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Lung cancer is caused by a malignant tumor that shows the fastest growth in both incidence and mortality
and is also the greatest threat to human health and life. At present, both in terms of incidence and mortality,
lung cancer is the first in male malignant tumors, and the second in female malignant tumors. In the past
two decades, research and development of antitumor drugs worldwide have been booming, and a large
number of innovative drugs have entered clinical trials and practice. In the era of precision medicine, the
concept and strategy of cancer from diagnosis to treatment are experiencing unprecedented changes.
The ability of tumor diagnosis and treatment has rapidly improved, the discovery rate and cure rate of
early tumors have greatly improved, and the overall survival of patients has benefited significantly, with
a tendency to transform to a chronic disease with tumor. The emergence of nanotechnology brings new
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important role in tumor imaging, diagnosis, drug delivery, controlled drug release, etc. This article mainly
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1. Introduction

Lung cancer, a major cause of cancer-related mortality world-
wide, can be categorized into small cell lung cancer (SCLC) and
non-small-cell lung cancer (NSCLC), with the latter accounting
for approximately 80-85% of all cases.™” Traditionally, NSCLC is
diagnosed based on patients' medical history, signs, and
symptoms, using imaging techniques such as X-ray, CT, MRI,
fine needle aspiration biopsy of lung tissue, and thoracocent-
esis.>* However, patients developing NSCLC are often detected
as late as at stage III or IV, attributed to the absence of clinical
symptoms in incipient stages, thus setting requirements for the
early diagnosis of NSCLC.

The treatments of NSCLC are primarily composed of
chemotherapy, radiotherapy, surgery, and emerging technolo-
gies such as targeted therapy, immunotherapy, photothermal
therapy, and photodynamic therapy (PDT).>” Despite some
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nanosystems in the diagnosis and treatment of non-small-cell lung cancer (NSCLC).

progress in the treatment of NSCLC, the five-year survival rate
has only increased by 5% in recent years partially due to the lack
of tumor targeting.® Accordingly, novel therapy with increased
anti-tumor effect and reduced systemic cytotoxicity against
NSCLC is urgently demanded.

Notably, natural or acquired resistance is one of the major
challenges related to NSCLC treatment. Generally, resistance to
chemotherapy is categorized into three types: Kkinetic,
biochemical, and pharmacologic. Cell kinetics-related resis-
tance is a special problem with many tumors because certain
cells are in a plateau growth phase with a small growth fraction.
Methods to overcome cell kinetics-related resistance involve:
diminishing the volume of the tumors via surgery or radio-
therapy; impacting GO cells via combination drugs; and
scheduling drugs to avoid phase escape or to synchronize cell
groups and enhance cancer cell removal. The mechanism of
biochemical resistance is not fully understood. Cancer cells
undergoing this kind of resistance may show declined drug
uptake, enhanced efflux, altered levels or structure of the
intracellular target, downregulated intracellular activation,
augmented drug inactivation, or accelerated repair of damaged
DNA. Another example is multidrug resistance (MDR),
a complex phenotype whose predominant feature is resistance
to a wide range of structurally unrelated cytotoxic compounds.
MDR is associated with a variety of mechanisms, including
enhanced efflux of drugs, genetic factors (gene mutations,
amplifications, and epigenetic alterations), growth factors,
increased DNA repair capacity, and elevated metabolism of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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xenobiotics. As for pharmaceutical resistance, it can be caused
by poor tumor blood supply, poor or erratic absorption,
enhanced excretion or catabolism, and drug interactions, all of
which result in insufficient drug content in the blood.**

To overcome these limitations, it is paramount to develop
innovative diagnosis and treatment technology targeted NSCLC.
Nanomedicine, emerging as a propitious paradigm in cancer
detection and therapy, has attracted more and more attention
in the field of anti-NSCLC, because nanosystems offer flexible
and fast drug design and production on the basis of tumor
genetic profiles, leading to much more rational and effective
drug selection for personalized patient treatment. The diag-
nosis or therapeutic efficacy of nanosystems can be manipu-
lated by regulating their structure, geometry, materials, and
surface chemistry.’*** Aside from utilizing biosensor devices-
based nanoparticle-like gold nanorods that possess the prop-
erty of imaging triggered by near-infrared light (NIR)
irradiation,*® another approach for theranostic nanomedicine
is to conjugate or encapsulate both therapeutic and imaging
agents to the designed nanoparticles.

Given the critical role of nanomedicine in the theranostics of
NSCLC, this article aims to review the recent advance and
progress of nanosystems in the early detection and improved
anti-tumor effect against NSCLC. This review elucidates a wide
variety of nanosystems including lipid-based nanoparticles,
polymer-based nanoparticles, and inorganic nanosystems. We
focus on the application of these nanosystems in the diagnosis
and therapy of NSCLC and summarize recent advances in all
kinds of nanosystems, which are illustrated by examples.
Finally, we provide our perspective on the challenges and
potential opportunities of nanosystems applied in the thera-
nostics of NSCLC in the future.

2. Common characteristics of
nanosystems

2.1. Advantages of nanosystems

2.1.1 Nanosize. Nanosystems with a diameter less than
5 nm are rapidly cleared from the circulation via extravasation
or renal clearance, while those with a diameter ranging from
~10 nm to ~15 pm show diverse biodistribution, of which
cellular uptake of nanosystems in this range is immensely up to
the cell type. Normally, nanosystems are trapped by the filtra-
tion of the sinusoids in the spleen, followed by their removal
from circulation through cells of the reticulo-endothelial system
(RES)."** Spherical nanosystems with a diameter of 100-
200 nm have the highest potential for prolonged circulation
considering that they are large enough to avoid uptake in the
liver, while small enough to avoid filtration in the spleen. For
long-circulating nanosystems, uptake by the liver and the
spleen should be avoided, which can be nearly achieved via
engineering deformability into sizes >300 nm or by keeping at
least one dimension of the nanosystem on a length scale
>100 nm to avoid accumulation in the liver, and meanwhile,
maintaining at least two dimensions at <200 nm, thus allowing
the nanosystem to pass the sinusoids of the spleen.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.1.2 Surface chemistry. These characteristics of nano-
systems mainly exert two critical roles. First, it can greatly affect
the process of opsonization, which finally dictates the RES
response. On the other hand, it can realize cellular or organelle
targeting through the attachment of ligands to the surface of
the engineered nanosystems.>*** The ligands are known to bind
to receptors that are overexpressed on the surface of rapidly
dividing cancer cells. Active targeting strategies of nanosystems
against NSCLC are summarized in Tables 2 and 3.

2.1.3 Stimuli-responsive release of cargo. Nanomaterials
that respond either to an internal stimulus such as pH or to an
external stimulus such as light, magnetic field, and ultrasound
can be synthesized. These stimuli are applied as triggers to
break covalent bonds between the carrier and cargo, or to
destabilize the carrier, hence promoting the release of its
contents once the carrier has reached a specific site.

The pH in the tumor tissues (pH of 5.4) and late endosomes
and lysosomes (pH of 4.5-5.5) is lower than that in the healthy
tissues and blood circulation (pH of 7.4). The acidic microenvi-
ronment in the tumor may lead to partial protonation of the
amino, carboxylate, and phosphate groups of the nanosystems,
and/or the cleavage of certain chemical bonds, which are unstable
under acidic conditions such as hydrazide bonds. This impairs
the interaction between nanosystems and guest molecules,
thereby resulting in the selective release of cargo into tumors.*

Light-triggered theranostics has gained increasing attention
owing to its high spatiotemporal precision, real-time dose
control, wide clinical application in tumor imaging, photosen-
sitizers (PSs)-based cancer killing through local hyperthermia,
ROS or '0,, and the option for on-demand switching on and off
modes. However, the major issue of limited tissue penetration
heavily restricts the application against tumors located deep in
the tissues. The NIR region (650 to 900 nm) is considered the
‘biological window’ because most of the body components such
as blood and soft tissues do not absorb or scatter light in this
wavelength region, providing access to non-invasive and deep
tissue penetration for imaging and therapeutic goals. Heat and
'0, production are the most crucial effectors in light-triggered
treatment. Hyperthermia (HT) caused by PS-induced heat
generation leads to cell death, which is referred to as photo-
thermal therapy (PTT). Increasing the temperature of the tumor
microenvironment to 42 °C can cause cell damage and make
cancer cells vulnerable to combined treatments such as irradi-
ation and chemotherapy. When the temperature increases to
45 °C or above, it can have immediate lethal effects on the cells.
On the other hand, 'O, is responsible for causing irreversible
damage to intracellular organelles, also known as photody-
namic therapy (PDT). Notably, the extremely short lifespan (<3.5
us) and highly restricted diffusion (~10 to 20 nm) of 'O, can be
used for localized apoptosis, necrosis, or autophagy-induced
cell death.”®?® Besides, light-based imaging techniques such
as fluorescence, photoacoustic (PA) signal, and surface-
enhanced Raman scattering (SERS) are useful in live bioimag-
ing, namely optical imaging.?*

Magnetic field (MF) is a widely applied physical trigger of
magnetic nanosystems that can produce heat under an
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oscillating MF, or be magnetically directed to lesion sites. Also,
MF is widely utilized for magnetic resonance imaging (MRI) of
tumor tissue. Unlike optical imaging, MF at frequencies below
400 Hz, is not readily absorbed by tissues, allowing remote
monitoring without physical contact.”

Ultrasound (US) is another non-invasive stimulus utilized to
trigger site-specific drug release and allows for spatiotemporal
control with millimeter precision. A focused US beam can lead
to drug release through localized heating produced by the
accumulation of acoustic energy at the focused region.?® The US
imaging contrast agents (UCAs) are widely used in clinical
examinations in order to improve the image resolution of the
US. UCAs are acoustically active to external US energy, thus
amplifying echo signals and improving image resolution based
on differential echogenicity. The larger acoustic impedance
difference between the solid phase and soft tissues indicates
that compared with softer UCAs, inorganic NPs with rigid
structures can yield better US image resolution.*

2.1.4 Biomimetic nanomaterials. The cell membrane-
camouflaged nanosystems are a class of biomimetic nano-
systems, which combine the unique functionalities of cellular
membranes and the engineering versatility of synthetic nano-
materials for the effective delivery of therapeutic or imaging
agents. Cell membrane-camouflaged nanosystems have many
advantages, such as prolonged circulation, cell-specific target-
ing, immune escape, lower toxicity, and better

Table 1 Administration routes employed in NSCLC using nanoparticles
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biocompatibility.** Red blood cells (RBCs), with a lifespan of
about 120 days and many markers on their surface, are
considered a biomimetic prototype for developing drug delivery
systems based on the RBC-derived membranes (RBCM). The
prolonged circulation lifetime of RBC-coated nanosystems is
mainly due to diverse membrane proteins such as CD47. After
coating with RBCM, the inner nanostructures gain well encap-
sulation and self-recognition, thus avoiding the phagocytosis of
immune cells and prolonging their circulation time.

