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Background: Worldwide, lung cancer is one of the leading causes of cancer death. Nevertheless,
new therapeutic agents have been developed to treat lung cancer that could change this mortality-rate.
Interestingly, incredible advances have occurred in recent years in the development and application of
nanotechnology in the detection, diagnosis, and treatment of lung cancer.

Aim: Nanoparticles (NPs) have the ability to incorporate multiple drugs and targeting agents and
therefore lead to an improved bioavailability, sustained delivery, solubility, and intestinal absorption.

Relevance for patients: This review briefly summarizes the latest innovations in therapeutic
nanomedicine in lung cancer with examples on magnetic, lipid, and polymer NP. Emphasis will be
placed on future studies and ongoing clinical trials in this field.

1. Introduction

Lung cancer is the most common cancer in men and women in developed countries.
It is also the leading cause of cancer death worldwide, causing 18.4% of all cancer
deaths [1]. Approximately 70% of patients have advanced disease at the time of diagnosis, and
only 15% of lung cancer patients are still alive 5 years after diagnosis [2]. There are several
procedures for lung cancer diagnosis: Including physical exam, medical history, and imaging
techniques such as X-ray, computed tomography (CT), bone scan, magnetic resonance
imaging (MRI), positron emission tomography (PET), and combined PET-CT scan [3].
Among all imaging tools, combined PET-CT scan is the standard procedure for detecting
the size and location of lung tumors, allowing accurate staging of disease, and determination
of indeterminate lung nodules [4]. In addition to the early diagnosis of lung cancers, there
is a need for an appropriate therapeutic strategy for the optimal treatment of these cancers.
Several therapeutic procedures are commonly used for the treatment of lung cancer, including
surgery, radiotherapy, radiosurgery, chemotherapy, and immunotherapy. The choice of the
most appropriate treatment for lung cancer depends on the functional assessment of the
patient, the stage, and the histological type of the disease. The gold standard for treating lung
cancers is surgery, which is not suitable for metastatic and advanced stage lung cancers. When
lung tumors cannot be resected due to spread to the surrounding tissues or when surgery is
not necessary; traditionally, the best therapeutic option has been the combination of radiation
and chemotherapy [5]. However, recent integration of targeted therapy and immunotherapy
with these modalities has changed the treatment paradigm in these tumors [6].

Nanoparticles (NPs) are synthetic particles with a diameter of <100 nm that are generally
derived from polymers, lipids, or metals such as gold. NPs have proven to be particularly
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useful in diverse medical applications, from diagnosis to cancer
therapy [7]. The size of these NPs is remarkably similar to
most of biological structures and molecules. Therefore, they
confer functional properties for both in vivo and in vitro cancer
research [8]. These NPs, if accompanied by biodegradable
carriers, can be safely loaded with therapeutic compounds, to
achieve concentrated local drug delivery with sustained release
potential [9]. Due to these properties, they can enter the body
cavities and the blood circulation for treatment with minimal
invasion and improved bioavailability [10]. Furthermore, NPs

have a larger surface/volume ratio than micro- and macro-sized
particles, which enables them to be covered with several ligands at
once leading to a higher drug loading and may facilitate interaction
with different molecules, such as receptors present on the surface
of target cells [11].

Throughout this review, we will discuss the potential use of
NPs for the treatment of lung cancer. Some of these approaches
have been evaluated in various clinical trials awaiting results or
with recently published results, while most of them are still in
clinical trials in the recruiting phase (Tables 1 and 2).

Table 1. Completed clinical trials with nanoparticles in lung cancer. An advanced search of ClinicalTrials.gov was performed in August 2020 for
“nanoparticles and lung cancer.” These were reviewed and selected based on the status of the study.

Clinicaltrials.gov
identifier (NCT number)

Study
type

Description

Primary outcome

Planned
enrollment (n)

Recruitment
status

NCT01792479

NCT02283320

NCT00553462*

NCT00729612*

NCT00077246

NCTO01380769*

NCT02996214

NCT02667743

Phase 1T

Phase 1T

Phase 1T

Phase 1T

Phase I-11

Phase 1T

Phase IV

Phase IIT

A phase II study to determine the safety
and efficacy of BIND-014 (Docetaxel
nanoparticles for injectable suspension)
as second-line therapy to patients with
NSCLC.

BIND-014 (docetaxel nanoparticles for
injectable suspension) is being studied
in patients with v-Ki-ras2 Kirsten

rat sarcoma viral oncogene homolog
mutation positive or NSCLC who have
progressed after treatment of one prior
platinum-containing chemotherapy
regimen.

This Phase 1I trial is studying how
well giving carboplatin and paclitaxel
albumin-stabilized nanoparticle
formulation together with radiation
therapy and erlotinib works in treating
patients with Stage IIl NSCLC that
cannot be removed by surgery.

This Phase II trial is studying how

well paclitaxel albumin-stabilized
nanoparticle formulation given together
with carboplatin works in treating
patients with Stage IIIB, Stage IV, or
recurrent NSCLC.

A Phase I/I1 trial studying the side effects
and best dose of ABI-007 and to see how
well it works in treating patients with
stage IV NSCLC.

The purpose of this study is to compare
median overall survival of patients
with advanced NSCLC treated with
CRLX101 to patients treated with best
supportive care.

Efficacy and the safety of paclitaxel
liposome and cisplatin compared with
gemcitabine and cisplatin as first-line
therapy in advanced squamous NSCLC.
Efficacy and safety in first-line treatment
in patients with advanced NSCLC with
paclitaxel micelles for injection+cisplatin
versus paclitaxel injection containing
cremophor EL (polyoxyethylenated
castor oil) + cisplatin.

