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1. AN OVERVIEW OF PULMONARY
DRUGDELIVERY IN LUNGCANCER

THERAPY

1.1 Main Advantages

Compared to systemic delivery, aerosol
chemotherapy could potentially lead to three
main benefits for lung cancer therapy [1]. First,

the use of the inhalation route for lung diseases
represents a clear pharmacokinetic advantage.
Inhalation allows administration of high doses
of chemotherapy or targeted therapy directly to
the lung tumor site and reduction of systemic
distribution and toxicities. Together these ad-
vantages significantly enhance the therapeutic
ratio [2]. Second, due to this sharp reduction in
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systemic toxicities, the use of inhalation could
reduce treatment interruptions responsible for
tumor cell repopulation [1]. And third, these
inhalation procedures could increase drug pene-
tration into the lung tumor by maintaining a
significantly increased concentration gradient
of the anticancer drug in the lung tumor site [1].

Moreover, pulmonary drugdelivery allows the
drug to target the solid lung tumors also through
the local bloodstream. Once deposited in the res-
piratory tract, the anticancer drug can be absorbed
into the local circulation. The rate of absorption
depends on different factors, such as the deposi-
tion region in the lung, the physicochemical prop-
erties of the drug, and/or the formulation [3e5].
Through this local circulation, drug could also
reach the lung tumors. Depending on their local-
ization in the lung, the tumors are fed by either
the bronchial vascularization (if they are located
in the conducting zone) or by the pulmonary cir-
culation (if located in the respiratory zone) [6].
Moreover, inhaled anticancer drugs could reach
the lymphatic system, e.g., in surgically resected
lymph nodes [7]. The lymphatic system, through
hemithorax and regional lymph nodes, plays a
main role in tumors spreading all over the
body; this is particularly true in lung cancer.
Among other mechanisms, lymphatic drainage
is responsible for clearing small foreign particles
(up to approximately 500 nm in diameter) from
the alveoli. This clearance represents an addi-
tional pharmacological opportunity for inhaled
nanomedicine in lung cancer [8,9].

1.2 Techniques, Devices, and Drug
Formulations to Achieve Pulmonary
Drug Delivery

Approaches to achieving pulmonary drug de-
livery can be classified into four main types ac-
cording to the inhaler device, i.e., nebulizers,
pressurized metered dose inhalers (pMDIs), Soft-
Mist inhalers, and dry powder inhalers (DPIs).

Because pMDI and Soft-Mist devices can only
deliver drug doses in the range of micrograms,

they are not adapted to chemotherapy. Howev-
er, some preclinical studies describe the use of
a pMDI for delivering doxorubicin-based den-
drimers [10] and siRNA [11].

Nebulizers present the advantage of
requiring no specific inhalation technique.
They can therefore be used by patients unable
to carry out active inhalation (e.g., bedridden
patients). Moreover, they require only simple
drug formulations such as solutions and sus-
pensions. Intravenous (i.v.) formulations can
therefore be easily aerosolized by means of neb-
ulizers. All these partly explain why nebulizers,
and especially air jet nebulizers, are the only
type of device that has been used in clinical tri-
als so far [1,2,12]. However, air jet nebulizers
display many crucial disadvantages for this
application. With nebulization, the administra-
tion procedure to delivering therapeutic doses
is long. For example, it took up to 6 h in the
case of cisplatin liposomes delivered using an
air jet nebulizer [13]. It is also often inefficient
in terms of lung deposition. A low fraction of
the nominal dose is deposited, usually 10%
e15% [13,14], although up to 43% was depos-
ited in the lungs in a trial with gemcitabine by
means of a vibrating mesh nebulizer [15]. This
second drawback leads to contamination of
the device and the environment, which is diffi-
cult to manage. Moreover, liquid formulations
used for nebulization require water-soluble
drugs, which is unusual in anticancer drugs,
or micronized drug suspensions. They also
require a safe reconstitution procedure for
lyophilized powder as liquid formulations pre-
sent lower drug stability during long-term stor-
age than a dry form.

DPIs offer many benefits compared to nebu-
lizers, in particular for lung cancer chemo-
therapy [16]. DPI formulations are in a solid
state, which is more stable for long-term storage
and better adapted to drugs with poor water-
solubility, such as conventional anticancer che-
motherapeutics. Moreover, DPIs deliver high
doses and are activated and driven by the pa-
tient’s inspiratory flow for a short administration
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time. They are easily transportable and less
expensive, require less maintenance, and can be
manufactured as disposable inhalers to limit de-
vice and environmental contamination
compared with nebulizers. There have been
recent developments of DPI formulations for
lung cancer therapy, confirming the great inter-
est in this approach [16e21].

The aerodynamic diameter (dae) is the most
appropriate measure of aerosol particle size.
This is because it relates to the dynamic behavior
of a particle in an airflow, which depends on its
geometric size, shape, and density. Aerody-
namic diameter allows the main mechanisms of
aerosol deposition to be described, gravitational
settling and inertial impaction. Particles need to
present aerodynamic diameters of between 1
and 5 mm to reach the lower respiratory tract,
and between 1 and 3 mm for the respiratory
zone (Table 10.1). Moreover, DPI formulations
must display good flowability and good disper-
sion properties [22,23].

Safety issues are a major concern in devel-
oping new drug-delivery systems for the inhala-
tion route [24]. Excipients in an inhaled
formulation have to be well-tolerated by the res-
piratory tract. Reported local toxicities resulting
from pulmonary administration of polymeric de-
livery systems are mainly inflammation and

cytotoxicity, depending on the polymer constitu-
ent and the particle properties [25]. Because of a
lack of information concerning the local toxicity
induced by excipients for pulmonary use, strin-
gent determination of the local tolerance profile
for each new candidate excipient (i.e., for pulmo-
nary application) is highly recommended [23].

1.3 Main Issues Encountered

As mentioned previously, despite clear ad-
vantages characterizing aerosol chemotherapy,
no inhaled anticancer chemotherapy has come
on to the market so far. This can be explained
by four main observations.

Firstly, 10%e30% of conventional chemother-
apies used in lung cancer induce lung toxicities
[26]. Scientists and clinicians have concluded
that higher concentrations of these drugs in the
lungs would lead to higher pulmonary toxicities.
Therefore, development of these drugs for an
inhalation purpose has been severely limited
[2,6]. Selection of a drug candidate that does
not induce significant lung toxicity is crucial.

Secondly, the residence time of the anticancer
drug close to the lung tumor could be too short
to generate effective antitumor activity [12].
Once inhaled and deposited, the particles are
cleared from the lungs more or less rapidly,

TABLE 10.1 Mechanisms of Aerosol Deposition

Site Dae (mm) Mechanism Comment

Large airways • 5e9 (slow inhalation)
• 3e6 (fast inhalation)

Impaction Most deposition in
segmental airways

Smaller airways 1e5 Sedimentation Improved with slow
and deep breaths

Respiratory bronchioles 1e3 Sedimentation Improved with slow
and deep breaths

Alveoli <0.5 Brownian diffusion Poor depositiondmost
exhaled

Dae, aerodynamic diameter.
Adapted from W. Yang, J.I. Peters, R.O. Williams, Inhaled nanoparticlesda current review, Int. J. Pharm. 356 (2008) 239e247. https://doi.org/10.1016/j.
ijpharm.2008.02.011.

1. AN OVERVIEW OF PULMONARY DRUG DELIVERY IN LUNG CANCER THERAPY 251



depending on their physicochemical properties,
the deposited region in the respiratory tract,
the respiratory disease, etc. (Fig. 10.1) [27]. The
particles are either cleared towards the upper
airways by the mucociliary clearance from the
conducting zone (80%e90% of inhaled material
being excreted from the upper and central lung
within 24 h [27]), cleared by alveolar macro-
phages from the respiratory zone (optimal
phagocytosis for particles of 1.5e3 mm [4]), or
dissolved. Once dissolved, the drug is able to
exert its pharmacological action, degraded by
enzymatic metabolism or absorbed in blood or
the lymphatic circulation (Fig 10.1) [5,27].
Many formulation strategies have been
described to overcome one (or more) of these
lung clearance mechanisms (Table 10.2).