Recently, Liang et al. reported the development of novel
stealth and matrix metalloproteinase 2 (MMP2)-activated
biomimetic nanosystems against NSCLC, which are con-
structed using MMP2-responsive peptides to bind miR-126-3p
(known as MAIN), and further camouflaged with RBCM (thus
named REMAIN). Liang et al. demonstrated that REMAIN could
effectively transduce miRNA into NSCLC cells and release the
cargo through MMP2 responsiveness. The advantages of the
natural RBCM mentioned above, such as prolonged circulation,
cell-specific targeting, and immune escape, were observed in
REMAIN. Furthermore, in vitro and in vivo results showed that
REMAIN effectively induced apoptosis of NSCLC cells and
inhibited NSCLC progression by targeting ADAM9.*' Interest-
ingly, Zhang et al.®* reported an integrated hybrid nanosystem
named Clip-PC@CO-LC NPs to specifically target NSCLC, which
fused cancer cell membranes (Cm) and matrix metallopeptidase
9 (MMP-9)-switchable peptide-based charge-reversal liposome

Administration routes Nanoparticles

Results Year and ref.

Intravenous
administration

Radioactive '**Sm encapsulated
multi-walled carbon nanotubes
(***SmCl;@MWCNTSs-NH,)

Mesenchymal stem cell
membranes (MSCs)-engineered
Fe(mr) and cypate-loaded PMAA
nanomedicines (Cyp-PMAA-
Fe@MSCs)

Inhalation Anti-tumor siRNA-entrapped

nanoparticles

Silibinin-loaded poly
caprolactone/pluronic F68
inhalable nanoparticles (SB-
loaded PCL/Pluronic F68 NPs)
Topotecan-loaded PLGA
nanoparticles

Oral administration

Intraperitoneal
administration

Hyaluronic acid-based microRNA-
125b encapsulated nanoparticles

19542 | RSC Adv, 2023, 13, 19540-19564

153SmCl;@MWCNTs-NH, showed improved water
dispersibility for intravenous administration, high
accumulation in site-specific NSCLC tissues, and no
leakage of the encapsulated radioactive material for
targeted radiotherapy

Cyp-PMAA-Fe@MSCs after intravenous
administration were identified 21% higher
fluorescence signal and 30% lower T1-weighted
MRI signal than Cyp-PMAA-Fe@RBCs, indicating
promising application for bioimaging-guided
photothermal-enhanced radiotherapy against
NSCLC

Compared with intravenous administration,
inhalation administration of the siRNA-loaded
nanoparticles showed stronger fluorescent signals
in the lung tumor tissues with little systemic
toxicity

Inhalable SB-loaded PCL/Pluronic F68 NPs
demonstrated prolonged circulation time,
sustained drug release, and excellent NSCLC (A549
cells)-targeting capacity

Increased bioavailability and prolonged retention
of topotecan were found in target organs such as
the lung

Successful repolarization of tumor-associated
macrophages was identified in KRAS/p53 double
mutant genetically engineered (KP-GEM) NSCLC
mice, remarkably improving the efficacy of
anticancer immunotherapy

2021 (ref. 37)

2021 (ref. 38)

2019 (ref. 39)

2022 (ref. 40)

2021 (ref. 41)

2018 (ref. 42)
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membranes (Lipm) to coat lipoic acid-modified polypeptides
(LC) co-loaded with phosphoglycerate mutase 1 (PGAM1) siRNA
(siPGAM1) and DTX. This nanosystem exhibited a negatively
charged coating (citraconic anhydride-grafted poly-L-lysine, PC)
in the middle layer for pH-triggered charge conversion func-
tionalization. The use of Cm endowed the final nanosystems
with homologous targeting ability, elevated the efficiency of
drug delivery to target cells, and boosted the therapeutic effect.
Furthermore, in contrast to mono-membrane coating, liposome
membranes are more easily modified and can be integrated into
a single biomimetic platform to attain various functions for the
precise treatment of NSCLC.

2.2. Routes of administration

Given the pivotal role of administration routes in the site-
specific accumulation of drugs delivered by nanoparticles,
which determines the therapeutic efficacy of NSCLC, great

View Article Online
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efforts have been devoted to the research to seek the best
approach and routes to achieve the anticipated outcomes.** In
general, NSCLC-targeted transportation can be implemented
through four methods containing inhalation, intravenous (IV),
oral, and parenteral (subcutaneous, intraperitoneal, etc.)
administration, with the first two being preferred.*® Here, we list
recent applications of these administration routes employed in
NSCLC using nanoparticles, as shown in Table 1.

2.3. Mechanism of targeting

The targeting mechanism of nanoparticles can be classified as
passive and active targeting. Passive targeting of nanoparticles
is principally dependent on the enhanced permeability and
retention (EPR) effect supported by the permeable blood vessels
in tumors in contrast to the normal capillaries. The enhanced
permeability allows macromolecules to escape circulation due
to the inherent leakiness of the underdeveloped tumor

Table 2 Targeting strategies of nanoparticles categorized by modified ligands in NSCLC

Conjugated ligands Targeted receptors Nanoparticles

Results Year and ref.

Albumin Albumin-binding
protein BM-40

Hyaluronic acid

Folate Folate receptors

Transferrin Transferrin
receptors

Aptamer Complementary
DNA or RNA

Monoclonal Protein biomarkers

antibodies (EGFR, HER?2, etc.)

Peptide fragments
(e.g. arginine-
glycine-aspartic acid
(RGD))

Integrin av B3 as
receptors of RGD

Glycoprotein CD44

Albumin liposomes loaded with
PD-L1 and siRNA

CD44 targeting hyaluronic acid-
conjugated nanoparticles
entrapping microRNA-125

Paclitaxel-loaded folic acid-
modified PLGA nanoparticle with
glutathione

Transferrin-conjugated protein-
lipid hybrid nanoparticles
delivering cisplatin and docetaxel
(Tf-CIS/DTX-PLHN)

Aptamers-modified fluorescent
superparamagnetic
microparticles were paired with
the complementary DNA
conjugated Au nanoparticles,
generating fluorescence
resonance energy transfer (FRET)
magnetic aptamer-based targeting
sensors named Fe304@Au

EGFR antibody conjugated gold
nanorods stimulated by pulsed
lasers

Integrin avp3-targeted RGD-
modified liposomes delivering
doxorubicin (DOX)

© 2023 The Author(s). Published by the Royal Society of Chemistry

Albumin liposomes showed efficient
accumulation in lung tumor cells
Hyaluronic acid-conjugated
nanoparticles exert their strength in site-
specific accumulation in mouse models
mimicking NSCLC compared to non-
targeted nanoparticles or the free drug
Due to the high affinity of folate to the
receptors, enhanced intracellular uptake
of the particles by NSCLC cells was
observed, boosting the cytotoxicity of the
free paclitaxel or the paclitaxel-entrapped
particles without the targeting ligand
Tf-CIS/DTX-PLHN showed prolonged
circulation time, increased drug
accumulation, and improved antitumor
activity in A549 cells-injected mice
compared to non-targeted CIS/DTX-
PLHN or free CIS/DTX

Fe;0,@Au, using aptamers as targeting
ligands specifically binding to CD63,
exhibited efficient capture of NSCLC
exosomes, which reached as high as
91.5% with a dosage of 200 pL

In vitro experiments with NSCLC cells
(A549), EGFR antibody modified
nanorods exhibited enhanced
attenuation of 93% =+ 13% in the cell
viability compared with untargeted
nanorods

RGD-modified liposomes exhibited
increased cellular uptake and resultant
targeted delivery of DOX, leading to
enhanced suppression of tumor growth
in mice and less toxicity compared with
non-RGD functionalized liposomes

2022 (ref. 45)

2018 (ref. 42)

2021 (ref. 46)

2021 (ref. 47)

2021 (ref. 48)

2020 (ref. 49)

2021 (ref. 50)
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vasculature. Besides, the lack of an efficient lymphatic system
results in the retention of those macromolecules in the tumor
bed. Generally, to capitalize on the EPR effect a drug carrier
must be in a narrow size range from about 10 nm to 100 nm.
Entities smaller than 10 nm are rapidly cleared by the kidneys or
through extravasation and larger entities (~100-200 nm) are
cleared by the reticuloendothelial system.”*** Therefore, nano-
systems with suitable size (~10-100 nm) are allowed to extrav-
asate in the tumor tissues, thus achieving NSCLC-targeted drug
delivery.

Active targeting is realized through the functionalization of
the surface of nanoparticles. Peculiar ligands-conjugated
nanoparticles permit a selective recognition of distinguished
antigens overexpressed in the NSCLC cell surfaces, improving
the therapeutic efficacy of nanoparticles. Based on the category
of ligands, active targeting can be divided into various groups
including albumin, hyaluronic acid, folate, transferrin,
aptamer, monoclonal antibodies, and peptide fragment-based
targeting, as shown in Table 2.**

View Article Online
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On the other hand, according to the targeted goal of NSCLC
cells, active targeting can also be classified as tumor
microenvironment-targeted, NSCLC  biomarkers-targeted,
organelles-targeted, and genes or epigenetics-targeted strate-
gies. Extensive applications of these four kinds of targeting
strategies are shown in Table 3.

3. Overview of nanosystems

3.1. Lipid-based nanosystems

3.1.1 Liposomes. Liposomes (Fig. 1A) are synthetic spher-
ical delivery vesicles with an amphiphilic lipid bilayer structure
consisting of phosphatidylcholine, cholesterol, etc., which will
spontaneously assemble when getting scattered in the
solution.*®**° The dominant advantage of this nanocarrier is the
capacity to carry both hydrophobic and hydrophilic drugs with
the former embedded in the lipid bilayer, while hydrophilic
drugs entrapped in the aqueous core, as shown in Fig. 1A.°* The
phospholipid bilayer membranes-like structures make them an

Table 3 Targeting strategies of nanoparticles categorized by a targeted goal in NSCLC

Targeting strategies Nanoparticles

Results Year and ref.

Tumor microenvironment-
targeted

Hypoxia-responsive nitro-benzyl
conjugated chitosan
nanoparticles (HRCNs)

GSH-responsive and pH-
responsive cisplatin prodrug and
paclitaxel co-loaded nanoparticles
(DDP-P/PTX NPs)

CD44-targeted, indocyanine
green-paclitaxel-loaded albumin
nanoparticles

Biomarkers -targeted

EGFR-targeted nanoparticles
encapsulated erlotinib and
quercetin (EQNPs)

Organelles-targeted Mitochondria-targeted nonyl
acridine orange (NAO)-loaded

gold nanorods (NAO-AuNRs)

Genes or epigenetics-
targeted

BIII-tubulin and polo-like kinase 1
(PLK1)-targeted star polymer-
siRNA nanoparticles

PEG-PLA hybrid nanocarriers
(HNCs) entrapped with cisplatin
caprylate and ABCC3-siRNA

19544 | RSC Adv, 2023, 13, 19540-19564

HRCNSs rapidly determine the hypoxic status of lung
cancer cells (A549) within 30 min compared to the
conventional method needing several hours,
indicating a potential role in the diagnosis and
treatment of NSCLC.

