) 2–3 days later. Their results showed that
iodinated nanoparticles instilled into the small airways were
transported to the tracheobronchial lymph nodes, where they
resulted in a contrast enhancement. Nanoparticles seem to be
promising and a powerful tool for imaging purposes of the lungs
as shown by Tc-labeled microparticles [49] but further studies
need to be performed on the delivery of nanoparticles for diagnostic purposes. Another application for lung imaging is discussed under magnetic nanoparticles in Section 8.
6. Delivery of nanoparticles for the treatment
of tuberculosis
Nanoparticulate drug delivery systems have considerable
potential for the treatment of tuberculosis. Mycobacterium
tuberculosis invades and begins its replication within alveolar
macrophages before the bacterium spreads out. Therefore,
tuberculosis can be seen as a disease involving macrophages
which makes nanoparticles an ideal drug carrier. Macrophage
targeting was introduced by Löbenberg and Kreuter [50] to
deliver anti-viral drugs directly to macrophages which represent
an important HIV pool within the body.
The same approach can be taken for the management of
tuberculosis: Nanoparticles with their special characteristics can
improve drug bioavailability and reduce the dosing frequency,
and may resolve the problem of non-adherence to prescribed
therapy and improve patient compliance, which is one of the
major obstacles in the control of tuberculosis epidemics [51].
There were several studies using drug-loaded nanoparticles
administered orally, subcutaneously or intravenously. Section 9
of this article will discuss the pulmonary delivery of drugloaded nanoparticles for the treatment of tuberculosis. This
section will focus on other routes of administration. Anisimova
et al. [52] reported the subcutaneous delivery of a nanoparticle
based system using three anti-tuberculosis drugs: isoniazid,
rifampin, and streptomycin. They studied in vitro the accumulation of these drugs in human monocytes and their anti-microbial
activity against Mycobacterium tuberculosis residing in human
monocyte-derived macrophages. Their results showed that
nanoparticle encapsulation increased the intracellular accumulation of all three tested drugs, but only the anti-microbial
activity of isoniazid and streptomycin was increased. Also in
their study they showed that the activity of encapsulated
rifampin against intracellular bacteria was not higher than that
of the free drug. In another study Pandey and Khuller [53]
administered poly (DL-lactide-co-glycolide) (PLG) nanoparticles encapsulated with three front-line anti-tubercular drugs
subcutaneously to mice. They showed that, drug-loaded PLG
nanoparticles resulted in undetectable bacterial counts in the
lungs and spleen of infected mice. The particle preparation
showed a better chemotherapeutic efficacy compared with a
daily drug treatment. Later Pandey et al. [54] evaluated the
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chemotherapeutic potential of oral solid lipid nanoparticles
loaded with rifampicin, isoniazid and pyrazinamide against
tuberculosis. They showed that after a single oral administration
of nanoparticles to mice, the therapeutic concentrations of all
three drugs were maintained in the plasma for 8 days and in the
organs (such as lungs, liver and spleen) for 10 days, whereas the
free drugs were cleared within 1–2 days. Also in Mycobacterium
tuberculosis infected mice, no tubercle bacilli was detected in
the lungs/spleen after 5 oral doses of drug-loaded solid lipid
nanoparticles administered every 10 days; whereas 46 daily
doses of oral free drugs were necessary to reach the same
therapeutic effect. They concluded that nanoparticle based
anti-tuberculosis therapy can reduce the dosing frequency and
improve patient compliance for a better management of tuberculosis. A similar study was performed by Johnson et al. [55];
they also reported that both treatment using nanoparticle
encapsulated and non-encapsulated drugs can significantly
reduce the bacterial count and lung histopathology. But since
the nanoparticle formulation was administered every 10 days,
better patient compliance might be achieved compared to nonencapsulated formulations. In another study Pandey et al. [56]
evaluated the efficiency of oral encapsulated ethambutol in
combination with PLG nanoparticles loaded with rifampicin,
isoniazid and pyrazinamide in a murine tuberculosis model.
The study concluded that polymeric nanoparticles using a
combination of 4-drugs have a significant potential to shorten
the duration of tuberculosis chemotherapy besides reducing the
dosing frequency.
These studies showed that oral delivery of anti-tuberculosis
drugs incorporated in nanoparticles might be a feasible
alternative to conventional oral drug delivery to achieve better
patient compliance. This is due to the decreased dosing
frequency. However, it is still not known why certain drugs
did not have an increased therapeutic effect when delivered to
macrophages via nanoparticulate carriers even if their local
concentration increased. Also these results are in contrast to the
general tendency of oral nanoparticle delivery to the lungs
discussed in Section 4. The promising results in the tuberculosis
management using nanoparticles might be due to different
effects. It is possible that the constant drug plasma levels are
more effective than fluctuating drug plasma levels after oral
administration of free drugs, or even a small nanoparticle
accumulation in the lungs might cause locally an effective
increase in drug concentration. Combined with a constant
controlled drug release such nearly undetectable drug concentration increases might be the key for an improve drug delivery.
More mechanistic studies are needed to gain a better understanding of the improved drug therapy in the treatment of
tuberculosis.
7. Nanoparticle based gene delivery to lungs
Gene delivery is an important area of drug delivery since it
offers the possibility for direct and in some cases permanent
changes of cell and organ functions. Nanoparticles seem to be
the right choice for this purpose since they have similar sizes
compared to certain viruses which are the natural but pathogenic
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gene delivery systems [57]. Due to safety reasons, natural virus
based gene delivery systems have rather a slim chance to be
broadly used for gene delivery. However, the engineering of
artificial viruses is still not completed [58]. For systemic therapy
of lung cancer, Gopalan et al. [59] used DOTAP:cholesterol
nanoparticles as an alternate non-immunogenic gene delivery
vector. They showed that systemic administration of DNAnanoparticles might induce multiple signaling molecules both
in vitro and in vivo which are associated with inflammation.
They used small molecule inhibitors against the signaling
molecules such as naproxen and showed that these small
molecules can suppress nanoparticle-mediated inflammation
without affecting transgene expression. Their results might be of
clinical significance both in terms of suppressing toxicity, as
well as, increasing the therapeutic window. In another study,
Kaul et al. [60] investigated the possibility of gelatin
nanoparticles as plasmid DNA delivery system on Lewis lung
carcinoma (LLC) bearing mice models. They encapsulated
reporter plasmid DNA encoding for β-galactosidase (pCMV-β)
in gelatin and PEGylated gelatin nanoparticles. They showed
that PEGylated gelatin nanoparticles are superior transfection
reagents compared to gelatin nanoparticles and lipofectin. Also
the in vivo expression of β-galactosidase in tumor mass showed
that PEGylated gelatin nanoparticles can transfect with 61%
efficiency after i.v. administration relative to the intratumoral
administration. They attributed the high transfection efficiency
of PEGylated gelatin nanoparticles to the biocompatible,
biodegradable and long circulating nature of the carrier system.
Nanoparticles do not complex DNA molecules and preserve
their supercoiled structure which is critical for nuclear uptake
and efficient transfection. Fink et al. [61] showed that
nanoparticles consisting of a single molecule of DNA condensed
with polyethylene glycol-substituted lysine-30-mers efficiently
transfected the lung epithelium following intra pulmonary
administration into mice. Li et al. [62] developed a ligand
targeted and sterically stabilized nanoparticle formulation for the
targeted delivery of anti-sense oligodeoxynucleotides and small
interference RNA into lung cancer cells. Their results showed
that the ligand targeted and sterically stabilized nanoparticles
can provide a selective delivery of anti-sense oligodeoxynucleotides and siRNA into lung cancer cells which might be used for
cancer therapy. These studies show that nanoparticles have the
potential to be used as carrier for safe and effective gene delivery
to treat certain lung diseases in the future.
8. Magnetic nanoparticles used for lung targeting
Using magnetic nanoparticles, either for diagnostic or
treatment purposes, was the centre of interest during the last
two decades, however there were only two articles published on
the specific delivery of nanoparticles to the lungs. In one of the
first studies, Mykhaylyk et al. [63] evaluated the pharmacokinetics of doxorubicin magnetic conjugate (DOX-M) nanoparticles in a mouse model. They investigated the efficiency of a
non-uniform magnetic field on the clearance of the magnetic
DOX-M. In this work they injected DOX-M suspensions into
the eye sinus vein of adult male mice, and applied a magnetic