Thirdly, nebulizers have not allowed suffi-
cient drug doses (dose limiting toxicity [DLT]
in phase I) to be attained during clinical trials.
This is because of their poor efficiency in terms
of lung deposition and their long administration
time. In phase I, no systemic limiting toxicities
were reached for cisplatin at the highest deliv-
ered dose (60 mg/m2). This dose was delivered
in a total nebulization time of more than 6 h
within two cycles of three consecutive inhalation
days (cycle interval of 2 weeks) [13].

Finally, an additional issue relates to the lim-
itation of environmental contamination and the
necessary protection of medical staff during the
preparation of this inhaled chemotherapy and
its administration to patients [2]. Infrastructure,
administration procedures, and devices have to

FIGURE 10.1 What happens to an aerosolized drug particle after deposition in the lungs? (1) First contact with the lung
lining fluids: release of the drug compound from the deposited aerosol particle comprises different processes, governed by
the amount and composition of the locally available lining fluid and by intrinsic properties of the drug and the carrier particle.
(2) Absorption of the drug across the pulmonary epithelium: this process is mainly controlled by its physicochemical proper-
ties. (3) Clearance of the undissolved particle bymucociliary escalator or phagocytosis bymacrophages. From C.A Ruge, J. Kirch,
C-M. Lehr. Pulmonary drug delivery: from generating aerosols to overcoming biological barriersdtherapeutic possibilities and technolog-
ical challenges, Lancet Respir. Med. 1 (2013) 402e413. https://doi/org/10.1016/S2213-2600(13)70072-9.
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be adapted for inhaled anticancer drug thera-
pies. However, realistic and effective measures
have been described in the literature in recent de-
cades, such as a closed cabinet equipped with an
air extractor and with both activated charcoal
and HEPA filters [13,15,28e31].

2. INHALED NANOMEDICINEdAN
ONGOING CONCEPT IN LUNG

CANCER THERAPY

2.1 Advantages

Nanotechnology applications in medicine,
defined as nanomedicine, have led to a number
of applications for cancer imaging or treatment
[32]. Nanopharmaceuticals are defined as “phar-
maceuticals engineered on the nanoscale, i.e.
pharmaceuticals where the nanomaterials plays

the crucial therapeutic role or adds additional
functionality to the active compound.” [33]
Like nanopharmaceuticals, nanocarriers consist
of a colloidal nanoscale drug-delivery system
composed of drugs, and polymeric and/or lipid
material that improves the biokinetics and bio-
distribution of these drugs. The high and
increasing number of nanocarriers developed
for anticancer therapy can easily be explained
by the clear benefits observed in preclinical and
clinical development [34e36].

Nanomedicine presents many advantages in
cancer therapy. This is especially true for pulmo-
nary anticancer drug delivery. The advantages
include the potential to (1) increase local drug
bioavailability, (2) overcome biological barriers
(e.g., mucus, cell membranes), (3) enhance or
reduce the solubility of drug, (4) avoid or reduce
phagocytosis by alveolar macrophages, (5) pro-
long pulmonary residence time, (6) protect

TABLE 10.2 Example of Formulation Strategies Developed to Overcome Lung Clearance Mechanisms

Lung Clearance
Mechanism to be
Overcome Strategy

Formulation Characteristic or
Composition References

Mucociliary clearance Aerodynamic
targetingddeposition in the
alveoli

Dae of 1.8e2.8 mm [72]

Mucoadhesion Mucoadhesive agent-based formulations
(e.g., chitosan, hyaluronan, HPMC)

[4,73]

Drug absorption Micro- and/or nano-
encapsulation of the drug

Micro- and nanoparticles (lipid, polymer-
based)

[49,58,74,75]

Macrophage clearance Modification of particle sizea Large porous particles, Trojan particles,
nanoparticles

[51,58,59]

Modification of particle shape Varying particle geometric shapes (e.g.,
spheres, rectangular disks, elliptical
disks)

[76]

Stealth characteristics, surface
modification

PEGylation [41,77]

Physicochemical,
enzymatic degradation

Encapsulation, complexation,
degradation inhibitors

Liposomes, cyclodextrins, protease
inhibitors

[41,78]

Dae, aerodynamic diameter.
a Assuming optimal phagocytosis by macrophages for particles of 0.5e5 mm, and in particular the range of 1.5e3 mm.
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drug from degradation, (7) accumulate drug
preferentially into tumors, (8) enhance drug
internalization by cells, and (9) selectively and
specifically recognize cancer cells [24,37,38].

2.2 Specific Requirements for Delivering
Nanomedicine by Inhalation

Individualized nanoparticles present a too
low dae to be deposited efficiently in the respira-
tory tract. As mentioned earlier, optimal dae for a
particle to be deposited deep in the lungs is in the
range of 0.5e5 mm (Table 10.1). As nanoparticles
present an dae far below this range (because of
their small size and/or density), they will (1) de-
posit mostly by diffusion in the alveolar region
(i.e., random deposition related to their Brow-
nian motion) or (2) be eliminated during exhala-
tion [39]. Moreover, their enormous surface area
is responsible for high free energy, leading to
poor flowability and a high aggregation/
agglomeration tendency [40]. Depending on the
inhalation device, specific requirements are
needed to achieve lung delivery of
nanomedicine.

With a nebulizer, the nanoparticles are
dispersed in liquid droplets aerosolized with
appropriate dae. However, the nebulization can
be responsible for destabilization of different
types of nanocarriers, such as liposomes [41]
and lipid nanocapsules [42]. Hureaux et al.
observed that only vibrating mesh nebulizers
are able to produce adequate aerosols containing
lipid nanocapsules with good stability and per-
formance (compared to jet, ultrasonic, and
vibrating mesh nebulizers) [42].

With a DPI, the nanoparticles are contained in
a formulation that must be designed to improve
the DPI performance and reduce interparticle
attraction forces. Examples of these dry powder
formulations are nano-in-microparticles (or
nano-embedded microparticles) or reversible
nanoparticle agglomerates [17]. In nano-in-mi-
croparticles, the nanoparticles are embedded in

a microscale hydrophilic matrix able to release
the nanoparticles in lung fluids [21,43,44],.

Many methods of producing nanomedicine-
based DPI formulations have been described
[23,40,45]. Among them, spray-drying has been
recognized as a successful process for generating
powders from solutions, dispersions, or suspen-
sions in a single step. It converts a liquid feed (so-
lution, coarse suspension, colloidal dispersion)
to a dried particulate form. The main advantages
of using this method to prepare DPI formula-
tions include the ability to manipulate and con-
trol (1) mean particle size, (2) particle size
distribution, shape, and density, and (3) macro-
scopic powder properties such as bulk density,
flowability, and dispersibility. A typical spray-
dryer produces particles of size ranging from
0.5 to 30 mm.