High tumor accumulation, pH-triggered drug
release, low systemic toxicity, and remarkable
antitumor effects were observed by DDP-P/PTX NPs
in NSCLC-bearing mice

CD44-targeted NPs achieved image-guided drug
delivery, exhibiting selective accumulation in CD44-
positive NSCLC compared to the normal CD44-
negative lung fibroblast cell line (MRC-5)

In vivo experiments showed EQNPs promoted the
uptake of nanoparticles in the cancer cells of
resistant NSCLC-bearing mice compared to non-
targeted NPs. Furthermore, downregulation of
nuclear EGFR, improved uptake of Ertb and Quer
and induced apoptosis were demonstrated in
resistant A549 cells

NAO-AuNRs conjugated with monoclonal antibody
Cetuximab have demonstrated their ability in
increasing the uptake of the membrane
mitochondria-targeted nanomedicine compared to
non-targeted ones in NSCLC cells, accompanied by
reduced progression of EGFR-positive NSCLC

The star-siRNA nanoparticles were found
accumulated in mouse lung tumors mimicking
NSCLC, leading to the silencing of the expression of
BIII-tubulin and PLK1 as well as inhibited tumor
growth

ABCC3-siRNA was utilized to specifically target and
silence ABCC3 mRNA. Compared with cisplatin
solution and cisplatin-loaded HNCs without
ABCC3-siRNA, in vitro cellular uptake level was
increased and cell viability of A549 cells was
significantly reduced in the co-loaded nanocarriers,
along with a higher rate of cell arrest in G2-M phase

2016 (ref. 51)

2021 (ref. 52)

2022 (ref. 53)

2022 (ref. 54)

2022 (ref. 55)

2022 (ref. 56)

2021 (ref. 57)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Hydrophilic drugs
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Modified SLNs

Fig. 1 Lipid-based nanoparticles. (A) Liposomes are spherical nanocarriers with an amphiphilic lipid bilayer structure consisting of phosphati-
dylcholine, cholesterol, etc., which will spontaneously assemble when getting scattered in the solution. They can carry both hydrophobic and
hydrophilic drugs with the former embedded in the lipid bilayer, while hydrophilic drugs entrapped in the aqueous core. Targeting ligand-
modified liposomes with pH-responsive amphiphilic lipid allow NSCLC-targeted drug release, which is triggered by intracellular pH. (B) Solid lipid
nanoparticles (SLNs) have a close relationship with liposomes but feature much higher drug-loading capacity. SLNs usually consist of solid lipids
with the drug either loaded on the surface or entrapped inside the cavity. Their structures generally compromise a solid hydrophobic core coated
with a monolayer or multilayer of phospholipid known as an emulsifier, with the core carrying the lipophilic drug. NSCLC, non-small-cell lung

cancer. The picture was drawn with Maxon Cinema 4D 25.

efficient drug delivery system due to the advantage of biocom-
patibility, weak immunogenicity, and biodegradability.®* Lipo-
somes are usually coated with peptides, enabling them to target
a specific site of the body. Meanwhile, using the polymer (-
amino ester) as the outer layer of liposomes facilitates pH-
controlled drug delivery for cancer treatment, which also real-
izes targeted therapy.®

3.1.2 Solid lipid nanoparticles (SLNs). SLNs (Fig. 1B),
having a close relationship with liposomes described above but
featuring much higher drug loading capacity, are colloidal
nanocarriers with a diameter ranging from 50 nm to 1000 nm
and are constructed using scattering melted solid lipid in

© 2023 The Author(s). Published by the Royal Society of Chemistry

emulsifier-added water.**% It was first introduced as an effec-
tive and promising alternative in 1991 to make up for defi-
ciencies of emulsions, liposomes, and polymeric systems,
representing a more excellent vehicle for drug delivery.®” SLNs
usually consist of solid lipids with the drug either loaded on the
surface or entrapped inside the cavity. Their structures gener-
ally compromise a solid hydrophobic core coated with a mono-
layer or multilayer of phospholipid known as an emulsifier, with
the core containing the dissolved or dispersed drugs. The
hydrophilic chains of phospholipids are present on the shell of
the sphere, ensuring dissolution in an aqueous solution, while
the hydrophobic segment of the phospholipid embedded into

RSC Adv, 2023, 13, 19540-19564 | 19545
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Fig. 2 Polymeric nanoparticles (PNPs). PNPs, which have a core-shell structure comprise nanocapsules and nanospheres. Nanocapsules
consist of an oily core with the drug dissolved, coated by a polymeric shell controlling drug release from the core, whilst nanospheres are
composed of a continuous polymeric network with the drug contained inside or adsorbed onto the surface. PNPs composed of amphiphilic
polymers conduct hydrophobic interaction-mediated self-assembly upon polymers dispersing in the aqueous solution, allowing hydrophobic
drugs to be entrapped into the PNPs. The shell can be decorated with polyhydroxyalkanoates, poly(lactic-co-glycolic acid), cyclodextrin, and so
forth to enable precise targeting. Also, specific moieties-modified PNPs can realize controlled drug release triggered by pH, enzymes, redox, or
light. PLA, poly-lactic-acid; PLGA, poly-lactic-acid-co-glycolic acid; PEG, polyethylene glycol; PHA, polyhydroxyalkanoates. The picture was

drawn with Maxon Cinema 4D 25.

the adipose matrix, acquiring the ability to carry the lipophilic
drug, as shown in Fig. 1B.®® Compared to other colloidal
nanocarriers, SLNs do not contain an organic solvent, which is
economically feasible for reducing the burden of mass
production and render better protection to the encapsulated
drug.*®

3.2. Polymer-based nanosystems

3.2.1 Polymeric nanoparticles (PNPs). PNPs, including
nanocapsules and nanospheres (Fig. 2), are core-shell structure
nanoparticles with polymers such as poly-lactic-acid-co-glycolic
acid (PLGA), poly-lactic-acid (PLA), polyethylene glycol (PEG),
chitosan, and polycaprolactone.”®”* Nanocapsules consist of an
oily core within the therapeutic drug usually dissolved, coated
by a polymeric shell controlling the drug release from the core,
whilst nanospheres are composed of continuous polymeric

19546 | RSC Adv, 2023, 13, 19540-19564

network with the drug contained inside or adsorbed onto the
surface.” PNPs, composed of amphiphilic polymers, conduct
hydrophobic interaction-mediated self-assembly upon poly-
mers dispersing in the aqueous solution, allowing hydrophobic
drugs to be entrapped into the PNPs via covalent bonding.

3.2.2 Polymer micelles (PMs). PMs (Fig. 3) are self-
assembly products of block copolymers with the core-shell
structure consisting of a hydrophobic core surrounded by
a hydrophilic shell.”?”® The core of PMs permits to entrap
hydrophobic and amphiphilic drugs, allowing controlled drug
release, while the shell can prevent the intake of PMs by the
RES, prolonging the PMs blood circulation time, which will
further increase the drug accumulation in the tumor sites.”®
Upon the concentration of block copolymer molecules
surpassing the critical micelle concentration (CMC), they
spontaneously assemble into nanoparticles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Polymer micelles (PMs). PMs are self-assembly products of block copolymers with the core—shell structure consisting of a hydrophobic
core surrounded by a hydrophilic shell. The core of PMs permits to entrap hydrophobic and amphiphilic drugs, allowing controlled drug release,
while the shell can prevent the intake of PMs by the RES, prolonging the blood circulation time of PMs, which will further increase the drug
accumulation in the tumor sites. When encountering intracellular or external stimuli such as pH, enzyme, redox, laser, etc., PMs will disassemble
to release the drug. PEG, poly(ethylene glycol); PE, phosphatidylethanolamine; PPO, polyphenylene oxygen. The picture was drawn with Maxon

Cinema 4D 25.

3.2.3 Dendrimers. Dendrimers (Fig. 4) are a specific type of
polymeric nanoparticles featuring a multi-branched 3D struc-
ture and modified by multifunctional groups on the surface,
which permit to encapsulate or conjugating anti-tumor drug on
the surface or in the core, thus significantly improving their
functionality and making them versatile.””””® Dendrimers are
composed of a central core covalently linked by branches of
highly repeating units and terminal chemical structures that
configure the surface of the dendrimers.** Controlled drug
release is achieved by the outer functional groups with modifi-
cations that are triggered by a certain pH or specific enzymes.
Other advantages such as high-degree branches, polyvalency,
available internal cavities, and uncomplicated synthesis tech-
nology make dendrimers promising agents for applications of
diagnosis and therapy.*

3.3. Inorganic nanosystems

Generally, inorganic nanosystems can be divided into two
groups consisting of metallic nanosystems including gold and
silver, and non-metallic nanosystems including iron oxides,
carbon nanotubes, silica, selenium (Se), metallic chalcogenide
and metallic oxides.?>*

3.3.1 Gold Nanoparticles (AuNPs). AuNPs,
controlled by NIR, are stable colloid solutions of Au atom
clusters with diverse shapes containing gold nanospheres,

remotely

© 2023 The Author(s). Published by the Royal Society of Chemistry

nanorods, nanocages, nanoshells, and nanostars (Fig. 5A).%
Attributed to the special properties such as high surface area to
volume ratio, ease of synthesis, surface plasmon resonance,
easily-modified surface and easy penetration and accumulation
of drugs at the tumor tissues, AuNPs are widely utilized for
imaging and therapy of various cancers.**** On one hand,
AuNPs can be employed as drug delivery systems that simulta-
neously transport imaging agents and therapeutic drugs to
realize both diagnosis and treatment. On the other hand,
considering their unique optical and electronic features known
as surface plasmon resonance, which causes strong absorption
and scattering properties, AuUNPs themselves can be used as bio-
sensors for fluorescence imaging triggered by NIR, and as
photothermal therapeutic agents that produce cell-killing heat
by laser irradiation (Fig. 5B).

3.3.2 Supermagnetic iron oxide nanoparticles (SIONSs).
SIONSs (Fig. 6A) are typically composed of iron oxide cores (y-
Fe,0; orFe;0,) coated with a protective material such as chi-
tosan, dextran, PEG, and polyvinyl alcohol (PVA), which permits
conjugate with desired moieties (i.e., therapeutic agents, tar-
geting ligands), thereby realizing NSCLC-specific drug
delivery.**® Due to their peculiar optical and magnetic prop-
erties, SIONs have attracted much attention in laser-induced
thermotherapy, MRI, radiotherapy, and photodynamic therapy
(PDT).* Also, with a large surface area-to-volume ratio, SIONs
are endowed with good drug-loading capacity either by

RSC Adv, 2023, 13, 19540-19564 | 19547
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Fig. 4 Dendrimers. Dendrimers are a specific type of polymeric nanoparticles featuring multi-branched 3D-structure and modified by multi-
functional groups on the surface, which permit encapsulation or conjugation of anti-tumor drugs on the surface or in the core. They are
composed of a central core covalently linked by branches of highly repeating units and terminal chemical structures that configure the surface of
the dendrimers. Controlled drug release is achieved by the outer functional groups with modifications that are triggered by a certain pH or

specific enzymes. The picture was drawn with Maxon Cinema 4D 25.

conjugating the drug onto the surface or embedded in the
coating material. Meanwhile, the shell of SIONs is indispens-
able in shielding aggregation, and oxidation as well as
providing a site for the conjugation of targeting ligands, which
also reduces RES-caused clearance in blood circulation.®

3.3.3 Carbon nanostructures. Carbon nanostructures such
as carbon dots (C-dots), graphene, carbon nanotubes (CNTs),
etc., have been stimulating the interest of researchers working
on applications for NSCLC diagnosis and therapeutics. Gra-
phene is a two-dimensional material with unique physical and
chemical properties such as high electrical and thermal
conductivity, mechanical strength, and optical absorption
properties. Possessing delocalized m electrons and high surface
area render graphene interaction with various biomolecules,
which can be used in drug/gene delivery, tissue engineering,
and biosensing.”® C-dots are zero-dimensional discrete spher-
ical nanocarriers with a diameter of less than 10 nm. There are
currently two types of C-dots: amorphous-based C-dots (A-C-
dots) and graphene-Q-dots (G-Q-dots). A-C-dots are formed by
the synchronized sp” and sp® hybridization of carbon probes,
with the ability to surface engineer these molecules further. G-
Q-dots have an sp>-hybridized nanocrystalline carbon core, an

19548 | RSC Adv, 2023, 13, 19540-19564

asymmetrical configuration that results from the large number
of N and O moieties that interrupt the carbonic framework.** C-
dots have many fascinating properties including strong optical
absorption, high fluorescent effects, excellent phosphores-
cence, outstanding photoluminescence as well as quantum
yield, making C-dots promising candidates for cellular imaging,
biosensing, and targeted drug delivery.

