Taylor & Francis
Taylor & Francis Group

Drug Delivery

DRUG DELIVERY

informa

ISSN: 1071-7544 (Print) 1521-0464 (Online) Journal homepage: http://www.tandfonline.com/loi/idrd20

Loco-regional administration of nanomedicines for
the treatment of lung cancer

Gabriela Garrastazu Pereira, Amanda Jane Lawson, Francesca Buttini &
Fabio Sonvico

To cite this article: Gabriela Garrastazu Pereira, Amanda Jane Lawson, Francesca Buttini &
Fabio Sonvico (2015): Loco-regional administration of nanomedicines for the treatment of lung
cancer, Drug Delivery, DOI: 10.3109/10717544.2015.1114047

To link to this article: http://dx.doi.org/10.3109/10717544.2015.1114047

% Published online: 20 Nov 2015.

N
C/J Submit your article to this journal

||I| Article views: 17

A
& View related articles &'

Py

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=idrd20

(Download by: [University of Liverpool] Date: 30 November 2015, At: 08:28)



http://www.tandfonline.com/action/journalInformation?journalCode=idrd20
http://www.tandfonline.com/loi/idrd20
http://www.tandfonline.com/action/showCitFormats?doi=10.3109/10717544.2015.1114047
http://dx.doi.org/10.3109/10717544.2015.1114047
http://www.tandfonline.com/action/authorSubmission?journalCode=idrd20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=idrd20&page=instructions
http://www.tandfonline.com/doi/mlt/10.3109/10717544.2015.1114047
http://www.tandfonline.com/doi/mlt/10.3109/10717544.2015.1114047
http://crossmark.crossref.org/dialog/?doi=10.3109/10717544.2015.1114047&domain=pdf&date_stamp=2015-11-20
http://crossmark.crossref.org/dialog/?doi=10.3109/10717544.2015.1114047&domain=pdf&date_stamp=2015-11-20

Downloaded by [University of Liverpool] at 08:28 30 November 2015

http://informahealthcare.com/drd
Dr ISSN: 1071-7544 (print), 1521-0464 (electronic)

Drug Deliv, Early Online: 1-16

Delivery

© 2015 Taylor & Francis. DOI: 10.3109/10717544.2015.1114047

Taylor & Francis
Taylor &Francis Group

REVIEW ARTICLE

Loco-regional administration of nanomedicines for the treatment of

lung cancer
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Abstract

Lung cancer poses one of the most significant challenges to modern medicine, killing
thousands every year. Current therapy involves surgical resection supplemented with
chemotherapy and radiotherapy due to high rates of relapse. Shortcomings of currently
available chemotherapy protocols include unacceptably high levels of systemic toxicity and low
accumulation of drug at the tumor site. Loco-regional delivery of nanocarriers loaded with
anticancer agents has the potential to significantly increase efficacy, while minimizing systemic
toxicity to anticancer agents. Local drug administration at the tumor site using nanoparticulate
drug delivery systems can reduce systemic toxicities observed with intravenously administered
anticancer drugs. In addition, this approach presents an opportunity for sustained delivery of
anticancer drug over an extended period of time. Herein, the progress in the development
of locally administered nanomedicines for the treatment of lung cancer is reviewed.
Administration by inhalation, intratumoral injection and means of direct in situ application
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are discussed, the benefits and drawbacks of each modality are explored.

Introduction

Lung cancer is one of the most significant medical challenges
in Australia and worldwide (Joshi et al., 2011). According to
the Australian Bureau of Statistics, in 2011, cancer-related
deaths made up 30% of all deaths in Australia, with lung
cancer being the fourth biggest killer in the country behind
ischemic heart disease, Alzheimer’s disease and dementia,
and cerebrovascular diseases (Australian Bureau of Statistics,
2015). Among cancers, it is by far the most deadly tumor in
both males and females, killing more than breast cancer,
prostate cancer, and melanoma diseases (Parker, 2001;
Australian Bureau of Statistics, 2006).

Lungs are a common site of involvement by primary and
metastatic malignancy, being highly exposed to the external
and internal environment through airflow and pulmonary
blood flow respectively (Rao et al., 2003). Lung cancer is
characterized by uncontrolled cellular growth in the tissue of
the lung that may metastasize and spread into other tissue
in the lung or elsewhere in the body (Jinturkar et al., 2012).
Of the known types of lung cancer, there are two main forms
— small cell lung carcinomas (SCLC) and non-small cell lung
carcinomas (NSCLC), of these, the majority of lung cancers
fall into the latter category (~80%) with a significant
proportion of the remainder falling into the category of
SCLC (Celikoglu et al., 2008; Jinturkar et al., 2012). Despite
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significant research and developments in the detection and
treatment of NSCLC, the majority of tumors are not detected
until the cancer is at an advanced stage, meaning the
prognosis is poor and treatment options are limited. SCLC
sufferers have a very poor prognosis with less than 10%
survival rates at 5 years (Jinturkar et al., 2012; Zarogoulidis
et al,, 2012a). The preferred treatment option is surgical
resection of the cancerous tissue; however, being difficult to
ensure that all of the cancerous tissue is removed, resection is
supplemented with radiotherapy or chemotherapy (Kang
et al., 2011; Jinturkar et al., 2012).

Current chemotherapy approach employs high dosage of
intravenous cytotoxic drugs. These treatments in many cases
display limited efficacy due to poor selectivity, dose-limiting
levels of systemic toxicity (including anemia, nausea, vomiting,
neurotoxicity, and nephrotoxicity), and the development of
multidrug resistance such as that seen with P-glycoprotein and
multi-drug-resistant pumps (Tseng et al., 2009; Jinturkar et al.,
2012; Videira et al., 2012). Furthermore, many of the most
effective treatments for lung cancer such as paclitaxel,
docetaxel, doxorubicin, camptothecins, and quercetin are
highly lipophilic molecules with very poor aqueous solubility
(El-Gendy & Berkland, 2009; Willis et al., 2012; Verma et al.,
2013). Low aqueous solubility coupled with unacceptable
systemic toxicity limit the therapeutic effect of the commer-
cially available formulations of the aforementioned drugs, with
low levels of drug actually reaching the site of action (Tseng
et al., 2009; Zarogoulidis et al., 2012a).

For this reason, much research has been focused on
developing new mechanisms of delivery that will maximize
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drug concentration in the cancerous tissue while minimizing
exposure of major organs to limit serious systemic toxicity.
Indeed, many of the drugs currently delivered by systemic
administration (5-fluorouracyl, cisplatin, doxorubicin, peme-
trexed, gemcitabine, interleukin-2 (IL2), and many
others) have the potential to be delivered loco-regionally,
minimizing exposure of vital organs to cytotoxic agents and
reducing side effects (De Souza et al., 2010; Zarogoulidis
et al., 2012a). In addition, the concept of developing a
chemotherapeutic therapy for the cancer patient not requiring
hospitalization, such as an aerosolized treatment to be
administered at home, avoiding all the accompanied costs
and systemic side effects of a traditional chemotherapy,
appears particularly appeal.

Clinical studies of aerosolized chemotherapy date back to
1967, but despite promising preclinical and encouraging early
clinical studies, progresses have been limited and few
investigations have been carried out. Results have been
hampered by relatively fast drug organ elimination Kinetics.
Even if with pulmonary delivery high local concentrations
can be achieved, they are often short-lived as the drug can be
quickly removed from the lung through various clearance
mechanisms, such as mucociliary clearance and reticulo-
endothelial system (RES) cells uptake. To improve the
inhaled chemotherapy approach delivery systems able to
enhance the treatment efficacy of the drug by increasing
pulmonary residence time and reducing lung clearance, are
needed (Lebhardt et al.,, 2011). At the same time some
concerns have been raised about safety and organ toxicity of
the treatment. In fact, adverse respiratory effect, such as acute
form of pneumonitis, pulmonary edema, and alveolar hem-
orrhage, were observed in few animal studies (Zarogoulidis
et al., 2012b).

In the last two decades, the formulation of chemother-
apeutic drugs into nanoparticles has been object of intense
investigation and expectations that these carriers would
improve cancer therapy have been high. In fact, nanomedi-
cines, i.e. drug-loaded into nano-sized drug delivery systems,
such as liposomes, micelles and polymeric or lipid nanopar-
ticles, offers several advantages to improve delivery of
chemotherapeutics. Such advantages can involve drug solu-
bilization and protection from degradation, control of drug
release, evasion of the RES, prolonged exposure of the tumor
to the drug, and accumulation in the tumor parenchyma, as a
consequence of tumor blood vessels leakiness and lower
accumulation in healthy organs (Blanco et al., 2011).

Quite interestingly, some of the investigated nanocarriers
have been proposed for local or regional delivery, which looks
to be a promising way forward in the management of difficult-
to-treat cancers. The use of nanoparticles actually helps to
focus the administration to the diseased organ and limiting as
much as possible the distribution of the nanoformulation to
surrounding tissues.

This approach appears especially interesting because of the
benefit of pulmonary administration (non-invasive, no first-pass
metabolism, local treatment) with the nanocarrier systems
advantages (enhanced drug solubility, sustained-release, pos-
sibly reduced dosing frequency, delivery of macromolecules,
limited side effects, improved patient compliance, uniform
distribution in deep lung, possible preferential drug
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internalization by or targeting of diseased cells) (Feng et al.,
2014; Kaur et al., 2015).