However, spray-drying nanoparticle disper-
sions is challenging. Destabilization of nanopar-
ticle dispersions is usually observed during the
spray-drying process, especially for materials
characterized by low phase transition and/or
melting temperatures such as lipids. This is due
to the elevated temperature and large shear
forces involved, leading to a dry powder that is
unable to redisperse the initial nanoparticles
[46,47]. Proposed measures to reduce the influ-
ence of temperature and shear forces during
the spray-drying process have been to add hy-
drophilic excipients in solution into nanoparticle
dispersions as well as to employ a hydro-
alcoholic solution instead of water as the disper-
sant [46,47]. Freitas and M€uller explain that
hydrophilic excipients, carbohydrates in their
case, prevented the lipid nanocarriers from
aggregating and protected them against heat
by forming a crust after evaporation of the water
during the drying step [46]. This crust has a
spacer function and, once in contact with
aqueous media, is able to dissolve quickly to
re-disperse the initial nanocarriers. Typical hy-
drophilic excipients are lactose [48], mannitol
[43,47], cyclodextrin [49], trehalose [50], and
dextran [44]. Tsapis et al. also described the use
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of additional soluble excipients (e.g., sugars,
lipids, polymers, and proteins) in spray-dried
nanoparticle-containing compositions to form
large porous nanoparticle aggregates, so-called
Trojan particles [51]. These relatively large parti-
cles (geometric sizes larger than 5 mm) are char-
acterized by low densities leading to good
aerosolization properties. In physiologic condi-
tions, Trojan particles dissolve to release nano-
particles. As mentioned before, documentation
on the safety profile of inhaled excipients is quite
limited [23]. Therefore, the use of endogenous
components, GRAS, and authorized excipients
must be privileged in DPI formulations.

2.3 Clinical Development

The first type of nanocarrier developed for the
delivery of chemotherapy by inhalation was
liposome in the 1990s. So far, liposomes are the
only type of nanocarrier that has been evaluated
in clinical trials for this application (Table 10.3).
Liposome vesicles are composed of endogenous
lipids (e.g., phospholipids, cholesterol). These
are biocompatible, biodegradable, and well-
tolerated by the respiratory tract [41].

The first chemotherapeutic drug evaluated in
clinical trials as an inhaled nanomedicine for
lung cancer treatment was the topoisomerase I
inhibitor 9-nitro-20(S)-camptothecin (9-NC), in
2004 [31]. A phase I study evaluating 9-NC-
loaded dilauroyl phosphatidylcholine (DLPC) li-
posomes was performed in 24 patients with
advanced pulmonary malignancies (both pri-
mary lung tumors and lung metastases). The
inhaled doses necessary to obtain similar 9-NC
plasma levels were lower than those adminis-
tered orally (the usual route of administration
for 9-NC). The systemic drug absorption
observed was rapid and sustained. The authors
determined the recommended dose by inhala-
tion, i.e., 0.5 mg/m2/day (13.3 mg/kg/day),
taken on five consecutive days per week for
8 weeks. This contrasts with a dose of 2 mg/
m2/day for oral administration. This inhaled

dose required a daily exposure of 60 min using
a nebulizer. The DLT, at 26.6 mg/kg/day, was
a chemical pharyngitis. It should be noted that
bronchodilators and steroids allowed coughs
and bronchial irritation to be alleviated clini-
cally. Interestingly, hematological toxicity, i.e.,
the main toxicity for 9-NC, was not so often
observed (grade 2 toxic effects included anemia
and neutropenia for four and two patients,
respectively). Two phase II evaluation trials
were conducted: one in primary lung cancer,
and one in metastatic endometrial cancer. The
studies have been completed but no data have
been published so far (ClinicalTrials.gov).

The most advanced development of inhaled
nanomedicine is with liposomal cisplatin. Pt de-
rivatives, including cisplatin, occupy a central
position in adjuvant chemotherapy for lung
cancer, especially for nonsmall-cell lung cancer
(NSCLC). Cisplatin is one of the most potent
and frequently used anticancer drugs despite
severe toxicities following its systemic adminis-
tration. These toxicities include cumulative
nephrotoxicity (the main DLT), peripheral neu-
ropathy, myelosuppression, and ototoxicity
[13]. Cisplatin is therefore a potential candidate
in aerosol chemotherapy for the reduction of
systemic toxicities through use of this route of
administration. A liposomal cisplatin formula-
tion has been developed, consisting of cisplatin
encapsulated in dipalmitoylphosphatidylcho-
line (DPPC)/cholesterol liposomes, referred to
as sustained-release lipid inhalation targeting
(SLIT) cisplatin. Preclinical studies have shown
that the administration of SLIT cisplatin to the
lungs induced limited systemic exposure in
rats (including a decrease in ratios of lung/kid-
ney levels compared to i.v. cisplatin) and was
well-tolerated locally by beagle dogs (no histo-
pathologic changes in the lungs, kidneys, or
bone marrow) [13]. Moreover, SLIT cisplatin
has shown significant antitumor activity in a
murine Lewis lung tumor metastasis model,
in contrast to the i.v. administration of cisplatin
[13]. A phase I trial evaluated 17 patients
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with primary lung cancer [13]. The most impor-
tant observation was that the DLT of cisplatin
was not reached. This was mainly explained
by the poor performance of the jet nebulizer
used to deliver the formulation. Indeed, nebuli-
zation required a long administration time for
the formulation (the highest daily dose was
administered through three sessions of 1 h
with a break of 2e3 h between each session)
because of the low deposition efficiency of
the drug in the lungs. The dose reaching the
target area was determined to be only 10%
e15% of the delivered dose. The main toxicities
observed were related to the respiratory tract,
such as local irritation of the mucosa, bronchitis,
or shortness of breath. For one patient, these
local toxicities led to discontinuation of the
trial. In all the patients, no signs of alveolar
damage (computed tomography of the thorax)
were observed. Despite the probability of
more severe local toxicities resulting from the
administration of higher doses, the authors
concluded that the evaluated strategy was
feasible and safe. The main factor limiting
progress to phase II trials is the technical
incapacity of the described nebulization proced-
ure (related to the nebulizer chosen and to the
concentration of cisplatin in the formulation).
A further study was performed in recurrent
osteosarcoma patients who only had pulmo-
nary metastases (phase Ib/IIa trials) [52]. Issues
encountered in osteosarcoma treatment are
most often related to the inability to control me-
tastases in the lungs. In this case, inhaled
chemotherapy could also constitute a clear
advantage.

As observed in the previous trial, the main
relevant toxicities were associated with the respi-
ratory tract (observed in 13/19 patients). The
limited systemic drug exposure involved in us-
ing inhalation was also confirmed in this trial.
In addition, only two patients presented serious
adverse events due to the treatment, namely
grade 3 vomiting and grade 1 dyspnea and chest
pain.

2.4 Promising Strategies in Preclinical
Development

Large numbers of preclinical studies on
designing tumor-targeting nanocarriers delivered
by the pulmonary route have been described in
the two last decades (Table 10.4). These studies
are largely discussed in two reviews [53,54]. By
far the greatest numbers of these nanocarriers
have been developed as liquid nanosuspensions,
i.e., adapted to nebulizers.

Many studies have evaluated the accumula-
tion of nanocarriers and/or the drug (i.e., con-
tained in nanocarriers) in the lungs after
pulmonary delivery (principally in mice or
rats) [55e57]. Compared to i.v. injection, pulmo-
nary delivery has led to lower systemic exposure
of the encapsulated anticancer drug and,
possibly by extension, related systemic toxicities
[55]. Moreover, the use of drug-loaded nanocar-
riers locally has led to higher and longer drug
retention in the lungs (up to 7 days [57]) than
with the free drug [55]. For dendrimers, the
time of retention within the lungs has been
found to be size-dependent, with the largest
nanoparticles (diameter of 20 nm) showing the
highest accumulation and the longest retention
in the lungs as a result of low absorption in the
systemic circulation (Fig. 10.2) [56]. Nanocarriers
have also been able to reach the lymphatic sys-
tem after inhalation [9]. However, as discussed
earlier, absorption in the systemic circulation is
not the only mechanism of clearance in the
lung and therefore not the only mechanism to
bypass to prolong retention in the lung
(Fig. 10.1 and Table 10.2). Phagocytosis by alve-
olar macrophages is also related to the inhaled
particle size, with an optimal uptake when parti-
cles are characterized by a diameter in the range
of 0.5e5 mm [27], in particular 1.5e3 mm [4].
Therefore, both smaller and larger particles
[51,58,59] have been proposed to circumvent
the uptake by macrophages (Table 10.2).