CNTs have a cylinder-structure third allotrophic form of
carbon fullerene consisting of graphene sheets that roll up into
an open or capped cylinder.”>** Generally, CNTs can be divided
into two forms: single-walled carbon nanotube (SWCNT) and
multi-walled carbon nanotube (MWCNT) (Fig. 6B). SWCNT,
which gains more flexibility attributed to van der Waals forces,
is constituted by a single sheet of graphene rolled up to form
a tube, while MWCNT comprised of several graphene sheets
surrounding one layer of graphene rolled into a tube.®® Owing to
their unique characteristics such as nano-needle shape, hollow
monolithic structure, high surface area, extremely light weight,
and surface functionalization, CNTs are growing in popularity
as one of the most promising nanocarriers.*® Moreover, CNTs
enter cells using “needle-like penetration” and deliver

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Gold Nanoparticles (AuNPs). AuNPs are stable colloid solutions of Au atom clusters that are remotely controlled by near-infrared light
(NIR). (A) AuNPs have diverse shapes containing gold nanospheres, nanorods, nanocages, nanoshells, and nanostars. (B) AuNPs can be employed
as drug delivery systems to transport imaging agents and therapeutic drugs for both diagnosis and treatment, as bio-sensors for fluorescence
imaging triggered by NIR, and as photothermal therapeutic agents which produce cell-killing heat by laser irradiation. The picture was drawn with
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molecules into the cytoplasm, thus further improving the effi-
ciency of drug accumulation.’

3.3.4 Mesoporous silica nanoparticles (MSNs). MSNs
(Fig. 6C) usually possess a diameter ranging from 50 nm to
200 nm with tightly packed mesopores of size in a range of 3-
4 nm.*”"* MSNs are composed of silicon dioxide and are used
widely in applications including synthetic processes, medical
diagnosis, and therapy due to their high surface area, tuneable
pore size, huge loading capacity, and tailored mesoporous
structure. Moreover, the outward surface can be functionalized

© 2023 The Author(s). Published by the Royal Society of Chemistry

with “molecular gates”, permitting cargo delivery to be trig-
gered by external stimuli such as specific pH, enzymes, and
lasers of peculiar wavelengths.******

4. Nanosystems for NSCLC diagnosis
4.1. Lipid-based nanosysytems

Lipid-based nanosystems have been successfully used for
NSCLC diagnosis. Badea et al.'®* investigated the utility of
a liposomal-iodinated nanoparticle contrast agent and CT

RSC Adv, 2023, 13, 19540-19564 | 19549
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Fig. 6 Non-metallic inorganic nanoparticles. (A) Supermagnetic iron oxide nanoparticles (SIONs) are composed of iron oxide cores coated with
protective material, which permits conjugate with desired moieties. Iron oxide cores used for MRI enable SIONs to achieve imaging-guided
therapy. MRI, magnetic resonance imaging; PEG, polyethylene glycol; PVA, polyvinyl alcohol. (B) Carbon nanotubes (CNTs), consisting of gra-
phene sheets, can be divided into two forms: single-walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT). The
surface of CNTs can be functionalized with therapeutic drugs or targeting ligands. (C) Mesoporous silica nanoparticles (MSNs), with a diameter
ranging from 50 nm to 200 nm with tightly packed 3—4 nm mesopores, are composed of silicon dioxide. The surface can be functionalized with
“molecular gates”, permitting cargo delivery to be triggered by specific pH, enzyme, and lasers of peculiar wavelengths. The picture was drawn

with Maxon Cinema 4D 25.

imaging for the characterization of primary nodules in geneti-
cally engineered mouse models of NSCLC. The resultant
nanosystem enabled visualization of blood supply to the
nodules during the early-phase imaging. Delayed-phase
imaging enabled the characterization of slow-growing and
rapidly-growing nodules based on signal enhancement. This
agent could facilitate the early detection and diagnosis of

19550 | RSC Adv, 2023, 13, 19540-19564

pulmonary lesions as well as have implications on the treatment
response and monitoring.

Exon 2 deletion in aminoacyl tRNA synthetase complex-
interacting multifunctional protein 2 (named AIMP2-DX2) has
been suggested to be associated with the progression of various
cancers such as lung cancer. Jo et al.'® demonstrated the rapid
and simple detection of the AIMP2-DX2 mutation by molecular

© 2023 The Author(s). Published by the Royal Society of Chemistry
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beacons and its relation to lung cancer. Real-time PCR with
molecular beacons allowed sensitive detection of the AIMP2-
DX2 mutation as low as 0.3 pg initial template. Dual-
conjugated liposomes with folate and molecular beacons
enabled fluorescence imaging of cancer cells harboring the
AIMP2-DX2 mutation with high resolution. The association of
the AIMP2-DX2 mutation with lung cancer was shown by
analyzing tissue samples from lung cancer patients using real-
time PCR. Approximately, 60% of lung cancer patients
harbored the AIMP2-DX2 mutation, which implies a potential of
the AIMP2-DX2 mutation as a prognostic biomarker for lung
cancer. This study indicated that molecular beacon-based
liposomes had great potential in the simple and rapid detec-
tion of mutations on nucleotides for diagnosing and moni-
toring the progression of relevant cancers.

4.2. Polymer-based nanosystems

Macromolecular contrast agents were first investigated for MR
angiography (MRA) considering that the conventional low
molecular weight gadolinium (Gd)(mn) agents fail to offer vessel
opacification times sufficient to allow MR imaging. Compared
with conventional agents that exhibit rapid equilibration with
the extravascular extracellular space (EES) and are rapidly
cleared by renal filtration, macromolecular agents exhibit
extended vascular retention times, a critical property for MR
imaging.'*

Among these macromolecular agents, dendrimers are
promising nanosystems used for NSCLC imaging. Two types of
dendrimers have been widely explored as imaging agents, one
type within the poly(propyleneime) (PPI) dendrimer series,
composed of a 1,4-diaminobutane (DAB) core, the other of the
poly(amidoamine) (PAMAM) dendrimer series composed of
a 1,2-diaminoethane core. The defined structures and avail-
ability of the surface amino groups of dendrimers enable the
development of dendrimer-conjugates with various chelates for
the application as MR contrast agents.'*>'*® Zhu et al.'*” built
Lox-Stop-lox K-ras G12D transgenic mice imitating lung cancer.
It was found that miR-155 and somatostatin receptor 2 (SSTR2)
were expressed in all the disease stages of transgenic mice. The
authors synthesized octreotide-conjugated chitosan-molecular
beacon nanoparticles (CS-MB-OCT) that can specifically bind
to SSTR2 expressed by the lung cancer cells to achieve the goal
of identification of lung cancer cells and imaging miR-155 in
vivo and in vitro. Fluorescence imaging at different disease
stages of lung cancer in the transgenic mice was performed, and
could dynamically monitor the occurrence and development of
lung cancer by different fluorescence intensity ranges. This
research provided new ideas, new methods, and new technology
for the early screening of lung cancer.

4.3. Inorganic nanosystems

4.3.1 AuNPs. AuNPs have been extensively investigated as
radio-opaque contrast agents, replacing the traditional iodin-
ated molecules dissolved in liquids.'® Furthermore, gold-
coated nanoshells are prospective optical imaging agents
given their tunable plasmon resonance, which enables them to

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

be specifically designed to match the wavelength desired for
a peculiar use. AuNPs currently in use vary in size, involving
1.9 nm in diameter for X-ray contrast, =40 nm in diameter for
gold-gold sulfide nanoshells, as well as 50-500 nm in diameter
for silica-gold core-shell nanoshells.'*'° Barash et al. in 2012
put forward a nanodevice for the classification of lung cancer
(LC) histology, which permits to discriminate between (i) LC
and healthy cells; (ii) SCLC and NSCLC; and between (iii) two
subtypes of NSCLC: adenocarcinoma and squamous cell carci-
noma. Owing to the fact that the fabricated nanodevice had the
competence of profiling volatile organic compounds (VOCs) in
the headspace of LC cells through gas chromatography-mass
spectrometry analysis, the discrimination and diagnosis of
lung cancer were achieved."" In a recently published report by
Hu et al., the authors introduced a sensitive electrochemical
immunosensor named AuNPs@MoS,@Ti;C,Tx composites for
monitoring NSCLC through detecting marker Cytokeratin
fragment antigen 21-1 (CYFRA21-1). In this study, AuNPs were
modified using TizC,Tx and molybdenum disulfide (MoS,),
thus acquiring great surface area and splendid electrocatalytic
characteristics. The detection boundary could reach as low as
0.03 pg ml~ ' within the concentration of CYFRA21-1 ranging
from 0.5 pg ml™" to 50 ng ml~" in which the electrochemical
response value increased linearly."*?

4.3.2 SIONs. Magnetic nanoparticles have been well
explored as MRI contrast agents and have huge potential for
drug-delivery tracking. Generally, there are two types of
magnetic nanoparticles employed in medical imaging: one is
SIONs with a mean hydrodynamic diameter (HD) of >50 nm,
involving the feruxomides (Endorem [Guerbet Villepinte,
France] or Feridex IV [Advanced Magnetics, Cambridge, MA],
the other is ultrasmall SIONs (USIONs) with an HD <50 nm,
such as Ferumoxtran-10 (Advanced Magnetics, Cambridge,
MA)."*® Park et al, in 2020 synthetized ®*Cu-labeled folate-
conjugated SIONs for positron emission tomography (PET)/
MRI-based diagnosis of cancer. The new type of SIONs
showed excellent performance in lung (A549) cancer cell lines.
Radio-thin-layer chromatography (TLC) analysis showed that
SIONs with a radiochemical purity of 82.17% and stability of
~90% in human serum for 24 h."**

4.3.3 Carbon nanostructures. There is vast interest in the
application of carbon nanostructures such as C60 fullerenes
and CNTs in NSCLC imaging, which have been proven as
prospective contrast agents. Advantages of carbon nano-
structures include enhanced relaxivity compared with conven-
tional contrast agents (when loaded with Gd(m)), an outer
carbon sheath that is readily functionalized for targeting, an
excellent track record of biocompatibility, and favorable lip-
ophilicity and size for crossing cell membranes for intracellular
accumulation.® In the field of MR imaging, Gd(m)-loaded
metalofullerenes, or gadofullerenes, exhibit the potentiality to
be a new generation of higher-performance contrast agents.
Constraint of the Gd(m) within the fullerene cage avoids
dissociation of toxic Gd ions in vivo, thus declining the risk of
toxicity."*""” Besides, specifically derivatized Gd C60 nano-
materials, with diameters of 1 nm, have been demonstrated to

have 20 times more relaxivity than conventional MRI agents."®
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However, clinical use of these carbon nanostructures has been
impeded by their RES accumulation and spontaneous aggre-
gation in vivo (observed with polyhydoxylated fullerene deriva-
tives)."** In view of these issues, water-soluble formulations
excreted by the kidney have been investigated. In vivo behavior
of soluble GA@C60 derivative, namely Gd@C60[C(COOH)2]10
gadofullerenes, was assessed and these derivatives exhibited
declined RES uptake and enhanced urinary excretion."™ Alto-
gether, the development of a fullerene MR contrast agent
excreted by the kidney represents a significant step in the
progress of clinically feasible carbon nanostructure-based
contrast agents.