field centered over the left lung. They showed that a nonuniform magnetic field was a potent factor in modifying the
DOX-M conjugate pharmacokinetics. The magnetic field
application resulted in considerable enrichment of DOX-M in
the lungs, and a depletion in the liver of the magnetic carrier
compared to a reference without a magnetic field. They showed
that the application of a magnetic field can significantly increase
the bioavailability of DOX-M in the lungs. Although their work
in mice showed some promising results, the outcome of the
application of magnetic fields in humans for increasing the
localization of a drug in the lungs containing magnetic
nanoparticles has not yet been proven. Contrary to the results
from the previous study, Wu et al. [64] showed that an external
magnetic field applied to rats after intravenous injection of
dextran coated Fe3O4 did not change the accumulation of the
nanoparticles in the lungs. Generally, the use of magnetic nanocarriers has merit for diagnostic or treatment purposes. The
delivery of magnetic nanoparticles to the lungs might be worth
more detailed research to be used as effective drug delivery
system or as a safe diagnostic tool.
9. Pulmonary delivery of nanoparticles
9.1. Delivery of nanoparticles using dry powder carriers
Pulmonary delivery of nanoparticles via different dry
powder formulations is gaining more attention in recent years.
As mentioned before, the large alveolar surface area, the low
thickness of the epithelial barrier and an extensive vascularization make the pulmonary route an ideal route for administration
of active ingredients [65]. Since nanoparticles are in a size range
which is not suitable for deep lung delivery, the major challenge
for pulmonary delivery of nanoparticles is to find a proper
carrier system [66]. Several researchers have prepared carrier
systems for nanoparticles to improve the delivery of nanoparticles to the alveolar area. Kawashima et al. [67] used ultrafine
hydrophilic particles, hydroxypropylmethyl cellulose phthalate
(HPMCP) nanospheres, to improve the aerosolization properties
of a dry powder inhalation of a hydrophobic drug, pranlukast
hydrate. In their study they prepared a drug containing HPMCP
nanospheres and then mixed the surface modified drug powder
dispersion with lactose and then spray- or freeze-dried the
suspension to obtain a dry powder. This powder was mixed with
larger lactose particles for better dispersion when used in an
inhaler. They performed an in vitro inhalation test using a twin
impinger and showed that the inhalation properties of the
surface modified powder dramatically improved. They showed
that the emission of the powder increased two fold and the dry
powder delivery to the deep lung might increase 3 fold
compared to the original unmodified powder. They related this
improvement to the increased surface roughness and hydrophilicity of the surface-modified particles, which resulted in an
increased dispersibility in air. In another study the same group
[68] incorporated insulin into PLGA nanospheres and administered them using a sieve type ultrasonic nebulizer into the
trachea of guinea pigs. They showed that the insulin loaded
nanospheres were able to reduce the blood glucose significantly
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Table 2
Summary of pulmonary delivery of nanoparticles using dry powder carriers
Nanoparticle type

Nanoparticle
size (nm)

Carrier particle

Carrier particle
size (µm)

Active
ingredient

Method for the
preparation of carrier

Ref

Hydroxypropylmethyl cellulose
phthalate (HPMCP)
Carboxylate-modified polystyrene (PS)
and Nyacol 9950 colloidal silica
Gelatin and iso-butyl cyanoacrylate
Chitosan
Iso-butyl cyanoacrylate

51.6

Lactose

0.6–9.3

Pranlukast

[67]

PS: 25, 170, 1000
Nyacol: 100
173, 242
388, 419
244

Large porous particles (LPP),
nanoparticles attached to each other
Lactose
Lactose
Effervescent carrier powder

4 ± 0.2

–

Spray drying and
freeze drying
Spray drying

2.50–2.60
2–3
2.17

–
Spray drying
Insulin
Spray drying
Ciprofloxacin Spray drying

and the hypoglycemic effect was prolonged over 48 h compared
to a nebulized aqueous solution of insulin as a reference. They
linked their results to the sustained release of insulin from the
nanospheres deposited widely throughout the lung. In another
attempt, Tsapis et al. [8] introduced large porous carriers of
nanoparticles for pulmonary drug delivery. They used a spray
drying technique to produce large porous particles (LPP) which
have extremely thin walled structures. They added two different
surfactants, 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1,2-dimyristoyl-sn-glycero-3-phophoethanolamine
(DMPE), and lactose to the nanoparticles suspension and spray
dried the mixture. The particles were made from nanoparticles
which attached to each other using lactose and the mentioned
surfactants when spray dried. They showed that the spray dried
powder has proper characteristics for pulmonary delivery and
can be re-dissolved in a mixture of ethanol/water.
The concept of administering nanoparticles incorporated into a
carrier matrix for lung delivery was first introduced by Sham et al.
[66]. For the preparation of the carrier powder containing
nanoparticles (gelatin or iso-butyl cyanoacrylate), they dissolved
lactose as a carrier powder in a nanoparticle suspension and spray
dried it. They showed that the particle size of the nanoparticles
before and after spray drying might change significantly due to
the heat involved in the spray drying process. This study proved
the possibility of delivering and releasing nanoparticles in the
lungs and allows specific applications such as treatment of lung
cancer, cystic fibrosis or asthma.
Grenha et al. [65] incorporated insulin loaded chitosan
nanoparticles in microspheres using aerosol excipients like
lactose and mannitol by means of a spray drying technique for
pulmonary delivery as a dry powder. They showed that the
microencapsulation process does not affect the insulin release
from nanoparticles. They propose this method for systemic
delivery of macromolecules through the pulmonary route of
administration to promote peptide absorption.
The active release mechanism of nanoparticles from inhaled
carrier particles was first introduced by Ely et al. [1]. They used a
spray drying technique for preparing effervescent carrier particles
containing cirprofloxacin nanoparticles thereby adding an active
release mechanism to the pulmonary route of administration.
They showed that effervescent carrier particles can be synthesized
with an adequate particle size for deep lung deposition. Their
results also showed that the effervescent carrier particles released
56 ± 8% ciprofloxacin into solution compared with 32 ± 3% when

[8]
[66]
[65]
[1]

lactose carrier particles were used. The mean nanoparticle size did
not significantly change upon release when the nanoparticles
were incorporated into an effervescent formulation. The active
release can also overcome the agglomeration of nanoparticles
when the carrier matrix dissolves.
Based on the aforementioned researches performed in this
area, it seems that pulmonary delivery of nanoparticles as dry
powders for both local and systemic effects is a promising and
feasible route of administration for the treatment of lung
diseases and potentially for the systemic delivery of nano-sized
drug delivery systems. However, the nebulization parameters of
the nanoparticle delivery matrix must be optimized to prevent
particle aggregation to reach an optimized drug delivery into the
deep lungs. Table 2 shows a summary of pulmonary delivery of
nanoparticles using dry powder carriers.
9.2. Delivery of nanoparticle suspensions using nebulization
Another method for the delivery of nanoparticles was spraying
or nebulization of a nanoparticle suspension using a nebulizer. In a
study Dailey et al. [69] introduced a novel surfactant free biodegradable nanoparticle system for aerosol therapy. They formulated nanoparticle suspensions from a branched polyester,
diethylaminopropyl amine-poly (vinyl alcohol)-grafted-poly (lactide-co-glycolide) (DEAPA-PVAL-g-PLGA), as well as with
increasing amounts of carboxy methyl cellulose. They showed
that this new polymer has high encapsulation efficiency for drug
molecules by utilizing electrostatic interactions. They claimed that
using these nanoparticles “alveolar deposition can be easily
achieved by either jet or ultrasonic nebulization of the nanoparticle
suspensions”. They also showed that not only polymer hydrophilicity was necessary to maintain stability during nebulization,
but also the formation of well-defined nanoparticles is an important factor. In their study they showed that formulations containing
free DEAPE-PVAL-g-PLGA tend to aggregate and, therefore,
only anionic formulations will be suitable for nebulization. Also
they showed that a critical amount of carboxy methyl cellulose is
needed to prevent particles from agglomeration. In another study,
Videira et al. [70] evaluated the role of lymphatic drainage in the
uptake of inhaled solid lipid nanoparticles (SLN). They studied the
biodistribution of SLNs (200 nm) following the aerosolisation of a
99m
Tc-SLN suspension in a group of rats. Their study showed an
important and significant uptake of the radio-labeled SLN into the
lymphatic system after inhalation, and a high rate of distribution in

