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Abstract: Despite striking insights on lung cancer progression, and cutting-edge therapeutic approaches the sur-
vival of patients with lung cancer, remains poor. In recent years, targeted gene therapy with nanoparticles is one of
the most rapidly evolving and extensive areas of research for lung cancer. The major goal of targeted gene therapy is
to bring forward a safe and efficient treatment to cancer patients via specifically targeting and deterring cancer cells
in the body. To achieve high therapeutic efficacy of gene delivery, various carriers have been engineered and devel-
oped to provide protection to the genetic materials and efficient delivery to targeted cancer cells. Nanoparticles play
an important role in the area of drug delivery and have been widely applied in cancer treatments for the purposes
of controlled release and cancer cell targeting. Nanoparticles composed of artificial polymers, proteins, polysaccha-
rides and lipids have been developed for the delivery of therapeutic deoxyribonucleic acid (DNA) or ribonucleic acid
(RNA) sequences to target cancer. In addition, the effectiveness of cancer targeting has been enhanced by surface
modification or conjugation with biomolecules on the surface of nanoparticles. In this review article we provide an
overview on the latest developments in nanoparticle-based targeted gene therapy for lung cancers. Firstly, we out-
line the conventional therapies and discuss strategies for targeted gene therapy using nanoparticles. Secondly, we
provide the most representative and recent researches in lung cancers including malignant pleural mesothelioma,
mainly focusing on the application of Polymeric, Lipid-based, and Metal-based nanoparticles. Finally, we discuss
current achievements and future challenges.
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Introduction 20% and this high rate of mortality has not
been significantly improved over the years. In
addition to small and NSCLC, malignant pleural
mesothelioma (MPM) is a rare form of lethal
cancer that develops on the protective linings
of the lungs. The MPM currently has a relatively
low occurrence rate in the United States, which
is around 3,000 new cases are being diagnosed
each year, however, the 5-year survival rate of
MPM is lower than 10% and there is currently
no cure for mesothelioma reported. The global

In the last five years, an estimated 1.6 million
new cases and almost 600,000 deaths from all
cancer were reported in the United States [4].
In 2012 alone about 14 million new cases and
8.2 million cancer related deaths were report-
ed by World Health Organization Worldwide.
Among all cancers, lung cancer is the leading
cause of cancer-related deaths worldwide. The
number of new cases is the second highest in

all cancers only behind prostate and breast
cancers. Generally lung cancer is mainly classi-
fied as small cell (13%) and non-small cell (87%)
carcinomas for their different histology and
purposes of treatment. Due to the lack of effec-
tive therapeutic methods, the 5-year survival
rate in all stages of non-small cell lung cancer
(NSCLC) patients has been remained below

incidence of MPM, especially in the developing
countries, is predicted to increase in the follow-
ing years.

Conventional treatments for lung cancers
include surgical resection, chemotherapy, radi-
ation therapy and targeted drug therapy.
Although surgical resection might still be con-
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Table 1. Nanopatrticles applied in gene therapy for lung cancers

Types of nanoparticles

Unique features

References

Cationic polymer complexes

Polymeric micelles

Dendrimers

Oligonucleotides form complexes with cationic polymers
such as PEl and modified polymers. Complexes are rapidly
and easily prepared.

The micelles are formed by the self-assembly of block copo-
lymers via electrostatic interactions. The inherent and modi-
fiable properties of micelles are suitable for gene delivery.

3D macromolecules consist of a central core from which
the highly branched polymer chains grow in symmetric
structures. Dendrimers have unique physiochemical proper-
ties from highly symmetric architecture. The properties of
dendrimers can be controlled by varying the number of
generations.

[55, 56]

[72-74]

[65]

Solid polymeric nanoparticles

Liposomes

Solid lipid nanoparticles

Metal-based nanoparticle
systems

Nanoparticles are formed by biodegradable polymers in [30, 35]
different forms such as hollow or porous structures. Solid

polymeric particles show high stability and controllable

release of loaded drugs.

The most commonly used nanoparticles in gene delivery [1, 75-79]
for lung cancer research. The lipid bilayers of liposomes

provide high biocompatibility and express efficient cellular

uptake.

Solid lipid nanoparticles (SLNs) is consisted of solid lipid [90, 91]
core matrix that are enclosed and stabilized by a lipid

monolayer on surface. Solid lipid particles show not only

high stability as polymeric nanoparticles but also has the

high affinity to cellular membrane as the liposomes.

Multifunctional metal-based nanoparticle systems can be [100, 104]
used in therapeutic and diagnostic applications. Metal-

based nanoparticles are usually coated or conjugated

with polymers and lipids (also encapsulated in micelles or

liposomes) for gene delivery purpose.