Pulmonary delivery has been proved to be
therapeutically more effective than i.v. injection
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for various nanocarriers in many in vivo preclin-
ical models [57,60e62]. When aerosolized, drug-
loaded nanocarriers have also led to improved
antitumor efficacy compared to free drug in so-
lution [61]. In addition, the use of drug-loaded
nanocarriers instead of solubilized free drug
has led to lower toxicity, both local [63] and sys-
temic [62,63].

Ligand-related targeting has also been
explored in the context of an inhaled therapy.
For this purpose, epidermal growth factor was
grafted onto the surface of gelatine nanoparticles
to target EGFR, overexpressed in NSCLC
[64,65]. When delivered by inhalation, the pres-
ence of EGF induced a higher accumulation of
nanoparticles (than with nontargeted nanopar-
ticles) in A549 lung tumors of a murine model
that overexpresses EGFR (Fig. 10.3). Moreover,
the EGFR-targeted nanoparticles accumulated
preferentially in the A549 tumor-grafted mouse
lungs compared to in healthy mouse lungs
30 min and 24 h after aerosol administration, con-
firming the effective targeting of the tumor tissues
in vivo. The antiepithelial cell adhesion molecule
(EpCAM) antibody [63] and the modified syn-
thetic analog of luteinizing hormone-releasing
hormone (LHRH) [61] are other examples of tar-
geting moieties that have been grafted onto the
surface of nanocarriers delivered by the pulmo-
nary route (Table 10.4). Promisingly, Taratula
et al. demonstrated that, compared to

non-LHRH-targeted labeled nanostructured lipid
carriers (NLCs), LHRH-targeted labeled NLC
preferentially accumulate in lung tumors
in vivo, avoiding healthy lung tissue (Fig. 10.4).
To our knowledge, this study was the only one
that has demonstrated in vivo nanocarrier selec-
tivity for lung tumors compared to healthy tis-
sues following aerosol delivery. In terms of the
therapeutic response, targeted NLC loaded with
paclitaxel and siRNA (silencing proteins related
to efflux and antiapoptotic defense mechanisms,
i.e., MRP1 and BCL2 proteins) led to improved
antitumor activity compared to i.v. conventional
solvent-based paclitaxel formulation (i.e., w40-
fold decrease in tumor volume), allowing com-
plete regression in 50% of mice [61].

Another target in lung cancer is the overex-
pression of folate receptors (FRs), in particular
the alpha form (FR-a), on lung cancer cell mem-
brane compared with healthy tissues. This over-
expression has been observed in more than 60%
of NSCLC [66,67], principally in adenocarci-
noma [68]. Engraftment of folate groups onto
the nanoparticle surface has been investigated
in pulmonary delivery (Table 10.4) as a way of
improving the uptake of siRNA by high FR-
expressing lung cancer cells, compared to low
FR-expressing cancer cells [69]. The nanocarrier
has led to very promising results in vitro. For
example, better cellular uptake and gene
silencing were both demonstrated for targeted

FIGURE 10.2 Illustration of the observed
correlation between dendrimer molecular
weight (and therefore nanoparticle size) and
absorption in the systemic circulation after
pulmonary instillation. Diameters for the 11-,
22-, and 78-kDa dendrimers were 6, 12, and
20 nm, respectively. From G.M. Ryan, L.M.
Kaminskas, B.D. Kelly, D.J. Owen, M.P. McIntosh,
C.J.H. Porter, Pulmonary administration of
PEGylated polylysine dendrimers: absorption
from the lung versus retention within the lung is
highly size-dependent, Mol. Pharm. 10 (2013)
2986e2995. https://doi.org/10.1021/mp400091n.
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nanocarriers compared to nontargeted nanocar-
riers in H1229 (an FR-expressing human alveolar
cell line). The use of folate-grafted nanocarriers,
micelles [21], and solid lipid nanoparticles
(SLNs) [70] allowed the antiproliferative activity
of paclitaxel to be increased in vitro (up to sixfold
increase) and penetration into folate receptor
lung cancer cells and tumors to be improved.
Due to their sustained-release properties
(w10% paclitaxel released each 24 h in vitro)
and their physicochemical characteristics (i.e.,

size, surface modification), folate-grafted SLN
prolonged pulmonary exposure to paclitaxel to
up to 6 h following pulmonary delivery in
healthy mice [70]. The nanocarriers in the
composition of DPI formulations had good aero-
dynamic properties (broad deposition in the
lungs and fine particle fractions up to 50%) and
were able to re-disperse the initial nanocarrier
in physiologic buffers [21,44]. The nanocarrier-
based powders (without paclitaxel) were well-
tolerated locally by healthy mice after inhalation.

FIGURE 10.3 Proof of concept of the benefit of using an actively targeted nanocarrier by pulmonary delivery. (A) PBS-
treated group, (B) nontargeted nanoparticle-treated group, and (C) EGFR-targeted nanoparticle-treated group. Green fluores-
cence spectra were obtained from live mice xenografted with the A549 human lung adenocarcinoma cells 1 day after inhalation
delivery. From C-L. Tseng, S.Y-H. Wu, W-H. Wang, C-L. Peng, F-H. Lin, C-C. Lin, T-H. Young, M-J. Shieh, Targeting efficiency and
biodistribution of biotinylated-EGF-conjugated gelatin nanoparticles administered via aerosol delivery in nude mice with lung cancer, Bio-
materials 29 (2008) 3014e3022. https://doi.org/10.1016/j.biomaterials.2008.03.033.
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There was no significant modification in cell
composition, protein, and proinflammatory
cytokine concentration and LDH activity in
BALF. The main limitation of these DPI formula-
tions was their paclitaxel loading, which was less
than 0.5% w/w. These were not sufficient to
deliver effective paclitaxel doses within a reason-
able time to patients. Therefore, nanocrystal-
based DPI formulations were developed to
increase the paclitaxel drug loading to up to
2% [43]. These formulations led to 10-fold and
25-fold increases in the fine particle dose
compared to SLN- [44] and micelle-based [21]
dry powders, respectively.

3. CURRENT LIMITATIONS AND
FUTURE CHALLENGES

While offering very promising results, inhaled
anticancer nanomedicine, and inhaled nanome-
dicine in general, presents major drawbacks to

be overcome in the future [24]. For example,
the aforesaid studies describe nanocarriers char-
acterized by poor drug payload. Drug loading of
nanocarriers is usually in the range of 1%e10%
(w/w). Consequently, depending on the drug
candidate, the aim of delivering sufficient anti-
cancer drug doses to patients by means of these
nanocarriers might be unrealistic. While this
drawback is certain for i.v. perfusions [71], pul-
monary delivery might be less affected by this
drawback. This possibility is due to (1) the usual
decrease in inhaled drug doses and (2) the rela-
tively low volume of distribution in the respira-
tory tract compared to the systemic circulation.
It must be considered that this poor loading
also leads to pulmonary delivery of high doses
of the excipients composing the nanocarriers
and dry powders (i.e., for DPI formulations). De-
livery of these high doses might cause local
adverse effects. In addition, most of the aforesaid
nanocarriers are composed of excipients for
which no data relating to toxicity/tolerance

FIGURE 10.4 Accumulation of nanostructured lipid carrier (NLC) in mouse lungs bearing A549 human lung cancer. Dis-
tribution of fluorescently labeled nontargeted and LHRH-tumor-targeted NLC in mouse lungs (left image). Distribution of flu-
orescently labeled LHRH-tumor-targeted NLC in mouse lungs (tumor and nontumor tissues; red [gray in print version] ¼
NLC) (right image). Adapted from O. Taratula, A. Kuzmov, M. Shah, O.B. Garbuzenko, T. Minko, Nanostructured lipid carriers as
multifunctional nanomedicine platform for pulmonary co-delivery of anticancer drugs and siRNA, J. Control. Release. 171 (2013)
349e357. https://doi.org/10.1016/j.jconrel.2013.04.018.
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following aerosol delivery are available. Future
toxicity studies should therefore be more consis-
tent in the evaluation of these new
nanomedicine-based therapies. Safety is consid-
ered to be one of the most obvious challenges
[24].

