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Metastasis is the cause of approximately 90% of cancer-related morbidities and mortalities, which is
ascribed to the phenomenon of EMT (epithelial to mesenchymal transition). The pathological activation of
EMT during tumour development results in the augmentation of metastasis and invasiveness of the
primary tumours. Following EMT, the cells lose their epithelial characteristics and acquire a mesenchymal
phenotype. This process involves the disruption of cell-cell and cell-matrix adhesion, changes in cellular
polarity and remodelling of cytoskeleton, which are attributed to the enhanced pathogenesis in the
tumours. EMT elicits various phenomena such as immune modulation, tumour immune escape, drug resis-
tance and chemoresistance and is also responsible for poor prognosis in cancer. The use of nanoparticles
as drug delivery vehicles or as cancer-inhibiting agents has been a topic of extensive research in today's
world. Nanoparticles are used as efficient drug-delivering agents owing to their extremely small size and
numerous merits such as biocompatibility, biodegradability, non-toxicity, ease of functionalization and
encapsulation and enhanced permeability and retention (EPR) effect. Besides, nanoparticles can be
modulated to be tumour specific by both passive and active targeting strategies and enhance the
intracellular drug concentration in tumours while avoiding toxicity in healthy cells. Thus, the establishment
and formulation of a novel nanomedicine might have remarkable and valuable contribution through
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specific or selective delivery of chemotherapeutic agents and/or inhibitors against EMT related pathways.
Additionally, the utilization of their intrinsic cytotoxic activity or their use in the context of precision
DOI: 10.1039/d0ma00455¢ medicine can be allowed to modulate EMT by targeting the tumour microenvironment. This review deals
with the various types of nanomaterials used to inhibit the phenomenon of EMT for achieving a successful

rsc.li/materials-advances anti-metastatic therapeutic regime.

Introduction

EMT is a conserved and dynamic multistep process implicated
under a plethora of pathophysiological conditions including,
embryonic development, wound healing and cancer. In malignan-
cies, it not only imparts cancer cells the unique characteristics of
migration and invasion but also results in the generation of cancer
stem cells (CSCs) thereby contributing to chemoresistance and
immune modulation along with a poor therapeutic outcome. The
effect of EMT on cancer varies with respect to different tumours and
their microenvironmental conditions. The EMT enables the cancer
cells to migrate to a distant site through the bloodstream and
undergoes MET (mesenchymal to epithelial transition), therefore,
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resulting in the establishment of metastatic colonization,' depicted
in Fig. 1.

The cells undergoing EMT lose their apical-basal polarity,
cell-to-cell adhesion, cytoskeleton reorganisation, and acquire
the migratory mesenchymal phenotype such as increased motility
and dissemination of cancer cells, which eventually enter the
bloodstream in the form of circulating tumour cells (CTC).>
The loss of epithelial proteins, primarily E-cadherin, marks the
process of EMT induction. However, other epithelial markers,
which are downregulated during EMT, are cytokeratin, occludins,
y-catenin and laminins. Simultaneously, there is also overexpres-
sion of the mesenchymal markers such as Vimentin, N-cadherin,
and a-SMA (o-smooth muscle actin). The extent of loss of the
epithelial characteristics is related to the aggressiveness of the
malignancy, therefore, leading to poor prognosis and high rate of
morbidity.