If efficacy is increased, decreased side effects can effect-
ively be achieved with the development of loco-regional
delivery of nanoparticle encapsulated chemotherapy formu-
lations. It can be expected that an increased focus on research
in this area has significant potential to have nationwide
economic benefits as well as an improved prognosis and
quality of life for lung cancer patients.

This review will focus on the recent research in the area of
pharmaceutical nanotechnologies for loco-regional delivery
of chemotherapeutic agents in the treatment of lung cancers.
The methods of delivery that will be discussed include:
inhalation; intratumoral injection and other technologies for
local delivery such as films for implant and use of magnetic
nanoparticles for magnetically directed targeting and hyper-
thermia. Both the benefits and challenges of each of the
delivery approaches will be discussed in relation to research
papers reporting clinical trials or clinically relevant animal
models.

Aerosolized chemotherapy

One promising area of research for the treatment of lung
diseases is drug delivery by inhalation. Loco-regional depos-
ition of drugs in the lung via inhalation offers the potential for
increased and sustained drug concentrations directly at the
disease site (Gill et al., 2011). One considerable advantage of
delivery by inhalation for the treatment of lung cancers is that
it may allow for an increased accumulation of drug in the
tumor. This effect can be further enhanced by loading the
drugs into nanoparticles for increased solubility, improved
retention time, or cellular uptake at the desired site of action
(Videira et al., 2012).

However, nanoparticles delivery to the lung faces some
important challenges, as some physiological and pathophysio-
logical factors that can restrict the effectiveness of this mode
of delivery. In fact, it has been shown that for an efficient
deposition in the deep lung, aerosols should have optimal
properties in term of aecrodynamic particle size. If the particle
size exceeds the threshold value of 5 um, the particles tend to
deposit in the upper airways including the main conducting
airways, such as the larger bronchi, as well as the nose and
throat where they can be rapidly cleared. If particles are
smaller than 1 pm, they settle very slowly and can be exhaled
before they are able to deposit in the lung. Ideally, the
aerodynamic diameter of the particles needs to range between
I pm and 5 pm, to obtain a substantial deep-lung deposition
(Figure 1). Furthermore, the presence of co-morbidities, such
as chronic obstructive pulmonary disease (COPD), asthma,
chronic inflammation, and cystic fibrosis may affect airway
conduction. Such conditions can affect the angles of bifurca-
tion in the lung due to lung remodeling, the degree of mucous
production, and rate of mucociliary clearance, all of which
will affect the deposition in the lung and the degree of
accumulation in the tumor (Zarogoulidis et al., 2012a).
Another barrier to the effectiveness of inhaled delivery is the
size of the tumor. It is generally agreed that a tumor size
greater than 5 cm will substantially reduce the efficacy of the
inhaled chemotherapeutic agent to due poor access to the
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Figure 1. Mass fractional deposition of particles in the lungs as a function of aerodynamic diameter, assuming that particles are spherical with unit
density. Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Drug Discovery (Patton & Byron, 2007), © 2007.

tumor site and changes in airflow patterns around the tumor
(Kleinstreuer et al., 2008; Zhang et al., 2008).

Finally, there have been a number of concerns raised
regarding the safety of nanoparticles, particularly via the
pulmonary route of administration. However, this is likely due
to evidence obtained from epidemiological studies of inhaled
pollutant nanoparticles by several groups (Ibald-Mulli et al.,
2002; Hoet et al., 2004; Oberdorster et al., 2005) rather than
studies focused specifically on inhaled nanomedicines. In this
regard, a study by Dailey and co-workers compared two
inhaled biodegradable polymer-based nanoparticle systems:
the novel dimethylaminopropylaminopropylamine polyvinyl
alcohol-grafted poly(lactic-co-glycolic acid) nanoparticles
(DEAPA-PVAL-g-PLGA NP) and poly(lactic-co-glycolic
acid) nanoparticles (PLGA NP), to non-biodegradable poly-
styrene-based nanoparticles (PS NP) of the same size (75 and
220nm). It was found that the biodegradable systems
produced reduced toxicity and inflammation in lungs of
mice following intratracheal instillation. In particular, sig-
nificantly increased levels of lactate dehydrogenase (a marker
of cellular damage) and higher recruitment of polymorpho-
nucleocyte was evidenced in animals treated with the PS NP,
whereas no significant difference was found between the
biodegradable systems, DEAPA-PVAL-g-PLGA NP and
PLGA NP, and the negative control, an isotonic glucose
solution (Dailey et al., 2006).

In another study, nanoparticles with different particle size
(50-150nm) and surface properties (hydrophobic versus
hydrophilic) were used to assess acute respiratory toxicity
when administered to the lungs of mice. Three different
nanoparticles: polystyrene, polyvinyl acetate (PVAc), and
PEGylated lipid nanoparticles were characterized for their
surface properties by hydrophobic interaction chromatog-
raphy (HIC) and classified according to a HIC index, a
hydrophobicity scale ranging from 0.00 (hydrophilic) to 1.00
(hydrophobic). Only particles with higher hydrophobicity
(HIC >0.8) showed dose-dependent inflammatory reaction
with increase of neutrophils and inflammatory cytokines in
bronchoalveolar lavage. The hydrophilic PEGylated lipid
nanoparticles (HIC ~0.5), selected as representative nano-
medicine formulations for pulmonary delivery, elicited no
inflammation and only mild evidence of tissue damage.

Particle size did not appear to be a factor as relevant as
surface hydrophobicity in affecting acute respiratory toxicity
(Jones et al., 2014).

A recent comprehensive review regarding the safety of
nebulized particles has found that many of the toxic effects
observed to date are reduced when optimal distribution of
the aerosol throughout the lung is achieved. However, the
opposite is generally the case when high doses led to
aggregation of droplets at particular sites; the toxicity
observed was increased (Darwiche et al., 2013). This is an
important consideration in obstructed airway diseases, which
may lead to increased deposition of particles due to changes
and interruption of airflow in specific lung regions or in
the case of specific nanomaterials prone to agglomeration.
For example, carbon nanotubes, despite having been indicated
as promising drug delivery systems for a number of applica-
tions (Badrzadeh et al., 2015; Singh et al., 2015), tend to
agglomerate and cause localized damage to airway epithelial
monolayers, as a consequence of altered the apoptotic and
proliferative rate of epithelial cells in close proximity to the
aggregates (Rotoli et al., 2015).

The data collected by these investigations point out that the
impact of the nanomedicines on the lung is influenced by a
series of controllable factors such as material biodegradabil-
ity, surface properties, particle size, surface area, and
propensity toward particle aggregation as a consequence of
interaction with biological fluids or of the aerosolization
process employed by the delivery device.

Four clinically successful pulmonary aerosolizing devices
are available namely, nebulizers, pressurized metered dose
inhalers (pMDIs), dry powder inhalers (DPIs), and soft-mist
inhalers (SMls). Nebulizers produce liquid aerosols from few
milliliters of solutions or suspensions using an external power
supply: compressed gas flow in air jet nebulizers, piezoelec-
tric crystals vibrating at high frequency in ultrasonic nebu-
lizers, and an oscillating perforated membrane in vibrating
mesh nebulizers. pMDIs use liquefied gases, hydrofluoroalk-
anes, as propellants and offer portability and convenience to
patients. DPIs are breath-actuated devices and use the
inhalation force of the patient to disaggregate microparticles
to form an inhalable aerosol. SMIs are patient-independent
devices that produce an aerosol mechanically, by passing few
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microliters of drug solution through two nozzles able to create
converging jets of solution that collide, generating a fine
aerosol of inhalable droplets (Zarogoulidis et al., 2012a;
Muralidharan et al., 2015).

It has been evidenced in several works that the selection of
the type of technology used for the aerosolization and the
device characteristic is critical for nanoparticle delivery.
The delivered fraction of the dose and the state of aggregation
of the particles deposited in the lung is highly dependent
on the combination of physicochemical properties of the
nanoparticles and the stress acting on the material to create
the aerosol within the device (Dailey et al., 2003; Hernandez-
Trejo et al., 2005).

Furthermore, the safety of the mode of administration
needs also to be considered, with respect to potential toxicity
toward health-care providers or family members in the
immediate vicinity at the time of dosing. This appears a
particular issue especially with nebulized formulations and
will be discussed further in the following section (Darwiche
et al., 2013).

Considering their relative low potencies, the dose neces-
sary to treat a lung cancer patient via inhalation may well be
in the order of milligrams (Carvalho et al., 2011). Hence, this
section of the manuscript will focus on the description of
chemotherapy nanoformulation to be delivered with nebu-
lizers or DPI since these systems offer the possibility to
deliver such doses of drug. Even if the formulation of
anticancer drugs in metered dose inhalers (MDIs) has been
described (Haynes et al., 2003; Fulzele et al., 2006), no
reports have been found in literature of pMDI for the delivery
of anticancer drug-loaded nanoparticles. In fact, pMDIs have
been rarely used for nanoparticle formulations, as a conse-
quence of some technical challenges such as the presence as a
dispersant of a liquefied hydroflouroalkane gas instead of
water and the difficulty in monitoring the aggregation status
of nanoparticles within the pressurized canister and during the
aerosolization phase.

Nebulizers

Nebulizers have been till date the most used devices for
creating aerosols with nanoparticle formulations. Nanosystems
for the treatment of lung cancers are water dispersions and
nebulizer devices can produce less than 5 um highly inhalable
droplets aerosols loaded with nanoparticles. Viscosity, surface
tension, pH, ionic strength, and osmolarity of the nanoparticle
formulation will affect the aerosol created but apart from these
adjustments, the formulation will be used directly in these
devices without transformation. In addition, large doses of
formulation can be delivered with a device requiring little or no
patient coordination.