Objective response rate

Disease control rate

Overall survival at 12 months

Overall response rate

Maximum tolerated dose

and dose-limiting toxicity of
ABI-007

Objective target lesion response

Overall survival

Progression free survival

Objective response rate

64

69

78

63

64

157

536

454

Completed

Completed

Completed

Completed

Completed

Completed

Active, not

recruiting

Active, not
recruiting

*Published results, NSCLC: Non-small cell lung cancer

DOI: http://dx.doi.org/10.18053/jctres.07.202102.005



142 Carrasco-Esteban et al. | Journal of Clinical and Translational Research 2021; 7(2): 140-155

Table 2. Selected ongoing clinical trials with nanoparticles in lung cancer. An advanced search of ClinicalTrials.gov was performed in August 2020 for
“nanoparticles and lung cancer.” These were reviewed and selected based on the status of the study.

Clinicaltrials.gov Study type  Description Primary outcome  Planned Recruitment status
identifier (NCT number) enrollment (n)
NCT04486833 Phase I-11 Safety and efficacy of GPX-001 + Osimertinib in NSCLC  I- Maximum 100 Not yet recruiting
patients with activating EGFR mutations who have tolerated dose
progressed while on treatment with osimertinib. 1I- Progression-free
Survival
NCT04381910 Phase 11 Efficacy and safety of LY01610 in patients with Objective response 90 Recruiting
extensive-stage small cell lung cancer that progressed rate and duration of
after first-line antitumor therapy. response
NCT03088813 Phase II-III  Irinotecan liposome injection (ONIVYDE®) versus Overall survival 480 Recruiting
topotecan in patients with small cell lung cancer who have
progressed on or after platinum-based First-Line therapy.
NCT04033354 Phase III Clinical efficacy and safety of HLX10 + chemotherapy Progression-free 516 Recruiting
versus chemotherapy in subjects with locally advanced survival
or metastatic squamous NSCLC who have not previously
received systemic treatment.
NCT02769962 Phase I-1I Evaluate how safe it is to give CRLX101 and olaparib Objective response 123 Recruiting
together and to see how well the combination treats a rate
specific type of lung cancer called small cell lung cancer.
NCT03670030 Phase 11 Determine whether ABI-009 will make advanced, Disease control rate 10 Recruiting

malignant neuroendocrine tumor (s) of the lung,
gastrointestinal tract and/or pancreas that cannot be
removed by surgery smaller and slow the spread of cancer
in patients who have progressed or been intolerant to
everolimus. All eligible participants will receive ABI-009.

NSCLC: Non-small cell lung cancer

2. NPs types in lung cancer
2.1. Magnetic NPs (MNPs)

In the past two decades, MNPs have been studied for their
potential use in the diagnosis and treatment of various diseases,
and some formulations have been clinically approved for medical
applications (e.g., LumirenVR, GastromarkVR, Feridex I.V.VR,
and EndoremVR) [12,13]. Its high surface-to-volume ratio and
the fact that they can be detected and manipulated by remote
magnetic fields make them widely used in research. In concrete,
according to a study recently published, NPs may allow an earlier
and more accurate diagnosis in lung cancer [14]. A key advantage
of the MNPs is the efficiency in the local deposition of drugs
in the tumor and instead, has a minimum detrimental effect on
healthy tissues [15].

The use of exogenous MNPs is limited by their potential toxicity,
in part due to their biocompatibility. The biocompatibility of these
particles depends on several factors: Structure and shape, size,
concentration, surface properties, biodegradability, solubility, and
pharmacokinetics, among others [16,17]. The size of NPs must
be small enough (<200 nm) to extend the free circulation time
in the blood and avoid being filtered by the spleen and liver, but
at the same time, NPs must be larger than 10 nm to avoid rapid
renal filtration [18]. In terms of surface properties, it has been
established that MNPs with neutral surface charge exhibit longer
circulation time and less uptake by the mononuclear phagocyte
system due to decreased opsonization [19]. However, its tendency
to agglomerate has forced the search for suitable surface coatings

that allow MNPs to disperse into homogeneous ferrofluids,
thus improving their stability [20]. The most commonly used
biocompatible coating materials are polymers, liposomes,
proteins, and inorganic materials [21,22]. In the absence of this
biocompatibility, MNPs may disrupt cell metabolism and cause
adverse effects. Several studies relate toxicity after exposure
to these NPs to oxidative stress and reactive oxygen species
generation [23,24]. Another form of cytotoxicity is caused by the
increased concentration of free iron after the metabolization of
iron oxide NPs [25]. The human body thoroughly regulates the
total quantity of iron, so an excess concentration of this particle
can be highly toxic. Therefore, we must avoid administration of
these MNPs in high doses or in repeated doses in a short interval
of time not to exceed the regulatory capacity of this material [26]
and affect the cellular functionality of more sensitive organs
such as heart, liver, or pancreatic beta cells [27]. Other forms
of cytotoxicity reported are alterations of the cell cycle [28],
alterations of the cytoskeleton [29], disruption of mitochondrial
membrane potential [30], or decreased cell viability [31].