In the metastatic malignancies, upon induction of EMT,
there is an increased expression of the matrix metalloproteases
(MMPs) such as membrane type 1 (MT1)}-MMP, MMP2 or
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Fig. 1 Schematic representation of the epithelial to mesenchymal transi-
tion. (A) The tumour architecture; (B) upon external stimuli from the tumour
niche, there is an alteration in the gene expression that results in
the phenotypic change of the epithelial tumour cell; (C) following EMT,
the epithelial cells acquire migratory mesenchymal characteristics; upon the
secretion of matrix metalloproteases (MMPs) by the mesenchymal cells the
basement membrane gets degraded (1), the mesenchymal cells then
traverse the stromal cellular layers (2); the tumour cells possess PDGFR
(platelet derived growth factor receptors), therefore, are chemo-attracted
by the endothelial cells of the blood vessels secreting PDGF (3); following
chemotaxis, the tumour cells intravasate into the blood vessels (4); (5) they
travel to a distant site in the body either alone or in clusters, after being
surrounded by the platelets which help them escape immune recognition,
(6) the extravasation of the tumour cells through the blood vessels engenders
secondary tumours (7), whereby, following the process of mesenchymal to
epithelial transition (MET), the migratory cells acquire epithelial characteristics
and give rise to an entirely new cluster of tumours (8).

MMP9 that facilitates the degradation of the basal lamina,
therefore, enabling the cancer cells to migrate through the
basement membrane.> The cells undergoing EMT produce
increased amounts of extracellular matrix proteins (collagen
and fibronectin), which in association with the niche potenti-
ates angiogenesis, invasion and metastasis, along with immune
escape.? EMT also allows the tumour cells to escape anoikis, i.e.
death upon cell detachment; as a result, they flow through the
lymphatic and blood vessels, thereby promoting metastasis.’
Specialized cell-cell junction proteins (claudin, occludin,
cadherin, etc.), essential for maintaining the epithelial integrity, are
lost upon the induction of the epithelial to mesenchymal transition.
Besides, the cells undergoing EMT modulate their cytoskeletal
organizations, enabling cell elongation and directional motility.®
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EMT is attributed to the remodelling of actin filaments which
are mediated by regulatory proteins, such as moesin, a cross-
linker protein between the plasma membrane and actin-based
cytoskeleton.” It is followed by the formation of a protrusive
pseudopodia structure such as invadopodia and lamellopodia
(sheet like membrane protrusions) that have spike like projec-
tions at their edges known as filopodia.® These actin-rich protru-
sions expressed on the cellular edges exert proteolytic functions
and are customized for the degradation of the ECM. These actin-
dependent pseudopodial protrusions in the tumour cell are
critical elements of mesenchymal cell migration that eventually
leads to cancer metastasis.® The role of cytoskeletons in EMT was
reviewed by Fefe et al. and Sun et al.”’*° The RHO/RACK pathway
in synergism with the FAK pathway is known to regulate the
actin/cytoskeleton dynamics during EMT."" While RhoA pro-
motes actin stress fibre formation, the RAC1/CDC42 fosters the
genesis of lamellopodia and filopodia, (reviewed by Lamouille
et al.).

Decades of ongoing research have provided us with estab-
lished evidence regarding the role of EMT in metastasis and
invasion of the cancer cells. However, the lack of a suitable
delivering system targeting EMT remains a major concern. This
review deals with the utilization of synthetic and natural
nanomaterials which are either used as EMT inhibitors or as
a drug delivery vehicle to inhibit the various EMT potentiating
factors.

The factors facilitating EMT

The factors contributing to the loss of the epithelial phenotype
are either related to zinc-finger binding transcription factors
(Snai1/Snail, Snai2/Slug, ZEB1, and ZEB2) or the basic helix-
loop-helix factors (Twistl and Twist2). Besides, other factors
downregulating the epithelial characteristics include GSK-38,
TCF/LEF, B-catenin, SUMO2, etc. EMT is also induced by
humoral factors [such as epidermal growth factor (EGF)," fibro-
blast growth factor (FGF),"® hepatocyte growth factor (HGF)'* and
platelet-derived growth factor (PDGF)"] acting via receptor tyr-
osine kinases,'® secreted signalling molecules lying down-
stream of the Wnt"”"® and Notch" pathway, MAPK pathway”°
and cytokines such as transforming growth factor-B (TGF)*'
that are abundantly expressed in the tumour microenviron-
ment. Additionally, hypoxia and inflammation are also known
to regulate EMT.>*>??