Jet nebulizers and ultrasonic nebulizers are the most
commonly devices available and have been used clinically for
many years. Despite their reliability and ease of administra-
tion, these devices present some drawbacks too, that are
relevant for their application in chemotherapy.

Nebulized aerosol is generated continuously and the time
necessary for the patient to inhale the required dose through a
mouthpiece or facemask is generally of several minutes.
Obviously, at least 50% of the aerosol will not be available, as
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a consequence patient’s exhalation during tidal breathing.
Generally, only around 10% of the dose is deposited in the
lung with the remainder either deposited in the upper airways
or lost to the environment (Byron, 2004). Furthermore, not all
the formulation is aerosolized, a residual volume is still
present in the device at the end of the administration,
requiring proper waste disposal and device -cleaning.
These latter characteristics can pose a significant occupa-
tional risk to health-care providers and family members
(Darwiche et al., 2013).

Some new nebulizer devices however offer some interest-
ing solutions to those issues. Most recently, new inlets for
aerosol inhalation with breath-controlled valves have been
introduced in the market, while several nebulizer manufac-
turers (e.g. Pari, Aerogen) have introduced vibrating mesh
technology devices that greatly reduced the time taken to
generate and deposit a given volume of formulation,
minimizing drug losses due to patient exhalation. Most
recently, some of these devices have become computer-
controlled systems able to monitor each patient’s breathing
pattern and administer aerosol only in phase with inspiration
(I-neb, Adaptive Aerosol Delivery System, Philips) (Byron,
2004; Zarogoulidis et al., 2012a).

SMIs circumvent this problem by being trigger or breath
actuated, dosing a small amount of aqueous formulation and
having only a short duration of nebulization. In this way, only
what the patient can inhale is delivered with each breath
and almost none of the dose is lost as an aerosol to the
environment (Geller, 2002).

Nanocarrier formulations administered as liquid aerosols

The most investigated nanocarriers for lung delivery are by
far liposomes. Liposomes are spherical closed lipid vesicles
formed by phospholipids in water. Phospholipids self-organ-
ize themselves in one or several generally concentric bilayers
with an aqueous phase inside and between the layers
(Torchilin, 2005). Due to their distinctive structure, liposomes
are attractive drug delivery vehicles for delivering hydro-
philic, lipophilic, and/or amphiphilic drugs (Figure 2A).
Moreover, being phospholipids natural endogenous com-
pounds and one of the main constituent of alveolar surfac-
tants, they appear especially suitable for pulmonary
administration. Finally, liposomal formulations are already
approved and clinically available both for systemic (Caelyx,
Janssen Cilag, Beerse, Belgium; DaunoXome, Galen Ltd,
Craigavon, UK; DepoCyte, Pacira Pharmaceuticals,
Parsippany, NJ; Myocet, Enzon, Piscataway, NJ; Marqibo,
Spectrum Pharmaceuticals, Henderson, NV; DepoDur,
SkyePharma, Muttenz, Switzerland; AmBisome, Gilead,
Foster City, CA; Visudyne, Novartis, Basel, Switzerland)
and pulmonary administration (Alveofact®, Dr Karl Thomae
GmbH, Germany) (Mansour et al., 2009; Chang & Yeh,
2012).

There are three main types of liposomes: multi-lamellar
vesicles (MLV), large unilamellar vesicles (LUV), and small
unilamellar vesicles (SUV) (Akbarzadeh et al., 2013; Zhang
et al., 2013). MLV have an average diameter ranging from a
few hundred nanometers to several micrometers and are
composed of many concentric lipid bilayers. These are the
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Figure 2. A. Liposomes loaded with water soluble (a) and water-insoluble drugs (b); B. Antibody-targeted immunoliposome with antibody covalently
coupled (c) or hydrophobically anchored (d) to the surface; C. Liposome modified with a protective polymer such as PEG (e), which reduce interactions
with opsonizing proteins (f); D. Liposome-bearing antibodies attached to the surface (g) or, to the end of PEG polymeric chain (h); E. Multifunctional
liposome, which displays some of the following features: protective polymer (i), targeting ligand (j), diagnostic label (k), positively charged lipids (1)
allowing for the complexation with DNA (m); stimuli-sensitive lipids (n); stimuli-sensitive polymer (0); cell-penetrating peptide (p) and incorporation
of viral components (q), magnetic particles (r) for magnetic targeting and/or colloidal gold or silver particles (s) for electron microscopy.

most thermodynamically stable of the liposomes and are
highly suited to encapsulation of lipophilic drugs, including
the majority of anticancer drugs such as paclitaxel and
docetaxel within its lipid bilayers. LUV and SUV have smaller
diameters and have a single lipid bilayer with an aqueous
core. LUV and SUV are particularly suited for encapsulating
hydrophilic molecules inside the aqueous core, with larger
payloads possible in the LUV (Willis et al, 2012).
Additionally, it is also possible to obtain non-concentric
structures, when multiple unilamellar vesicles may form
inside of larger vesicles producing multivesicular vesicles
(MVYV) (Akbarzadeh et al., 2013).

Traditionally, liposomal formulation for inhalation has
been delivered using nebulizers, however, recent studies have
shown that liposome formulation can be used in powder form
for administration with DPIs, further demonstrating the
versatility of this drug delivery system.

A review of the potential applications of liposomal
formulations for inhalation by Willis and colleagues discussed
the benefits of liposomal drug encapsulation for loco-regional
delivery. It was particularly highlighted that such formulations
are able to produce similar efficacy with lower doses and
reduced systemic side effects with the additional potential for
local sustained release when compared to oral and intravenous
formulations of the same drugs (Willis et al., 2012).

In fact, liposomes can be formulated to allow for a
sustained release preparation, decreasing frequency of admin-
istration and increasing patient adherence. Surface modifica-
tion of liposomes with polyethylene glycol (PEG) has been
shown to increase the elimination half-life of drugs by
minimizing the uptake of the drug by alveolar macrophages,
further enhancing the drugs residence time at the site of action
(Willis et al., 2012). Surface modification can be used also to
improve bioadhesion or to molecularly target the vesicle
toward cancer cells through antibody or ligand mediated
recognition (Akbarzadeh et al., 2013).

Camptothecins are a class of potent anticancer agents that
act by inhibiting topoisomerase I, a key enzyme for DNA
replication and cell proliferation, overexpressed in malignant
cells. A lipophilic derivative, 9-nitrocamptothecin (O9NC), was
shown to be more potent and to possess the highest activity/
toxicity ratio in comparison to the parent compound and

hydrophilic derivatives, however its use with parenteral
administration is severely hindered by poor aqueous solubility
and serum protein binding. As a consequence, a liposomal
formulation of 9INC for pulmonary administration has been
developed and tested in preclinical and clinical studies
(Koshkina et al., 2003). See Table 1 for a summary of the
clinical studies investigating the delivery of anticancer
nanoformulations via inhalation.

Dilauroylphosphatidylcholine (DLPC) liposomes were
loaded with 9-nitrocamptothecin (9NC-DLPC) by freeze-
drying of a butanol/DMSO solution of drug and phospholipids
followed by extemporaneous re-dispersion with water for
injection. The selected liposomal suspension, containing
0.5mg O9NC/ml, showed particle size in the range of
100-400 nm, drug encapsulation higher than 80% and mass
median aerodynamic diameter (MMAD) of 1.2 um when the
liposomal formulation was aerosolized with an air jet
nebulizer (Aerotech II, CIS-US, Bedford, MA). Preliminary
studies were performed in mice using the subcutaneous
human lung tumor xenograft and human osteosarcoma
pulmonary metastasis models. The first experiment showed
a significant reduction in tumor volume in animals treated
with aerosolized 9NC-DLPC, even compared to groups of
animals receiving the same dose orally or intramuscularly
(Knight et al., 1999). In the metastases model, the aerosolized
formulation of the camptothecin derivative showed the
capacity to reduce the number of animals with disease and
the number and size of lung nodules in the fraction of animals
showing pulmonary metastases (Koshkina et al., 2000).

A phase I clinical trial with the proposed formulation was
carried out in patients with primary or metastatic diseases in
the lung, non-responsive to standard treatments. Six patients
were enrolled and received 6.7 pg 9NC/kg by aerosolization
daily for 5 consecutive days every 3 weeks, if disease
remained stable. This feasibility study showed that aerosol
delivery of liposomal 9-NC was well tolerated with no side
effects higher than grade 2 and 9-NC was absorbed system-
ically showing a plasmatic concentration peak 2h post-
administration. Disease stabilization was achieved in two
patients (Verschraegen et al., 2004).

A further study was focused on safety of the aerosolized
treatment and to recommend a dosage for a Phase II trial with
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Table 1. Clinical trials of anticancer drugs nanoformulations administered via inhalation.