sidered the most effective therapeutic strategy
to cure NSCLC, sometimes the operability of
surgery is limited. Thus expanding the applica-
bility of surgical resection or applying systemic
therapy become critical to improve the survival
rate of patients. For the non-surgical treatment,
targeted drugs such as afatinib (Gilotrif), ramu-
cirumab (Cyramza), and bevacizumab (Avastin),
have provided a new treatment option for lung
cancer patients due to their lower adverse
effects and promising therapeutic potential to
inhibit tumors and metastasis [5-7]. The afa-
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tinib, which has been approved by FDA in 2013,
targets on the epidermal growth factor receptor
(EGFR) and erbB-2 via irreversible covalent inhi-
bition to inhibit tumor growth and metastasis in
EGFR mutant positive NCSLC patients [8, 9].
The ramucirumab, approved by FDA in 2014, is
a monoclonal antibody which acts as an angio-
genesis inhibitor through binding the vascular
endothelial growth factor receptor 2 (VEGFR2)
[6]. Though conventional therapies are applied
there is a potential risk of recurrence and side
effects. Hence there is an urgent need to devel-
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Figure 1. Nanoparticle targeting mechanisms. A. Nanoparticles perform nonspecific passive targeting by diffus-
ing and aggregating through leaky vessel in solid tumors via EPR effect. B. Nanoparticles modified with target-
ing agents perform active targeting on tumor cells expressing specific receptors. Nanoparticles specifically target
on metastatic cancer cells. C. Fate of nanoparticles in non-specific gene delivery: phagocytosis, decomposition of
nanoparticles outside of cells, and for the lipid or surfactant-based nanoparticles, the nanoparticles infuse into
the cell membrane bilayers for drug release. D. Nanoparticles modified with targeting ligands specifically bind onto
the membrane receptor and induce endocytosis. Higher proportion of gene molecules may eventually enter into
nucleus.

op a novel state-of-the-art approach towards
this fatal cancer.

tive cancer treatments [10-12]. Gene therapy
involves using oligonucleotides to specifically
target and regulate the abnormal genetic
expressions which are related to cancer devel-
opment in cancer cells. Compared to the con-
ventional therapeutic approaches, gene thera-
py is generally expected to provide higher
efficiency on cancer treatments and minimize

Gene therapy in lung cancer treatment

As the researchers have learned more about
the genetic pathways involved in cancer devel-
opment and progression, these genetic events

in the complex process during cancer occur-
rence, such as activation of dominant onco-
genes and inactivation of tumor suppressor
genes, may present as novel targets for effec-
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the systematic cytotoxicity in cancer patients.

Most strategies proposed for lung cancer gene
therapy requires in vivo gene delivery. In most

Am J Cancer Res 2016;6(5):1118-1134



Nanoparticles and Lung cancer

A Encapsulation B

Complexation C  surface loading

Figure 2. Gene molecules carried by nanoparticles in three different forms: Gene molecules are (A) encapsulated
inside nanoparticles, (B) forming complexes through ionic interactions with nanoparticles, and (C) loaded on the

surface via conjugation or modified-polymer trapping.

of the cases, due to their negative charge, the
gene molecules such as DNA and RNA biopoly-
mers lack the ability to penetrate the cell mem-
brane and effectively enter into the nucleus.
Thus various kinds of vectors and vehicles have
been developed to deliver the genetic materials
into target cells which showed limited success.
With the progression of nanotechnology,
nanoparticles composed of various materials
have been widely applied in the field of gene
delivery for lung cancer treatment, as listed in
Table 1. The nanoparticles not only provide pro-
tection to the encapsulated nucleotides but
also improve the uptake by target cells. In the
past decades, nanoparticles with different
properties and functionalities have been
designed and developed to efficiently deliver
therapeutic gene molecules into the target
cells directly or via the circulatory system.

Therapeutic strategies using nanoparticles

The lung cancer targeting strategies applying
particulate delivery systems can be mainly
classified into two different strategies: passive
targeting and active targeting, as shown in
Figure 1. In 1986, a new concept called
enhanced permeation and retention (EPR)
effect has been brought up by Matsumura and
Maeda [13, 14]. The EPR effect is the basis of
passive cancer targeting and which has been
widely applied in numerous drug delivery sys-
tems for cancer targeting since then. In this
strategy, the cancer targeting drug delivery sys-
tem benefits from the EPR effect in which the
newly and fast growing tumor tissues and ves-
sels interrupt the integrity of normal tissue and
vessel wall and result in higher local permeabil-
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ity and retention of delivered drug loaded par-
ticles. The passive cancer targeting benefits
from defective vasculature, fenestrations and
poor lymphatic drainage caused by angiogene-
sis in tumor sites. The accumulation level of
drug loaded particles in the tumor tissues may
be influenced by the properties and character-
istics of the particulate carriers, such as the
materials, particle size and surface charge [15,
16]. In general, compared to the cationic
nanoparticles, the neutral or negatively charged
nanoparticles have higher stability against the
enzymatic attacks and longer circulation time
in bloodstream; however, the cationic nanopar-
ticles show higher cellular uptake due to the
negative charges on cancer cells. Whereas, in
active targeting, the basic concept is to utilize
molecular targeting agent to specifically target
the biomarkers or receptors on the cancer
cells. Active cancer targeting has been widely
studied and applied in the drug delivery sys-
tems to target tumor cells actively and mini-
mized the systematic toxicity [17-20]. One of
the examples for the active targeting is to deco-
rate targeting ligands on the surface of
nanoparticles for the specific targeting toward
the membrane receptors on cancer cells. The
binding of the targeting ligands with the mem-
brane receptors trigger the receptor-mediated
endocytosis leading to cellular uptake of
nanoparticles [21, 22], as shown in Figure 1D.