In this study, although we are focusing mainly in MNPS for
the treatment of lung cancer, they also play a role in diagnosis.
The immune superparamagnetic iron oxide NPs (SPIONs) are
coated with oleic acid and carboxymethyl dextran, and then
conjugated to mouse anti-CD44v6 monoclonal antibody, a protein
marker for metastatic cancer. These NPs could be used as a T2
contrast agent to improve the detection of lung cancer metastasis
on MRI [32]. Fluorescent particles can also be used as contrasts
when conjugated with magnetic particles. Pfaff er al. reported
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the synthesis of galactose-displaying core-shell nanospheres by
grafting a glycopolymer onto magnetic silica particles [33]. A
method to functionalize the surface of SPIONs with a lung cancer-
targeting peptide demonstrate high T2 relativity and the resulting
NPs have shown specific targeting to the o f3.-positive H2009
cells, a peptide isolated from lung adenocarcinoma cells [34]. In
addition, nebulized MNPs application can be useful in pulmonary
imaging [35].

The use of heat for the treatment of diseases can be used in
two ways: Thermoablation, when the temperature is raised high
enough to cause immediate cellular death, and hyperthermia.
Hyperthermia refers to mild temperature rises (40°C—45°C)
that cause various forms of cellular damage and finally leads to
apoptosis [36].

NP-based magnetically induced hyperthermia has been
investigated in the treatment of glioblastoma multiforme [37], oral
cancer [38], osteosarcoma [39], pancreatic cancer [40], breast
cancer [41],melanoma[42],and prostate cancer [43]. Inlung cancer,
iron oxide MNPs were incorporated into magnetic nanocomposite
microparticles through spray drying. These materials can be
remotely heated in the presence of an alternating magnetic field and
be used to trigger other therapies, increase transport of particles,
and induce hyperthermia as a thermal therapy [44]. MNPs can also
be attached to carriers like hydroxyapatite, a chemical structure
with affinity for chemotherapy drugs and high biocompatibility.
The iron and platinum incorporation to the hydroxyapatite
creates a dual agent with chemo-hyperthermia properties with
future application in the treatment of lung cancer [45]. The
heating efficacy of polyacrylic acid coated MNP clusters under
an alternating magnetic field was also studied, being able to
radiosensitize NCI-H460 human lung cancer cells and effectively
inhibited tumor growth in vivo [46]. MNPs may also achieve
cell death in lung cancer cells in the presence of a pulsed
electromagnetic field [47]. Another promising approach in the
treatment of lung cancer is the use of ferucarbotran as inductive
hyperthermia. Ferucarbotran is a MRI contrast agent reported to
be able to generate heat in an alternating magnetic field [48]. The
hyperthermia efficacy and cytotoxicity of porous MNPs coated
by a polyethylene glycol (PEG) layer, and doxorubicin-loaded
has been tested against human lung adenocarcinoma (A495) cells
with promising results [49].

Another field of research is the use of systemic agents
commonly used in lung cancer linked to MNPs to increase the
response to these drugs. NPs, as drug delivery systems, allow the
encapsulation of hydrophobic drugs, higher doses in the tumor
microenvironment, less systemic distribution, and a reduction
of side effects [50]. There are several clinically approved
nanocarriers-based drugs, such as Doxil [51], Abraxane [52], and
Onivyde [53]. An EGFR fragment and doxorubicin conjugated
with MNPs increased the targeting ability and anti-cancer activity
toward A549 cells (EGFR over-expressed cells present in human
lung carcinoma cell line) [54]. Camptothecin shows cytotoxic
effect against A549 cells line when conjugated with nickel ferrite
NPs and cyclodextrins, which are cyclic sugar molecules with
hydrophilic cover and hydrophobic cavity [55]. Short interfering

RNA (siRNA) is another therapeutic agent used in cancer,
which allows silencing genes, however, has a low penetration
ability when is naked. SPIONs form complexes of siRNA with
polypropyleneimine generation five dendrimers and PEG and
target LHRH receptors, which are expressed in A549 human lung
adenocarcinoma epithelial cell line [56]. [ron NPs encapsulated by
carbon allows their loading with cisplatin, and these particles could
be potentially used for concomitant therapy based on chemotherapy
and hyperthermia [57]. Pemetrexed is a folate analog used in non-
small cell lung cancer (NSCLC). Pemetrexed loaded magnetic
O-Carboxymethyl chitosan NPs were synthesized for magnetic
targeted treatment and the efficacy was examined by in vivo and
in vitro studies. This NP has more cytotoxicity compared to free
drug [58]. Alectinib is a second-generation anaplastic lymphoma
kinase inhibitor, used in NSCLC. Alectinib has exceptionally
low aqueous solubility, but a cascade dual-targeted polymeric
nanocarrier ("*TAT-MNC, which contains Fe,O,) was capable
of efficiently extravasation vessels into tumor tissue under the
guidance of magnetic targeting [59].

Theranostic nanosystems are nanostructures that combine the
diagnosis and therapeutic properties. Hybrid nanostructures that
link Fe,O, MNPs with polyelectrolyte layers and doxorubicin
hydrochloride permit higher cytotoxicity toward A549 cells and can
serve as T2-weighted MRI contrast [60]. Fe,O, MNPs can also be
coated with PEG that prevent recognition by mononuclear phagocyte
system and extend the blood circulation duration [61]. Both
molecular diagnosis and therapeutic treatment can be achieved with
the use of polymeric micelles as nanocarriers. The hydrophobic
core serves as depot for doxorubicin and SPIONSs for therapeutic
delivery and MRI applications, respectively [62]. At present, these
studies have yielded promising results in the use of magnetic fields
for diagnosis and treatment of lung cancer, although it has not been
proven as an effective therapy in humans yet.