Another consistent challenge for these thera-
pies is related to the method of producing the
nanocarriers [24]. The described methods are
often too complex to produce large batches, as
they consist of multiple steps. Indeed, although
these methods are relevant for lab-scale produc-
tion, only a few are easy to scale up to produce
acceptable clinical batches. An effective method
will result in nanocarriers with highly reproduc-
ible characteristics (i.e., size, shape, drug
payload, stability, drug release, etc.).

It should also be noted that almost all these
studies have been published within the last
decade. Developing this treatment approach is
novel and therefore very challenging. However,
these challenges must be taken up in the future
due to the very promising results obtained in
preclinical studies, especially in aerosol delivery
of active tumor-targeted nanomedicine.

References
[1] H.D.C. Smyth, I.Y. Saleem, M. Donovan,

C.F. Verschraegen, Pulmonary delivery of anti-cancer
agents, in: J. Swarbrick (Ed.), Adv. Drug Formul. Des.
To Optim. Ther. Outcomes, Informa Healthcare USA,
Inc., 2008, pp. 81e111.

[2] F. Gagnadoux, J. Hureaux, L. Vecellio, T. Urban, A. Le
Pape, I. Valo, J. Montharu, V. Leblond, M. Boisdron-
Celle, S. Lerondel, C. Majoral, P. Diot, J.L. Racineux,
E. Lemarie, Aerosolized chemotherapy, J. Aerosol
Med. Pulm. Drug Deliv. 21 (2008) 61e70, https://
doi.org/10.1089/jamp.2007.0656.

[3] J.S. Patton, Mechanisms of macromolecule absorption
by the lungs, Adv. Drug Deliv. Rev. 19 (1996) 3e36,
https://doi.org/10.1016/0169-409X(95)00113-L.

[4] B. Olsson, E. Bondesson, L. Borgstr€om, S. Edsb€acker,
S. Eirefelt, K. Ekelund, L. Gustavsson, T. Hegelund-
Myrb€ack, Pulmonary drug metabolism, clearance,
and absorption, in: A.J. Hickey, H.D.C. Smyth (Eds.),
Control. Pulm. Drug Deliv, Springer, 2011, pp. 21e50.

[5] R. Verma, M. Ibrahim, L. Garcia-Contreras, Lung anat-
omy and Physiology and their implications for pulmo-
nary drug delivery, in: A. Nokhodchi, G. Martien
(Eds.), Pulm. Drug Deliv. Adv. Challenges, Wiley,
2015, pp. 1e18.

[6] S. Sharma, D. White, A.R. Imondi, M.E. Placke,
D.M. Vail, M.G. Kris, Development of inhalational
agents for oncologic use, J. Clin. Oncol. 19 (2001)
1839e1847.

[7] P. Zarogoulidis, K. Darwiche, L. Krauss, H. Huang,
G.A. Zachariadis, A. Katsavou, W. Hohenforst-
Schmidt, A. Papaiwannou, T.J. Vogl, L. Freitag,
G. Stamatis, K. Zarogoulidis, Inhaled cisplatin deposi-
tion and distribution in lymph nodes in stage II lung
cancer patients, Futur. Oncol. 9 (2013) 1307e1313,
https://doi.org/10.2217/fon.13.111.

[8] N. Wauthoz, G. Bastiat, E. Moysan, A. Cie�slak,
K. Kondo, M. Zandecki, V. Moal, M.-C. Rousselet,
J. Hureaux, J.-P. Benoit, Safe lipid nanocapsule-based
gel technology to target lymph nodes and combat
mediastinal metastases from an orthotopic non-small-
cell lung cancer model in SCID-CB17 mice, Nanomedi-
cine 11 (2015) 1237e1245, https://doi.org/10.1016/
j.nano.2015.02.010.

[9] M.A. Videira, M.F. Botelho, A.C. Santos, L.F. Gouveia,
J.J.P. de Lima, A.J. Almeida, Lymphatic uptake of pul-
monary delivered radiolabelled solid lipid
nanoparticles, J. Drug Target. 10 (2002) 607e613,
https://doi.org/10.1080/1061186021000054933.

[10] Q. Zhong, S.R.P. da Rocha, Poly(amidoamine)
dendrimeredoxorubicin conjugates: in vitro character-
istics and pseudosolution formulation in pressurized
metered-dose inhalers, Mol. Pharm. 13 (2016)
1058e1072, https://doi.org/10.1021/acs.molphar
maceut.5b00876.

[11] S. Ni, Y. Liu, Y. Tang, J. Chen, S. Li, J. Pu, L. Han,
GABA, B receptor ligand-directed trimethyl chitosan/
tripolyphosphate nanoparticles and their pMDI formu-
lation for survivin siRNA pulmonary delivery, Carbo-
hydr. Polym. 179 (2018) 135e144, https://doi.org/
10.1016/j.carbpol.2017.09.075.

[12] P. Zarogoulidis, E. Chatzaki, K. Porpodis, K. Domvri,
W. Hohenforst-Schmidt, E.P. Goldberg,
N. Karamanos, K. Zarogoulidis, Inhaled chemotherapy
in lung cancer: future concept of nanomedicine, Int. J.
Nanomedicine 7 (2012) 1551e1572, https://doi.org/
10.2147/IJN.S29997.

[13] B.P.H. Wittgen, P.W.A. Kunst, K. van der Born,
A.W. van Wijk, W. Perkins, F.G. Pilkiewicz, R. Perez-
Soler, S. Nicholson, G.J. Peters, P.E. Postmus, Phase I
study of aerosolized SLIT cisplatin in the treatment of
patients with carcinoma of the lung, Clin. Cancer Res.

10. NANOMEDICINE-BASED INHALATION TREATMENTS FOR LUNG CANCER264



13 (2007) 2414e2421, https://doi.org/10.1158/1078-
0432.CCR-06-1480.

[14] M.T. Newhouse, Inhalation of a dry powder tobramy-
cin pulmosphere formulation in healthy volunteers,
Chest 124 (2003) 360e366, https://doi.org/10.1378/
chest.124.1.360.

[15] E. Lemarie, L. Vecellio, J. Hureaux, C. Prunier, C. Valat,
D. Grimbert, M. Boidron-Celle, B. Giraudeau, A. le
Pape, E. Pichon, P. Diot, A. el Houfia, F. Gagnadoux,
Aerosolized gemcitabine in patients with carcinoma
of the lung: feasibility and safety study, J. Aerosol
Med. Pulm. Drug Deliv. 24 (2011) 261e270, https://
doi.org/10.1089/jamp.2010.0872.

[16] N. Wauthoz, P. Deleuze, A. Saumet, C. Duret, R. Kiss,
K. Amighi, Temozolomide-based dry powder formula-
tions for lung tumor-related inhalation treatment,
Pharm. Res. 28 (2011) 762e775, https://doi.org/
10.1007/s11095-010-0329-x.

[17] N. El-Gendy, C. Berkland, Combination chemothera-
peutic dry powder aerosols via controlled nanoparticle
agglomeration, Pharm. Res. 26 (2009) 1752e1763,
https://doi.org/10.1007/s11095-009-9886-2.