SWNTs are also emerging as a potent type of nanosystems for
molecular imaging. Given their relative ease of synthesis
compared with metallofullerenes and the significantly huger
relaxivity realized by gadolinium-based SWNT contrast agents
compared with conventional contrast agents, SWNT-based
contrast agents may show prominent progress for MRI. Also,
their intrinsic near-infrared fluorescence enables SWNTs to be
prospective optical agents."*® Aasi et al. introduced SWCNTs
decorated by platinum-group transition metals (Pt, Pd, Rh, or
Ru) as potential nanosensors for the detection of toluene, an
important biomarker in the exhaled breath of the lung cancer
patients. It was observed that toluene is intensely chemisorbed
on Rh- and Ru-SWCNT systems with the ascendant response
(—96.98% and —99.98%, respectively), and moderately chem-
isorbed on Pt-SWCNTs (—27.3%) and Pd-SWCNTs (61.60%),
testifying metal decorated SWCNTs sensors as attractive
candidates for the early detection of NSCLC.***

4.3.4 MSNs. MSNs are promising optical imaging agents,
ranging from a few nanometers to over 100 nm in diameter.
Merits of MSNs involve great emission intensity, exceptional
photostability, water solubility, an easily modifiable surface as
well as tunable pore sizes, thus making MSNs an ideal platform
for MR-enhancing hybrid materials. MSNs loaded with Gd(m)
have been developed as effective MR contrast agents. Alto-
gether, the development of porous nanosystems that permit
access of water molecules to magnetic cores is a crucial step in
the progress of nanoscale contrast agents for MR imaging.**
Kang et al.*** reported a nanosystem named carbon dot (CD)
created mesoporous hollow organosilica (C-hMOS) nano-
particles, to deliver anticancer drugs and to enable optical
imaging. The hollow structure was formed by the removal of the
nanorod core template, and at the same time, the fluorescent
signal was endowed by the heat-treated organosilica network.
The treatment of C-hMOS in cancer cells enabled multi-color
visualization in vitro, suggesting the possibility of cell tracing.
Moreover, when injected intratumorally in mice, C-hMOS
exhibited strong optical signals in vivo along with high optical
stability (over a week), making it a promising nanoplatform for
drug delivery and in vivo imaging in cancer treatment.

Herein, we summarize all the above-mentioned studies of
nanosystems for NSCLC diagnosis, as shown in Table 4.

Notably, in standard practice, the US Food and Drug
Administration demands that agents administered for diag-
nostic purposes must be cleared completely from the body
within a reasonable time period. Longmire et al. suggested that

19552 | RSC Adv, 2023, 13, 19540-19564
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renal filtration was the ideal route for nanomedicine removal
from the body, and nanosystems with size <6 nm and zwitter-
ionic or cationic surface charge may be optimized to boost renal
clearance. Clearance of metal-containing nanosystems is
particularly significant owing to agent toxicity and the likeli-
hood of interference with other diagnostic imaging modalities.
For instance, metal nanosystems may interfere with X-ray
imaging owing to changes in linear attenuation coefficient,
MRI owing to proton-free voids, ultrasound owing to enhanced
echogenicity, and probably even single photon emission
computed tomography and PET photon
attenuation.'”'**

owing to

5. Nanosystems for NSCLC treatment
with/without image guidance

As mentioned above, nanotechnology has revolutionized the
use of carriers for treating NSCLC, which are described in detail
in the following sections. Apart from summarizing the recent
application of lipid-based nanosystems, polymer-based nano-
systems, and inorganic nanosystems against NSCLC, we addi-
tionally introduce vaccine and gene delivery nanosystems given
their increasingly important role as novel approaches for
NSCLC treatment.

5.1. Lipid-based nanosysytems

5.1.1 Liposomes. Gai et al."*® prepared folate (FA)-modified
liposome (FA-LP) nanoparticles for targeted co-delivery of era-
stin and MT1DP to increase the bioavailability and the effi-
ciency of the drug/gene combination. The resultant
nanosystems called Erastin/MT1DP@FA-LPs (E/M®@FA-LPs)
sensitized erastin-induced ferroptosis with decreased cellular
GSH levels and elevated lipid ROS. In vivo analysis demon-
strated that E/M@FA-LPs had a favorable therapeutic effect on
lung cancer xenografts. Their study identified a novel strategy to
elevate erastin-induced ferroptosis in NSCLCs acting through
the MT1DP/miR-365a-3p/NRF2 axis. Recently, Zhang et al.*
investigated the role of cancer cell membrane-hybrid liposomes
triggered by tumor microenvironment in synergistic metabolic
therapy and chemotherapy against NSCLC. The liposomes
entitled CLip-PC@CO-LC NPs had hybrid nanovesicles
comprised of cancer cell membranes (Cm) and liposome
membranes (Lipm) activated by matrix metallopeptidase 9
(MMP-9) as the shell, while lipoic acid-modified polypeptides
(LC) loaded with phosphoglycerate mutase 1 (PGAM1) siRNA
(siPGAM1) and DTX were entrapped in the core. It was found
that CLip-PC@CO-LC NPs displayed the traits of pH-controlled
membrane disruption and redox-responsive DTX and siRNA
release, thus resulting in highly robust glycolysis-related gene
silencing and enhanced antiproliferation ability of
chemotherapy.

Though liposomes are widely utilized for NSCLC thera-
nostics, challenges still lie in the variation between batch to
batch, expensive mass production cost, induced pro-
inflammatory cytokines, possible drug leakage, etc."** Never-
theless, some functionalized liposomes have entered the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of discussed studies on nanosystems for NSCLC diagnosis
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Targeting
Nanocarrier Imaging agent group Advantages Drawbacks Ref.
Liposome Iodinated-liposome — This nanosystem enabled the The routine analysis is 102
visualization of blood supply to the challenging in rodent
nodules during the early-phase studies due to small feature
imaging. Delayed-phase imaging size and high noise levels
enabled the characterization of slow- on micro-CT scanners
growing and rapidly-growing nodules
based on signal enhancement
Liposome Molecular beacon Folate Simple and rapid detection of Lack of in vivo studies and 103
detecting AIMP2-DX2 mutations on nucleotides for toxicity assessment
mutation diagnosing and monitoring the
progression of relevant cancers
Chitosan PNPs miR-155 molecular Octreotide Fluorescence imaging at different Lack of toxicity assessment 107
beacon (oCT) disease stages of lung cancer in
transgenic mice could dynamically
monitor the occurrence and
development of lung cancer
AuNPs Organic ligands — These nanosensors are suitable for Lack of in vivo studies and 111
provided broadly cross- detecting lung cancer (LC) specific toxicity assessment
selective adsorption patterns of volatile organic
sites for the breath compounds (VOCs) profiles, allowing
VOCs early differential diagnosis of LC
subtypes
AuNPs Ti;C,Tx and MoS, — The detection boundary can reach as Lack of toxicity assessment 112
low as 0.03 pg ml~" within the
concentration of CYFRA21-1 ranging
from 0.5 pg ml~" to 50 ng ml™"
SIONs %Cu and Fe;0, Folate This nanosystem yielded good Lack of in vivo studies and 114
radiochemical purity of 82.17% toxicity assessment
without the presence of a free 64Cu
mobile phase and exhibited ~90%
stability in both buffer solution and
human serum for 24 h, making it
a potential nanoprobe for PET/MRI-
based diagnosis of NSCLC.
Metallofullerene Gd — Avoided RES accumulation and Lack of toxicity assessment 119
spontaneous aggregation in vivo as
a promising MRI contrast agent
SWCNTs SWCNTs and platinum-  — Attractive candidates for the detection ~ The lack of reversibility 120
group transition metals of toluene, a lung cancer biomarkerin  originated from the strong
(Pt, Pd, Rh, or Ru) the exhaled breath of lung cancer chemical reaction between
patients the toluene and the metal
atom
C-dot-induced Carbon dot and silica — Enabled multi-color visualization in Can be further explored 122

hollow mesoporous
organosilica
nanocarriers

vitro, and exhibited strong optical
signals in vivo along with high optical
stability (over a week)

with modifications such as
targeting moiety and
PEGylation

clinical stage, herein we summarize main examples of lipo-
somal formulations in clinical trials (Table 5).

5.1.2 SLNs. Bae and co-workers*° designed quantum dots
and paclitaxel-loaded SLNs conjugating Bcl-2 targeted siRNA on
the surface for in situ NSCLC imaging-guided synergistic
chemotherapy. The resultant nanocomplexes were observed
with powerful fluorescence derived from quantum dots and
efficient transportation of paclitaxel and siRNA in specific sites
of lung tumor tissues. Furthermore, the authors found
improved synergistic anticancer activities of the SLN/siRNA
nanomedicine in a manner of caspase-mediated apoptosis,

© 2023 The Author(s). Published by the Royal Society of Chemistry

suggesting that the optically traceable SLN is a potential alter-
native to imaging-guided therapy of NSCLC. Interestingly, Yang
et al.®®" reported an inhaled microspheres system that co-
delivers afatinib and paclitaxel (PTX) for the treatment of
EGFR TKIs resistant NSCLC. In this system, afatinib was loaded
in stearic acid-based SLNs, then, these nanoparticles and PTX
were loaded in poly-lactide-co-glycolide-based porous micro-
spheres. Cell experiments indicated that afatinib and PTX had
a synergistic effect and the codelivery system showed a superior
treatment effect in drug-resistant NSCLC cells. The biocom-

patibility,  pharmacokinetic, and tissue distribution
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Table 5 Liposomal formulations in clinical trials

View Article Online

Review

Clinical trials (https://

Clinical clinicaltrials.gov)
Product name Composition phase Clinical use identifier or ref.
L-BLP25 MUC1-targeted liposome vaccine Phase III Unresectable stage III NSCLC NCT00157196 (ref. 125)
(Stimuvax®)
Lipoplatin Liposome encapsulated Phase II Metastatic NSCLC NCT00006036 (ref. 126)
formulation of cisplatin
OTAP: Chol-fus1 DOTAP:cholesterol liposomal Phase I Advanced NSCLC NCT00059605
nanoparticles complexed with
a plasmid expression cassette
encoding human FUS1 protein
ATRC-101 Pegylated liposomal doxorubicin Phase 1B Advanced solid malignancies NCT04244552
(PLD) containing NSCLC, breast cancer,
colorectal cancer, ovarian cancer, etc.
ATI-1123 Liposomal docetaxel formulation Phase I Solid tumors including NSCLC and NCT01041235
breast cancer
STM 434 Liposomal doxorubicin Phase I Solid tumors such as NSCLC, ovarian NCT02262455
cancer, fallopian tube cancer,
endometrial cancer
MM-310 EphA2 receptor-targeted Phase I NSCLC, solid tumors, urothelial NCT03076372
liposomal formulation of carcinoma, gastric carcinoma,
a docetaxel prodrug squamous cell carcinoma of the head
and neck, etc.
MnSOD Manganese superoxide dismutase Phase I Advanced stage III NSCLC NCT00618917 (ref. 127)
(MnSOD) plasmid liposome (PL)
Aroplatin (L-NDPP) Liposomal formulation of cis-bis- Phase II NSCLC, advanced colorectal cancer 128
neodecanoato-trans-R,R-1,2-
diaminocyclohexane platinum()
SPI-77 Sterically stabilized liposomal Phase II Advanced NSCLC 129

cisplatin

experiments in Sprague-Dawley rats showed that afatinib and
PTX in the system could maintain 96 h of high lung concen-
tration but the low concentration in other tissues, with
acceptable safety. These results demonstrated that this system
may be a prospective delivery strategy for drug combination
treatment in drug-resistant NSCLC.