Gene molecules are usually carried by the
nanoparticles for gene delivery in three differ-
ent ways: encapsulated inside nanoparticles,
forming complexes through ionic interactions
with nanoparticles, and loaded on surface via
conjugation or modified-polymer trapping as

Am J Cancer Res 2016;6(5):1118-1134
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shown in Figure 2. Various kinds of nanoparti-
cles have been designed and developed for the
purpose of gene delivery in cancer treatment.
The nanoparticles applied in gene delivery can
be classified into two major types: solid and lig-
uid forms of nanoparticles. The solid nanopar-
ticles used in gene delivery have been com-
posed of various materials including polysac-
charides (e.g. chitosan, alginate and etc.), lip-
ids, proteins, biodegradable polymers (e.g. poly
(lactic-co-glycolic acid (PLGA), polycaprolac-
tone (PCL), and magnetic metal oxides [23-35].
Cationic polymers such as polyethylenimine
(PEI) have also been incorporated into the deliv-
ery system to enhance encapsulation efficiency
and cellular uptake. The solid nanoparticles
have been developed in different structures
such as bulk, hydrogel, core-shell hollow and
porous, due to their proposed properties and
functions [36, 37]. The nanoparticles in liquid
form are majorly liposomes, micelles or the
emulsion systems composed of amphiphilic
molecules or polymers [38]. The liposomal
nanoparticles containing artificial cationic lip-
ids (e.g. 1, 2-dioleoyl-3-trimethylammonium-
propane (DOTAP), 1,2-di-O-octadecenyl-3-tri-
methylammonium propane (DOTMA) etc. and
are one of the most commonly used carriers in
gene delivery. The advantages of using cationic
liposomes as the gene carrier include high
encapsulating efficiency of gene molecules,
high stability and compatibility in biological
environment. In addition, high cellular uptake,
ease of preparation, and modification. Nano-
liposomes are often physically or chemically
modified with targeting ligands and polymers
like polyethylene glycol (PEG) to enhance their
cancer targeting ability [39, 40].

Recent development in nanoparticle-based
gene delivery for lung cancer

In lung cancer therapy, nanoparticles have
been utilized for the targeted delivery of gene
molecules including DNA, plasmid DNA (pDNA),
messenger RNA (MRNA), small interfering RNA
(siRNA), microRNA (miRNA), RNA precursors,
and etc. The development of nanoparticles for
the delivery of DNA or pDNA has been a highly
investigated area in cancer therapy in the last
two decades. Current ongoing studies suggest
that the targeted delivery of small RNAs such
as siRNA and miRNA is gaining momentum in
the field of cancer therapy due to their high
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gene transfection and silencing efficiency [41,
42]. In general, compared to the DNA mole-
cules, except for the smaller size which is gen-
erally between 10 to 20 KDa, the small RNA
molecules are less stable and more easily to be
attacked by the enzymes in the microenviron-
ments. It has been reported that using RNA is
more efficient than using DNA in the lipid-medi-
ated delivery in non-dividing cells [43]. The
experimental results suggested that RNA deliv-
ery might be more suitable for short-term tran-
sient gene expression due to its rapid onset,
shorter duration of expression and greater effi-
ciency. In addition, the exploration of the regu-
latory roles of mMRNA and miRNA in the develop-
ment of lung cancers trigger a lot of research
interest in the delivery of small RNA molecules
for cancer treatment.

Since the first synthesized cationic lipid N-[1-
(2,3-dioleyloxy)propyl]-N,N,N-trimethylammoni-
um chloride (DOTMA) was developed for DNA
transfection in late 80’s [44], various synthetic
lipids and lipid-based nanoparticles have been
developed for efficient gene delivery. To date,
the commercial products of liposomes com-
posed of cationic lipids, Lipofectamine, is still
one of the most commonly used transfection
reagents in the laboratories. In lung cancer
treatment, liposomal nanoparticle is the most
commonly used in-vitro or in-vivo gene delivery
carriers. Hundreds of studies have been report-
ed using liposomal nanoparticles for gene
delivery of small oligonucleotides. Two major
encapsulation strategies have been reported
for the gene delivery using liposomes, one is to
encapsulate the gene molecules inside the
aqueous phase in liposomes, and the other
oneistoencapsulate among liposomes through
the formation of complex, which is also called
lipoplex [45, 46]. To discuss the nanoparticle-
based gene delivery systems that have been
applied on lung cancer therapy, we categorize
the gene carriers into polymeric and lipid-based
nanoparticles in different forms such as solid
particles, micelles, liposomes, etc.

However, researches in nanoparticle-mediated
gene therapy for MPM are not as prosperous as
that for lung cancer. Only a few research stud-
ies have been conducted in MPM treatment by
using gene delivery systems based on nanopar-
ticles [1, 47]. Although targeted drug delivery by
functional nanoparticles for MPM treatment
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has been studied more widely by researchers
recently, the gene therapy using nanoparticles
is scarce [48-50] to nanoparticle albumin-
bound paclitaxel and carboplatin in malignant
pleural mesothelioma [51].

Polymeric nanoparticles

PEl-based polymeric nanoparticles: Polymeric
carriers have received wide attention in gene
delivery due to their outstanding characteris-
tics including high stability, biocompatibility
and diverse modifications to adapt desirable
properties in particle forms. Among the poly-
mers used in gene delivery carriers, the cation-
ic polymer, PEI, is the most widely used polymer
for the delivery of DNA and RNA molecules [52,
53]. Carriers incorporated with PEI generally
shows high encapsulation efficiency of bio-
macromolecules with negative charges and
high in-vitro transfection efficiency due to the
positive charges on polymer chains. However,
the cytotoxicity induced by the high positive
charges of PEl has always been a concern while
applying PEI in the biological systems and a
major hurdle for clinical use, moreover, PEI
itself is non-biodegradable. It has also been
reported that the polymer structure, such as
liner or branched, may influence the cytotoxici-
ty and transfection efficiency in various envi-
ronments [54]. To be used as an effective in-
vivo gene delivery carrier, PEl has been modified
or copolymerized with other neutral or biode-
gradable polymers such as polyethylene (PEG),
PLGA or biopolymers to minimize the cytotoxic-
ity and enzymatic attacks in the body [35].