Study

Reference

Outcome

Dose and regimen

6.7-26.6 ng/kg/day
weeks followed by 2 weeks

phase Population

Dosage form Device

Drug

Verschraegen

DLT chem-

Lack of hematological toxicity

1-8

Primary or metastatic diseases

1

AeroMist nebulizer with a

DLPC
liposomes

9-nitrocamptothecin

(Rubitecan)

et al. (2004)

ical
pharyngitis and fatigue (20-26.6 ng/kg/
day) FEV, values restored after treatment

in the lung, non-responsive
to standard treatments (n = 25)

mouth breathing-only
face mask (HEPA-filtered

of rest

airborne scavenging tent)

end 2 Partial remissions (uterine can-
cer) 3 Stable disease (primary lung cancer)

1.5-6 x 10°TU t.i.d. for 28d  No significant toxicity

Q
~

Skubitz &

1 Complete remis-

Locally advanced or metastatic

1

DMPC Puritan Bennett twin jet

Interleukin-2

Q
s~

3 Stable disease (sarcoma, Anderson

sion (melanoma)

sarcomas or other
refractory solid tumors (n=9)

nebulizer

liposomes

(2000)

renal cell carcinoma)
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an 8-week daily treatment schedule. In this study, 25 patients
were treated 5 d a week for up to 8 consecutive weeks followed
by 2 weeks of rest. Drug doses were increased stepwise from
6.7 ug/kg/day up to 26.6 pg/kg/day. Remarkably low hemato-
logical toxicity was evidenced in this study, considering that
anemia and neutropenia are the main toxic effect of INC when
administered orally. Dose-limiting toxicities were chemical
pharyngitis and general fatigue with muscular aches for the
26.6 ng/kg/day and 20 pg/kg/day dosages, respectively.
Respiratory functions, such as forced expiratory volume in
1s (FEV,), forced vital capacity, total lung capacity, and
diffusing capacity for carbon monoxide (DLCO) were moni-
tored and showed a clinically acceptable decrease during the
therapy, but values recovered pre-treatment baseline during
the rest period. As a consequence, the recommended dose for
Phase II studies was 13.3 pg/kg/day on a daily 60-min
exposure, 5 consecutive days/week for 8 weeks. Partial
remissions were observed in two patients with endometrial
cancer, and stabilization occurred in three patients with primary
lung cancer (Verschraegen et al., 2004).

Another drug studied clinically in form of liposomal
formulation for administration by inhalation has been an IL2.
The IL2 is a cytokine with proven antitumor effect mediated
by the activation and proliferation of immune cells, such as T
lymphocytes, natural killer cells, and macrophages. However,
IL2 when administered parenterally shows a narrow thera-
peutic index and dose-dependent debilitating toxicities,
including fever, chills, fatigue, vascular leak syndrome,
anemia, and thrombocytopenia. A different administration
route and a liposomal formulation are able to change the drug
pharmacodynamics, modifying its release and distribution as
well as promoting mononuclear phagocyte uptake and
lymphatic absorption. MLV of dimyristoylphosphatidylcho-
line loaded with IL2 (IL2-DMPC) were produced by hydra-
tion of the phospholipids with a dispersion of the protein in
saline followed by three freeze/thaw steps, necessary to
obtain over 95% drug incorporation (Anderson et al., 1992).
The liposome formulation could be aerosolized using a Twin
Jet Nebulizer (Puritan Bennet Corp., USA) obtaining droplets
with a MMAD of 2.0 um. Animal studies were carried out in
dog having pulmonary metastases or primary lung tumors to
show safety and efficacy of the treatment. Minimal toxicity
was evidenced in dogs with administration of inhaled IL-2
liposomes twice or three times daily for 30 d. Of the nine dogs
treated, two dogs with metastatic pulmonary osteosarcoma
showed complete metastasis regression and one dog with lung
carcinoma had long-term stabilization of disease (Khanna
et al., 1997). A Phase I clinical trial designed to asses the
feasibility and toxicity of IL2 liposomes administration by
aerosol to patients with pulmonary metastases was conducted
at the Mayo Clinic (Rochester, NY). Patients inhaled for about
20 min 1.5, 3.0, or 6.0 x 10°TU of IL2 in form of liposomes
three times a day. No significant toxicity was evidenced
throughout the study, with respiratory parameters not signifi-
cantly modified, except FEV; decreased after 28d of
treatment, but the reduction was of no clinical relevance.
Of the nine patients treated, one patient with melanoma
eventually developed a complete remission post-treatment,
two patients with sarcoma had a stable disease as well as
one patient with renal cell carcinoma (Skubitz & Anderson,
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2000). Despite these interesting results obtained at the dawn
of the millennium, it seems that liposomes as drug delivery
vehicle for anticancer drugs lost their appeal for some time,
possibly as a consequences of a number of concerns related to
the safety of the administration procedure or to the effect of
the nebulization on the formulations; in fact, the shear forces
necessary for the aerosolization process are able to tremen-
dously affect liposomes size and integrity.

More recent studies have seen the investigation of
liposomal formulations of cisplatin. Cisplatin is one of the
most active anticancer agents in a number of malignancies;
however, it shows a number of dose-limiting toxicities, i.e.
nephrotoxicity, peripheral neuropathy, ototoxicity, nausea,
and vomiting. A Sustained Release Lipid Inhalation Targeting
(SLIT) cisplatin was developed to overcome these issues and
underwent distribution, toxicity, and efficacy studies in rats,
dogs, and mice (Lewis lung metastasis model), showing that
the treatment was well tolerated and provided antitumor
activity with low systemic exposure. The formulation produced
by Transave Inc. (Monmouth Junction, NJ) consisted in
liposomes composed of dipalmitoylphosphatidylcholine
(DPPC), cholesterol, and 1 mg/ml of cisplatin. SPLIT cisplatin
formulation upon aerosolization with a PARI LC Star nebulizer
showed a MMAD of 3.7 um, and released immediately 40-50%
of total cisplatin, while the rest showed a sustained release.

A Phase I clinical trial was conducted to evaluate safety
profile and pharmacokinetic of SLIT cisplatin in patients with
primary or metastatic lung cancer. A number of preventive
measure were put in place to limit the unwanted exposure of
health-care professionals and patients to the cytotoxic drugs,
i.e. full barrier personal protective equipment, a demistifier
tent isolating the patient during treatment and filters collect-
ing the exhaled aerosols in the nebulizer (Wittgen et al.,
2006). Patients received SLIT cisplatin by inhalation during
1-4d in cycles of 21 d, doses based on body surface area were
escalated from 1.5 to 60 mg/m>. No dose-limiting toxicity was
observer in the 17 patients enrolled in the study, most of the
side effects were related to respiratory systems with dyspnea,
cough, and hoarseness observed more frequently. Decrease in
FEV, was reversible in all cases but one, a patient with the
chemical bronchitis. Typical systemic toxicities were not
observed. Monitored respiratory parameters, FEV; and
DLCO, decreased during treatment but effects were reversible
in all but one case. Twelve patients had stable disease and four
had progressive disease; no complete or partial responses
were observed (Wittgen et al., 2007). This study was followed
by a Phase Ib/Ila, 3-center, open label study in patients with
recurrent/progressive osteosarcoma with lung metastases.
Two dose levels were administered (24 and 36 mg/mz) on
an every 2-week cycle. Three patients experienced severe
adverse events requiring hospitalization, i.e. grade 3 vomiting,
severe dyspnea with chest pain, and worsening of malignant
pleural effusion. Out of 19 patients, only patients with lesions
smaller than 2cm or that underwent resection of the lung
disease experienced a sustained benefit from the inhaled
liposomal cisplatin formulation: two patients achieved a
complete response after metastasectomy, one patient achieved
a complete response after the inhalation treatment, and one
had a sustained partial response, other patients discontinued
the drug due to progression of disease (Chou et al., 2013).
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These studies open the possibility to the development of
new and more sophisticated formulations for other drugs such
as paclitaxel. Paclitaxel, a poorly water-soluble antimitotic
drug targeting cancer cell microtubules, was recently
formulated in pulmonary surfactant mimetic, pH responsive
liposomes. The formulation contained DPPC and dioleoyl-
phosphoethanolamine (DOPE), an unsaturated phospholipid
claimed to act as a surfactant similarly to the surfactant
protein-B (SP-B), present in endogenous lung surfactant.
Furthermore, DOPE acts as fusogenic lipid, able to release the
drug at lower pH values present at the tumor environment (pH
6.5-7) or inside cytosolic endosome/lysosome organelles (pH
4-6). Liposomes prepared by thin film hydration method
showed small particle size (115 nm), negative zeta potential
(—30mV), narrow distribution, high encapsulation efficiency,
and drug loading (80% and 30%, respectively). The formu-
lation was administered using an air jet nebulizer (Micelfluss
F400, Flaem Nuova, Italy) to mice with pulmonary metastases
of murine melanoma (B16F10). The aerosol treatment (10 ml
of 0.5 mg/ml paclitaxel liposomal formulation for 5 consecu-
tive days every week) was compared to intravenous treatment
with two commercial formulations of the drug Taxol® and
Abraxane® (10 mg/kg once every 3d). The aerosol treatment
showed no major pulmonary toxicities such as fibrosis and
chronic inflammation and produced a significant reduction in
the number of metastases and lung surface occupied by the
lesions, with an overall metastases inhibition of nearly 75%,
superior to the parenteral treatment with both commercial
product (around 50% inhibition for both treatments) (Joshi
et al., 2014).

A recent study, compared the lung retention of liposomes
and of a number of nanocarriers and nanomaterials admin-
istered intravenously and by pulmonary administration, i.e.
micelles, mesoporous silica nanoparticles (MSNs), polypro-
pyleneimine (PPI) dendrimer—small-interfering RNA (siRNA)
complex nanoparticles, quantum dots (QDs), and PEG
polymers. It was highlighted how the main differences in
lung uptake were found after the inhalation delivery of lipid
and non-lipid-based nanoparticles, i.e. the lung accumulation
of liposomes and micelles in lungs remained relatively high
even 24 h after inhalation whereas other nanoparticles mainly
accumulated in the liver, kidneys, and spleen. Inhalation
delivery of doxorubicin by liposomes (600 nm, 14 ng DOX/
kg) significantly enhanced its anticancer effect and prevented
severe adverse side effects of the parenteral treatment in mice
bearing an orthotopic model of lung cancer, further
demonstrating how the advantage of inhaled nanoformula-
tions resides in the local administration coupled with specific
organ retention and control of drug release (Garbuzenko et al.,
2014a).