Please cite this article as: S. Azarmi, et al., Targeted delivery of nanoparticles for the treatment of lung diseases, Adv. Drug. Deliv. Rev. (2008), doi:10.1016/j.
addr.2007.11.006

ARTICLE IN PRESS
8

S. Azarmi et al. / Advanced Drug Delivery Reviews xx (2008) xxx–xxx

periaortic, axillary and inguinal lymph nodes. Nanoparticle
accumulation in the regional lymph nodes suggests that the
translocation mechanism of SLN may involve phagocytosis by
macrophages followed by migration to the lymphatic system [70].
This study showed that inhalation can be an effective route to
deliver radio-labeled SLN to the lungs, representing an alternative
to the intraperitoneal route for targeting colloidal carriers to the
lymphatics. This technology may provide the possibility of using
radio-labeled SLN as a lymphoscintigraphic agent. Additionally, it
can allow the delivery of cytotoxic drugs to lung cancers in
different stages. As mentioned in Section 6, Pandey et al. [71,72]
studied different routes of administration for the treatment of
tuberculosis. In one study which was not previously discussed,
they compared different routes of administration with aerosol
delivery of anti-tubercular drugs (rifampin, isoniazide and
pyrazinamide) using loaded to PLG nanoparticles in guinea pigs
using. They separated the animals into different groups and treated
them with either a free drug orally or intravenously administered,
nebulized drug-loaded PLG nanoparticles and nebulized empty
PLG nanoparticles at the same dose. They sprayed the nanoparticle suspensions using a saline solution and a compressor
powered-nebulizing system with an exposure time of 3-4 min/
animal. The results showed that Tmax and AUC were much higher
for the nebulized PLG nanoparticles compared to oral or
intravenous administration. In their study, they showed that five
doses every ten days of nebulized drug-loaded nanoparticles had
the same effect as 46 daily oral doses. No colony-forming unit
(cfu) count was detected in previously infected guinea pigs.
Untreated animals and animals nebulized with drug-free nanoparticles showed comparable bacterial load in their lungs. They
repeated the study but instead of PLG nanoparticles they used
solid lipid nanoparticles [72]. They compared the chemotherapeutic potential of nebulized solid lipid nanoparticles incorporating three major anti-tuberculosis drugs, rifampicin, isoniazid and
pyrazinamide against experimental tuberculosis with the same
drugs administered orally. They showed that after a single
nebulization to guinea pigs, drugs levels were maintained in
plasma for 5 days and in the organs (lungs, liver and spleen) for
7 days, whereas the free drugs were cleared by 1–2 days. Also
their study showed that mean residence time and bioavailability
improved using nebulized nanoparticles. They showed that no
tubercle bacilli could be detected in the lungs/spleen of infected
guinea pigs after 7 doses of treatment every 7 days whereas 46

daily doses of orally administered drugs were required to obtain
the same therapeutic benefit. Therefore nebulization of nanoparticles containing anti-tubercular drugs improves the bioavailability
and reduces the dosing frequency for better management of
pulmonary tuberculosis. Taking the results of the oral nanoparticle
administration into account (discussed in Section 6) both results
confirm that an improved drug delivery of the anti-tuberculosis
drugs can be linked to the use of a nanoparticle based delivery
system. In conclusion, nanoparticles are a very promising drug
delivery system via different routes of administration in the
treatment of tuberculosis.
In another study, Yamamoto et al. [73] prepared surface
modified PLGA nanospheres with chitosan to improve the
pulmonary delivery of calcitonin by mucoadhesion after deposition in the lungs. They administered the nanoparticles into the
trachea of guinea pigs using a nebulizer. They showed that
chitosan modified PLGA nanospheres, loaded with elcatonin,
reduced blood calcium levels by 80% of the initial calcium concentration. The treatment also prolonged the pharmacological
action up to 24 h, which when compared to unmodified nanospheres was significantly longer. They attributed these results to
the retention of nanospheres adhered to the bronchial mucus and
lung tissue combined with a sustained drug release at the adherence site. Also they showed that chitosan, either alone or on the
surface of the surface modified nanospheres, enhanced the drug
absorption possibly by opening the intercellular tight junctions.
In another study, McConville et al. [74] formulated
itraconazole nanoparticles using either evaporative precipitation
into an aqueous solution (EPAS) or spray freezing into liquid
(SFL) technologies. They demonstrated that nanoparticles of
itraconazole, a poorly water-soluble drug, can be dispersed into
aqueous liquid and nebulized effectively to the lungs using a
murine model which resulted in high drug concentrations in the
lungs. They showed that local delivery of itraconazole nanoparticles is a promising alternative to oral or intravenous administration, thus potentially decreasing the incidence of side
effects associated with a high drug serum concentration.
These studies show that the delivery of nanoparticle
suspensions using nebulization is a possible route of administration. However, the used nanoparticle suspension must be
physically and chemically stable to reach clinical relevance in
the near future. Table 3 shows a summary of pulmonary
delivery of nanoparticle suspensions using nebulization.

Table 3
Summary of pulmonary delivery of nanoparticle suspensions using nebulization
Nanoparticle type

Nanoparticle size (nm) Nebulization device

Active ingredient

DEAPA-PVAL-g-PLGA a
Solid lipid nanoparticles (SLN)
PLG b
Solid lipid nanoparticles (SLN)
Surface modified PLGA c with chitosan
Itraconazole nanocrystals

76.2–213.6
200
186–290
Not provided
650
300–800

–

a
b
c

Pari® LC Star and Optineb®
Ultrasonic nebulizer
Compressor-nebulizer system
Compressor-nebulizer system
Ultrasonic nebulizer
Aeroneb Pro micropump nebulizer

In vivo models Ref

–
99m
Tc
Rat
Rifampin, isoniazide, pyrazinamide Guinea pig
Rifampin, isoniazide, pyrazinamide Guinea pig
Calcitonin
Guinea pig
Itraconazole
Mice