However, similar to other colloidal nanocarriers, SLNs suffer
rapid elimination from circulation for the sake of the reticular
endothelial system (RES), thus resulting in limited drug
delivery. In addition, a significant challenge occurring in the
drug-loading process is the dissolution of drug molecules into
lipids.**

5.2. Polymer-based nanosystems

5.2.1 PNPs. In 2021, Yin and colleagues developed a new
type of PNPs entitled Cyp-PMAA-Fe@MSCs comprised of poly-
methacrylic acid (PMAA) coated by mesenchymal stem cell
membranes (MSCs) PNPs carrying Fe(ur) and cypate, which was
a derivative of indocyanine green, to realize fluorescence/MRI
bimodal imaging and imaging-guided photothermal therapy-
enhanced radiotherapy against NSCLC. In vivo experiments
demonstrated that the tumor site-specific fluorescence signal in
the Cyp-PMAA-Fe@MSCs group was 21% stronger compared to
that in the Cyp-PMAA-Fe@RBCs group after intravenous injec-
tion into tumor-bearing mice. Consistently, the T1-weighted
MRI signal was 30% weaker in the Cyp-PMAA-Fe@MSCs

19554 | RSC Adv, 2023, 13, 19540-19564

group at the lung tumor sites. Furthermore, the Cyp-PMAA-
Fe@MSCs showed excellent manifestation in photothermal
cell-killing effect both in vitro and in vivo when irradiated by
808 nm laser, indicating it is a potential prospect for diagnosis
and imaging-guided combined treatment of NSCLC.** Very
recently, to provide a prospective treatment of EGFR-TKI-
resistant NSCLC, Huang et al™® proposed a nano-cocktail
therapeutic strategy by exploiting stimuli-responsive dendritic-
polymers loaded with EGFR-TKI gefitinib (Gef) and yes-
associated protein (YAP)-siRNA to enable targeted drug/gene/
photodynamic therapy. The cocktail PNPs were observed to
efficiently internalize into resistant NSCLC cells avoiding lyol-
ysis from lysosomes, the intracellular pH-triggered release of
Gef and YAP-siRNA, and no distinguished toxicity after laser
irradiation. In this study, blockage of the EGFR signaling
pathway via Gef, suppression of EGFR bypass signaling pathway
with YAP-siRNA, and increased apoptosis of tumor cells was
achieved in a stimuli-responsive drug release manner, proving
that the cocktail PNPs are predatory competitors compared with
pure photodynamic therapy or free drug therapy. However,
there is still a challenge lying in the large-scale production
considering the complicated synthesis processing, thus assert-
ing a claim for more research and advance in this aspect.
5.2.2 PMs. In 2020, DTX-loaded N-(tert-butoxycarbonyl)-L-
phenylalanine end-capped methoxy-poly (ethylene glycol)-
block-poly (p,i-lactide) (mPEG-b-PLA-Phe(Boc)) micelles (DTX-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PMs) were designed by Gong et al., showing better aqueous
solubility, stability, and lower toxicity. In the in vivo study in
human NSCLC (A549) tumor-bearing Balb/c nude mice, DTX-
PMs were found to considerably enhance DTX accumulation,
and achieve better therapeutic efficacy.'** Interestingly, Wang
et al.**® synthesized a novel folate conjugated poly(ethylene
glycol)-poly(r-glutamic acid)-poly(r-phenylalanine) (folate-PEG-
PLG(HS)-PPhe) copolymer to achieve a desired controlled
delivery of DOX. The copolymer could self-assemble into
interlayer-crosslinked micelles with reduction sensitivity, and
DOX was successfully loaded into the interior of the copolymer.
The interlayer-crosslinked disulfide bond at the intermediate
region between PEG and poly(i-phenylalanine) resulted in
significant improvement of the system stability through the
introduction of an additional mechanism of carrier/carrier
interaction. The crosslinked interlayer could be cleaved at the
desired target site under tumor-relevant reductive conditions
and DOX was rapidly released from the DOX-loaded folate-PEG-
PLG (HS)-Pphe micelles (DOX-fPGPM), and significantly low-
ered the drug leakage without glutathione (GSH). Importantly,
the DOX-fPGPM exhibited significantly higher antitumor effi-
ciency both in vitro and in vivo in comparison with free DOX,
and Doxil (commercial doxorubicin-loaded liposomes). The
DOX-fPGPM designed in this work could potentially resolve the
dilemma between systemic stability and rapid intracellular drug
release and would provide a promising nanomedicine platform
for cancer therapy.

However, disadvantages including leakage of the encapsu-
lated drug during the delivery, weak solubility of small-sized
micelles, and limited loading competence are still persecuting
reseachers.”

5.2.3 Dendrimers. Zhu and colleagues, in 2021, designed
and synthetized aptamer-modified fluorinated dendrimer
called APFHG co-delivering gefitinib (Gef) and photosensitizer
hematoporphyrin (Hp) to alleviate hypoxia and overcome the
resistance of EGFR-TKIs-based molecular targeted therapy
combined with photodynamic therapy against NSCLC. The
aptamer-modified fluorinated dendrimer (APF) had excellent
oxygen-carrying ability, high drug entrapment efficiency, and
controlled release of Gef and Hp triggered by intracellular pH.
APFHG could greatly promote the production of intracellular
reactive oxygen species (ROS) and amplified the therapeutic
effect.’*® However, the limitation of structural defects owing to
the terminal functional group leads to deficiency in the stoi-
chiometrical reaction. In another study, Maghsoudnia et al.**”
investigated the anti-tumor effect of microRNA Mimic let-7b
loaded in PAMAM dendrimers (G5) on NSCLC. Chloroquine
was also employed to enhance the endosomal escape. PAMAM
dendrimers were coated with “hyaluronic acid (HA)” to develop
biodegradable carriers with targeting moiety for over-expressed
CD44 receptors on NSCLC cells. Remarkably, the dendrimers in
the cells pretreated with chloroquine exhibited the highest
cytotoxicity and were capable of inducing apoptosis. Moreover,
the expression study of three genes linked with cancer initiation
and development in NSCLC, including KRAS, p-21, and BCL-2
indicated a decrease in KRAS and BCL-2 (oncogenic and anti-
apoptotic genes) and an increase in p-21 (apoptotic gene).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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This study declared that the application of let-7b-loaded
PAMAM-HA NPs in combination with chloroquine can be
a promising therapeutic option in cancer cell inhibition.

Extensive applications of polymer-based nanoparticles con-
taining PNPs, PMs, and dendrimers that have entered clinical
trials are shown in Table 6.

5.3. Inorganic nanosystems

5.3.1 AuNPs. Peng et al., in 2021, developed Au-RGD-miR-
320a nanoparticles for directly targeting Sp1 in NSCLC. A new
type of gold nanorods were modified with polyethyleneimine
and endowed with RGD peptide-mediated peculiar targeting
ability, which condensed miRNA to self-assemble to the
supramolecular nanostructure. The therapeutic action of the
designed nanoparticles was constituted by integrin avf3-tar-
geted therapy, laser irradiation-responsive photosensitive
therapy, and miRNAs-mediated gene-targeted therapy, which
eventually repressed the proliferation and metastasis, and
promoted the apoptosis of lung cancer through upregulated the
expression of PTEN and downregulated the expression of matrix
metallopeptidase 9.'** Very recently, Ma et al'** fabricated
a nanosystem of gold nanoparticles-dextran nanoparticles
loaded with hypoxia-activated paclitaxel dimeric prodrug
nanoparticles (PTX2-NP) and photosensitizer chlorin e6/
paclitaxel-nanoparticle/gold @N-(2-hydroxypropyl) (Ce6/PTX2-
NP/G@NHs) and analyzed the possible molecular mechanism
for enhancing the radiosensitivity of NSCLC. Ce6/PTX2-NP/
G@NHs were effectively internalized by A549 cells, producing
cytotoxicity under laser irradiation. The resultant nanosystem
reduced cell viability, clonogenic potential, migration, and
invasion along with ROS production while promoting apoptosis
in A549 cells under laser irradiation. By inhibiting the PI3K/AKT
pathway, this nanosystem increased the sensitivity of A549 cells
to radiotherapy where apoptotic body (ApoBD)-mediated
neighboring effects also played a key role.

5.3.2 SIONSs. Recently, Ngema and colleagues reported the
synthesis of trans-10, cis-12 conjugated linoleic acid (CLA)-
coated SIONs delivering paclitaxel (PTX), which were proven
to amplify anti-proliferative activity on the A549 lung cancer
cells with a cell viability of 17.1%. The CLA-coated PTX-SIONs
showed a drug loading efficiency of 98.5% and persistent site-
specific release of PTX in vitro over 24 h, thus suggesting that
the nanomedicine is a promising alternative for an effective
drug delivery system targeted NSCLC.'* Interestingly, Qin
et al.*** designed a hybrid nanosystem (SIONs + RPPs) in which
phase transition nanodroplets with immunomodulatory capa-
bilities were used to potentiate SION-mediated mild magnetic
hyperthermia (MHT, <44 ©°C) and further inhibit tumour
proliferation and metastasis. Magnetic-thermal sensitive phase-
transition nanodroplets (RPPs) were fabricated from the
immune adjuvant resiquimod (R848) and the phase transition
agent perfluoropentane (PFP) encapsulated in a PLGA shell.
Because of the cavitation effect of microbubbles produced by
RPPs, the temperature threshold of MHT could be lowered from
50 °C to approximately 44 °C with a comparable effect,
enhancing the release and exposure of damage-associated
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Table 6 Polymer-based nanoparticles in clinical trials

View Article Online

Review

Clinical trials (https://

Clinical clinicaltrials.gov)
Product name Composition phase Clinical use identifier or ref.
CRLX101 (NLG207) Cyclodextrin and camptothecin Phase II Advanced NSCLC, advanced solid NCT01380769 (ref. 138)
loaded polymer nanoparticle tumor malignancies
Genexol-PM Cremorphor EL (CrEL)-free Phase II Advanced NSCLC NCT01770795 (ref. 139)
polymeric micelle formulation of
paclitaxel
NC-6004 Polymeric micelle formulation of Phase I/1I Advanced unresectable NSCLC, NCT02240238 (ref. 140)
cisplatin biliary tract, or bladder cancer
NC-4016 1,2-Diaminocyclohexane Phase I Various solid tumors NCT03168035 (ref. 61)
platinum(u) (DACHPt)-
incorporating micelles
NC-6300 Epirubicin-incorporating micelle Phase IB Advanced solid tumors including NCT03168061 (ref. 141)
NSCLC, soft tissue sarcoma,
metastatic sarcoma, sarcoma
BIND-014 PSMA-targeted docetaxel- Phase I Advanced solid tumors including NCT02283320 (ref. 142)
containing polymeric micelle NSCLC
XMT-1001 Camptothecin (CPT) conjugated Phase I Non-small cell lung cancer, small cell NCT00455052

Fleximer®

molecular patterns (DAMPs). The exposure of calreticulin (CRT)
on the cell membrane increased by 72.39%, and the released
high-mobility group B1 (HMGB1) increased by 45.84% in vivo.
Moreover, the maturation rate of dendritic cells (DCs) increased
from 4.17 to 61.33%, and the infiltration of cytotoxic T
lymphocytes (CTLs) increased from 10.44 to 35.68%. Under the
dual action of mild MHT and immune stimulation, contralat-
eral and lung metastasis could be significantly inhibited after
treatment with the hybrid nanosystem. Collectively, this study
provided a novel strategy for enhanced mild magnetic hyper-
thermia immunotherapy and ultrasound imaging with great
clinical translation potential.