Several non-liposomal nebulized nanocarriers for loco-
regional delivery of chemotherapeutic drugs have been
recently proposed but they are still at preclinical development
level. Gill and co-authors developed paclitaxel-loaded
poly(ethylene oxide)-block-distearoylphosphatidylethanolamine
(PEG-DSPE) micelles, focusing mainly on the pharmacokinetic
aspects of the drug after loco-regional administration in rats
(Gill et al, 2011). Polymeric micelles are particles with
diameters typically smaller than 100nm, formed by the self-
assembling of amphiphilic polymers dispersed in aqueous
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media used for the formulation of drugs with low water
solubility (Lukyanov & Torchilin, 2004). Paclitaxel-loaded
PEG-DSPE micelles were obtained by solvent evaporation and
thin film hydration and showed very small particle size, around
5nm and 95% paclitaxel incorporation (1 mg/ml, 1:40 drug/
polymer ratio). The micelles were administered intratracheally
and confronted with an intravenous administration of the same
formulation or an intratracheal instillation of Taxol® commer-
cial formulation. It was found that the pulmonary administra-
tion of the micelle formulation led to decreased systemic
distribution and increased accumulation of paclitaxel in the
lung, also demonstrated by reduced systemic toxicity. A
significant sustained release profile for micelles was evidenced
in in vitro studies with only 22% of the loaded paclitaxel
released in the first hour into simulated lung fluid containing
0.02% Infasurf®. This explained why the paclitaxel lung
concentration after intratracheal administration of micelles
continued to rise, leading to a 39 times larger paclitaxel
concentration in the lung at 12h compared to Taxol adminis-
tered in the same way (Gill et al., 2011).

Liposome and micelles along with a number of desirable
properties present some problems related to their peculiar
structures, such as limited drug loading, drug leaking upon
storage, and instability in biological environment. Since
1990s, nanoparticles composed of lipids that are solid at room
temperature (solid lipid nanoparticles, SLN; nanostructured
lipid carriers, NLC) have been developed as an alternative to
both liposomes and polymer nanoparticles, conjugating the
use of endogenous and/or highly biocompatible lipids typical
of the former with higher payloads, improved stability, and
prolonged release characteristic of the latter (Badrzadeh et al.,
2015). Interestingly, these delivery systems have been
proposed for the formulation of drugs that are not established
anticancer agents adding further interest to the eventual
product development for lung cancer.

Cyclooxygenase-2 enzyme has elevated expression in
various human cancers and is considered to have a role
in the development of non-small cell lung cancer. Celecoxib
(CXB), a highly selective COX-2 inhibitor has been proposed
alone or in combination to treat lung cancer. However, to
aerosolize this lipophilic drug a co-solvent and surfactants
are necessary in order to increase water solubility and the
resulting formulation lacks long-term stability. In order to
overcome these issues, CXB was encapsulated in the
nanostructured lipid carrier (CXB-NLC) nanoparticles pre-
pared with Compritol, Miglyol, and sodium taurocholate
using a high pressure homogenizer (Emulsiflex-C5, Avestin,
Canada). The mean particle size was around 220 nm and drug
loading 4% (1.8 mg/ml). The formulation was nebulized using
a Pari LC star jet nebulizer, showing a fine particle fraction
(FPF, d,. < 5um) of 75% and a MMAD of 1.6 um. In mice,
CXB-NLC delivered by aerosol demonstrated four-fold higher
bioavailability in lungs compared to the drug solution, as a
result of slower clearance (Patlolla et al., 2010).

In another study, Videira and colleagues showed reduced
systemic toxicity and even showed a complete remission of
tumors, in mice with a lung metastasis model, using nebulized
SLN composed of glycerol palmitoyl stearate and polysorbate
80 loaded with paclitaxel (PTX-SLN). The 100 nm nanopar-
ticles eliminated completely the lung disease in a prolonged

Drug Deliv, Early Online: 1-16

treatment group: eight pulmonary administrations PTX-SLN
1 mg/kg twice weekly. This result outdid previously reported
anti-metastasis efficacy reported in similar tumor models
using aerosolized PTX liposomal formulations. The differ-
ences evidenced were explained with a possibly improved cell
internalization and drug release in the intracellular space for
the SLN, responsible also for a very low toxicity profile
(Videira et al., 2012).

The versatility of lipid nanoparticles is demonstrated by a
nanomedicine platform suitable for inhalation developed by
the group of Tamara Minko at Rutgers able to provide: local
delivery of anticancer drugs (paclitaxel or doxorubicin),
suppression of resistance with siRNA, targeting cancer cells
using an analogue of luteinizing hormone-releasing hormone
(LHRH) as a targeting moiety. NLC were prepared by a
melting and ultrasonic dispersion method, using Precirol ATO
5 as solid lipid, squalene as liquid lipid component, soybean
lecithin, Tween-80, and the cationic lipid dioleoyltrimethy-
lammonium propane (DOTAP) as surfactants;
DSPE-PEG-COOH was added to preparation to provide
increased steric stabilization, avoidance of particle uptake by
reticulo-endothelial system cells and anchoring of the target
moiety (Figure 3). The nanoparticles had mean particle size of
110nm, 5% drug loading both with doxorubicin and were
physically stable for at least 30 d at 4 °C. When delivered to
mice bearing an orthotopic lung tumor using a Collison
nebulizer, it was evidenced a preferential accumulation in
tumor tissue was obtained with targeted particles, while a
uniform distribution in lungs was the result of the adminis-
tration of non-targeted particles. Antitumor activity experi-
ments showed that enhancement of antitumor activity
compared to free paclitaxel was obtained with paclitaxel-
targeted particles, but tumor almost complete regression was
obtained only when siRNA silencing proteins related to efflux
and anti-apoptotic defense mechanisms was co-delivered with
the multifunctional nanoparticles (Taratula et al., 2013).

DSPE-PEG
/\/‘\~<

Figure 3. Nanostructured lipid carrier platform able to provide pulmon-
ary co-delivery of an anticancer drug, siRNA and targeting of cancer
cells with a peptide. Reproduced from Taratula et al. (2013) with
permission.
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While uptake from phagocytic cells is generally considered
an issue to avoid in order to prolong lung persistence of
inhaled nanocarriers, but a study has suggested that alveolar
macrophages could contribute to the anticancer efficacy of
polymer nanoparticles. Polymer nanoparticles for pulmonary
delivery are produced with biocompatible and biodegradable
polymers, such as PLA, PLGA, gelatin, and albumin. In this
study, poly(isobutyl cyanoacrylate) loaded with doxorubicin
(DOX-PIBCA, 135 nm) prepared using an emulsion polymer-
ization method was able to activate alveolar macrophages
against cancer cells, in a way that was specific to nanoparticle
treatment and not shown by naive macrophages or macro-
phages treated with a drug solution. This macrophages-
mediated antitumor efficacy was related to the release back of
fragments of NPs that were previously phagocytized and
production of a number of Thl-cytokines, including tumor
necrosis factor alpha, and interferon gamma. A secondary
cytotoxicity effect could be then obtained by having macro-
phages acting as nanoparticles reservoirs and cell-mediated
immune response inducers at lymph nodes level (Al-Hallak
et al., 2010).

The most investigated polymer nanocarriers for delivery by
nebulization have been gelatin nanoparticles. Gelatin, a
common pharmaceutical excipient with generally recognized
as safe (GRAS) status, can be used to reliably obtain
nanoparticles of around 120 nm with a two-step dehydration
method followed by cross-linking with glutaraldehyde. For
pulmonary delivery, the surface chemistry of the nanoparticle
was modified by conjugation with NeutrAvidin-biotinylated
epidermal growth factor (EGF) to facilitate EGFR-mediated
endocytosis in non-small lung cancer cells. In a first study,
this novel EGF targeted gelatin nanoparticles passively loaded
with cisplatin, showed high levels of cytotoxicity in vitro with
a high level of selectivity for cells over expressing EGFR and
a sustained drug release profile attributed to the high degree
of cross-linking and complex formation between gelatin and
the drug. When nanoparticles were nebulized at a dose of
12 mg/kg (AP-100100, APEX Medical Corp., Taiwan) to treat
mice with lung metastases, a significant reduction in tumor
volume was obtained with cisplatin, non-targeted nanoparti-
cles, and EGF-targeted nanoparticles. However, targeted
particles were superior to other treatments both in antitumor
efficacy and in reduction of nephrotoxicity, one of the most
frequent and severe side effect of cisplatin (Tseng et al.,
2009). The same targeted particles have been proposed
recently with a slightly modified manufacturing procedure in
order to load the anticancer drug doxorubicin and showed
similar efficacy, in vitro and in vivo further highlighting the
potential of the local inhalation delivery in combination with
the targeting of cancer cells (Long et al., 2014).