[69]
[70]
[71]
[72]
[73]
[74]

diethylaminopropyl amine-poly (vinyl alcohol)-grafted-poly (lactide-co-glycolide).
poly (DL-lactide-co-glycolide) (50:50).
poly (lactide-co-glycolide).
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10. Toxicity of inhaled nanoparticles
10.1. Toxicity of inhaled ultrafine particles
It has been shown that nanoparticles can translocate from the
respiratory tract, via different pathways to other organs/tissues
and induce direct adverse responses in remote organs [75]. In
particular, such responses may be initiated through the
interaction of nanoparticles with sub-cellular structures following endocytosis by different target cells. Therefore, special
attention must be given to such effects, which could have serious
consequences in a compromised organism or a compromised
organ [75]. Most of the toxicological data is based on our
knowledge from nanoparticles inhaled during daily life such as
carbon black, diesel particulates, silica and titanium oxide
nanoparticles [6], which are considered ultrafine particles
(b100 nm in diameter). It has been shown that the toxicity of
nanoparticles increases with decreasing particle size. Ultrafine
carbon black particles are known to produce greater pulmonary
toxicity in rats when compared to large-sized carbon black
particle [76–78]. Single wall carbon nanotubes also show some
degree of toxicity after inhalation [74,75]. Warheit et al. [79]
studied the toxicity of single wall carbon nanotubes (SWCNT).
In their study 15% of the rats who were exposed to high-dose
(5 mg/kg) SWCNT showed mortality 24 h post instillation. They
related this mortality to the mechanical blockage of the upper
airways by the instillate and not the inherent pulmonary toxicity
of the instilled SWCNT particulate. They showed that
pulmonary exposure to SWCNT in rats produces a non-dose
dependent series of multifocal granulomas, which were evidence
of a foreign tissue body reaction and were non-uniform in
distribution and not progressive beyond 1 month post exposure.
Shvedova et al. [80] showed that aspiration of SWCNTs elicited
an unusual inflammatory response in the lungs of exposed mice.
This inflammatory reaction is probably triggered by damage to
pulmonary epithelial type I cells which include a strong neutrophilic pneumonia followed by recruitment and activation of
macrophages [80]. This early response can switch from the acute
phase to fibrogenic events resulting in a significant pulmonary
deposition of collagen and elastin. This phase is accompanied by
a change in the production and release of proinflammatory
(tumor necrosis factor-α, interleukin-1 β) to anti-inflammatory
profibrogenic cytokines (transforming growth factor-β, interleukin-10). These inflammatory and fibrogenic responses are
accompanied by a detrimental decline in pulmonary function
and enhanced susceptibility to infection [75]. In another study,
Barlow et al. [81] showed that exposure of type II cells to carbon
black nanoparticles resulted in a significant release of macrophage chemoattractant. Xia et al. [82] compared the cellular
effects of ambient ultrafine particles with manufactured titanium
dioxide (TiO2), carbon black, fullerol, and polystyrene nanoparticles on a phagocytic cell line (RAW 264.7) that is representative of a lung target for nanoparticles.
They showed that, among the particles tested, ambient ultrafine particles and cationic polystyrene nanospheres were capable
of inducing cellular reactive oxygen species (ROS) production,
GSH depletion and toxic oxidative stress. This toxicity involves
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mitochondrial injury through increased calcium uptake and
structural organellar damage. However, TiO2 and fullerol did
not induce toxic oxidative stress. Also they showed that, increased
TNF-α production could be seen with ultrafine particles induced
by oxidant injury, but cationic polystyrene nanospheres induced
mitochondrial damage and cell death without inflammation.
Wiebert et al. [83] studied the pulmonary retention of 35 nm
99m
Tc labeled carbonaceous particles on healthy and asthmatic
volunteers who inhaled the test particles. Their study showed that
there was no evidence of a quantitatively important translocation
of deposited particles to the systemic circulation from healthy
lungs. Although, only a small fraction of 35-nm combustion
particles could find access from peripheral lungs to systemic
circulation and extrapulmonary organs, it is possible that responses in the lungs lead to the onset of cardiovascular disease.
However, they mentioned that the fraction of nanoparticles which
possibly translocated from the lungs into the circulation (less than
1%) may not be sufficient to cause harmful effects.
Lin et al. [84] evaluated in vitro the cytotoxicity and oxidative
stress caused by cerium oxide (CeO2) nanoparticles in a human lung cancer cell. They showed that free radicals generated
by exposure to CeO2 nanoparticles produced significant oxidative stress in the cells, as reflected by reduced glutathione and
α-tocopherol levels; these toxic effects of CeO2 nanoparticles
are dose and time dependent. Elevated oxidative stress increases
the production of malondialdehyde and lactate dehydrogenase,
which are indicators of lipid peroxidation and cell membrane
damage, respectively.
Several studies have been undertaken to evaluate the effects
of various ultrafine nanoparticles on alveolar macrophage
functions. Brown et al. [80] and Warheit et al. [85] showed both
in humans and rats that inhalation of low toxicity ultrafines
results in impaired pulmonary clearance mechanisms. Also their
work demonstrated that, rats exposed to ultrafine titanium
dioxide particles show evidence of pigment-laden macrophages
and macrophage aggregates in the alveolar spaces up to
6 months postexposure [86]. Pre-exposure of alveolar macrophages to ultrafine particles also significantly reduced subsequent macrophage phagocytotic abilities and the effect was
shown to vary dependent upon the particle properties [87]. In
another study, Möller et al. [88] investigated the intracellular
effects of ultrafines on alveolar macrophages using flow
cytometry and cytomagnetometry. They showed that ultrafine
particles can impair phagosome transport and increase cytoskeletal stiffness at high concentrations which leads to a reduced
phagocytotic capability, inhibited cell proliferation, and
decreased cell viability. Inoue et al. [89] evaluated the effects
of nanoparticles on lung inflammation related to bacterial
endotoxin lipopolysaccharides in mice. They administered two
sizes of carbon black nanoparticles and evaluated parameters of
lung inflammation and coagulation. Their results showed that
nanoparticles can aggravate lung inflammation related to
bacterial endotoxin, which is more prominent with smaller
particles. Also they showed that, nanoparticles can promote
coagulatory disturbance accompanied by lung inflammation.
Sayes et al. [90] evaluated several different particles and
variables which strongly impact the ability of in vitro screening
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studies to accurately reflect in vivo pulmonary toxicity of
several particle types in rats. The results of their in vivo and
in vitro cytotoxicity and inflammatory cell measurements demonstrated little correlation. They concluded that in vitro cellular
systems need to be further developed, standardized and validated (relative to in vivo effects) in order to provide useful
screening data on the relative toxicity of inhaled particle types.
Takenaka et al. [91] investigated the role of alveolar macrophages in the fate of ultrafine particles (b 100 nm) in the lung.
They exposed rats to ultrafine gold particles and then examined
lavaged cells and lung tissue for up to 7 days. They found gold
nanoparticles on day 0 and day 7 in the lungs. Also they showed
that 29% and 6% of the retained gold particles were lavageable
on days 0 and 7 respectively. A low amount of gold was found
in the blood. Also they reported the presence of gold in the
cytoplasm of alveolar macrophages. Their results indicated that
inhaled ultrafine gold particles in alveolar macrophages and
type I epithelial cell are processed by endocytotic pathways.
The uptake of the gold particles by alveolar macrophages is
limited and systemic particle translocation takes place only to a
very low degree.
As shown many nanotoxicology studies were performed in
the area of environmental health sciences. It is now up to pharmaceutical sciences to translate this knowledge and address
serious safety concerns regarding the concept of nanoparticle
delivery to the lungs. Some of these aspects are discussed in
Section 10.2.
10.2. Toxicity of polymeric nanoparticles used in drug delivery
Today there is plenty of information available about the
toxicity of inhaled environmentally occurring dust nanoparticles,
mostly ultrafine particles. While the absorbed dose of such dust
particles is generally low (mostly less than 1%) [75], drug
delivery strategies must yield high deposition rates to be
therapeutic and economically feasible. For deep lung delivery
there are different aspects which have to be considered; one is the
acute toxicity of the drug delivery system on the epithelia; and
secondly the interaction of nanoparticles with the alveolar environment. The first aspect was reviewed by Forbes and Ehrhardt
[92] and the second by Gill et al. [6]. In pharmaceutical sciences
generally natural or synthetic polymeric nanoparticles are used for
drug delivery. Their known biocompatibility from other routes of
administration e.g. intravenous is encouraging but the acute toxicity of these delivery systems must be established for the
pulmonary epithelia too. To assess such effects, cell culture models seem to be the best way to proceed [92]. Forbes and Ehrhardt
suggest different cell culture models which might be used to
assess pulmonary drug delivery systems. They report that A549
(alveolar) and BEAS-2B (airways) cell lines have been used to
study the nanotoxicological aspects of inhaled environmental
pollutants [92]. These two cell lines which do not form functional
tight junctions are considered suitable for toxicology studies of
inhaled nanoparticles. Standard toxicity assays such as cellular
metabolic activity, membrane integrity and the release of
proinflammatory and inflammatory mediators can be performed
with these cells after nanoparticles uptake. This adoption of