In recent reports for the gene delivery on lung
cancers, Zamora-Avila et al. used branched PEI
(25 KDa) to form a complex with Wilms’ tumor
gene (WT1) DNA for gene delivery to the lungs
of mice bearing B16F10 lung metastasis [55].
Through aerosol administration, the WT1 DNA
complexes effectively reduce the expression of
WT1 mRNA and inhibited lung metastases
growth in a 4-week treatment. For the RNA
delivery for lung cancer, Bonnet et al. have
shown the use of jetPEI™ to form the complex
with cyclin-B1 and survivin sticky siRNA (ssiR-
NA) for the targeting systemic delivery for lung
tumor metastasis in the mice bearing aggres-
sive adenocarcinoma cells (TSA-Luc) [56]. The
particle size of the PEl/ssiRNA complex ranged
from 40 to 70 nm and the zeta potential was
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around +35 mv. It has been shown that a mean
of 64.0 + 17.0% and 67.0.0 + 7.5% of lung
tumor metastasis inhibition were achieved by
the treatments of cyclin-B1 and survivin ssiR-
NA/PEI complexes; however, the cytotoxicity of
this PEl/ssiRNA complex was not able to be
neglected although the LD50 was 25-fold
greater than IC50.

Nanoparticle-based gene therapy has been
combined with chemotherapy for enhanced
therapeutic efficacy. Su et al. developed a gene
delivery system which is combined with con-
trolled release of chemotherapeutic drugs for
the in-vitro studies of NSCLC treatment (A549)
[35]. The PEI was coated on the paclitaxel load-
ed PLGA nanoparticles to carry signal transduc-
er and activator of transcription-3 (Stat-3)
siRNA on particle surface through electrostatic
interactions. Stat-3 has been known as the reg-
ulator of cellular resistance of anti-cancer
agents, the results show that the combination
system suppressed Stat-3 expression and
induced higher cellular apoptosis by paclitaxel
in Ab49 cells. Another combination therapy
involving chemotherapy with gene silencing
using PEI complex has been shown by Chen et
al [57]. The complex of vascular endothelial
growth factor receptor 2 (VEGFR2), epidermal
growth factor receptor (EGFR) siRNA and PEI
was injected intratumorally into the NSCLC
(AB49) tumor xenografts with cisplatin adminis-
tration. Enhanced treatment efficacy was
observed with lower dose of siRNA and cisplat-
in combination, and which may result in
reduced systemic toxicity of chemotherapy.

PEI has been incorporated and modified with a
wide range of biocompatible or biodegradable
biomaterials to improve its delivery efficacy and
minimized the potential cytotoxicity. In a recent
study, Guo et al. reported the alkane-modified
PEI displayed enhanced efficiency in siRNA-
mediated gene silencing [58]. The hydrophobi-
cally modified PEI showed reduced siRNA bind-
ing affinity but expressed tendency to
self-assemble into nanoparticles which leads
to enhanced cellular uptake. These nanoparti-
cles showed similar in-vitro transfection effi-
ciency as Lipofectamine™ 2000 in aqueous
solution. Based on the in-vitro studies, these
hydrophobically modified PElI nanoparticles
may have a high potential to be used as the
gene carrier for intravenous injection due to the
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high stability contributed by the hydrophobic
segments.

Although polysaccharides such as chitosan
and hyaluronic acid (HA) are very widely used in
biomaterials and drug delivery systems, their
application in gene delivery is quite limited due
to their inefficient encapsulation of nucleotides
and majorly the low transfection efficiency.
However, incorporating these highly biocompat-
ible natural biopolymers into the PEl-based
gene delivery systems can significantly enhance
the stability and reduce the cytotoxicity of deliv-
ery systems. Ganesh et al. have published a
self-assembling nanoparticle system based on
HA grafted with PEI and PEG (HA-PEI/PEG) for
siRNA delivery to SCLC (H69) solid NSCLC
(AB49) tumors [59]. The SSB/PLK1 siRNA were
complexed with the PEl-grafted HA and formed
the siRNA encapsulated nanoparticles to A549
cells overexpressing CD44 receptors. The par-
ticle size is in the range of 50 to 80 nm and
surface charge was measured to be -15 mv.
Through intravenous injection, the SSB siRNA
in PEl incorporated HA nanoparticle system
showed target specific gene silencing in the
subcutaneous A549 tumors (~55%), but rela-
tively low in the metastatic tumors (~25%). PEI
has also been incorporated with inorganic mag-
netic nanoparticles for specific targeting on
lung cancer. Another siRNA delivery system
developed by Li et al. is composed of siRNA
loaded magnetic mesoporous silica nanoparti-
cles and an outer layer of PEI conjugated with
fusogenic peptide (KALA) to enhance the cellu-
lar uptake efficiency by NSCLC (A549) tumor
[60]. After a 30-days treatment of VEGF-siRNA
encapsulated nanoparticles via intratumoral
injection, significant inhibition (~70%) on tumor
volume has been shown in the mice bearing
A549 tumors.

Dendrimeric nanoparticles: Dendrimers are the
three-dimensional macromolecules consist of
a central core acting as the root from which the
highly branched, tree-like polymer chains grow
in an ordered and symmetric structure. Since
the concept has been brought out in the late
1970s and early 1980s, the applications of
dendrimers have attracted great attention from
a wide range of research areas including drug
and gene delivery [61-63]. Dendrimers show
unique chemical and physical properties due to
their highly symmetric molecular architecture.
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The size and surface properties of dendrimers
can be controlled by varying the number of gen-
erations in synthesis. In gene delivery, the den-
drimeric nanoparticles based on cationic or
amide-rich polymers have been used to com-
plex with nucleotides via electrostatic interac-
tions to provide protection and delivery.