A unique drug delivery system able to co-deliver at the
same time as an hydrophobic and an hydrophilic anticancer
drug has been proposed again by the group of Professor
Minko for pulmonary delivery to treat lung cancer. The
anisotropic biodegradable particles proposed, named Janus
particles, have a peculiar shape with two clearly separated
phases, i.e. a polymeric and a lipid one. Particles were
produced with a water-in-oil-in-water multiple emulsion
solvent evaporation method using PLGA and Precirol ATO
5 as main components and were loaded with doxorubicin and
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curcumin, as model hydrophilic and lipophilic anticancer
drugs respectively. Two different types of nanoparticles
produced had mean particle size of 150 and 450 nm, negative
zeta potential, relatively narrow particle size distribution and
could be nebulized (Collison nebulizer) without altering
particle characteristics. Particles were demonstrated to lack of
cyto- or genotoxic effects and the potential for being avidly
internalized by cancer cells. In vivo distribution studies
interestingly evidenced a better lung accumulation and
prolonged retention of particles with higher particle size
after inhalation in comparison to smaller ones. These larger
particles loaded with doxorubicin and curcumin suppressed
tumor growth in an orthotopic murine lung tumor model.
The same results could not be achieved with particles loaded
with only one of the two drugs, confirming synergistic action
of the two drugs (Garbuzenko et al., 2014b).

Also inorganic nanoparticles have find application in
pulmonary administration, mainly as diagnostic but more
recently as materials for targeted drug delivery and theranos-
tic applications. MSNs can be used for delivery of doxorubi-
cin, cisplatin, siRNA and allow surface functionalization for
targeting cancer cells (Taratula et al., 2011). Nebulized
gadolinium-based nanoparticles have been demonstrated as
imaging probe ad radiosensitizing agent in an orthotopic
murine lung cancer model. These ultrasmall nanoparticles
(<6nm) allowed for tumor detection in animals by fluores-
cence tomography or ultrashort echo-time magnetic reson-
ance imaging (UTE-MRI) and prolonged animals mean
survival time after a single dose of dose conventional
radiation (10Gy) demonstrated their radiosensitizing effect
(Dufort et al., 2015).

Superparamagnetic iron oxide nanoparticles (SPIONs) not
only can claim a long-running use in clinical setting as
contrast agents for MRI, but provide interesting solutions for
aerosolization chemotherapy as well. In fact, their magnetic
properties allow for the targeting of their aerosol in lung
regions affected by disease using a strong magnetic field
(Tewes et al, 2014) or for antitumor hyperthermia by
application of an alternating magnetic field (Sonvico et al.,
2005). For the first type of approach, SPIONs have been coated
with PLGA and could be used to load a model anticancer drug
such as quercetin. These core-shell particles of around 300 nm
were biocompatible, well tolerated by mice after inhalation and
when loaded with quercetin produced cancer cells growth
inhibition, upon aerosolization over human lung carcinoma cell
line A549 with a vibrating mesh nebulizer (Aeroneb® Pro,
Aerogen, Ireland) (Verma et al., 2013).

Targeted hyperthermia for lung cancer was obtained using
inhalable EGFR-targeted SPIONs. EGFR-targeted SPIOs
nanoparticles (around 370 nm) were synthesized from ferric
and ferrous chloride by the addition of ammonium hydroxide
and subsequent coating with myristic acid and pluronic F127
conjugated with an EGFR-targeting peptide. Nanoparticles
dispersions showed rapid heating rates when placed in
alternating magnetic field (6 kA/m, 386 kHz). The nanopar-
ticles were administered to mice carrying an orthotopic lung
cancer model using an ultrasonic atomizer (MMAD 1.1 um)
and EGFR targeting induced enhanced tumor retention and
resulted in significant reduction of lung tumor growth over
controls, i.e. animals non-treated, treated with non-targeted
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nanoparticles, or treated with targeted or non-targeted
SPIONs but not subjected to the magnetic hyperthermia
treatment (Sadhukha et al., 2013).

While there have been a number of successful studies in
nebulized nanoparticles for inhalation, there are some poten-
tial problems that may have to be dealt with before any of
these products become available. Some major issues encoun-
tered include potential for nanoparticles to agglomerate in
suspension, poor stability due to hydrolysis and degradation
of drugs, potential to induce bronchoconstriction, poor
deposition due to shallow tidal breathing and risks posed to
those administering the dose (Mansour et al., 2009; Willis
et al., 2012; Zarogoulidis et al., 2012a). While some solutions
to such issues have been proposed, as the addition of 5-7%
carbon dioxide in the aerosol to force the patient to breathe
deeply and slowly increasing tidal volume by up to 180%
(Koshkina et al., 2001), lyophilization of nanoparticles for
resuspension, and development of breath actuated nebulizers
to limit the environmental dispersion of the formulation
(Mansour et al., 2009; Zarogoulidis et al., 2012b), a lot more
work need to be done to make this a viable alternative and
preferable option for clinical treatment of lung cancer.

Dry powder inhalers

DPIs may be able to overcome some of the potential
misgivings about anticancer drug delivery by nebulization,
in particular those related to poor stability and hazards to
patients, carers, and the environment through release of
aerosols. However, nanosized particles have a low lung
deposition and are more likely to be exhaled. Moreover, as a
result of their size and high specific surface, nanoparticles
show high surface energy that results in non-redispersible
aggregates when they are dried (Lebhardt et al., 2011).
Nanoparticles have to be administered after incorporation into
larger structures with appropriate size for pulmonary drug
delivery. Few different methods have been employed to
temporary shift nanoparticles to micron-sized particles to
allow for efficient dosage, aerosolization, and deposition of the
powder in the lung. Most importantly, once particles deposit on
the pulmonary mucosa, nanoparticles should recover their
primary size and perform their therapeutic action. Among
different approaches, spray-dried powders containing nanopar-
ticles and water soluble excipients have been the most
developed and studied. Spray drying technique offer several
advantages, such as the relatively straightforward production of
particles with narrow size distribution and with desired
properties in term of pulmonary administration. This over-
comes constraints associated with other drying methods, such
as freeze-drying: formation of hard cakes, need for further
micronization, wide and/or heterogeneous particle size distri-
butions, need for coarse carriers for dosage and aerosolization,
and poor aerodynamic performance (Colombo et al., 2012).

Moreover, DPIs as pulmonary delivery device offer some
advantages over other technologies: long-term stability of
formulation, no need of no hand-lung inhalation coordination
being generally breath-actuated inhalers, improved patient
compliance, uniform deposition of high dose of drug locally,
liquid and/or propellant free formulation and opportunity for
patent protection.
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Formulation strategy could overcome problems such as
particle aggregation by reducing inter-particle attraction using
techniques such as blending of nanoparticles with larger
carrier particles like lactose, forming ordered mixtures thus
enhancing product stability (Willis et al., 2012). Perhaps most
notably, production of aerosols is not an issue in DPIs as
aerosol production is breath actuated and hence, no aerosol is
lost to the environment.

As evidenced in the section related to nebulizers, the use of
liposomes in pulmonary administration has many potential
advantages, including carrier suitability for most lipophilic
drugs, aqueous compatibility, sustained release, and intracel-
lular delivery. Despite the liposomal formulations for inhaled
therapy have been classically delivered by nebulization, there
has been a significant level of interest in developing those
nanocarriers into dry powder formulations. In fact, in aqueous
dispersions, liposomes show lipid degradation, sedimentation,
aggregation, leakage of drugs, or fusion during storage, while
aerosolization may result in chemical and physical instability.
Their formulation into dry powder achieves long-term
stability and allows for their administration with DPIs
(Misra et al., 2009). A 2012 study developed a cationic
liposome formulation by thin film hydration of DOTAP,
DOPE, DPPC, and cholesterol for the simultaneous delivery
of two anticancer drugs, i.e. etoposide and docetaxel, and
plasmid DNA encoding the tumor suppressor gene pS53 for a
triple action chemotherapy to be delivered by dry powder
inhalation. The powder was obtained by freeze-drying using
trehalose as cryoprotectant (Jinturkar et al., 2012). This
method of delivery of the drugs and the p53 gene was
developed to reduce the incidence of tumor p53 inactivation
mediated drug resistance, which is a common cause for
treatment failure in all types of chemotherapy, by supple-
menting the endogenous p53 genes and inducing p53-
mediated apoptosis (Lowe et al., 1994). The authors were
able to demonstrate that the pDNA delivered was completely
protected from degradation by enzymes such as DNAses by
the lipoplex formed and observed a significant increase in
cytotoxicity with the co-delivery of the two cytotoxic drugs
along with the p53 gene with a 30% increase in cell death
compared to free drug solution. Enhanced cytotoxicity was
observed with pre-treatment with the liposomally encapsu-
lated p53 as well, with an observed increase in sensitivity to
the drugs by up to 60%. The dry powder formulation
demonstrated a potential significant lung deposition using
an Anderson Cascade Impactor and Rotahaler (Cipla, India)
as a model capsule-based aerosolizing device with an average
aerodynamic diameter of 3—4 um and a fine particle fraction
around 35% (Jinturkar et al., 2012).

Pactlitaxel-loaded lung surfactant mimetic PEGylated
phospholipid micro/nanoparticles have been produced by
organic solution co-spray drying of dilute feed methanol
solution of the drug with DPPC and dipalmitoylphosphatidy-
lethanolamine poly(ethylene glycol) (DPPE-PEG) for lung
cancer drug delivery. The aerosolization performance of the
powders was studied in vitro using the high-resistance
capsule-based Handihaler® device (Boheringer Ingelheim,
Germany) and the Next Generation Impactor (NGI™).
The paclitaxel/phospholipid powders showed mass median
aerodynamic diameters in the range of 3.4-6.8um and
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respirable fractions in the range of 44.0-54.5% (Meenach
et al., 2013).