[18] S. Alipour, H. Montaseri, M. Tafaghodi, Preparation
and characterization of biodegradable paclitaxel
loaded alginate microparticles for pulmonary
delivery, Colloids Surf. B. Biointerfaces 81 (2010)
521e529, https://doi.org/10.1016/j.colsurfb.2010.
07.050.

[19] S.A. Meenach, K.W. Anderson, J. Zach Hilt,
R.C. McGarry, H.M. Mansour, Characterization and
aerosol dispersion performance of advanced spray-
dried chemotherapeutic PEGylated phospholipid par-
ticles for dry powder inhalation delivery in lung
cancer, Eur. J. Pharm. Sci. 49 (2013) 699e711, https://
doi.org/10.1016/j.ejps.2013.05.012.

[20] V. Levet, R. Rosi�ere, R. Merlos, L. Fusaro, G. Berger,
K. Amighi, N. Wauthoz, Development of controlled-
release cisplatin dry powders for inhalation against
lung cancers, Int. J. Pharm. 515 (2016) 209e220,
https://doi.org/10.1016/j.ijpharm.2016.10.019.

[21] R. Rosi�ere, M. Van Woensel, V. Mathieu, I. Langer,
T. Mathivet, M. Vermeersch, K. Amighi, N. Wauthoz,
Development and evaluation of well-tolerated and
tumor-penetrating polymeric micelle-based dry pow-
ders for inhaled anti-cancer chemotherapy, Int. J.
Pharm. 501 (2016) 148e159, https://doi.org/10.1016/
j.ijpharm.2016.01.073.

[22] G. Pilcer, N. Wauthoz, K. Amighi, Lactose characteris-
tics and the generation of the aerosol, Adv. Drug Deliv.
Rev. 64 (2012) 233e256, https://doi.org/10.1016/
j.addr.2011.05.003.

[23] G. Pilcer, K. Amighi, Formulation strategy and use
of excipients in pulmonary drug delivery, Int.

J. Pharm. 392 (2010) 1e19, https://doi.org/10.1016/
j.ijpharm.2010.03.017.

[24] A. Kumar, L.A. Dailey, B. Forbes, Lost in translation:
what is stopping inhaled nanomedicines from realizing
their potential? Ther. Deliv. 5 (2014) 757e761, https://
doi.org/10.4155/TDE.14.47.

[25] J. Barar, Y. Omidi, M. Gumbleton, Molecular targeted
therapy of lung cancer: challenges and promises, in:
A. Nokhodchi, G.P. Martin (Eds.), Pulm. Drug Deliv.
Adv. Challenges, 2015th ed., John Wiley & Sons Ltd,
2015, pp. 263e283.

[26] A.G. Charpidou, I. Gkiozos, S. Tsimpoukis,
D. Apostolaki, K.D. Dilana, E.M. Karapagiotou,
K.N. Syrigos, Therapy-induced toxicity of the lungs:
an overview, Anticancer Res. 29 (2009) 631e639.
http://ar.iiarjournals.org/content/29/2/631.full.

[27] C.A. Ruge, J. Kirch, C.-M. Lehr, Pulmonary drug deliv-
ery: from generating aerosols to overcoming biological
barriersdtherapeutic possibilities and technological
challenges, Lancet Respir. Med. 1 (2013) 402e413,
https://doi.org/10.1016/S2213-2600(13)70072-9.

[28] P. Zarogoulidis, E. Eleftheriadou, I. Sapardanis,
V. Zarogoulidou, H. Lithoxopoulou, T. Kontakiotis,
N. Karamanos, G. Zachariadis, M. Mabroudi,
A. Zisimopoulos, K. Zarogoulidis, Feasibility and effec-
tiveness of inhaled carboplatin in NSCLC patients,
Invest. New Drugs 30 (2012) 1628e1640, https://
doi.org/10.1007/s10637-011-9714-5.

[29] B.P.H. Wittgen, P.W.A. Kunst, W.R. Perkins, J.K. Lee,
P.E. Postmus, Assessing a system to capture stray aero-
sol during inhalation of nebulized liposomal cisplatin,
J. Aerosol Med. 19 (2006) 385e391, https://doi.org/
10.1089/jam.2006.19.385.

[30] G.A. Otterson, M.A. Villalona-Calero, W. Hicks,
X. Pan, J.A. Ellerton, S.N. Gettinger, J.R. Murren, Phase
I/II study of inhaled doxorubicin combined with
platinum-based therapy for advanced non-small cell
lung cancer, Clin. Cancer Res. 16 (2010) 2466e2473,
https://doi.org/10.1158/1078-0432.CCR-09-3015.

[31] C.F. Verschraegen, B.E. Gilbert, E. Loyer, A. Huaringa,
G.Walsh, R.A. Newman, V. Knight, Clinical evaluation
of the delivery and safety of aerosolized liposomal 9-
nitro-20(s)-camptothecin in patients with advanced
pulmonary malignancies. Clin. Cancer Res. 10 (2004)
2319e2326, https://doi.org/10.1158/1078-0432.CCR-
0929-3.

[32] I. Brigger, C. Dubernet, P. Couvreur, Nanoparticles in
cancer therapy and diagnosis, Adv. Drug Deliv. Rev.
64 (2012) 24e36, https://doi.org/10.1016/j.addr.
2012.09.006.

[33] P. Rivera Gil, D. H€uhn, L.L. del Mercato, D. Sasse,
W.J. Parak, Nanopharmacy: inorganic nanoscale de-
vices as vectors and active compounds, Pharmacol.

REFERENCES 265



Res. 62 (2010) 115e125, https://doi.org/10.1016/
j.phrs.2010.01.009.

[34] M.J. Ernsting, M. Murakami, A. Roy, S.-D. Li, Factors
controlling the pharmacokinetics, biodistribution and
intratumoral penetration of nanoparticles, J. Control.
Release 172 (2013) 782e794, https://doi.org/10.1016/
j.jconrel.2013.09.013.

[35] N. Bertrand, J. Wu, X. Xu, N. Kamaly, O.C. Farokhzad,
Cancer nanotechnology: the impact of passive and
active targeting in the era of modern cancer biology,
Adv. Drug Deliv. Rev. 66 (2014) 2e25, https://
doi.org/10.1016/j.addr.2013.11.009.

[36] E. P�erez-Herrero, A. Fern�andez-Medarde, Advanced
targeted therapies in cancer: drug nanocarriers, the
future of chemotherapy, Eur. J. Pharm. Biopharm. 93
(2015) 52e79, https://doi.org/10.1016/j.ejpb.2015.
03.018.

[37] H. Mansour, X. Wu, Nanomedicine in pulmonary
delivery, Int. J. Nanomedicine 4 (2009) 299e319,
https://doi.org/10.2147/IJN.S4937.

[38] J.C. Sung, B.L. Pulliam, D.A. Edwards, Nanoparticles
for drug delivery to the lungs, Trends Biotechnol. 25
(2007) 563e570, https://doi.org/10.1016/j.tibtech.
2007.09.005.

[39] W. Yang, J.I. Peters, R.O. Williams, Inhaled
nanoparticlesda current review, Int. J. Pharm. 356
(2008) 239e247, https://doi.org/10.1016/j.ijpharm.
2008.02.011.

[40] J. Zhang, L. Wu, H.-K. Chan, W. Watanabe, Formation,
characterization, and fate of inhaled drug
nanoparticles, Adv. Drug Deliv. Rev. 63 (2011)
441e455, https://doi.org/10.1016/j.addr.2010.11.002.

[41] N. Wauthoz, K. Amighi, Phospholipids in pulmonary
drug delivery, Eur. J. Lipid Sci. Technol. (2014) 1e15,
https://doi.org/10.1002/ejlt.201300368.