2.2. Polymer NPs

Polymeric NPs have been widely studied in cancer
treatment [63]. Their chemical and physical properties make
polymeric NPs attractive carriers for anticancer drugs. The
development of NPs includes uncomplicated manipulation of
particle size, surface charge, and the capability to encapsulate
different targeting ligands into many functional groups, such as
capsules, dendrimers, colloids, or micelles [64]. Both natural
and synthetic polymers of different structures can be used. Most
common natural polymers include polypeptides, albumin, gelatin,
or chitosan and are frequently utilized because most of them are
biocompatible and biodegradable. Synthetic polymers such as
polyethylene PEG, poly lactic-co-glycolic acid (PLGA), poly
lactic acid (PLA), and poly caprolactone are also employed [65].
NPs can be prepared by self-assembly of block copolymers with
contrasting hydrophobicity between blocks. Most of them are
suitable for different administration sites including intravenous,
oral, nasal, or topic absorption [66].

Polymeric NPs have been used to address the major limitations
of the drug delivery process; anti-neoplastic treatment side
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effects [67]. Their use of polymeric NP makes high concentration
encapsulation of hydrophobic drugs possible, allowing the
prolongation of circulation time and a more effective delivery at
the target site, and demonstrating an improvement in the efficacy
of chemotherapy and targeted agents [68]. Some evidence of
relevant studies on the topic is summarized next. Abraxane®,
an albumin-base nanocarrier loaded with paclitaxel has been
approved by the FDA for the treatment of metastatic breast cancer
and NSCLC [69]. PEG modified NPs carrying taxanes have
demonstrated enhanced efficacy of combined chemoradiation in
NSCLC in vitro and in an A549 human lung cancer cell line [70].
In 2017, Hu et al. reported on the efficacy of paclitaxel loaded
poly caprolactone NPs in combination with chronomodulated
chemotherapy and set out a potential role of circadian rhythms
in tumor progression [71]. More recently, Wang et al. used
mesenchymal stem cells as a carrier to improve drug delivery of
NPs with paclitaxel and showed intercellular translocation of NPs
to cancer cell with in vivo inhibited primary tumor growth [72].
The combination of gold nanorods with a polymer shell enhances
its photothermal and thermoresponsive properties in a single
nanocomposite with high biocompatibility and low cytotoxicity.
The activation process shifts heat to near-infrared laser, thus,
increasing the concentration of doxorubicin in the tumor and
controlling the dose, time, and area under the curve [73].

The efficacy of nanocarriers for targeted therapy has also
been explored. EGF peptides conjugated with gelatine NPs have
shown greater cellular uptake than intravenous chemotherapy
in lung adenocarcinoma cells in aerosol administration in vivo
and in vitro [74]. Jiang et al. developed in 2015 a formulation of
crizotinib (EML4-ALK fusion positive lung cancer) and polylactic
tocopheryl PEG 1000 succinate (PLA-TPGS), which showed
sustained release, induced cytotoxicity in NCIH3122 lung cancer
cells and perceptible early and late apoptosis [75]. Erlotinib was
loaded on PLGA as a strategy to overcome acquired resistance
and has shown better loading efficiency, higher entrapment and
sustained release [76]. In other study, afatinib and paclitaxel were
loaded in PLGA inhaled microspheres. These NPs showed high
biocompatibility and sustained lung concentration together with
low concentration in other tissues. All these advantages make
these targeted NP a good strategy for resistant lung-cancer [77].

Another type of NPs is lipid-based polymeric micelles, which
are characterized by a structure composed of a hydrophobic core
with the capacity to transport drugs and a hydrophilic PEG shell.
T;Bloodstream. life of these particles is longer than other NP; and
as a result, accumulate in solid tumors after administration [78].
Genexol-PM is a micelle formulation of PLGA-b-methoxy
PEG nanocarrier containing paclitaxel, approved for cancer
therapy in South Korea and other European countries [79]. A
Phase II trial of Genexol-PM in combination with gemcitabine
in patients with advanced NSCLC demonstrated favorable anti-
neoplastic results, but common Grade III-IV toxicities were
observed [80]. Ccisplatin can be efficiently loaded to PEG
polymeric NPs and showed enhanced anticancer efficacy against
tumor cells in vitro [81]. Decreased toxicity has been seen with
co-encapsulated micelles containing itraconazole and paclitaxel

in the treatment of NSCLC [82]. Delivery of other agents like
docetaxel in A549 NSCLC cell line is also possible using modified
micelles covered by o-conotoxin [83]. Ding et al. developed a
novel polyurethane micelle with both potential for MRI diagnosis
and chemotherapy treatment [84]. The use of NPs in the delivery
of chemotherapeutic agents has also been explored as a possible
solution for drug resistance. Galactoxyloglucan and paclitaxel
were used to synthetize biocompatible NPSs that were found to
be highly effective in resistant A549 cells and could downregulate
the expression of some multidrug-resistant proteins [85].

Polymeric NPs in the form of aerosol drugs have the potential
to reduce systemic toxicity [86]. Lung administration of gelatin-
based NPs has exhibited high anti-cancer activity of cisplatin in
A549 lung adenocarcinoma cells [87]. Secondary cytotoxicity
to lung cancer cells after 8 and 24 h has been shown when
macrophages were treated with NPs (doxorubicin released from
polyisobutyl cyanoacrylate) [88]. In another study, pulmonary
delivery of hyaluronan-cisplatin conjugate showed increased lung
drug concentration compared to iv cisplatin after 24 h, with lower
tissue/plasma ratio in both kidneys and CNS, reducing dose-
limiting toxicities [89].