screening methodology from environmental sciences will extend
the safety information about the toxicological aspects of inhaled
polymeric nanoparticles used for drug delivery.
However, there is currently no standard cell culture model
available to mimic the epithelium permeability in the alveolar
region except for pneumocyte monolayers in primary culture
[93]. However, such cell models are available for the bronchial
epithelium. Here 16HBE14o- and Calu-3 cells have shown to be
suitable models.
16HBE14o-cells were used by Brzoska et al. [94]. They
investigated the suitability of nanoparticles synthesized from
porcine gelatin, human serum albumin and polyalkylcyanoacrylate as drug and gene carriers for the pulmonary administration.
They investigated in vitro the effect of these particles on
primary airway epithelium cells and 16HBE14o-cells. They
showed that the nanoparticles incorporated into bronchial epithelial
cells have little or no cytotoxicity and cause no inflammation. In
another study, Dailey et al. [95] studied the potential of
biodegradable polymeric nanoparticles of PLGA and a novel
PLGA derivative, diethylaminopropylamine polyvinyl alcoholgrafted-poly (lactic-co-glycolic acid), to provoke inflammatory
reactions in mice lungs after intratracheal instillation. As control,
they used two sizes of polystyrene nanospheres (75 and 220 nm) in
their study. They instilled nanoparticles and then evaluated the
inflammatory parameters such as lactate dehydrogenase (LDH)
release, protein concentration, macrophage inflammatory protein-2
mRNA induction and polymorphonucleocyte recruitment in the
bronchial alveolar lavaged fluid. Their results suggest that biodegradable polymeric nanoparticles designed for pulmonary delivery may not induce the same inflammatory response as nonbiodegradable polystyrene particles of comparable size.
The second safety aspect of deep lung deposition is the
interaction of nanoparticles with the alveolar environment. The
alveolar space is covered with a thin surfactant film [6].
This film has important physiological functions e.g. to
accelerate gas exchange and to lower the surface tension in the
alveolar space. Compromising these functions by inhalable
nanoparticles might cause life threatening consequences. Therefore, the compatibility of a delivery system with the alveolar
environment must be considered.
Stuart et al. [96] investigated the interactions between gelatin
nanoparticles and artificial lung surfactants using biophysical
in vitro methods. They used dipalmitoylphosphatidylcholine
(DPPC), the main lipid component of the lung surfactant film,
as a model system and measured the surface pressure of the
DPPC monolayer in the presence of gelatin nanoparticles using
a Langmuir trough. Their results showed that interactions between the nanoparticles and the lung surfactant film did not
destabilize the monolayer. This demonstrates that pulmonary
nanoparticle delivery is a possible and safe route of administration. However, dose and deposition margins have still to be
defined.
In summary, the results of the different studies show that
although there are some concerns regarding the safety of ultrafine
inhalable nanoparticles, the inhalation of biocompatible polymeric nanoparticles used for drug or gene delivery might expose
little or no toxicity if the particle size is not smaller than 100 nm.
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The application of inhalable nanoparticles will hopefully find its
way into clinical studies soon.
11. Conclusion
Pulmonary drug delivery is becoming more and more
important. This is due to the specific physiological environment
of the lung as an absorption and treatment organ. The development of inhalable insulin can be seen as a milestone in pulmonary
drug delivery.
It demonstrates that dry powder delivery systems allow the
absorption of large molecules into the systemic circulation. The
clinical application of drug delivery systems like nanoparticles
is still in its preclinical phase. Pulmonary drug delivery offers
tremendous opportunities to improve drug therapies systemically and locally using advanced drug delivery systems like
nanoparticles. However, nanotoxicological aspects of inhaled
drug delivery systems have to be considered and in vitro methods be established to ensure safety.
Acknowledgments
Shirzad Azarmi is supported by the Strategic Training Program
in Translational Cancer Research, a partnership between CIHR,
the Alberta Cancer Board and the National Cancer Institute of
Canada. The authors want to acknowledge the support of the
Alberta Cancer Board.
References
[1] L. Ely, W. Roa, W.H. Finlay, R. Löbenberg, Effervescent dry powder for
respiratory drug delivery, Eur. J. Pharm. Biopharm. 65 (3) (2007) 346–353.
[2] T. Quattrin, Inhaled insulin: recent advances in the therapy of Type 1 and 2
diabetes, Expert Opin. Pharmacother. 5 (12) (2004) 2597–2604.
[3] J.S. Patton, R.M. Platz, Pulmonary delivery of peptides and proteins for
systemic action, Adv. Drug Deliv. Rev. 8 (1992) 179–196.
[4] A. Clark, Formulation of proteins and peptides for inhalation, Drug Deliv.
Syst. Sci. 2 (2002) 73–77.
[5] H.M. Courrier, N. Butz, T.F. Vandamme, Pulmonary drug delivery
systems: recent developments and prospects, Crit. Rev. Ther. Drug Carr.
Syst. 19 (2002) 425–498.
[6] S. Gill, R. Löbenberg, T. Ku, S. Azarmi, W. Roa, E.J. Prenner,
Nanoparticles: characteristics, mechanisms of action and toxicity in
pulmonary drug delivery—a review, J. Biomed. Nanotechnol. 3 (2007)
107–119.
[7] D.A. Edwards, J. Hanes, G. Caponetti, J. Hrkach, A. Ben-Jebria, M.L.
Eskew, J. Mintzes, D. Deaver, N. Lotan, R. Langer, Large porous particles
for pulmonary drug delivery, Science 276 (1997) 1868–1871.
[8] N. Tsapis, D. Bennett, B. Jackson, D.A. Weitz, D.A. Edwards, Trojan
particles: large porous carriers of nanoparticles for drug delivery, Proc.
Natl. Acad. Sci. 99 (2002) 12001–12005.
[9] R.W. Niven, Delivery of biotherapeutics by inhalation aerosol, Crit. Rev.
Ther. Drug Carr. Syst. 12 (1995) 151–231.
[10] G. Taylor, I. Kellaway, Pulmonary drug delivery, in: A. Hillery, A. Lloyd,
J. Swarbrick (Eds.), Drug Delivery and Targeting, Taylor & Francis,
New York, 2001, pp. 269–300.
[11] C. Bosquillon, C. Lombry, V. Preat, R. Vanbever, Influence of formulation
excipients and physical characteristics of inhalation dry powders on their
aerosolization performance, J. Control. Release 70 (2001) 329–339.
[12] J. Kreuter, U. Tauber, V. Illi, Distribution and elimination of poly (methyl2-14C-methacrylate) nanoparticle radioactivity after injection in rats and
mice, J. Pharm. Sci. 68 (11) (1979) 1443–1447.