Despite the high versatility of liposomes as drug delivery
devices, it seems from the available literature that, in the
specific case of inhaled chemotherapy, nanoparticulate car-
riers have been preferred over phospholipid vesicles in the
case of dry powder inhalation, possibly as a consequence of
their peculiar structure more sensitive to the drying process
compared to nanoparticles.

A straightforward approach proposed is the production of
controlled dry assembly of nanoparticles with good aero-
solizing properties. Paclitaxel nanoparticles were prepared by
ultrasound-controlled precipitation in the presence of lecithin,
polyvinylpyrrolidone, or cetyl alcohol as stabilizers and
subsequently assembled in form of low-density microparticles
using the amino acid leucine as colloid destabilizer and
freeze-dried. The powders obtained not only provided faster
dissolution rates compared to micronized paclitaxel but also
showed small MMAD (<2um) with high fine particle
fractions (>80%) when tested directly without a DPI device
using a Tisch Ambient Cascade Impactor (El-Gendy &
Berkland, 2009).

Another study focused on an anticancer drug nanoparticle-
based dry powder inhalation therapy developed poly(butyl-
cyanoacrylate) nanoparticles loaded with doxorubicin and
coated with polysorbate 80 in order to enhance translocation
across the alveolar capillary barrier. Nanoparticles were
prepared by emulsion polymerization and then embedded in
lactose to form the micron-sized carrier particles using a
spray freeze-drying process. This formulation demonstrated
reduced particle agglomeration, nanoparticles showed mean
particle size around 170 nm after dissolution of the micron-
sized carrier particles, and were stable for at least 6 months in
storage (Figure 4). The mean geometric particle size of these
produced particles was 10 pm, but the aerodynamic particle
size determined using an Andersen Cascade Impactor and a
proprietary device was found to be much lower, i.e. 3.4 um.
Additionally, the authors were able to demonstrate signifi-
cantly increased cytotoxic efficacy on H460 and A549 lung
cancer cells at lower doses than those required for free
doxorubicin. It was hypothesized that this may be partially
attributed to uptake of drug by endocytosis, as dose-related
cytotoxicity was observed also for blank nanoparticles. This
observed formulation effect may be due to the presence of
polysorbate 80 in the coating of the particles and would
require further evaluation in term of safety for pulmonary
administration (Azarmi et al., 2006).

In another work in which PLGA nanoparticles loaded with
the novel anticancer topoisomerase I and II inhibitor TAS-103
were prepared in the form of nanocomposite particles for dry
powder lung administration. The nanocomposite particles,
consisting of drug-loaded nanoparticles of 200 nm prepared
by emulsion solvent evaporation and trehalose, were obtained
by spray drying. The anticancer effects of the nanocomposite
particles against the lung cancer cell line A549 were superior
to the free drug. Nanocoposites showed a MMAD of 2.5 um
and FPF of 14% when tested with the capsule-based Jethaler
device (Hitachi Ltd., Japan). In animal experiments, the
nanocomposites provided an elevated lung concentration of
the drug in the lungs up to 8 h, while plasma concentrations
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Figure 4. Confocal microscopy image of doxorubicin-loaded nanopar-
ticles embedded into lactose micron-sized particles via spray drying.
Reproduced from Azarmi et al. (2006) with permission.

were find to be barely detectable, probably as a consequence
of the rapid systemic metabolism (Tomoda et al., 2009).

Recently, a brominated derivate of an alkaloid of Papaver
somniferum, 9-bromonoscapine (9-BN), has been found to
have anticancer properties, due to a double action both on
tubulin polymerization and on angiogenesis. The application
of the drug is hindered by the high lipophilicity and poor
aqueous solubility of the drug leading to suboptimal concen-
trations at the site of action. Lipid nanoparticles containing
the drug (9-BN NLC) were prepared using the hot
nanoemulsion method with stearic acid as main component
and lecithin and sodium glycocholate as surfactant and co-
surfactant. Nanoparticles presented particle size below 20 nm
with a negative surface charge. Inhalable powders were
obtained then by lyophilization in presence of lactose and
with or without effervescence generating excipients, i.e.
sodium carbonate and citric acid, in order to obtain powders
able to exploit effervescence to rapidly release nanoparticles
(9-BN NLC RR). Not only the 9-BN NLC RR formulation
showed an improved release profile of the lipophilic drugs but
were also superior to the other nanoparticulate formulation
and the drug powder in pharmacokinetic studies, providing
improved lung exposure to the drug and prolonged drug half-
life (Jyoti et al., 2015).

The effectiveness of effervescent particles to improve
nanoparticle dispersion has been successfully demonstrated
by the group of Raimar Lobenberg at University of Alberta.
Doxorubicin-loaded nanoparticles were prepared by polymer-
ization of butylcyanoacrylate incorporated into inhalable
effervescent and non-effervescent lactose micron-sized par-
ticles using spray freeze-drying. The final preparation con-
tained nanoparticles of 140nm providing a doxorubicin
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loading of 20 pg/mg of powder. Interestingly, without effer-
vescence nanoparticle particles were not completely dis-
persed, showing a mean diameter close to 250 nm, while no
significant difference was evidenced for the effervescent
carrier powders in terms of nanoparticle diameters before and
after re-dispersion. The doxorubicin-loaded powders were
tested in a lung mice model. Animals treated with efferves-
cent powders at a dose of 30 ng of doxorubicin once a week
for 4 weeks showed a highly significant in survival compared
to non-effervescent particles and intravenous treatments, with
still 30% of mice alive at the end of the study after 140d.
Quite interestingly, in inhalable nanoparticle groups of
animals, the cause of death was found to be the presence
of large tumors in other parts of their body, but not in the
lungs, further demonstrating nanoparticle impactful local
anticancer activity. Furthermore, this treatment completely
suppressed the cardiac toxicity observed in doxorubicin
chemotherapy (Roa et al., 2011).

Considering the benefits such as increased stability and
control over particle size as well as reduced complications
such as pH- and osmolarity-induced bronchoconstriction as
seen in nebulized formulations, DPIs seem to be a promising
delivery system for loco-regional delivery of nano-encapsu-
lated chemotherapeutic agents. However, as highlighted by a
2012 review of inhaled therapies by Zarogoulidis, a major
drawback of dry powder therapies is that a large proportion of
the dose is often retained within the device (Zarogoulidis
et al., 2012a). Additionally, it is common for DPI devices to
be misused leading to reduced efficacy (Dolovich et al.,
2005). While methods to overcome such drawbacks have been
explored such as modifying devices to accommodate different
inspiratory flow rates, such as the Turbohaler (Labiris &
Dolovich, 2003), dry powder platforms are in this moment not
ready for the administration of chemotherapy to treat lung
cancer as demonstrated by the lack of clinical trials using this
approach. However, once this threshold will be crossed, the
technology appears to have great potential for an anticancer
treatment administration in the outpatient setting.

Intratumoral injection

While inhaled therapies look to be a promising move toward
improved treatment of lung cancers, a major hindrance to
their use is that the efficacy of deposition within the lung is
limited by the size of the tumor. In situations of tumors larger
than 5 cm where surgery is contraindicated, an alternative to
surgical resection could be intratumoral injection. This
particular loco-regional administration approach in addition
to the benefits of minimizing systemic exposure may also
address the issues of poor vascularization often observed in
solid tumors, that inhibits penetration of the anticancer drug
leading to low concentrations of drug within the tumor
parenchyma (Kar et al., 2011; Jia et al., 2012). Some other
important biological features of solid tumors that represent
substantial barriers to drug absorption in inhaled administered
therapies include the presence of altered interstitial properties,
which may involve a stiffening of the extracellular matrix
(ECM) and increased interstitial pressure (Holback & Yeo,
2011). Most drugs are only able to penetrate the periphery of
the tumor and so the risk of metastases or relapse is high as
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not all malignant cells are able to be eliminated whereas
intratumoral injection delivers the drug to the core of the
tumor. It is important to note that this altered ECM is a
particular issue for nanoparticles due to the sheer size of the
systems, particularly in comparison to free drug (Holback &
Yeo, 2011). There has been a considerable amount of work
done looking at intratumoral delivery of free anticancer drugs
such as docetaxel (Yoo et al., 2010), cisplatin (Celikoglu
et al., 2006a,b), and paclitaxel (Wang & Chen, 2012).
Celikoglu group has produced some comprehensive reviews
of the delivery of cytotoxic drugs by intratumoral injection,
particularly via bronchoscopy and there appears to be a
considerable opportunity to achieve even more in this
treatment modality (Celikoglu et al., 2008, 2010). As
discussed in these reviews, the mainstay of treatment for
inoperable tumors in the lung has been external beam
radiation; however, it is becoming increasingly obvious that
this mode of treatment is insufficient as these patients
continue to have and extremely poor prognosis. In a 2010
study (Yoo et al., 2010), p53 viral vectors were co-delivered
with docetaxel to tumors in mice and produced an impressive
and significant reduction in tumor size in treated animals
compared to the control group and almost-complete tumor
suppression was even observed. In this study, the animals had
to receive biweekly intratumoral injections, as the drug cannot
be retained within the tumor, which appears a significant
drawback of almost all of the studies looking into intratumoral
injection of solutions of free drug. In this context, there
appears to be an opportunity for a variety of nanosystems to
be administered via this delivery route in order to obtain a
sustained delivery effect. Nevertheless, little research has
occurred specifically looking at the role of nanoparticles in
intratumoral injections. Kang and coworkers open the way to
sustained release intratumoral delivery using an in situ-
forming gel based on doxorubicin-poly(ethylene glycol)-
B-caprolactone diblock copolymer (Dox-MP), which was
able to serve as a depot for the sustained release of
doxorubicin. They were able to show a sustained release of
doxorubicin over a period of 20d following an initial burst
phase over the first 2d. The implication of this was a 10.5
times reduction in tumor volume in an animal model
compared to control groups after a single administration of
Dox-MP. This reduction in tumor volume was similar to the
reduction observed for repeated (every 5d) injection of free
doxorubicin. The invasive nature of intratumoral injections
can be reduced through the application of sustained release
systems and it can be considered that a combination of the in
situ gel with other nanoparticle delivery systems discussed
herein has considerable potential to increase their efficacy
and further improves the sustained release profile, minimizing
patient compliance issues, and improving safety profiles.