The transcription factors (Snail, Slug, Twist, and ZEB) are
known to downregulate the expression of E-cadherin along with
numerous other epithelial markers and also aid in the acquisi-
tion of mesenchymal markers. Damian Medici et al. reported
that among the three Snail family of proteins, Snail (known as
Snail) and Snai2 (known as Slug) promote the expression of
B-catenin and TCF4 transcription complexes that bind to the
promoters of TGFB3, thereby increasing its transcription.
Furthermore, the TGFB3 signalling increases the LEF1 (lym-
phoid enhancer factor) gene expression, causing the formation
of B-catenin and LEF1 complexes that initiate EMT without
upstream signalling pathways.>* The Snail family of proteins
binds to the E-box of the E-cadherin promoter through their
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carboxyl-terminal zinc-finger domain and represses the expres-
sion of E-cadherin. Multiple signalling pathways activate Snail
expressions such as Wnt, Notch,>® and TGFP.>® The Snail
proteins interact with transcriptional regulators such as ETS1
and SMAD3/4 which are activated by the MAPK/PI3K signalling
pathways and results in the upregulation of MMP expression.
They are also known to regulate the TGF mediated repression
of E-cadherin and occludin, therefore promoting EMT.>”®

The basic helix-loop-helix transcription factors (Twistl and
Twist2) facilitate the downregulation of epithelial genes and
activate the expression of mesenchymal genes. They are known
to repress the E-cadherin expression and activate the N-cadherin
expression, in alliance with other regulatory proteins. One such
association is of Twist with Bmi1 that results in the recruitment
of the PRC2 gene, which in turn represses the gene promoters of
E-cadherin and p16.*° Under hypoxic conditions, HIF1a in
association with B-catenin induces the expression of the Twist1
gene. In association with Snail, Twist gets phosphorylated by
MAPK, which protects it from ubiquitin-mediated degradation,
thereby increasing its activity.*°

The zinc finger E-box binding homeobox-1 and -2 known as
ZEB1 and ZEB2, respectively, bind to the regulatory gene
sequences at the E-boxes of the gene promoters and can either
repress or activate the transcription of those genes. They also
bind to the transcriptional activators such as p300/CBP asso-
ciated factors, which transcriptionally activates certain genes,
including Smad and facilitates the TGFB pathway.’’ Their
expression follows Snail activation. Besides, it is also induced
upon the cooperation of Twist and Snail genes®” and also by
TGFp,*? Wnt proteins and RAS/MAPK signalling pathways.**

Among the different signalling pathways, the developmental
pathways such as the Notch,** Wnt, hedgehog,®> MAPK, and
AKT>® pathways are the most common inducers of EMT. How-
ever, among the various growth factors, TGFf is the potent
inducer of EMT, having established crosstalk with numerous
other pathways downstream of it, in Smad and non-Smad
dependent manner.*”*® These pathways are known to facilitate
either the expression of the transcriptional factors (Snail, ZEB
and Twist) or are associated with the expression of downstream
genes (MMPs, tight junction proteins, etc.) that further regu-
lates EMT progression. The pathways potentiating EMT are
illustrated in Fig. 2; however, a detailed mechanism of the
individual pathway in regulating EMT is beyond the scope of
this review.

Exosomes mediated EMT in cancer

Exosomes are nano-sized extracellular vesicles secreted by a
variety of cells, which increase in case of stress or diseased
conditions like cancer. Initially, it was known to eliminate
waste from the cells, but researchers have found that they also
act as a mediator for various cell-to-cell communications.*”
Exosomes carry biologically active molecules across the
circulation and act as intracellular communicators that mediate
orchestration of the local and distant tumour microenvironment. It
results in the initiation of metastasis by facilitating EMT, demon-
strated in Fig. 3. It is known to regulate various EMT-related
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pathways and also enhances the progression of metastasis and
invasiveness of the cancer cells by exosome-mediated delivery of
proteins and nucleic acids.