5.3.3 Carbon nanostructures. Augustine et al.**’ recently
designed oxidized graphene nanoribbons (O-GNRs)-based
delivery system for cisplatin against NSCLC cell line A549 by
selective endocytosis. The nanoformulation showed an average
inhibition of 22.72% at a lower dose of cisplatin (>25%) by
passive targeting on cell line A549 by DNA alkylation, indicating
that graphene-based systems were potential nanosystems
against NSCLC. In another study, Ahamed et al.'*® certificated
the therapeutic efficacy of combining SWCNTs with ubiquitous
cadmium (Cd) against NSCLC is of tremendous satisfaction.
Unavoidable side effects of Cd, such as induced cell viability
reduction, reactive oxygen species, and cell cycle arrest were
remarkably abrogated by joint effects of SWCNTs in human
lung epithelial (A549) cells.

5.3.4 MSNs. Recently, a versatile nanocomposite hetero-
geneous platform was put forward by Lin et al. for therapeutic
alliance against NSCLC, which implied the synthesis of folic
acid-mediated MSNs@Ag@Geb. The large surface area
empowered the MSNs heterostructure the competence to effi-
ciently load photothermal agents Ag and chemotherapeutic
agents Geb, which were pH-responsive drug release achieved by
degradation of residual MnO,.**® Wu et al.*** formulated a novel
MSNs loaded with PDLIMS5 siRNA. The results showed that

19556 | RSC Adv, 2023, 13, 19540-19564

lung cancer

PDLIMS5 siRNA could be effectively bound to the nanoplatforms
and had good biocompatibility. Further exploration suggested
that the nano-platform combined with ultrasonic irradiation
could be very effective for siRNA delivery and ultrasound
imaging. Moreover, epithelial-mesenchymal transformation
(EMT) changes occurred in PC-9 Gefitinib resistance (PC-9/GR)
cells during the development of drug resistance. When PDLIM5
siRNA entered PC-9/GR cells, the sensitivity of drug-resistant
cells to gefitinib could be restored, indicating that this nano-
platform may become a novel treatment for EGFR TKIs resis-
tance in NSCLC patients.

5.4. Vaccine delivery nanosystems

Cancer vaccines that elicit a specific cytotoxic immune response
to tumor antigens are a promising strategy for NSCLC immu-
notherapy. A major obstacle to developing a novel NSCLC
vaccine is the successful and effective delivery of NSCLC anti-
gens to specific cell populations, NK cells, and antigen-
presenting cells (APCs). Antigens are relatively fragile in the
blood microenvironment and readily susceptible to degrada-
tion. Employing nanosystems as delivery systems is a prospec-
tive way to address ineffective antigen delivery.
Liposome-based NSCLC vaccines have been advanced into
clinical studies. Tecemotide (L-BLP25) is a MUC1 glycoprotein
immunotherapy liposomal vaccine combined with MPLA,
which is capable of inducing antigen-specific T-cell
responses.’” This vaccine formulation was demonstrated to
induce a dominant Th1 response and CTL specific to MUC1.
Interestingly, Butts et al.**® carried out a phase III trial and
found no significant difference in overall survival with the
administration of L-BLP25 after chemoradiotherapy compared
with a placebo for all patients with unresectable stage III
NSCLC. Therefore, more liposomal vaccine studies are worth
conducting depending on the stage of NSCLC relative to the
treatment regimen employed. Parayath et al. utilized hyaluronic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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acid nanoparticles loaded with microRNA-125b to reprogram
M2 phenotype M@s in an NSCLC murine model. These nano-
particles were observed to target CD44+ M@s and modified to
enable negatively charged nucleotide encapsulation.’® The
repolarization of tumor-associated M@s to M1 phenotype was
testified by altered surface biomarker expression.

These studies suggested that nanosystems are promising
vectors for antigen delivery in the NSCLC vaccine. Nanovaccines
can reduce the dose and number of immunizations for many
vaccines, provide rapid and long-lived immunity in a single
dose, activate humoral and cell-mediated immunity, allow
room temperature storage for long periods of time, and
enhance patient compliance. However, challenges that still
need to be overcome include translation from lab to clinic,
scale-up costs, and regulatory approvals.

5.5. Gene delivery nanosystems

The efficient delivery of the nucleic acid gained attention to its
target tissue and nanocarriers. Generally, the exogenous genetic
material must be delivered to the nucleus of the targeted cells,
where they manufacture the protein products of the introduced
gene. The ideal vector transfers a precise amount of genetic
material into a specific cell type that achieves the level and
duration of transgene expression sufficient to correct the defect
and be non-immunogenic and harmless, allowing expression of
the gene product without causing toxicity.” In the following
sections, we discuss the advancements of nanocarriers used to
deliver miRNA, siRNA, antisense oligonucleotides, and plasmid
DNA for NSCLC treatment.

5.5.1 miRNAs. The levels of miR-34 and miR-let-7, two
tumor-suppressive miRNAs, are significantly decreased in
NSCLC tissue.'"”*'** Studies have demonstrated that miR-34 is
capable of protecting against initiation and progression of
Kras®*?P"; p53®72H" Jung cancers and human NSCLC xeno-
grafts, and exogenous miR-let-7 can suppress Kras-associated
lung cancers.'>'*® Wiggins et al. used SLN composed of cationic
lipids to deliver miR-34a to affect apoptosis in cancer stem cells,
however, these cationic lipids resulted in liver toxicity.*”
Encouragingly, neutral lipids have been proven non-toxic
carriers for miRNAs, conquering the challenge proposed by
cationic lipids. This neutral lipid-based delivery for miR-34a led
to a significant accumulation of miRNAs and downregulation of
the target genes in NSCLC tissues.” In another study,
miR-let-7a was encapsulated in modified nanoliposomes,
which were conjugated with ephrin-A1 to specifically bind to the
highly expressed EphA2 membrane receptors on NSCLC cells.
This nanoliposome was observed to obviously inhibit the RAS
signaling pathway, hence impeding the proliferation and
growth of NSCLC cells.®” However, there are still challenges to
nanosystem-based miRNA delivery existing in their low encap-
sulation efficiency, poor transfection efficiency, non-specific
biodistribution, and systemic clearance.

5.5.2 Small interfering RNAs (siRNAs). Chemically synthe-
sized siRNAs with the desired sequence can be exploited to
selectively knock down the expression of specific genes that are
critical for the pathophysiology of cancers, such as different
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signaling pathways involved in cancer cell growth, metastasis,
angiogenesis, or drug resistance. This phenomenon is called
RNA interference. siRNAs have a net negative charge that deters
their entry into the cell and suffers from rapid degradation by
RNAases as well as reticuloendothelial system-mediated elimi-
nation.”® These problems can be settled by utilizing nano-
systems to deliver siRNAs into specific cells. A study reported
a siRNA-delivery system to silence the NSCLC cells, which was
called iNOP-7 made up of a highly branched generation of four
poly-L-lysine dendrimers consisting of 32 amino acids on its
surface. The study showed that NSCLC cell proliferation was
evidently decreased by iNOP-7-PLK1 siRNA (polo-like kinase 1
SiRNA).**® Another study indicated that the nanosystems
composed of cationic lipid/solid polymer hybrid could be used
for siRNA delivery considering that these hybrid nanosystems
led to prolonged blood circulation, efficient gene silencing, and
minimal in vivo side effects.'®

5.5.3 Antisense oligonucleotides. Antisense oligonucleo-
tides are single-stranded generally ranging from 13 to 25
nucleotides and match with the specific mRNA sequence during
the translation process, which further regulates the synthesis of
target proteins, thereby providing high selectivity for the target
and improving the therapeutic index as compared with other
antitumor therapies.’ Cationic lipid nanoparticles are the
most advanced and widely used nanosystems to deliver anionic
oligonucleotides.’”® Amreddy et al. discussed PLGA nano-
particles, which are cationized with biocompatible chitosan to
deliver antisense oligonucleotides. Chitosan-modified PLGA
nanoparticles bonded to antisense oligonucleotide
2'-0-methyl-RNA were observed for cellular uptake efficiency in
NSCLC. The results suggested that the cellular uptake of anti-
sense 2’-O-methyl-RNA was up to the percentage of chitosan in
the nanoparticles. Moreover, the chitosan-modified nano-
particles were proven to remarkably inhibit the telomerase
activity in lung cancer cells.***

5.5.4 Plasmid DNA. Genetic mutations such as KRAS and
p53 are regularly observed in NSCLC, which declines the
responsiveness of treatment against NSCLC. Talekar et al.'®
investigated the application of plasmid DNA, wt-p53, which was
delivered as a therapeutic biomaterial in SK-LU-1 human lung
adenocarcinomas and in the Kras®*”/p53™™ genetically engi-
neered mouse model of lung cancer. They utilized hyaluronic
acid-based nano vehicles for the systematic delivery of plasmid
DNA at the target site, which led to significantly increased
apoptotic activity in SK-LU-1 lung cancer cells. The tumor
suppressor candidate 2 (TUSC2, also called FUS1) gene
possesses the highest tumor-suppressor activity, but it is not
detected in most of the NSCLC cell lines. This gene exhibits the
most dynamic proapoptotic activity compared with other
tumor-suppressor genes in NSCLC cells. Liposomes of N-
[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride
(DOTAP): Cholesterol encapsulating TUSC2-expressing plasmid
DNA is proven to be an attractive intravenous gene delivery
system in NSCLC. The nano-delivery of TUSC2 plasmid reduced
the number of metastatic nodules and increased survival rates