Because of the abundant amide and amine
groups on polymerchains, the poly(amidoamine)
(PAMAM) or poly(propyleneimine) (PPI) based
dendrimeric nanoparticles are one of the most
commonly used carriers in gene delivery [64].
The use of PAMAM dendrimers for gene deliv-
ery was first reported in 1991 by Haensler et al.
It has been shown that the sixth generation
dendrimers has the highest gene transfection
efficiency compared to higher and lower gener-
ation dendrimers. In addition, the degradability
of amide linkage in PAMAM dendrimers enhanc-
es its transfection effectiveness in gene
delivery.

The use of dendrimers in gene delivery for lung
cancer is scarce. In the recently reported in-
vivo gene delivery studies for lung cancer,
Taratula et al. used the generation 5 PPI dendri-
meric nanoparticles to form the complexes with
siRNA for intratumoral gene delivery [65]. The
siRNA-nanoparticle complexes were modified
with functional PEG polymers and a synthetic
analog of Luteinizing Hormone-Releasing
Hormone (LHRH) peptide was conjugated on
the distal end of PEG polymers to specifically
direct the siRNA-nanoparticle complexes to the
lung cancer cells. The BCL-2 siRNA complexes
prepared by Taratula et al. showed specific
uptake, enhanced accumulation and efficient
gene silencing in A549 cells. In the in-vivo stud-
ies, the siRNA-nanoparticle complexes were
injected intravenously for systemic delivery in
nude mice bearing subcutaneous xenografts of
A549 NSCLC tumors. The complexes conjugat-
ed with targeting LHRH peptides showed high
specific targeting on the tumor sites (from O to
300 a.u.) via the systemic delivery, whereas the
unspecific distribution of nanoparticle complex-
es in liver and kidney were significantly reduced
(from 300 and 600 to <50 a.u.). In addition,
Taratula et al. also showed that the accumula-
tion of siRNA in xeno-grafted tumors was great-
ly enhanced (from O to 400 a.u.) after 72 hours
of injection. In another case of specifically tar-
geting on NSCLC cells using dendrimeric nano-
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particles, PAMAM was conjugated with S6 apta-
mer, a single-stranded RNA molecule specifi-
cally binds to A549 cells, to form the dendri-
meric nanoparticles for the delivery of mirco-
RNA-34a (miR-34a), a transcriptional target of
tumor suppressor p53 [66]. It was revealed
that aptamer conjugation on the dendrimeric
nanoparticles significantly enhances cellular
uptake as well as gene transfection efficiency
in the in-vitro studies.

Polymeric micelles: Polymeric micelles applied
in drug delivery are normally composed of the
functional inner core and outer shell. The inner
core can be the hydrophobic segments of
amphiphilic block copolymer, and the outer
shell can be the hydrophilic segments. The
polymeric micelles can also be composed of
totally water-soluble block copolymers contain-
ing neutral polymer chain and charged seg-
ment. The micelles formed by the self-assembly
of block copolymers via electrostatic interac-
tions are called polyion complex micelles. The
electrostatic interaction between the ionic seg-
ments of copolymer and oppositely charged
species, negatively charged nucleotides in
gene delivery, lead to neutralization of ionic
chains and change the ionic hydrophilic seg-
ment to hydrophobic. Polymeric micelles have
been widely applied in gene delivery [67-69].
The DNA or RNA nucleotides are generally load-
ed or complexed inside inner core, and the
outer shell controls the pharmacokinetic behav-
ior [70].

Since 1980s, self-assembled polymeric mice-
lles have been developed as carrier systems for
delivering various bioactive molecules, such as
nucleotides, proteins, peptides and chemother-
apeutic drugs [71]. Micelles have also been
widely applied in the co-delivery of drugs and
gene molecules. Shen et al. published a new
micelle complex system for co-delivery of drug
and oligonucleotides for overcoming drug resis-
tance in lung cancer [72, 73]. The co-delivery
complex nanoparticles were composed of
Pluronic P85 conjugated PEland D-a-Tocopheryl
polyethylene glycol 1000 succinate (TPGS), the
derivative of the natural Vitamin E (atocopher-
ol) and PEG, which is used as solubilizer or
absorption enhancer for increasing micelle sta-
bility and encapsulation efficiency. The micelle
systems were complexed with paclitaxel and
survivin shRNA to overcome the paclitaxel re-
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sistance in A549 cancer tumors. In has been
shown that via the intravenous injection into
the mice bearing subcutaneous A549 tumors,
the complex nanoparticles effectively down-
regulate survivin protein and increase paclitax-
el accumulation in A549 tumors. The IC,  of
micelle complex system against A549 cells was
reported to be 360-fold lower than that of free
paclitaxel treatment. Hao et al., developed a
multifunctional polymer-drug conjugate, which
contains PEl and candesartan conjugated via
amide bonds, as the co-delivery micelle of drug
and VEGF siRNA for lung cancer therapy [74].
The conjugates self-assembled into 100nm
core-shell structure micelles with positive sur-
face charge. The drug conjugates complexing
with siRNA showed high efficacy on suppress-
ing the expression of VEGF mRNA and display-
ed ~70% antitumor activity through intraveno-
us injection in nude mice bearing A549 xeno-
grafts.