On the other hand, the use of dendrimers has also been
described in this setting. Dendrimers are synthetic polymers
formed by repeated branched units emerging from a focal point
and possess a large number of anionic, neutral, or cationic
terminal functionalities exposed on the surface, resulting in
hydrophilic or hydrophobic compounds [90]. They are nanometric
molecules that are radially symmetric, globular, monodisperse,
and homogeneous [91]. The properties of dendrimers are different
to conventional polymers. The controllable and adjustable size,
the interaction with cell membranes and various active drug
molecules, and the characteristics of their internal structures and
cavities, makes dendrimers excellent candidates for drug delivery
systems [92,93]. The benefits of many drugs cannot be harnessed
due to their poor solubility, toxicity, or stability problems. The
use of dendrimers as carriers of these compositions can solve
these problems, thus enhancing their clinical applications [94].
Chemotherapeutic drugs usually have a non-specific distribution,
so that only a small part of the active agent reaches the site of
action, and the pharmacokinetic characteristics are directly
responsible for the in situ concentration of the drug and/or the active
metabolite [95]. The transport capacity of dendrimers offers an
advantage and represents an important strategy in cancer treatment,
since dendrimers play the role of useful ligands for transporting the
drug molecule to the tumor tissue throughout various biological
compartments, while maximizing pharmacodynamic activity at
the targeted site [96]. Poly(amidoamine) dendrimers (PAMAM)
have been combined with various drugs indicated in lung cancer.
Doxorubicin has been conjugated with fifth generation PAMAM
dendrimers, with the advantage of increasing the therapeutic
efficacy and specificity of action in lung cancer, directing the
pH-controlled DOX-PEG-PAMAM dendrimer [97,98]. Imatinib
conjugated with a PEGylated PAMAM G5 dendrimer has shown
increased water solubility, and improved targeting and release in
neoplastic cells [99,100]. Amreddy et al. developed and evaluated
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a NP system based on a folic acid (FA) conjugated PAMAM-
dendrimer-polyethyleneimine system for the co-delivery of human
receptor R, small interfering RNA (siRNA), and cisplatin for
lung cancer therapy. They have proven that combination therapy
using FA receptor (FAR) targeted dendrimer NPs exhibited
specificity and selectivity toward FAR overexpressing cancer
cells that improved the therapeutic efficiency and also reduced the
cytotoxicity toward normal cells in an in vitro model of NSCLC
and normal lung fibroblast [101].

2.3. Liposomes and solid lipid NPs

Liposomes are defined as spherical two-layer vesicular systems
composed of phospholipids [102]. Studies regarding these vesicles
are growing because of their ability to carry chemotherapy drugs,
whether hydrophobic incorporated within the bimembrane or
hydrophilic encapsulated within the aqueous core. Despite the
multiple advantages of liposomes, such as their biocompatibility,
absence of toxicity and biodegradation capacity, conventional
liposomes tend to fuse together, which means less stability
in vivo and faster degradation through the reticuloendothelial
system (RES) [103].

To overcome these limitations, the surface of the liposomes has
been modified by coating them with inert hydrophilic polymers,
such as PEG. These polymers confer stability to the liposomal
surface and give a protective layer that delays recognition by RES
and therefore, increases their circulation time in the blood [104].
This modification has been used to encapsulate drugs such as
doxorubicin. PEGylated liposomal doxorubicin has been validated
in multiple Phase III studies for ovarian cancer with promising
results [105].

Recently, solid lipid NPs, also known as submicron colloidal
carriers, are on the rise due to their ability to transport both
hydrophilic and lipophilic drugs, as well as their great stability,
longer permanence in the bloodstream and possibility of being made
up of biocompatible ingredients [106]. Over the years, interest in
the use of liposomes in drug design has increased because of the
benefits they provide, such as improved pharmacokinetic properties
or reduced side effects of certain chemotherapeutic agents. In the
management of NSCLC, platinum-based chemotherapy is the
standard treatment in patients with locally advanced disease [107].
However, cisplatin is associated with acute nephrotoxicity in 20—
40% of patients [108]. To reduce these side effects and improve
response-rates Lipoplatin was developed. Cisplatin is encapsulated
within a liposomal NP and has been shown to significantly
reduce the occurrence of adverse events such as nephrotoxicity,
peripheral neuropathy, ototoxicity, or myelopathy [109,110].
Stathopoulos et al. developed a randomized Phase III clinical
trial to determine the efficacy of a combination treatment with
Lipoplatin and paclitaxel versus cisplatin and paclitaxel in patients
with advanced NSCLC, showing a statistically significant increase
in the response rate in those patients treated with Lipoplatin [111].

Nonetheless, new controlled drug delivery systems at tumor
sites are being investigated. One of them is lipid-polymer hybrid
NPs, which combines the biocompatible properties of lipids

and the structural advantages of polymers. Cisplatin-loaded
lipid-chitosan hybrid NPs were formulated with promising
results [112]. Subcellular drug targeting, particularly with
platinum agents, has also been the subject of study in recent years.
Paraskar et al. designed a lipid-based platinum complex which
self-assembles into a NP with a pH-dependent cisplatin release,
showing improvement in the antitumor efficacy of cisplatin [113].
Although both studies offered encouraging results, more pre-
clinical studies are needed to demonstrate their efficacy.