in metastasis mouse models.**®
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Table 7 Summary of the discussed on nanosystems for the NSCLC treatment
Nanocarrier Cargo Targeting group Advantages Drawbacks Ref.
Liposome Erastin and MT1DP Folate Sensitized erastin-induced ferroptosis ~— 123
with decreased cellular GSH levels
and elevated lipid ROS, and showed
a favorable therapeutic effect on lung
cancer xenografts
NSCLC cell Lipoic acid-modified NSCLC cell pH-controlled membrane disruption — 32
membrane-hybrid polypeptides (LC) membrane and redox-responsive DTX and siRNA
liposome loaded with release, thus resulting in highly
phosphoglycerate robust glycolysis-related gene
mutase 1 (PGAM1) silencing and enhanced
SiRNA (siPGAM1) and antiproliferation ability of
DTX chemotherapy
SLNs Quantum dots, — Imaging-guided synergistic Lack of in vivo study 130
paclitaxel and Bcl-2 chemotherapy: this nanosystem and toxicity
targeted siRNA showed powerful fluorescence evaluation
derived from quantum dots and
efficient transportation of paclitaxel
and siRNA in specific sites of lung
tumor tissues
SLNs Afatinib and paclitaxel — Showed a superior treatment effectin ~ In vivo study showed 131
EGFR TKIs-resistant NSCLC cells slight liver toxicity,
which can recover
over time
PNPs (PMAA) Fe(ur) and cypate Mesenchymal Realized fluorescence/MRI bimodal Lack of toxicity 38
stem cell imaging and imaging-guided evaluation
membranes photothermal-therapy-enhanced
radiotherapy against NSCLC
PNPs Gefitinib (Gef) and Yes- — Achieved a targeted drug/gene/ — 133
associated protein photodynamic therapy against EGFR-
(YAP)-siRNA TKI-resistant NSCLC.
PMs DTX — Considerably enhanced DTX — 134
accumulation, thus achieving better
therapeutic efficacy
PMs DOX Folate Resolved the dilemma between — 135
systemic stability and rapid
intracellular drug release
Fluorinated Gef and Aptamer Greatly promoted the production of Lack of in vivo study 136
dendrimers hematoporphyrin (Hp) the intracellular ROS and amplified and toxicity
the therapeutic effect against EGFR- evaluation
TKI resistant NSCLC
PAMAM dendrimers ~ microRNA Mimic let-7b ~ Hyaluronic acid Expression study of three genes Lack of in vivo study 137
(G5) and chloroquine linked with cancer initiation and
development in NSCLC, including
KRAS, p-21, and BCL-2, indicated
a decrease in KRAS and BCL-2
(oncogenic and anti-apoptotic genes)
and an increase in p-21 (apoptotic
gene)
Gold nanorod miR-320a RGD peptide Achieved integrin avp3-targeted — 143
therapy, photosensitive therapy by
laser irradiation, and gene-targeted
therapy by miR-320a
Gold nanoparticles-  Paclitaxel dimeric — Enhanced the radiosensitivity of — 144
dextran prodrug and NSCLC.
nanoparticles photosensitizer Ce6
trans-10, cis-12 Paclitaxel — CLA (with potential anticancer Lack of in vivo study 145
conjugated linoleic activity) could yield a more efficacious  and toxicity
acid (CLA)-coated nanomedicine for NSCLC evaluation
SIONs chemotherapy with enhanced anti-
proliferative activity and
biocompatibility
Hybrid nanosystem Immune adjuvant — A novel strategy for enhanced mild Lack of toxicity 146

(SIONSs + RPPs)

resiquimod (R848) and

19558 | RSC Adv, 2023, 13, 19540-19564

magnetic hyperthermia

evaluation
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Table 7 (Contd.)
Nanocarrier Cargo Targeting group Advantages Drawbacks Ref.
the phase transition immunotherapy and ultrasound
agent perfluoropentane imaging with great clinical
(PFP) translation potential
Oxidized graphene Cisplatin — Showed an average inhibition of Lack of in vivo study 147
nanoribbons 22.72% at a lower dose of cisplatin and toxicity
(>25%) by passive targeting on cell evaluation
line A549 by DNA alkylation
SWCNTs Cadmium — Unavoidable side effects of Cd, such Lack of in vivo study 148
as induced cell viability reduction, and toxicity
reactive oxygen species, and cell cycle  evaluation
arrest were remarkably abrogated by
joint effects of SWCNTSs in A549 cells
MSNs Ag and Geb Folic acid Combined photothermal therapy and — 149
molecular targeted therapy, and
achieved pH-responsive drug release
by the degradation of residual MnO,
MSNs PDLIM5 siRNA — Very effective for siRNA delivery and — 150
ultrasound imaging, and the
sensitivity of drug-resistant cells to
gefitinib was restored
Liposomal vaccine A synthetic 25-amino — Induced a dominant Th1 response A phase III trial 125,151
(L-BLP25) acid lipopeptide and CTL specific to MUC1 in the found no significant
derived from the study by Mehta et al. difference in overall
tandem repeat region of survival with the
MUC1, and nonspecific administration of L-
adjuvant BLP25 after
monophosphoryl lipid chemoradiotherapy
A compared with
a placebo
Hyaluronic acid- miRNA-125b Hyaluronic acid Reprogrammed tumor-associated — 152
based nanoparticles macrophages to overcome
immunosuppression
SLNs miR-34a — Provided a new strategy to deliver Liver toxicity 157
miRNA
Liposome miR-let-7a Ephrin-A1 Obviously inhibit the RAS signaling — 82
pathway, hence impeding the
proliferation and growth of NSCLC
cells
Dendrimers iNOP-7-PLK1 siRNA — A novel strategy for the treatment of Lack of toxicity 160
NSCLC which aberrantly express evaluation
PLK1
PNPs (PLGA) Antisense . Remarkably inhibit the telomerase — 164
oligonucleotide activity in the lung cancer cells
2/-0-methyl-RNA
PEI/PEG NPs Wild-type p53 and miR-  Hyaluronic acid Showed tremendous promise of wt- Lack of toxicity 165
125b expressing (HA) p53 and miR-125b gene therapy using  evaluation
plasmid DNA dual CD44/EGFR-targeting HA NP
vector for effective treatment of lung
cancer
Liposome TUSC2-expressing — Reduced the number of metastatic — 166

plasmid DNA

Herein, we summarize all the above-mentioned studies of
nanosystems for NSCLC treatment, as shown in Table 7.

6. Discussion and perspectives

Huynh and Zheng” introduced two design concepts for engi-
neering multifunctional nanosystems: a conventional approach
called ‘all-in-one’, and a novel approach called ‘one-for-all’. The

© 2023 The Author(s). Published by the Royal Society of Chemistry

nodules and increased survival rates
in metastasis mouse models

all-in-one approach means components that own a specific
singular function such as a drug or imaging contrast agent are
combined, leading to multiple single components packaged in
a single nanosystem. This approach is generally achieved by
either encapsulating agents within the core, conjugating or
adsorbing agents to the surface of the nanosystem, or a combi-
nation of these ways, thus making the resultant nanosystem

RSC Adv, 2023, 13, 19540-19564 | 19559
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become increasingly complex with the addition of multiple
imaging agents and drugs. On the other hand, one-for-all
means a multifunctional nanosystem can be made from
a single building block that owns multiple intrinsic function-
alities such as being a carrier, drug, and imaging agent,
simultaneously. This approach aims to simplify the composi-
tion of the multifunctional nanosystem while retaining the
required properties. Many inorganic nanosystems have both
imaging and treatment feasibility, such as SIONs used for MRI
and thermal therapy,'®® AuNPs for CT and radiation therapy,'®
gold nanorods for CT contrast enhancement, and PTT."”®

Both, all-in-one and one-for-all design approaches, possess
merits and demerits. The aspects most remarkably discrimi-
nating the two approaches are clinical translation—
manufacturing methodologies and presumable toxicity.

The major superiority of the all-in-one approach is the
readily available components, many of which are based on
materials already utilized in the clinic, thereby reducing chal-
lenges related to regulatory approval. However, the inferiority of
the all-in-one approach is still troublesome, featuring relatively
higher clinical translation hurdles and more complicated
toxicity studies. In this approach, the synthesis of multifunc-
tional nanosystems entails the addition of singular functional
components in a step-by-step manner, hence demanding
multiple purification courses. Accordingly, this synthesis
approach is highly time-consuming, and multistep purification
usually reduces the final yield, thereby causing expensive scale-
up costs and impeding their clinical use. Moreover, presumable
heterogeneous formulations may occur due to multiple cargos
packaged in one single nanosystem. Although a step-by-step
procedure may attenuate the heterogeneity and elevate repro-
ducibility, it will result in increased synthesis time and costs.
On the other hand, combining multiple steps is capable of
reducing the synthesis steps, but resulting in declined repro-
ducibility and enhanced heterogeneity amongst nanosystems in
the same production batch. Moreover, biodistribution,
biocompatibility, toxicity, and biodegradation also limit prog-
ress towards clinical use, entailing to ponder on each compo-
nent of the formulation, because many multifunctional
nanosystems consist of both organic and inorganic compo-
nents, which are not cleared from the body in the same manner.
Besides, the size of nanosystems also affects the routes of
clearance via either liver or renal filtration. For this reason,
a multifunctional nanosystem with smaller nanoparticles
packaged within it may have several routes of clearance, thus
demanding complex toxicity studies for multiple components.

As for the one-for-all approach, the major superiority lies in
relatively lower clinical translation hurdles and simpler toxicity
studies. In this approach, the synthesis procedure of multi-
functional nanosystems is simplified because a single building
block does not demand complicated fabrication steps, while
ensuring a homogenous formulation and only demands bio-
distribution, biocompatibility, toxicity, and biodegradation
studies for the single component. However, most of the multi-
functional nanomaterials are inorganic, which poses threats to
long-term toxicity and in vivo clearance considering that they
are not biodegradable. Moreover, inorganic nanomaterials are
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usually confined to be specific for an individual imaging
modality, resulting in finite flexibility for multiple desired
therapeutic and imaging functionalities. Besides, the one-for-all
approach challenges researchers to synthesize inherently
multifunctional building blocks, which will demand their own
regulatory approval.

7. Conclusions

Non-small-cell lung cancer (NSCLC) is a devastating disease of
high incidence and mortality all over the world. Sensitive
diagnosis and effective therapy methods are crucial for allevi-
ating the conditions of patients whose lives are threatened by
the disease. Nanoparticles have been established to be tools
with enormous benefits and widely applied in the clinic against
NSCLC. The structure of nanoparticles can be manipulated and
regulated, which permits limitations and problems existing in
conventional theranostic treatments to be overcome such as
solubility and stability issues through surface chemistry.

Multi-drug resistance (MDR), which has a close relationship
with tumor cell heterogeneity, gene mutations, efflux pump,
tumor microenvironment, etc., has been a huge obstacle to the
long-term therapeutic outcomes of NSCL.® Fortunately, nano-
particles have displayed prospective possibilities for over-
coming MDR. It is well demonstrated that diverse
chemotherapeutic or immunotherapeutic drugs delivered as
nanoparticle cargoes are endowed with the ability to bypass
MDR partially because drugs delivered by nanocarriers cannot
be recognized as substrates by the ABC drug efflux systems.

Although there has been a great deal of research concerning
nanoparticles delivering NSCLC drugs, only a handful of such
nanomedicine have entered the market. This situation is mainly
attributed to the fact that the in vivo performance of nano-
medicine is of great possibility to be very distinguished from its
performance in vitro, which has something to do with aspects of
cell interactions, tissue transportation, diffusion, and biocom-
patibility in different settings. Nevertheless, nanoparticles have
made great progress over the last decades, and considering the
market prospect of nanoparticles against NSCLC, opportunities
primarily exist in combination with conventional treatments
such as chemotherapeutics, NSCLC-oriented, and patient-
featured therapy guidelines.
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