Lipid-based nanoparticles

Cationic lipid-based liposomes: Nanoliposome-
based gene carriers have been the most widely
used gene delivery system in lung cancer treat-
ment. In the last five years, more than 100 pub-
lications have explored the application of modi-
fied or functionalized nanoliposomes in the
field of targeted gene delivery for lung cancer
therapy. Among all the artificial cationic lipids,
DOTAP is the most commonly used transfection
agent to form complex with oligonucleotides in
gene delivery carriers. Novel nanoliposome-
based gene delivery systems have been recent-
ly developed for in-vitro and in-vivo gene thera-
py in lung cancer cells or tumors. Ito et al., has
demonstrated the in-vivo antitumor activity of
FUS1 DNA complexed to DOTAP/cholesterol
(Chol) nanoliposomes in the mice bearing A549
and H1299 NSCLC tumors and metastasis
[75]. In the in-vivo results, intravenous injection
of the FUSI DNA/nanoliposome complex
showed ~70% significant inhibition on the num-
ber of metastatic tumor nodules in the mice
bearing A549 metastasis. Intratumoral injec-
tion of the FUSI DNA complex showed up to
80% suppression on tumor growth, and induced
18% and 33% (7-folds higher than control)
apoptosis in A549 and H1299.

Although DOTAP provides high encapsulation of
oligonucleotides and high cellular uptake, it
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Figure 3. Schematic presentation of Combination therapy of ligand protein and
miRNA using nanoliposomes for NSCLC and MPM over-expressing EphA2. A.
The ligand proteins, ephrin-Al, were conjugated with miR-Let-7a encapsulated
nanoliposomes via the reaction between amines on proteins and cyanuric chlo-
rides on PEGylated lipids. The ephrin-Al, ligand of EphA2 receptor acts as tar-
geting and therapeutic agents in the complex system. B. The miR-Let-7a/lipo-
some/ephrinAl complex system suppresses tumor growth through ephrin-A1/
EphA2 binding and intracellular release of miR-Let-7a. The binding of ephrin-Al
leads to phosphorylation of EphA2 and inhibits the RAS pathway. In one of the
signaling pathways, the activation of EphA2 induces miR-Let-7a which inhib-
its RAS signaling. Combined with ligand proteins, the extrinsic miR-Let-7a were
delivered intracellularly majorly through endocytosis of nanoliposomes to en-
hance therapeutic effectiveness. BBS= borate buffered saline; TK= tyrosine ki-
nase domain; PDZ= PDZ-binding motif; P= phosphorylation; L= inhibition [1-3].

has been reported that DOTAP-based lipo-
somes accumulate near the vasculature with-
out perinuclear punctuations and is preferen-
tially taken up by the liver and spleen while
injected intravenously, which limits its therape-
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utic effectiveness in can-
cer or systemic treatments.
Compared to the DOTAP li-
posomes, neutral liposom-
es based on DOPC (1,2-dio-
leoylsn-glycero-3-phospha-
tidylcholine) showed deep
delivery of siRNA in the
tumor tissue, instead of
clustering near the vascula-
ture [76]. Zhu et al. devel-
oped a neutral nanoparti-
cle, with surface charge of
10to 15 mV, consisting of a
solid PLGA/cationic lipid
hybrid core containing si-
RNA and a lipid-PEG shell
for systemic gene delivery
[77]. The solid core coated
with PEG modified DSPE
(1,2-distearoyl-sn-glycero-
3-phosphoethanolamine)
displayed long blood circu-
lation, high tumor accumu-
lation and efficient gene
silencing in the mice bear-
ing NSCLC A549 tumors.
The neutrally modified na-
noparticles exhibited long
blood circulation, with ab-
out 8 hours of half-time
in circulation, and showed
high accumulation of na-
noparticles in liver, spleen
and targeted NSCLC tum-
ors. The nanoparticles lo-
aded with therapeutic PH-
B1 (Prohibitin 1) siRNA
showed drastic inhibition of
tumor growth in the first 12
days of treatment including
three intravenous injec-
tions; with the combination
with intraperitoneal injec-
tion of cisplatin, PHB1 si-
RNA loaded nanoparticles
exhibited complete suppr-
ession of tumor growth up
to 40 days.