[42] J. Hureaux, F. Lagarce, F. Gagnadoux, L. Vecellio,
A. Clavreul, E. Roger, M. Kempf, J.-L. Racineux,
P. Diot, J.-P. Benoit, T. Urban, Lipid nanocapsules:
ready-to-use nanovectors for the aerosol delivery of
paclitaxel, Eur. J. Pharm. Biopharm. 73 (2009)
239e246, https://doi.org/10.1016/j.ejpb.2009.06.013.

[43] R. Rosi�ere, S. Chraibi, S. Albasry, M. Vermeersch,
K. Amighi, N. Wauthoz, Development of paclitaxel
nanocrystal-based dry powder formulations for tar-
geted therapy of lung tumours by inhalation, Drug
Deliv. Lungs (2017) 2017, https://doi.org/10.13140/
RG.2.2.34667.44327.

[44] R. Rosi�ere, K. Amighi, N. Wauthoz, New dry powders
for inhalation containing chitosan derivative-coated
solid lipid nanoparticles for targeted delivery to lung
cancer cells, RDD Eur. 2015 (2015) 447e452.

[45] P. Muralidharan, M. Malapit, E. Mallory, D. Hayes,
H.M. Mansour, Inhalable nanoparticulate powders

for respiratory delivery. Invited review, Nanomedicine
11 (2015) 1189e1199, https://doi.org/10.1016/
j.nano.2015.01.007.

[46] C. Freitas, R.H. M€uller, Spray-drying of solid lipid
nanoparticles (SLNTM), Eur. J. Pharm. Biopharm. 46
(1998) 145e151, https://doi.org/10.1016/S0939-
6411(97)00172-0.

[47] C. Duret, N. Wauthoz, T. Sebti, F. Vanderbist,
K. Amighi, New inhalation-optimized itraconazole
nanoparticle-based dry powders for the treatment of
invasive pulmonary aspergillosis, Int. J. Nanomedicine
7 (2012) 5475e5489, https://doi.org/10.2147/
IJN.S34091.

[48] F. Ungaro, I. D’Angelo, C. Coletta, R. d’Emmanuele di
Villa Bianca, R. Sorrentino, B. Perfetto, M.A. Tufano,
A. Miro, M.I. La Rotonda, F. Quaglia, Dry powders
based on PLGA nanoparticles for pulmonary delivery
of antibiotics: modulation of encapsulation efficiency,
release rate and lung deposition pattern by hydrophilic
polymers, J. Control. Release 157 (2012) 149e159,
https://doi.org/10.1016/j.jconrel.2011.08.010.

[49] T. Lebhardt, S. Roesler, H.P. Uusitalo, T. Kissel,
Surfactant-free redispersible nanoparticles in fast-
dissolving composite microcarriers for dry-powder
inhalation, Eur. J. Pharm. Biopharm. 78 (2011) 90e96,
https://doi.org/10.1016/j.ejpb.2010.12.002.

[50] A. Nieto-Orellana, D. Coghlan, M. Rothery,
F.H. Falcone, C. Bosquillon, N. Childerhouse,
G. Mantovani, S. Stolnik, Dry-powder formulations of
non-covalent protein complexes with linear or mik-
toarm copolymers for pulmonary delivery, Int. J.
Pharm. (2018), https://doi.org/10.1016/j.ijpharm.
2018.02.008.

[51] 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. U. S. A. 99 (2002) 12001e12005, https://doi.org/
10.1073/pnas.182233999.

[52] A.J. Chou, R. Gupta, M.D. Bell, K.O. Riewe,
P.A. Meyers, R. Gorlick, Inhaled lipid cisplatin (ILC)
in the treatment of patients with relapsed/progressive
osteosarcoma metastatic to the lung, Pediatr. Blood
Cancer 60 (2013) 580e586, https://doi.org/10.1002/
pbc.24438.

[53] J. Ahmad, S. Akhter, M. Rizwanullah, M. Rahman,
M. Zaki Ahmad, M.M.A. Rizvi, F.J. Ahmad, S. Amin,
M.A. Kamal, Nanotechnology-based inhalation treat-
ments for lung cancer: state of the art, Nanotechnol.
Sci. Appl. 8 (2015) 55e66, https://doi.org/10.2147/
NSA.S49052.

[53a] R. Rosi�ere, J. Hureaux, V. Levet, K. Amighi,
N. Wauthoz, La chimioth�erapie inhal�ee e partie 2 :
clinique et applications potentielles, Rev. Mal. Respir.

10. NANOMEDICINE-BASED INHALATION TREATMENTS FOR LUNG CANCER266



35 (2018) 378e389, https://doi.org/10.1016/
j.rmr.2018.02.002.

[54] G. Garrastazu Pereira, A.J. Lawson, F. Buttini,
F. Sonvico, Loco-regional administration of nanomedi-
cines for the treatment of lung cancer, Drug Deliv. 23
(2015) 2881e2896, https://doi.org/10.3109/
10717544.2015.1114047.

[55] K.K. Gill, S. Nazzal, A. Kaddoumi, Paclitaxel loaded
PEG(5000)-DSPE micelles as pulmonary delivery plat-
form: formulation characterization, tissue distribution,
plasma pharmacokinetics, and toxicological
evaluation, Eur. J. Pharm. Biopharm. 79 (2011)
276e284, https://doi.org/10.1016/j.ejpb.2011.04.017.

[56] G.M. Ryan, L.M. Kaminskas, B.D. Kelly, D.J. Owen,
M.P. McIntosh, C.J.H. Porter, Pulmonary administra-
tion of PEGylated polylysine dendrimers: absorption
from the lung versus retention within the lung is highly
size-dependent, Mol. Pharm. 10 (2013) 2986e2995,
https://doi.org/10.1021/mp400091n.

[57] L.M. Kaminskas, V.M. McLeod, G.M. Ryan, B.D. Kelly,
J.M. Haynes, M. Williamson, N. Thienthong,
D.J. Owen, C.J.H. Porter, Pulmonary administration
of a doxorubicin-conjugated dendrimer enhances
drug exposure to lung metastases and improves cancer
therapy, J. Control. Release 183C (2014) 18e26,
https://doi.org/10.1016/j.jconrel.2014.03.012.

[58] C. Loira-Pastoriza, J. Todoroff, R. Vanbever, Delivery
strategies for sustained drug release in the lungs,
Adv. Drug Deliv. Rev. 75 (2014) 81e91, https://
doi.org/10.1016/j.addr.2014.05.017.

[59] B. Patel, V. Gupta, F. Ahsan, PEG-PLGA based large
porous particles for pulmonary delivery of a highly sol-
uble drug, low molecular weight heparin, J. Control.
Release 162 (2012) 310e320, https://doi.org/10.1016/
j.jconrel.2012.07.003.

[60] M. Videira, A.J. Almeida, A. Fabra, Preclinical evalua-
tion of a pulmonary delivered paclitaxel-loaded lipid
nanocarrier antitumor effect, Nanomedicine 8 (2012)
1208e1215, https://doi.org/10.1016/j.nano.2011.
12.007.

[61] O. Taratula, A. Kuzmov, M. Shah, O.B. Garbuzenko,
T. Minko, Nanostructured lipid carriers as multifunc-
tional nanomedicine platform for pulmonary co-
delivery of anticancer drugs and siRNA, J. Control.
Release 171 (2013) 349e357, https://doi.org/10.1016/
j.jconrel.2013.04.018.

[62] W.H. Roa, S. Azarmi, M.H.D.K. Al-Hallak,
W.H. Finlay, A.M. Magliocco, R. L€obenberg, Inhalable
nanoparticles, a non-invasive approach to treat lung
cancer in a mouse model, J. Control. Release 150
(2011) 49e55, https://doi.org/10.1016/j.jconrel.2010.
10.035.