Other types of chemotherapy agents commonly used are
taxanes. One of the main problems of taxanes, such as paclitaxel,
is their low solubility. Although historically this problem has
been solved by administering the drug intravenously along with
solubilizing agents such as Cremophor EL and Polysorbate 80,
this usually leads to unwanted side effects such as hypersensitivity
reactions, peripheral neuropathy, or myelosuppression [114].
With the aim of reducing these events and improve efficacy,
liposomal paclitaxel was developed. A significant increase in the
maximum tolerated dose has been observed in comparison with
classical formulations [115]. If we focus on the treatment of lung
cancer, there have been several studies using liposomal paclitaxel.
In a Phase I clinical trial performed by Wang et al., paclitaxel
liposome was infused in NSCLC patients with malignant pleural
effusions with promising results in terms of toxicity [116]. Given
the potential of this formulation, clinical trials are underway
to validate the efficacy and the safety of paclitaxel liposomes
in conjunction with other drugs such as cisplatin as first-line
therapy in advanced squamous NSCLC [117]. Attempts have
also been made to improve efficacy and reduce side effects by
using drugs such as doxorubicin or SN-38 encapsulated within
micelles [118,119]. Studies are currently underway comparing
paclitaxel micelles for injection in combination with cisplatin
versus paclitaxel injection containing Cremophor EL as a first-
line treatment of advanced NSCLC [120].

2.4. Metal NPs (MeNPs)

MeNPs are multi-purpose agents that offer numerous
possibilities in different biomedical applications, such as
diagnostic imaging [121], radiotherapy enhancement [122], and
thermal ablation [123]. It is due to the strong electromagnetic
field on the surface of the MeNP particles, wide optical properties,
simplicity of the synthesis procedure, simple surface chemistry,
and functionalization of the surface [124,125]. In addition,
modification of the surface of MeNPs with biocompatible
polymers (e.g., PEG) helps to increase the durability of drug
action and is also used for targeted gene delivery and silencing
purposes [126,127]. The physicochemical properties of MeNPs
contribute to their potential for anticancer activity, which may
be related to their intrinsic or extrinsic characteristics. Internal
or intrinsic anti-tumor effects include their antioxidant activity,
which decreases the rate of tumor progression [128,129].

Multiple MeNPs have been investigated in cancer therapy such
as iron NPs [130,131], titanium dioxide NPs [132], zinc oxide
NPs [133], cerium NPs [134], silver NPs [135], or gold NPs
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(AuNPs). AuNPs possess unique optical and surface properties,
making them the main choice for researchers, especially in biological
and pharmaceutical fields. AuNPs are colloidal or clustered particles
consisting in an Au core and a surface coating. Size and shape control
can be easily achieved to obtain AuNPs in the range of 1-150 nm
with diverse morphologies that offer unique chemical, electrical, and
optical properties. Among the available NPs, AuNPs have several
advantages: They are biocompatible, can be synthesized in a wide
range of sizes, and can be coated with a large number of molecules,
including chemotherapy drugs [136-140].

Due to the optical properties of AuNPs, they are used especially
in ultrasensitive detection and image-based therapeutic techniques
required for the treatment of cancer. AuNPs have become
promising vectors for cancer diagnosis and treatment [9,140,141].
Coelho et al. investigated the conjugation of bortezomib (BTZ),
a proteasome inhibitor, conjugated with pegylated gold NPs
(PEGAuNPs) in an in vitro model of pancreatic (S2-013), and
lung (A549) cancer cell lines. They reported that conjugation
with PEGAuNPs enhance the BTZ growth-inhibition effect on
human cancer cells (S2-013 and A549) and decreases its toxicity
on normal cells [142]. Ramalingam et al. have investigated
the conjugation of doxorubicin (Dox) on the surface of AuNPs
with polyvinylpyrrolidone (Dox@PVP-AuNPs) in lung cancer
cells. They reported a significant cellular entry and intracellular
release of Dox from the Dox@PVP-AuNPs complex with
strong inhibition of lung cancer cell growth compared to free
doxorubicin [143]. Afatinib (Afb), a chemotherapeutic drug
approved for the treatment of EGFR positive lung cancer, has
been conjugated with AuNPs, to improving drug efficacy and
biocompatibility, administered to in vitro lung cancer cells.
Afb-AuNPs were found to be up to 3.7 times more powerful
when administered to lung cancer cells in vifro and were able
to significantly inhibit cancer cell proliferation. In addition,
when exposed to Afb-AuNP, human type I alveolar epithelial
cells maintained viability and were found to release fewer pro-
inflammatory cytokines compared to the free drug, demonstrating
the biocompatibility of the conjugation [144].

NP-assisted radiation therapy is emerging as a promising
modality of highly localized radiation boosting due to the
photoelectric interaction of radiation therapy photons with high
atomic (Z) number NPs, such as AuNPs [145]. This approach
may allow for increased radiation dose delivery with minimal
increase in toxicities to normal tissue [146]. However, delivering
sufficiently high concentrations of such NPs to the tumor remains a
challenge. Studies show that only up to 5% of NPs reach the lungs
through the usual intravenous route [147]. Thus, many studies
have concluded that boosting radiation from high-Z NPs would
not be clinically significant for 6 MV radiotherapy, partly due to
low concentrations of NPs that accumulate in the tumor when NPs
are administered intravenously [148]. New approaches are being
designed to bring higher concentrations of NPs to the tumor site.
One of the lines of research focuses on the inhaled administration
of NPs. Taratula et al. developed a special drug delivery system
for delivery of NPs to lung tumors through inhalation route (IR).
Their experimental results in animals showed that administering

NPs by inhalation provides 3.5-14.6 times higher concentrations
of NPs compared to the intravenous route. These studies included
NPs of chemotherapy drugs such as cisplatin, which have a
high-Z platinum component [149]. Hao et al. hypothesize that
the administration of FDA approved concentrations of such
platinum-based chemotherapy drugs through NP inhalation/
instillation, which will allow for the delivery of concentrations
powerful enough into the tumor to cause significant dose
enhancement, through photoelectric mechanism during external
beam radiotherapy (EBRT) with minimal toxicities to healthy
tissue. Early results show major dose enhancement to lung tumors
can be achieved using NPs with high-Z components administered
through IR, in contrast to IV administration during EBRT [150].