Despite intratumoral injection of nanoparticles loaded with
chemotherapeutic agents has not been a keen area of research
until now, there have been a few groups who seem to have
made some important headway.

One of these groups investigated vault nanocapsule
technology for the delivery of cytokines, specifically CCL21,
for lung cancer immunotherapy. Vaults are endogenous
ribonucleoprotein ovoid particles with the size of 40-70 nm,
as such they are ideal carriers for the delivery of therapeutic
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peptide and proteins. Proteins can be packaged inside vaults
particles by fusion with a 162 amino acids vault-targeting
domain. The immune potentiating CCL21 cytokine binds to
CCR?7 receptors and acts as a chemoattractant to a number of
immune cells including naive and memory T cells as well as
natural killer T cells to induce non-p53-mediated apoptosis
(Kar et al., 2011). The same group had previously looked at
delivery of this protein in its free form via intratumoral
injection and succeeded in reduce tumor size in murine lung
cancer models, but discovered that very high doses and
frequent administration were required in order to overcome the
rapid clearance of the drug from the tumors after injection
(Sharma et al., 2000). They have also recently taken this
protein to Phase I clinical trials using a CCL21 gene-modified
dendritic cell but found the method to be prohibitively
expensive and its production to be overly time consuming
(Baratelli et al., 2008). As a result, they developed for this
cytokine a delivery system based on vault nanocapsules. They
found that a single trans-thoracic injection of the recombinant
CCL21-vault nanocapsules was able to elicit a significant tumor
regression as a consequence of the recruitment of antitumor
effector cells such as T lymphocytes and dendritic cells in a
murine Lewis lung carcinoma model (Kar et al., 2011).
Immune evasion is a major contributing factor to the growth of
tumors, immune stimulants such as this could be used in
conjunction with other cytotoxic therapies in order to further
enhance the therapeutic effect (Hanahan & Weinberg, 2011).

Other recent research has focused on intratumoral injection
of magnetic nanoparticles in the treatment of lung cancer.
One group developed an intratumoral injection that consisted
of magnetic iron oxide (Fe;O,4) nanoparticles and doxorubicin
co-encapsulated in PLGA nanocarriers. Oleic acid-coated
Fe;0,4 nanoparticles (4—6 nm) and doxorubicin were encapsu-
lated in PLGA nanoparticles (200-300nm) by the conven-
tional oil-in-water emulsion evaporation method. The
nanoparticles were injected directly into the core of
the tumor in murine Lewis lung carcinoma model. The
nanoparticles were held in place by an external magnetic
field, which allowed release of the drug in a controlled
manner and prevented loss of the nanoparticles to systemic
circulation. The magnetic field was created using a disk
magnet with a magnetic field strength of 0.5 Tesla. This was
fixed to the skin just above the tumor and held in place for
48h after injection. It was possible to observe a dramatic
decrease in tumor size in the group of animals treated with
magnetic nanoparticles, compared to control groups treated
without magnetic field application and free drug respectively.
Furthermore, no signs of systemic toxicity, such as weight
loss, were observed in the doxorubicin magnetic nanoparticle
group (Jia et al., 2012).

Araya and colleagues developed a method of inductive
hyperthermia for solid lung tumors via intratumoral injection
of magnetic nanoparticles. In order to obtain hyperthermia a
new material was used: ferucarbotran, which is composed of
dextran and ultrafine (7nm) magnetite nanoparticles. The
ferucarbotran was injected as a single dose to the core of the
tumor, this was immediately followed by the application of an
external alternating magnetic field to increase the intratu-
moral temperature to 43—45°C. A significant reduction in
tumor volume was obtained for treated animals compared to
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the control group over the 28d of the study. A major
drawback of the design of the study identified was the
application of the external magnetic field which has required
to be set 2cm from the center of the tumor, which may be
applicable in mice but will not be in any tumor that is not
superficial in humans (Araya et al, 2013). However,
considering the results of these two studies, intratumorally
delivered magnetic nano-therapies seem worth of further
studies in order to explore their potential role in the future of
lung cancer therapy, especially considering that hyperthermia
treatment has recently been made clinically feasible (Thiesen
& Jordan, 2008).

Other approaches for local delivery of anticancer
drugs

Beyond the abovementioned loco-regional approaches, there
has been little investigation in the direction of developing
novel strategies for the administration of nanopharmaceuticals
for loco-regional treatment of lung cancer. Nonetheless, a
number of other loco-regional platforms, that have been
investigated recently for the treatment of cancerous lesions
not localized to the lung, should be cited here, considering
they have the potential to be employed in future for
nanopharmaceuticals application in lung cancers.

One particularly successful loco-regional approach has
been the development of wafers for implantation into the
surgical cavity during surgery for high grade gliomas
(Westphal et al., 2006). Gliadel® wafers are a commercially
available delivery platform for carmustine and are used as an
adjunct therapy for high grade glioma (Wolinsky et al., 2012).
A 2011 systematic review describes clinical use of this
treatment modality and assesses its effectiveness (Hart et al.,
2011). Further study of similar treatment modalities may have
a future role in the loco-regional treatment of lung cancers.
An interesting evolution of the classic implant systems loaded
with anticancer drugs are for example polymer films (Liu
et al.,, 2010) and composite materials obtained by electro-
spinning (Yohe et al., 2012a,b). These delivery platforms may
have significant application in future lung cancer therapies,
particularly in combination with nanopharmaceuticals.

An example of this combination has been proposed by a
Chinese research group of the Binzhou Medical University
that incorporated docetaxel-loaded carbon nanotubes (DOX-
CNT) into a composite nanofiber scaffold of PLGA by
electrospinning (Figure 5). Nanofibers produced were uni-
form and smooth with width in the order of 500-800 nm and
the incorporation of DOX-CNT contributed to provide a
sustained the release, with 50% doxorubicin released in 15d,
obtaining a significant antitumor efficacy in vitro is obtained
against HeLa cells. Quite importantly the good mechanical
properties of these nanofiber mats make them useful as
therapeutic patch for local anticancer drug delivery in surgical
settings (Yu et al., 2015).

This delivery strategy could have significant application in
the treatment of lung cancers, particularly those with diffuse
tumors and a poor prognosis after surgical resection to treat
cancers such as mesothelioma. Such a film could be
implanted intrapleurally during surgical resection or debulk-
ing of tumors to provide a sustained, directed chemotherapy
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Figure 5. Schematic illustration for the process of fabrication of
electrospun composite nanofibers containing doxorubicin-loaded
carbon nanotubes. Reproduced from Yu et al. (2015) under CC BY 4.0.

to prevent local recurrence. The benefits of such a formulation
stem mainly from its capacity to further spatially localize
and control drug release rates beyond the design of the
nanoparticle.

Conclusion

Loco-regional delivery of anticancer drugs for the treatment
of lung cancer is an expanding area of research and has the
capacity to address many of the disadvantages of classical
systemic chemotherapy including low drug accumulation
within tumor parenchyma, poor aqueous solubility of
chemotherapeutic agents, unacceptable high levels of sys-
temic toxicity and high rates of tumor relapse. It appears that
the combination of nanotechnology and loco-regional admin-
istration could be the most effective strategy to overcome
these major drawbacks. Most recent investigation combining
these two approaches have centered around inhaled therapies
due to the ease of access to the tumor primary or metastatic
site and non-invasive nature of the treatment modality.
However, this approach is subject to the capacity of the
particles to reach the site of action within the lung which may
be affected by the size of the carrier particles, the size of solid
tumors, altered airflow patterns in the lungs, and pulmonary
co-morbidities. Production of cytotoxic aerosols is also a
safety concern with this administration route; however, this is
being addressed by the development of new nebulizing
devices and dry powder formulations.

Beyond inhaled therapies there have been a number of
successful studies investigating the potential for intratumoral
injection of anticancer agent-loaded nanoparticles, especially
magnetic nanoparticles. This approach may be of benefit to
patients suffering inoperable lung cancer where the size of the
tumor makes inhaled therapies inappropriate. This modality
circumvents absorption concerns by delivering the drug to the
core of the tumor. Significant reductions in tumor volume
have been observed with this approach and combination of
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this delivery mode with nanotechnology has the potential to
reduce dosing frequency, however, the invasive nature of the
treatment may limit its future application.

Direct application of devices for sustained release of
nanoencapsulated anticancer therapies has vast potential in
the loco-regional treatment of lung cancer immediately
subsequent to surgical resection of tumors. Currently, there
are no data from in vivo studies of this application for lung
cancer, however, considering the successes of clinical devices
such as Gliadel® wafers and favorable results from devices for
the delivery of nanoparticles in vitro it can be expected that
this will be a keen area of research in future.
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