[63] N. Karra, T. Nassar, F. Laenger, S. Benita, J. Borlak,
Safety and proof-of-concept efficacy of inhaled drug
loaded nano- and immunonanoparticles in a c-Raf
transgenic lung cancer model, Curr. Cancer Drug Tar-
gets 13 (2013) 11e29, https://doi.org/10.2174/
1568009611309010011.

[64] C.-L. Tseng, S.Y.-H. Wu, W.-H. Wang, C.-L. Peng, F.-
H. Lin, C.-C. Lin, T.-H. Young, M.-J. Shieh, Targeting
efficiency and biodistribution of biotinylated-EGF-
conjugated gelatin nanoparticles administered via
aerosol delivery in nude mice with lung cancer, Bioma-
terials 29 (2008) 3014e3022, https://doi.org/10.1016/
j.biomaterials.2008.03.033.

[65] C.-L. Tseng, W.-Y. Su, K.-C. Yen, K.-C. Yang, F.-H. Lin,
The use of biotinylated-EGF-modified gelatin nanopar-
ticle carrier to enhance cisplatin accumulation in
cancerous lungs via inhalation, Biomaterials 30 (2009)
3476e3485, https://doi.org/10.1016/
j.biomaterials.2009.03.010.

[66] M. Edelman, J. Sachdev, W. Harb, A. Armour,
D. Wang, L. Garland, P3.02c-027 phase I and PK study
of the folate receptor-targeted small molecule drug
conjugate (SMDC) EC1456 in advanced cancer: lung
cancer subset: topic: IT, J. Thorac. Oncol. 12 (2017)
S1288eS1289, https://doi.org/10.1016/j.jtho.2016.
11.1822.

[67] W. Xia, P.S. Low, Folate-targeted therapies for cancer,
J. Med. Chem. 53 (2010) 6811e6824, https://doi.org/
10.1021/jm100509v.

[68] P.T. Cagle, Q.J. Zhai, L. Murphy, P.S. Low, Folate re-
ceptor in adenocarcinoma and squamous cell carci-
noma of the lung: potential target for folate-linked
therapeutic agents, Arch. Pathol. Lab. Med. 137
(2013) 241e244, https://doi.org/10.5858/arpa.2012-
0176-OA.

[69] L. De Backer, K. Braeckmans, M.C.A. Stuart,
J. Demeester, S.C. De Smedt, K. Raemdonck, Bio-
inspired pulmonary surfactant-modified nanogels: a
promising siRNA delivery system, J. Control. Release
206 (2015) 177e186, https://doi.org/10.1016/
j.jconrel.2015.03.015.

[70] R. Rosiere, M. Van Woensel, M. Gelbcke, V. Mathieu,
J. Hecq, T. Mathivet, M. Vermeersch, P.G. Van
Antwerpen, K. Amighi, N. Wauthoz, A new folate-
grafted chitosan derivative to improve the delivery of
paclitaxel-loaded solid lipid nanoparticles for lung
tumour therapy by inhalation, acs.molpharma-
ceut.7b00846, Mol. Pharm. (2018), https://doi.org/
10.1021/acs.molpharmaceut.7b00846.

[71] P. Couvreur, Nanoparticles in drug delivery: past, pre-
sent and future, Adv. DrugDeliv. Rev. 65 (2013) 21e23,
https://doi.org/10.1016/j.addr.2012.04.010.

REFERENCES 267



[72] P. Zanen, L.T. Go, J.-W.J. Lammers, The optimal parti-
cle size for b-adrenergic aerosols in mild asthmatics,
Int. J. Pharm. 107 (1994) 211e217, https://doi.org/
10.1016/0378-5173(94)90436-7.

[73] Y.-B. Shen, Z. Du, C. Tang, Y.-X. Guan, S.-J. Yao,
Formulation of insulin-loaded N-trimethyl chitosan
microparticles with improved efficacy for inhalation
by supercritical fluid assisted atomization, Int. J.
Pharm. 505 (2016) 223e233, https://doi.org/10.1016/
j.ijpharm.2016.03.053.

[74] T. Sebti, K. Amighi, Preparation and in vitro evaluation
of lipidic carriers and fillers for inhalation, Eur. J.
Pharm. Biopharm 63 (2006) 51e58, https://doi.org/
10.1016/j.ejpb.2005.11.003.

[75] J.C. Sung, D.J. Padilla, L. Garcia-Contreras,
J.L. Verberkmoes, D. Durbin, C.A. Peloquin,
K.J. Elbert, A.J. Hickey, D.A. Edwards, Formulation
and pharmacokinetics of self-assembled rifampicin
nanoparticle systems for pulmonary delivery, Pharm.
Res. 26 (2009) 1847e1855, https://doi.org/10.1007/
s11095-009-9894-2.

[76] J.A. Champion, S. Mitragotri, Role of target geometry
in phagocytosis, Proc. Natl. Acad. Sci. U.S.A 103
(2006) 4930e4934, https://doi.org/10.1073/
pnas.0600997103.

[77] C. Evora, I. Soriano, R.A. Rogers, K.N. Shakesheff,
J. Hanes, R. Langer, Relating the phagocytosis of micro-
particles by alveolar macrophages to surface chemistry:
the effect of 1,2-dipalmitoylphosphatidylcholine,
J. Control. Release 51 (1998) 143e152. http://www.
ncbi.nlm.nih.gov/pubmed/9685911.

[78] F. Depreter, G. Pilcer, K. Amighi, Inhaled proteins:
challenges and perspectives, Int. J. Pharm. 447 (2013)

251e280, https://doi.org/10.1016/j.ijpharm.2013.
02.031.

[79] K.M. Skubitz, P.M. Anderson, Inhalational interleukin-
2 liposomes for pulmonary metastases: a phase I clin-
ical trial, Anticancer. Drugs 11 (2000) 555e563.
http://www.ncbi.nlm.nih.gov/pubmed/11036958.

[80] O.B. Garbuzenko, M. Saad, S. Betigeri, M. Zhang,
A.A. Vetcher, V.A. Soldatenkov, D.C. Reimer,
V.P. Pozharov, T. Minko, Intratracheal versus intrave-
nous liposomal delivery of siRNA, antisense oligonu-
cleotides and anticancer drug, Pharm. Res. 26 (2009)
382e394, https://doi.org/10.1007/s11095-008-9755-4.

[81] N.V. Koshkina, J.C.Waldrep, L.E. Roberts, E. Golunski,
S. Melton, V. Knight, Paclitaxel liposome aerosol treat-
ment induces inhibition of pulmonary metastases in
murine renal carcinoma model, Clin. Cancer Res. 7
(2001) 3258e3262. http://clincancerres.aacrjournals.
org/content/7/10/3258.long.

[82] C.M. Keck, R.H. M€uller, Drug nanocrystals of poorly
soluble drugs produced by high pressure
homogenisation, Eur. J. Pharm. Biopharm. 62 (2006)
3e16, https://doi.org/10.1016/j.ejpb.2005.05.009.

[83] F. Lacœuille, M. Rousselet, A. Contini, P. Saulnier,
J. Benoit, T. Urban, Absence of lung fibrosis after a sin-
gle pulmonary delivery of lipid nanocapsules in rats,
Int. J. Nanomed. 12 (2017) 8159e8170.

[84] A.A. McBride, D.N. Price, L.R. Lamoureux,
A.A. Elmaoued, J.M. Vargas, N.L. Adolphi, P. Muttil,
Preparation and characterization of novel magnetic
nano-in-microparticles for site-specific pulmonary
drug delivery, Mol. Pharm. 10 (2013) 3574e3581,
https://doi.org/10.1021/mp3007264.

10. NANOMEDICINE-BASED INHALATION TREATMENTS FOR LUNG CANCER268