2.5. Virus NPs

In the development of NPs, viruses (bacteriophages, plant,
and mammalian viruses) have great potential thanks to their
ability to transport materials within their capsid and efficient
cell penetrability. Within the class of viruses, there are two main
subgroups: Virus-like particles (VLPs) and viral NPs (VNPs) [62].
VLPs are considered non-infectious and are the genome-free
versions of VNPs. The presence or absence of a viral genome can
lead to different immunostimulatory profiles [151]. Plant virus-
based NPs have been extensively used for targeted delivery of
platinum-based chemotherapy, which is used in the treatment of a
large percentage of cancer patients, including lung cancer [152].

Doxorubicin is an anthracycline used in several types of cancer,
including small cell lung cancer. There are numerous studies
that combine this antineoplastic with VNPs such as cucumber
mosaic virus (FA-CMV-Dox), hepatitis B (Hb VLP) or potato
virus X (PVX) to increase the drug delivery into the tumoral
tissue [153-159] New drug delivery systems are recently being
researched; one of these particles is the DOX-PhMV-PEG, which
is obtained by loading the prodrug 6-maleimidocaproyl-hydrazone
doxorubicin (DOX-EMCH) into the empty core of the physalis
mottle virus (PhMV) and coating the external surface with
PEG to improve biocompatibility. This particle showed in vitro
stability and significantly higher efficacy in vivo compared to free
doxorubicin in a mouse breast tumor model, laying the foundation
for further investigations [160].

The role of VNPs in cancer diagnosis has also been investigated.
Robertson et al. use the icosahedral head of the T4 bacteriophage
linked to fluorescent dyes that allow the detection of A549 lung
cancer cells line [161]. Tumor-specific targeting can be achieved
with the use of specific ligands present in tumor cells. One of these
is the FAR, which is found in greater quantity on the surface of
tumor cells of the lungs, ovaries, kidneys, and others. The Cowpea
mosaic virus can be attached to a FA-PEG conjugate, which allows
for specific recognition of the cells that express the vitamin FA,
allowing to target tumor cells in vivo [162,163].

Among the platforms that are being studied, the tobacco mosaic
virus (TMV) offers the possibility of improving administration
efficiency of drugs such as cisplatin, by loading the compound into
the TMV cavity through a charge-driven reaction or by forming
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stable covalent adducts [164]. These complexes showed greater
cytotoxicity compared to free cisplatin. In more recent studies,
TMV coat protein was modified at specific sites with a molecular
fluorous ponytail precipitating self-assembly into spherical
NPs. These NPs were loaded with cisplatin through metal-
ligand coordination, showing high stability [165]. Despite these
promising results, it would be necessary to study the behavior of
this TMV-cisplatin VNP complex in patients with lung cancer.

Researches are also oriented towards the use of viral
nanotechnology as immunotherapy against cancer. The Cowpea
mosaic virus interacts with the immune system and has the potential
to act as an immunostimulatory agent by activating neutrophils
in the tumor microenvironment. This property has been studied
in lung cancer metastasis [166]. Trop-2 cell surface glycoprotein
is overexpressed in lung cancer and has recently been used as an
effective immunotherapeutic target along with the CD40 ligand
(CD40L). In a recent investigation, researchers incorporated
Trop-2 and CD40L into the membrane envelope of Human
Immunodeficiency Virus (HIV) and VLPs for cancer vaccine
development. Trop2CD40L VLPs generated specific humoral and
cellular immune responses against Trop2, while reducing tumor
growth in mice models. Due to its immunogenic properties and
effects on the immune system, this particle represents a promising
approach in lung cancer immunotherapy [167]. The overexpression
of CD59, a membrane complement regulatory protein (mCRP),
induces resistance to complement-dependent cytotoxicity (CDC)
activation in lung cancer cells and consequently inhibits apoptosis.
Therefore, investigators used VLPs of human JC polyomavirus
(JCPyV) as a vector to carry a newly designed CD59-specific RNA
expression plasmid driven by a lung-specific promoter (SP-B)
for lung adenocarcinomas (pSPB-shCD59) to specifically inhibit
CD59 overexpression in lung cancer cells. This study showed an
87% inhibition in tumor growth in mice that were injected with
human lung cancer cells and a significant decrease in number and
size of tumors in a mouse model of lung cancer metastasis. These
results confirm the potential of this particle as a therapeutic agent
for CD59 overexpressed lung cancer [168]. Virus-inspired polymer
for endosomal release (VIPER) is a polymer system that imitates
the mechanism of endosomal escape employed by adenovirus, this
NP linked to siRNA, a molecule with the ability to knock down
any gene involved in cancer development or progression, can be
delivered to NCI-H1299 cells, a human NSCLC cell line [169].

The efficacy of VNPs as evidenced in vivo requires further
understanding of the interactions with the immune system and
biodistribution and structural studies, if it is to be translated into
in vivo outcomes [170].