11

[13] E.M. Gipps, R. Arshady, J. Kreuter, Distribution of polyhexyl cyanoacrylate nanoparticles in nude mice bearing human osteosarcoma, J. Pharm.
Sci. 75 (3) (1986) 256–258.
[14] P.G. Waser, U. Muller, J. Kreuter, S. Berger, K. Munz, E. Kaiser, B.
Pfluger, Localization of colloidal particles (liposomes, hexylcyanoacrylate
nanoparticles and albumin nanoparticles) by histology and autoradigraphy
in mice, Int. J. Pharm. 39 (1987) 213–227.
[15] J. Kreuter, Evaluation of nanoparticles as drug-delivery systems III:
materials, stability, toxicity, possibilities of targeting, and use, Pharm. Acta
Helv. 58 (9–10) (1983) 242–250.
[16] A. Rolland, B. Collet, R. Le Verge, L. Toujas, Blood clearance and organ
distribution of intravenously administered polymethacrylic nanoparticles
in mice, J. Pharm. Sci. 78 (6) (1989) 481–484.
[17] D.V. Bazile, C. Ropert, P. Huve, T. Verrecchia, M. Marlard, A. Frydman,
M. Veillard, G. Spenlehauer, Body distribution of fully biodegradable
[14C]-poly (lactic acid) nanoparticles coated with albumin after parenteral
administration to rats, Biomaterials 13 (15) (1992) 1093–1102.
[18] F. Lescure, L.C. Seguin, P. Breton, P. Bourrinet, D. Roy, P. Couvreur,
Preparation and characterization of novel poly (methylidene malonate
2.1.2.)-made nanoparticles, Pharm. Res. 11 (9) (1994) 1270–1277.
[19] B.H. Simon, H.Y. Ando, P.K. Gupta, Circulation time and body
distribution of 14C-labeled amino-modified polystyrene nanoparticles in
mice, J. Pharm. Sci. 84 (10) (1995) 1249–1253.
[20] M.E. Page, H. Pinto-Alphandary, E. Chachaty, A. Andremont, P. Couvreur,
Entrapment of colistin into polyhexylcyanoacrylate nanoparticles: preparation, drug release and tissue distribution in mice, S.T.P. Pharm. Sci.
6 (4) (1996) 298–301.
[21] S.E. Leucuta, M. Achim, R. Risca, I.D. Postescu, Preparation and
pharmaceutical/pharmacokinetic characterization of liposomes and nanoparticles loaded with epirubicin, S.T.P. Pharm. Sci. 13 (5) (2003) 291–297.
[22] J.-H. Chen, L. Wang, R. Ling, Y. Li, Z. Wang, Q. Yao, Z. Ma, Body
distribution of nanoparticle-containing adriamycin injected into the
hepatic artery of hepatoma-bearing rats, Dig. Dis. Sci. 49 (7–8) (2004)
1170–1173.
[23] K.Y. Teng, Z. Lu, M.G. Wientjes, J.L.-S. Au, Formulating paclitaxel in
nanoparticles alters its disposition, Pharm. Res. 22 (6) (2005) 867–874.
[24] G.P. Zara, R. Cavalli, A. Fundarò, A. Bargoni, O. Caputo, M.R. Gasco,
Pharmacokinetics of doxorubicin incorporated in solid lipid nanospheres
(SLN), Pharmacol. Res. 40 (3) (1999) 281–286.
[25] K. Santhi, S.A. Dhanaraj, M. Koshy, S. Ponnusankar, B. Suresh, Study of
biodistribution of methotrexate-loaded bovine serum albumin nanospheres
in mice, Drug Dev. Ind. Pharm. 26 (12) (2000) 1293–1296.
[26] R. Löbenberg, L. Araujo, H. Von Briesen, E. Rodgers, J. Kreuter, Body
distribution of azidothymidine bound to hexyl-cyanoacrylate nanoparticles
after i.v. injection to rats, J. Control. Release 50 (1–3) (1998) 21–30.
[27] D. Leu, B. Manthey, J. Kreuter, Distribution and elimination of coated
polymethyl [2-14C]methacrylate nanoparticles after intravenous injection
in rats, J. Pharm. Sci. 73 (10) (1984) 1433–1437.
[28] A.E. Gulyaev, S.E. Gelperina, I.N. Skidan, A.S. Antropov, G.Ya. Kivman,
J. Kreuter, Significant transport of doxorubicin into the brain with
polysorbate 80-coated nanoparticles, Pharm. Res. 16 (10) (1999)
1564–1569.
[29] L. Araujo, R. Löbenberg, J. Kreuter, Influence of the surfactant
concentration on the body distribution of nanoparticles, J. Drug Target.
6 (5) (1999) 373–385.
[30] M.R. Green, G.M. Manikhas, S. Orlov, B. Afanasyev, A.M. Makhson, P.
Bhar, M.J. Hawkins, Abraxane®, a novel Cremophor®-free, albuminbound particle form of paclitaxel for the treatment of advanced non-smallcell lung cancer, Ann. Oncol. 17 (8) (2006) 1263–1268.
[31] G. Kohler, C. Milstein, Continuous cultures of fused cells secreting
antibody of predefined specificity, Nature 256 (5517) (1975) 495–497.
[32] M.C. Garnett, Targeted drug conjugates: principles and progress, Adv.
Drug Deliv. Rev. 53 (2) (2001) 171–216.
[33] A. Funaro, A.L. Horenstein, P. Santoro, C. Cinti, A. Gregorini, F.
Malavasi, Monoclonal antibodies and therapy of human cancers,
Biotechnol. Adv. 18 (5) (2000) 385–401.
[34] P.A. Trail, A.B. Bianchi, Monoclonal antibody drug conjugates in the
treatment of cancer, Curr. Opin. Immunol. 11 (5) (1999) 584–588.

Please cite this article as: S. Azarmi, et al., Targeted delivery of nanoparticles for the treatment of lung diseases, Adv. Drug. Deliv. Rev. (2008), doi:10.1016/j.
addr.2007.11.006