Nanoliposomes have been modified with poly-
mers, peptides, biomolecules or receptor
ligands for the enhancement of cancer target-
ing ability in systemic circulation. Hattori et al.,
recently reported that the anionic polymer-
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coated cationic lipoplexes (DOTAP/Chol) may
be safe systemic carriers for gene delivery [78].
Via intravenous injection in the mice bearing
100-200 mm?® Lewis lung carcinoma (LLC)
tumors subcutaneously, the cationic lipoplexes
coated with chondroitin sulfate and poly-L-glu-
tamic acid showed same gene transfection in
tumor, compared to the unmodified cationic
lipoplex. In the results, cationic lipoplex showed
high accumulation in lung, whereas the anionic
lipoplex accumulated in liver. More importantly,
the anionic polymer-coatings significantly
reduced liver toxicity which was induced by cat-
ionic lipoplex. To actively target lung cancer
cells that overly express EphA2, Lee et al.
developed a modified cationic liposomal nan-
oparticle system for the targeted delivery of
let-7a miRNA precursors to MPM and NSCLC
cells, as shown in Figure 3 [1]. This nanolipo-
some in the size range of 100 to 200 nm is
composed of lipids including DOTAP, Cholesterol
and the DSPE modified with reactive cyanur
groups on the end of PEG polymer chain. The
let-7a miRNA was encapsulated in the nanolipo-
somes through film hydration method and the
ligand protein, eprhin-A1, was chemically conju-
gated via the reaction with the caynur chloride
on the particle surface, for specific targeting on
the over-expressed EphA2 membrane recep-
tors on NSCLC (A549) and MPM (CRL-2081 and
-5830) cells. In this targeted delivery system
prepared by Lee et al., the highly positive sur-
face charge of DOTAP-based nanoliposomes
was neutralized by the surface conjugated eph-
rin-Al, from +45 to -15 mv, and the encapsula-
tion of miRNA was highly endured. This miRNA
targeted delivery system showed enhanced cel-
lular uptake and transfection efficiency in the
cell lines expressing high level of EphA2. In the
in-vitro studies, this combination system effec-
tively suppressed RAS signaling and inhibited
proliferation, migration and tumorosphere
growth [2]. In another report of using liposomal
nanoparticles for gene therapy in MPM, Qu et
al. used the dimethyldioctadecyl-ammonium
bromide (DDAB) based cationic liposomes for
co-delivery of siRNA and chemotherapeutic
drug for synergistic treatment of NSCLC and
MPM cells [47]. In the in-vitro results, the co-
delivery of BCL-2 siRNA and docetaxel inhibited
cell proliferation of MPM cell line (CRL-5826)
and showed increasing hypodiploids and apop-
totic cells.
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In addition to DOTAP, novel cationic lipids have
been developed for efficient transfection and
reduced cytotoxicity. For example, a novel sin-
gle-tailed cationic lipid, 6-lauroxyhexyl lysinate
(LHLN), was synthesized to be used in the
nanoliposomes for safer and efficient gene
delivery of plasmid DNA [79]. The LHLN showed
a high DNA binding capability, lower cytotoxicity
and similar transfection efficiency in A549
NSCLC cells, compared to the conventional
Lipofectamin-2000. In the in-vivo evaluation,
the LHLN lipid-based nanoliposomes showed
higher pulmonary transfection efficiency than
Lipofectamin-2000, ~28% to ~11%, while
administered by intra-tracheal instillation into
rat lungs.

Anionic liposomes: Due to their high safety and
stability, anionic liposomes have been devel-
oped for gene delivery other than the liposomes
based on cationic lipids [80-82]. Unlike the cat-
ionic lipids, cytotoxicity of anionic lipids has
never been a major concern since various kinds
of anionic lipids can be found in nature and
generally not cytotoxic. Furthermore, high posi-
tive charges on cationic liposomes could cause
molecular condensation of DNA or RNA oligo-
nucleotides and lead to loss of function of the
gene molecules via the strong interaction.
Although it has been reported that cationic lipo-
somes exhibited a high accumulation in tumor
tissue and tumor vasculature via intravenous
injection, the accumulation of cationic lipo-
somes in the surrounding normal tissues is still
unneglectable and higher than the anionic lipo-
somes [83]. However, in that study, the anionic
liposomes showed homogeneous distribution
without specific binding and displayed clear
extravasation from the tumor vasculature. It
reveals that the anionic liposomes may be used
as carriers for extravascular applications and
actively targeting the metastatic cancer cells
via conjugating with targeting agents.

In anionic liposomes for gene delivery, low
encapsulation efficiency of DNA or RNA nucleo-
tides is generally encountered in the prepara-
tion of liposome complexing or nucleotides
encapsulated liposome systems. To enhance
the encapsulation of nucleotides, cationic help-
er molecules such as calcium chloride, poly
(@amino acid) or some arginine-rich oligomers
are usually used to complex with nucleotides
encapsulated in or among anionic liposomes to
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form the lipoplex. The transfection efficiency
can also be enhanced by the involvement of
cationic molecules in the gene delivery system.
However, these cationic helper molecules still
have potential cytotoxicity while applied in the
gene delivery systems. High cytotoxicity can be
observed as well in high concentration of calci-
um chloride in the microenvironment of cells. In
addition to these cationic helper molecules
which have been widely studied, It has been
recently reported that using the Octa-ammon-
ium polyhedral oligomeric silsesquioxane (OA-
POSS), a hybrid nano-cage oligomer with eight
ammonium groups on the cage corners, as the
cationic helper molecule may form a low-cyto-
toxic, stable and highly efficient ternary com-
plex with siRNA and anionic liposomes [84].
The OA-POSS oligomers showed similar cyto-
toxicity level with calcium chloride; however,
the complexation ability with nucleotides is
much stronger than calcium ions. This 100 to
200 nm ternary lipoplex showed stable zeta
potential around -25 mv. With encapsulated
with EphA2 siRNA, the lipoplex system showed
high in-vitro silencing efficiency in the MPM
cells in microenvironment containing serum.

Solid lipid nanoparticles: Solid lipid nanoparti-
cles (SLNs) are typically spherical and consist-
ed of solid lipid core matrix that are enclosed
and stabilized by a lipid monolayer on the sur-
face. Like the liposomes, the SLNs have high
biocompatibility and superior cell membrane
affinity while used as the drug delivery carriers;
however, the chemical and physical stability of
SLNs in ambient and biological environments
are higher than that of the liposomes. Although
using SLNs for drug delivery and controlled
release has been widely reported since early
1990’s, the development of SLNs for gene
delivery has been seldom published, compared
to the usage of liposomes in gene therapy [85,
86].