2.6. Quantum dots (QDs)

QDs are small nanocrystals, smallest of all NPs (3—30 nm)
composed of semiconductor material made as an alloy nanocrystal
colloid or core-shell from the metals from the periodic table. In
general, QDs comprise the elements of Groups II-VI/III-V. Groups
II-IV include elements such as cadmium-telluride, cadmium—
selenide, zinc—selenide, and zinc sulfide, whereas Groups IIIV

include the elements such as gallium arsenide, gallium nitride,
indium arsenide, and indium phosphide [171-173]. Solubility
and bioavailability of QDs are often a problem in drug discovery.
The QDs can be adapted by coating with a polymer that improves
solubility and absorbption [174]. The main problem with the
clinical use of QDs is the potential to induce cytotoxicity [175].
This is explained by the fact that QDs are composed of metal
atoms that are toxic and therefore can induce cytotoxicity by
increasing the colloidal effect and the production of photon-
induced free radicals [176]. QDs may play an essential role in
the molecular profiling and cellular imaging of tumors to assist
in the diagnosis and staging of disease, facilitating prognosis, and
therapeutic use [174,177]. The unique optical properties of QDs,
together with their capacity for functionalization with biomolecules,
make QDs suitable candidates for the development of multimodal
theranostic [178]. Ranjbar-Navazi et al. investigated the use of
doxorrubicin conjugated with InP/ZnS QDs bi-functionalized
with FA and D-glucosamine, in a cell culture of A549 human lung
epithelial cancer cells and OVCAR-3 human ovarian cancer line.
Their results showed that the conjugation of QDs with FA and GA
can also enhance their uptake by both cells lines, while it can also
decrease the cell cytotoxicity, and act as chemosensitizer against
chemotherapy drugs including doxorubicin. In addition, they
reported that multispectral analyses revealed a narrow fluorescent
emission (570 nm) after excitation (400 nm). Hence, they have
introduced a bi-functionalized doxorubicin-conjugated InP/ZnS
QDs, which can be used as a theragnostic for simultaneous diagnosis
and therapy of cancer [179]. Cai ef al. reported a ZnO QDs-based
pH-responsive drug delivery platform for intracellular controlled
release of drugs. Doxorubicin (DOX) molecules were successfully
loaded into PEG-functionalized ZnO QDs by formation of metal-
DOX complex and covalent interactions. A targeting ligand,
hyaluronic acid (HA), was conjugated with ZnO QDs to bind
specifically to glycoprotein CD44 which is overexpressed by
cancer cells. The pH-sensitive ZnO QDs were dissolved in Zn(2+)
in the endosome/lysosome acid after being absorbed by the cancer
cells, which triggered the release of the metal-drug complex and a
controlled delivery of DOX. As a result, synergistic therapy was
achieved due to the incorporation of the anti-tumor effect of Zn(2+)
and DOX [180]. Finally, Erlotinib hydrochloride, a tyrosine kinase
inhibitor, is a first-generation drug developed to treat NSCLC. Its
active metabolite, desmethyl erlotinib (OSI-420), exhibits similar
anticancer activity as erlotinib. Kulkarni ef al. have conjugated
OSI-420 to QDs and studied its activity on an in vitro model of
A549 human lung cancer cells. They report a significantly better
efficacy of conjugated QDs OSI-420 than pure drugs in all tested
cell lines with similar cytotoxicity. Therefore, these results showed
the conjugation of QDs and OSI-420 as an alternative to traditional
anticancer therapy, by improving intracellular drug delivery [181].

3. Clinical Status of NPs in lung cancer

Advanced lung cancer tumors require in most cases combined
chemotherapy and radiotherapy as standard of care, in addition to
other emerging therapies such as immunotherapy or personalized
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medicine. However, combination paradigms and resistance
patterns complicate the use of these agents. At this time, we have
a large number of clinical trials under development, which try to
incorporate the advances demonstrated in the field of NPs in these
tumors to a clinical phase (Tables 1-2).

Some previous studies have reported the efficacy of
nab-paclitaxel as a first-line chemotherapeutic agent for
NSCLC [182-184]; however, to date, the efficacy of nab-paclitaxel
in more advanced stages of the disease, or with other chemotherapy
combinations has yet to be established. (NCT00553462,
NCT00729612) Another interesting approach under study, after
the results obtained in other tumor locations [185,186], is the
use of BIND-014 (docetaxel NPs for injectable suspension) as a
second line of treatment in metastatic lung cancer, still without
published results (NCT01792479, NCT02283320).

Preliminary promising results from the use of CRLX101
NCT01380769, a NP comprised of camptothecin conjugated
to a cyclodextrin-based polymer, have been published [187].
CRLXI101 is designed to increase the exposure of tumor cells
to camptothecin while minimizing side effects. We will have to
follow closely its development in the medium term, as well as the
results of the studies that are currently in the recruitment period
(table 1) with special attention to those in more advanced stages
of development, (NCT03088813, NCT04033354) with potential to
induce a change in the standard treatment.

4. Conclusion

NP-based medicine has infinite potential with novel applications
being constantly developed for use in diagnosis, detection,
imaging, and treatment of lung cancer. The development of
different strategies for selective drug delivery to tumors and lung
metastases depends on understanding the biology of the tumor, the
microenvironment, and the interaction between malignant cells
and NPs. There are several types of NPs that have been widely
studied in the treatment of lung cancer. Some of them are now
being actively investigated and are on the horizon facilitating
personalized and tailored cancer treatment.

However, it is essential to investigate in vivo toxicity and
biodistribution of NPs, as many of them are still in pre-clinical
stages, being difficult to prepare NPs with different functionalities
and homogenous size distribution to have better performance.
When indicating the best nanoplatforms, it is necessary to carry
out a selection with good reproducibility, simple preparation
method, low-cost, and superior functional and structural properties
for clinical applications, the safety and efficacy of NPs must
still be proven in clinical trials. This review briefly summarizes
the evidence in this field and can be a good tool to introduce
researchers to the tremendous potential that this type of approach
can bring to patients with lung cancer in the context of precision
medicine in the medium term.
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