ARTICLE IN PRESS
12

S. Azarmi et al. / Advanced Drug Delivery Reviews xx (2008) xxx–xxx

[35] P.A. Trail, H.D. King, G.M. Dubowchik, Monoclonal antibody drug
immunoconjugates, Cancer Immunol. Immunother. 52 (5) (2003)
328–337.
[36] J.M. Lambert, Drug-conjugated monoclonal antibodies for treatment of
cancer, Curr. Opin. Pharmacol. 5 (5) (2005) 543–549.
[37] Y. Akasaka, H. Ueda, K. Takayama, Y. Machida, T. Nagai, Preparation and
evaluation of bovine serum albumin nanospheres coated with monoclonal
antibodies, Drug Des. Deliv. 3 (1) (1988) 85–97.
[38] S. Muro, V.R. Muzykantov, Targeting of antioxidant and anti-thrombotic
drugs to endothelial cell adhesion molecules, Curr. Pharm. Des. 11 (18) (2005)
2383–2401.
[39] R. Wiewrodt, A.P. Thomas, L. Cipelletti, M. Christofidou-Solomidou, D.A.
Weitz, S.I. Feinstein, Size-dependent intracellular immunotargeting of
therapeutic cargoes into endothelial cells, Blood 99 (2002) 912–922.
[40] S. Muro, R. Wiewrodt, A. Thomas, L. Koniaris, S.M. Albelda, V.R.
Muzykantov, A novel endocytic pathway induced by clustering endothelial
ICAM-1 or PECAM-1, J. Cell Sci. 116 (2003) 1599–1609.
[41] P. Jani, G.W. Halbert, J. Langridge, A.T. Florence, The uptake and
translocation of latex nanospheres and microspheres after oral administration to rats, J. Pharm. Pharmacol. 41 (12) (1989) 809–812.
[42] P. Jani, G.W. Halbert, J. Langridge, A.T. Florence, Nanoparticle uptake by
the rat gastrointestinal mucosa: quantitation and particle size dependency,
J. Pharm. Pharmacol. 42 (12) (1990) 821–826.
[43] R. Löbenberg, L. Araujo, J. Kreuter, Body distribution of azidothymidine
bound to nanoparticles after oral administration, Eur. J. Pharm. Biopharm.
44 (2) (1997) 127–132.
[44] L. Araujo, M. Sheppard, R. Löbenberg, J. Kreuter, Uptake of PMMA
nanoparticles from the gastrointestinal tract after oral administration to
rats: modification of the body distribution after suspension in surfactant
solutions and in oil vehicles, Int. J. Pharm. 176 (2) (1999) 209–224.
[45] S. Santra, D. Dutta, G.A. Walter, B.M. Moudgil, Fluorescent nanoparticle
probes for cancer imaging, Technol. Cancer Res. Treat. 4 (6) (2005) 593–602.
[46] D.A. Groneberg, M. Giersig, T. Welte, U. Pison, Nanoparticle-based
diagnosis and therapy, Curr. Drug Targets 7 (6) (2006) 643–648.
[47] C.J. Sunderland, M. Steiert, J.E. Talmadge, A.M. Derfus, S.E. Barry,
Targeted nanoparticles for detecting and treating cancer, Drug Dev. Res.
67 (1) (2006) 70–93.
[48] L.H. Ketai, B.A. Muggenberg, G.L. McIntire, E.R. Bacon, R. Rosenberg,
P.E. Losco, J.L. Toner, K.J. Nikula, P. Haley, CT imaging of intrathoracic
lymph nodes in dogs with bronchoscopically administered iodinated
nanoparticles, Acad. Radiol. 6 (1) (1999) 49–54.
[49] M.D. Cragin, M.M. Webber, W.K. Victery, D. Pintauro, Technique for the
rapid preparation of lung scan particles using 99mTc-sulfur and human
serum albumin, J. Nucl. Med. 10 (1969) 621–623.
[50] R. Löbenberg, J. Kreuter, Macrophage targeting of azidothymidine: a
promising strategy for AIDS therapy, AIDS Res. Human Retroviruses
12 (18) (1996) 1709–1715.
[51] S. Gelperina, K. Kisich, M.D. Iseman, L. Heifets, The potential advantages
of nanoparticle drug delivery systems in chemotherapy of tuberculosis,
Am. J. Respir. Crit. Care Med. 172 (12) (2005) 1487–1490.
[52] Y.V. Anisimova, S.I. Gelperina, C.A. Peloquin, L.B. Heifets, Nanoparticles
as antituberculosis drugs carriers: effect on activity against Mycobacterium
tuberculosis in human monocyte-derived macrophages, J. Nanopart. Res.
2 (2) (2000) 165–171.
[53] R. Pandey, G.K. Khuller, Subcutaneous nanoparticle-based antitubercular chemotherapy in an experimental model, J. Antimicrob. Chemother.
54 (1) (2004) 266–268.
[54] R. Pandey, S. Sharma, G.K. Khuller, Oral solid lipid nanoparticle-based
antitubercular chemotherapy, Tuberculosis 85 (5–6) (2005) 415–420.
[55] C.M. Johnson, R. Pandey, S. Sharma, G.K. Khuller, R.J. Basaraba, I.M.
Orme, A.J. Lenaerts, Oral therapy using nanoparticle-encapsulated
antituberculosis drugs in guinea pigs infected with Mycobacterium
tuberculosis, Antimicrob. Agents Chemother. 49 (10) (2005) 4335–4338.
[56] R. Pandey, S. Sharma, G.K. Khuller, Chemotherapeutic efficacy of
nanoparticle encapsulated antitubercular drugs, Drug Deliv. 13 (4) (2006)
287–294.
[57] M.C. Woodle, P.Y. Lu, Nanoparticles deliver RNAi therapy, Mater. Today
8 (8 SUPPL) (2005) 34–41.

[58] S. Boeckle, E. Wagner, Optimizing targeted gene delivery: chemical
modification of viral vectors and synthesis of artificial virus vector
systems, AAPS J. 8 (4) (2006) E731–E742.
[59] B. Gopalan, I. Ito, C.D. Branch, C. Stephens, J.A. Roth, R. Ramesh,
Nanoparticle based systemic gene therapy for lung cancer: molecular
mechanisms and strategies to suppress nanoparticle-mediated inflammatory response, Technol. Cancer Res. Treat. 3 (6) (2004) 647–657.
[60] G. Kaul, M. Amiji, Tumor-targeted gene delivery using poly (ethylene
glycol)-modified gelatin nanoparticles: in vitro and in vivo studies, Pharm.
Res. 22 (6) (2005) 951–961.
[61] T.L. Fink, P.J. Klepcyk, S.M. Oette, C.R. Gedeon, S.L. Hyatt, T.H.
Kowalczyk, R.C. Moen, M.J. Cooper, Plasmid size up to 20 kbp does not
limit effective in vivo lung gene transfer using compacted DNA nanoparticles,
Gene Ther. 13 (13) (2006) 1048–1051.
[62] S.-D. Li, L. Huang, Targeted delivery of antisense oligodeoxynucleotide
and small interference RNA into lung cancer cells, Mol. Pharm. 3 (5) (2006)
579–588.
[63] O. Mykhaylyk, N. Dudchenko, A. Dudchenko, Doxorubicin magnetic
conjugate targeting upon intravenous injection into mice: high gradient
magnetic field inhibits the clearance of nanoparticles from the blood, J.
Magn. Magn. Mater. 293 (1) (2005) 473–482.
[64] T. Wu, M.-Y. Hua, J.-P. Chen, K.-C. Wei, S.-M. Jung, Y.-J. Chang, M.-J.
Jou, Y.-H. Ma, Effects of external magnetic field on biodistribution of
nanoparticles: a histological study, J. Magn. Magn. Mater. 311 (2007)
372–375.
[65] A. Grenha, B. Seijo, C. Remuñán-López, Microencapsulated chitosan
nanoparticles for lung protein delivery, Eur. J. Pharm. Sci. 25 (4–5) (2005)
427–437.
[66] J.O.-H. Sham, Y. Zhang, W.H. Finlay, W.H. Roa, R. Loebenberg,
Formulation and characterization of spray-dried powders containing
nanoparticles for aerosol delivery to the lung, Int. J. Pharm. 269 (2) (2004)
457–467.
[67] Y. Kawashima, T. Serigano, T. Hino, H. Yamamoto, H. Takeuchi, A new
powder design method to improve inhalation efficiency of pranlukast
hydrate dry powder aerosols by surface modification with hydroxypropylmethylcellulose phthalate nanospheres, Pharm. Res. 15 (11) (1998)
1748–1752.
[68] Y. Kawashima, H. Yamamoto, H. Takeuchi, S. Fujioka, T. Hinto, Pulmonary
delivery of insulin with nebulized DL-lactide/glycolide copolymer (PLGA)
nanospheres to prolong hypoglycemic effect, J. Control. Release 62 (1999)
279–287.
[69] L.A. Dailey, E. Kleemann, M. Wittmar, T. Gessler, T. Schmehl, C. Roberts,
W. Seeger, T. Kissel, Surfactant-free, biodegradable nanoparticles for
aerosol therapy based on the branched polyesters, DEAPA-PVAL-g-PLGA,
Pharm. Res. 20 (12) (2003) 2011–2020.
[70] M.A. Videira, M.F. Botelho, A.C. Santos, L.F. Gouveia, J.J. Pedroso De
Lima, A.J. Almeida, Lymphatic uptake of pulmonary delivered radiolabelled
solid lipid nanoparticles, J. Drug Target. 10 (8) (2002) 607–613.
[71] R. Pandey, A. Sharma, A. Zahoor, S. Sharma, G.K. Khuller, B. Prasad,
Poly (DL-lactide-co-glycolide) nanoparticle-based inhalable sustained drug
delivery system for experimental tuberculosis, J. Antimicrob. Chemother.
52 (6) (2003) 981–986.
[72] R. Pandey, G.K. Khuller, Solid lipid particle-based inhalable sustained drug
delivery system against experimental tuberculosis, Tuberculosis 85 (4) (2005)
227–234.
[73] H. Yamamoto, Y. Kuno, S. Sugimoto, H. Takeuchi, Y. Kawashima,
Surface-modified PLGA nanosphere with chitosan improved pulmonary
delivery of calcitonin by mucoadhesion and opening of the intercellular
tight junctions, J. Control. Release 102 (2) (2005) 373–381.
[74] J.T. McConville, K.A. Overhoff, P. Sinswat, J.M. Vaughn, B.L. Frei, D.S.
Burgess, R.L. Talbert, J.I. Peters, K.P. Johnston, R.O. Williams III,
Targeted high lung concentrations of itraconazole using nebulized
dispersions in a murine model, Pharm. Res. 23 (5) (2006) 901–911.
[75] G. Oberdorster, A. Maynard, K. Donaldson, V. Castranova, J. Fitzpatrick, K.
Ausman, J. Carter, B. Karn, W. Kreyling, D. Lai, S. Olin, N. MonteiroRiviere, D. Warheit, H. Yang, Principles for characterizing the potential
human health effects from exposure to nanomaterials: elements of a screening
strategy, Part. Fibre Toxicol 2 (2005) (art. no. 8).