Various kinds of modified SLNs based on cat-
ionic lipids for in-vivo gene transfection have
been lately published [87-89]. It has been
reported that using dextran and protamine
based SLNs as the vector, the protein expres-
sion was maintained for at least 7 days after
intravenous administration in mice. As for the
SLN systems which have been applied in lung
cancer gene therapy, in 2008, Choi et al. used
the SLNs composed of 3B-[N-(N’,N’-dimethyla-
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minoethane)-carbamoyl]cholesterol hydrochlo-
ride (DC-Chol), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE) and Tween 80 to
complex with p53-EGFP plasmid DNA for gene
transfection in H1299 NSCLC cell line [90]. The
SLNs mediated transfection of p53 gene result-
ed in higher transfection efficiency than that of
the commercial Lipofectamine®, and restored
the apoptotic pathway in H1299 cells. Recently
Han et al., reported a combination therapy of
EGFP plasmid DNA and doxorubicin by using
lecithin-based SNLs for in-vivo transfection in
mice bearing A549 tumors [91]. The targeting
ligand, transferrin (Tf), was conjugated on sur-
face of SNLs for specifically targeting the Tf
receptors found in tumor cells. The SNL com-
plexes showed a narrow particle size around
200nm and the zeta potential was neutralized
from +40 to +19 mv after ligand conjugation.
The combination therapy using SNL delivery
system showed enhanced antitumor effects via
intratumoral injection in subcutaneous tumors.

Metal-based nanoparticles

Metallic nanoparticles including gold and iron
oxide nanoparticles have been widely studied
for their applications in imaging and drug deliv-
ery. Advantageous properties of gold nanopar-
ticles (AuNPs), such as non-toxicity, high bio-
inertness, and ease of preparation and
functionalization, enable them to be ideal alter-
native delivery carriers in gene delivery sys-
tems [92]. The high surface reactivity of AuNPs
allows the particle surface to be easily modified
or conjugated with functional polymers or bio-
molecules. AuNPs have also been applied in
functional complex drug delivery systems with
other carriers. In a recent study, AUNPs were
encapsulated in liposomes, and drug release
can be triggered through the light-induced heat
generated on AuNPs [93]. For purpose of effi-
cient gene delivery, AuNPs have been conjugat-
ed with nucleotides, coated with polymer layers
or utilized as the core for dendrimers [94-98].
In a pH-dependent gene delivery system, AuNPs
were chemically modified with carboxylic acid
chains and coated with PEI, the pH-dependent
charge-reversal polyelectrolyte, for controlled
release of siRNA and plasmid DNA after pH
change in endosome [99]. In an in-vivo study,
Conde et al., prepared the PEG modified AuNPs
and conjugated with RGD and c-myc siRNA on
the surface for targeted gene delivery via intra-
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tracheal instillation [100]. The therapeutic si-
RNA/RGD AuNPs treatment resulted in effici-
ent c-myc oncogene down-regulation and tumor
growth inhibition in mice bearing CMT/167
mouse lung carcinoma tumors. In addition, the
AuNPs conjugates were demonstrated to trig-
ger the complex inflammatory and immune
responses that might enhance the effective-
ness of treatment in the tumor-bearing mice.

Iron oxide nanoparticles have also been widely
applied in biomedical fields due to their super-
paramagnetic properties. Various iron oxide-
based nanoparticle systems have been applied
in medical diagnosis and therapeutics such as
magnetic resonance imaging (MRI) and mag-
netic field-induced drug delivery, although the
potential cytotoxicity of iron oxide nanoparti-
cles might be a concern [101]. Dual purpose
iron oxide based magnetic nanoparticles have
been developed for gene delivery and as MRI
probe [102]. In the gene delivery systems, the
iron oxide nanoparticles were usually utilized
as the core and cationic polymers or lipids were
coated on the surface to complex with nucleo-
tides [103]. The poly-L-lysine modified iron
oxide nanoparticles had been shown to be a
promising therapeutic gene delivery system for
lung cancer tumor [104]. Xiang et al. used the
cationic poly-amino acid conjugated magnetic
nanoparticles to complex with NM230HA-GFP
plasmid DNA for gene transfection in mice
bearing B16F10 melanoma tumors. The intra-
venous injection of the nanoparticle/DNA com-
plex resulted in longer survival times and sup-
pression of metastasis. The number of nodules
from lung tumor metastases was shown to be
reduced to 25% by the treatment of the iron-
oxide based nanoparticles carrying NM230HA-
GFP, and the number further decreased to 10%
by the combination treatment with the chemo-
therapeutic drug, cyclophosphamide.

Conclusion and future challenges

Nanoparticles based on different materials and
functions have been developed and applied in
the therapeutic treatment of lung cancers in
the last two decades. The utilization of polymer,
lipid or metal-based nanoparticle systems in
the field of targeted gene delivery has grew tre-
mendously and showed promising in-vitro or in-
vivo experimental results in therapeutic effica-
cy. In the treatment of lung cancers, nanopa-
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rticles carrying gene molecules showed high
transfection efficiency and targeting ability on
lung cancer tumors through systematic or local-
ized administrations. In addition, therapeutic
efficiency of gene therapy can be improved by
active targeting on specific lung cancer tumors
or metastases through modification or conjuga-
tion of targeting agents on the surface of the
nanoparticles. However, translating these novel
nanoparticle-mediated gene delivery tech-
niques into clinical practice is a huge challenge.
The challenges of applying nanoparticle-medi-
ated gene delivery within the body, such as
maintaining the stability of nanoparticles and
gene molecules during delivery, controlling the
bio-distribution and pharmacokinetics, pene-
trating biological barriers and minimizing the
potential cytotoxicity of the nanoparticles, need
to be considered and overcome before entering
into clinical trials. To expand the application of
nanoparticle systems in gene therapy in clinics,
standards in the examination of nanoparticle
safety and evaluation of therapeutic efficacy
should be established to guide the direction of
research and intervention in gene therapy using
nanoparticles. In addition, nanoparticle-based
targeted gene delivery can be more widely
applied in MPM treatment for improved
therapeutics.
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