Please cite this article as: S. Azarmi, et al., Targeted delivery of nanoparticles for the treatment of lung diseases, Adv. Drug. Deliv. Rev. (2008), doi:10.1016/j.
addr.2007.11.006

ARTICLE IN PRESS
S. Azarmi et al. / Advanced Drug Delivery Reviews xx (2008) xxx–xxx
[76] K.E. Driscoll, J.M. Carter, B.W. Howard, D.G. Hassenbein, W. Pepelko,
R.B. Baggs, G. Oberdoerster, Pulmonary inflammatory, chemokine, and
mutagenic responses in rats after subchronic inhalation of carbon black,
Toxicol. Appl. Pharmacol. 136 (1996) 372–380.
[77] U. Heinrich, R. Fuhst, S. Rittinghausen, O. Creutzenberg, B. Bellmann, W.
Koch, K. Levsen, Chronic inhalation exposure of Wistar rats and two
different strains of mice to diesel engine exhaust, carbon black, and
titanium dioxide, Inhal. Toxicol. 7 (1995) 533–556.
[78] K.J. Nikula, M.B. Snipes, E.B. Barr, W.C. Griffith, R.F. Henderson, J.L.
Mauderly, Comparative pulmonary toxicities and carcinogenicities of
chronically inhaled diesel exhaust and carbon black in F344 rats, Fundam.
Appl. Toxicol. 25 (1995) 80–94.
[79] D.B. Warheit, B.R. Laurence, K.L. Reed, D.H. Roach, G.A.M. Reynolds,
T.R. Webb, Comparative pulmonary toxicity assessment of single-wall
carbon nanotubes in rats, Toxicol. Sci. 77 (1) (2004) 117–125.
[80] A.A. Shvedova, A.R. Murray, E.R. Kisin, D. Schwegler-Berry, V.E.
Kagan, V.Z. Gandelsman, Exposure to carbon nanotube material: evidence
of exposure-induced oxidant stress in human keratinocyte and bronchial
epithelial cells, Free Radic. Res. 37 (2003) 97.
[81] P.G. Barlow, A. Clouter-Baker, K. Donaldson, J. MacCallum, V. Stone,
Carbon black nanoparticles induce type II epithelial cells to release
chemotaxins for alveolar macrophages, Part. Fibre Toxicol. 2 (2005) art.
no. 11.
[82] T. Xia, M. Kovochich, J. Brant, M. Hotze, J. Sempf, T. Oberley, C. Sioutas,
J.I. Yeh, M.R. Wiesner, A.E. Nel, Comparison of the abilities of ambient
and manufactured nanoparticles to induce cellular toxicity according to an
oxidative stress paradigm, Nano Lett. 6 (8) (2006) 1794–1807.
[83] P. Wiebert, A. Sanchez-Crespo, R. Falk, K. Philipson, A. Lundin, S.
Larsson, W. Moller, W. Kreyling, M. Svartengren, No significant
translocation of inhaled 35-nm carbon particles to the circulation in
humans, Inhal. Toxicol. 18 (10) (2006) 741–747.
[84] W. Lin, Y.-W. Huang, X.-D. Zhou, Y. Ma, Toxicity of cerium oxide
nanoparticles in human lung cancer cells, Int. J. Toxicol. 25 (6) (2006)
451–457.
[85] J.S. Brown, K.L. Zeman, W.D. Bennett, Ultrafine particle deposition and
clearance in the healthy and obstructed lung, Am. J. Respir. Crit. Care
Med. 166 (2002) 1240–1247.

13

[86] D.B. Warheit, J.F. Hansen, I.S. Yuen, D.P. Kelly, S.I. Snajdr, M.A. Hartsky,
Inhalation of high concentrations of low toxicity dusts in rats results in
impaired pulmonary clearance mechanisms and persistent inflammation,
Toxicol. Appl. Pharmacol. 145 (1997) 10–22.
[87] L.C. Renwick, K. Donaldson, A. Clouter, Impairment of alveolar
macrophage phagocytosis by ultrafine particles, Toxicol. Appl. Pharmacol.
172 (2) (2001) 119–127.
[88] W. Möller, T. Hofer, A. Ziesenis, E. Karg, J. Heyder, Ultrafine particles
cause cytoskeletal dysfunctions in macrophages, Toxicol. Appl. Pharmacol. 182 (3) (2002) 197–207.
[89] K.-I. Inoue, H. Takano, R. Yanagisawa, S. Hirano, M. Sakurai, A.
Shimada, T. Yoshikawa, Effects of airway exposure to nanoparticles on
lung inflammation induced by bacterial endotoxin in mice, Environ. Health
Perspect. 114 (9) (2006) 1325–1330.
[90] C.M. Sayes, K.L. Reed, D.B. Warheit, Assessing toxicity of fine and
nanoparticles: comparing in vitro measurements to in vivo pulmonary
toxicity profiles, Toxicol. Sci. 97 (1) (2007) 163–180.
[91] S. Takenaka, E. Karg, W. Kreyling, B. Lentner, W. Moller, M. BehnkeSemmler, L. Jennen, A. Walch, B. Michalke, P. Schramel, J. Heyder, H.
Schulz, Distribution pattern of inhaled ultrafine gold particles in the rat
lung, Inhal. Toxicol. 18 (10) (2006) 733–740.
[92] B. Forbes, C. Ehrhardt, Human respiratory epithelial cell culture for drug
delivery applications, Eur. J. Pharm. Biopharm. 60 (2005) 193–205.
[93] K.J. Kim, Z. Borok, E.D. Crandall, A useful in vitro model for transport
studies of alveolar epithelial barrier, Pharm. Res. 18 (2001) 253–255.
[94] M. Brzoska, K. Langer, C. Coester, S. Loitsch, T.O.F. Wagner, C.V.
Mallinckrodt, Incorporation of biodegradable nanoparticles into human
airway epithelium cells — in vitro study of the suitability as a vehicle for
drug or gene delivery in pulmonary diseases, Biochem. Biophys. Res.
Commun. 318 (2) (2004) 562–570.
[95] L.A. Dailey, N. Jekel, L. Fink, T. Gessler, T. Schmehl, M. Wittmar, T.
Kissel, W. Seeger, Investigation of the proinflammatory potential of
biodegradable nanoparticle drug delivery systems in the lung, Toxicol.
Appl. Pharmacol. 215 (1) (2006) 100–108.
[96] D. Stuart, R. Löbenberg, T. Ku, S. Azarmi, L. Ely, W. Roa, E.J. Prenner,
Biophysical investigation of nanoparticle interactions with lung surfactant
model systems, J. Biomed. Nanotech. 2 (3–4) (2006) 245–252.

Please cite this article as: S. Azarmi, et al., Targeted delivery of nanoparticles for the treatment of lung diseases, Adv. Drug. Deliv. Rev. (2008), doi:10.1016/j.
addr.2007.11.006