The tumour-derived exosomes (TDEs) carry pro-EMT cargoes
which contain EMT inducer molecules (TGFB, TNFa, IL-6,
TSG101, AKT, ILK1, B-catenin, hepatoma-derived growth factor,
casein kinase II (CK2), annexinA2, integrin 3, caveolin-1, matrix
metalloproteases (MMPs) and hypoxia inducible factors) that
facilitate EMT.’® Exosomes also contain Wnt proteins that
result in the activation of the Wnt signalling pathway in
recipient cells. The Wnt proteins are known to inhibit glycogen
synthase kinase-3p (GSK3p) that stabilizes B-catenin, which in
turn promotes the gene expression program, favouring EMT.*'

In some cases, it has been observed that highly metastatic
hepatocellular carcinoma (MHCC97H) cell-derived exosomes
are taken up by low metastatic hepatocellular carcinoma
(HCC) cells, thus, resulting in the subsequent increase of
invasiveness and malignant behaviour of the recipient cells.*?
Exosomes derived from melanoma cells trigger the switch in
phenotypes in primary melanocytes via the paracrine/autocrine
mediated signalling, resulting in the activation of the MAPK
pathway, thereby promoting metastasis.

Some of the miRNA modulators of EMT such as LET-7i,
miR191 and let-7a, present in serum exosomes, are also involved
in the process of switching from non-melanoma subjects to
differentiating Stage-I melanoma patients, providing evidence
against melanoma derived exosomes promoting EMT by mod-
ulating the tumour microenvironment.*> Exosomes carrying
mi-499a-5p, derived from a highly metastatic cell line, enhanced
cell proliferation, migration and EMT via the mTOR pathway in
lung adenocarcinoma.** Exosomes derived from breast cancer
cell lines, containing miR-105, downregulated the expression of
the ZO-1 protein, a tight junction protein in endothelial mono-
layer cells and resulted in the enhanced vascular permeability in
lung and brain metastasis."’

It was also observed that TGFP1 present in CAF (Cancer
Associated Fibroblast) derived exosomes triggers the belligerent
behaviour in ovarian cancer cells by activating the SMAD path-
way, which is suggestive of the fact that targeting the CAF
exosomes would result in the potential treatment of ovarian
cancer.*®

The EMT heterogeneity

Metastasis occurs through repeated cycles of EMT and MET, as
depicted in Fig. 4. The EMT occurs through distinct intermedi-
ate steps that evolve through the epithelial state to a hybrid E/M
(hybrid epithelial/mesenchymal) state following a complete
mesenchymal state. All the EMT cells possess similar tumour
propagating capacity and display variations in their cellular
plasticity, invasiveness and metastatic potential. These differ-
ent states of EMT exhibit variation in their signalling pathways,
transcriptional factors and their niches.””

Similarly, the mesenchymal to epithelial transition (MET) is
the reverse process of EMT that involves the transition from the
motile, multipolar, spindle-shaped mesenchymal cells to pla-
nar polarized epithelial cells. It also follows a series of distinct

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The pathways facilitating EMT. The pathways known to induce EMT by activating the downstream pathway genes and transcription factors are the
Sonic hedgehog pathway, Smad-dependant and independent TGFB pathway, Receptor tyrosine kinase pathway, Notch pathway, and Wnt pathway.
Additionally, hypoxia and inflammation, the factors of the tumour microenvironment, are also known to potentiate the epithelial to mesenchymal transition.
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Fig. 3 Schematic representation depicting the role of exosomes in the progression of EMT.

transformations whereby, the mesenchymal cells traverses
through the hybrid M/E (hybrid mesenchymal/epithelial) state,
following a complete epithelial state. Thus, researchers have
syncretized the notion that cancer cells utilize the phenomenon
of EMT for invasion and dissemination while MET helps in
establishing the metastatic outgrowth.*®

This journal is © The Royal Society of Chemistry 2020

It has been observed that tumour cells exhibiting hybrid E/M
phenotypes allow the migration of the adherent cells in the
form of a cluster of circulating tumour cells (CTCs). It does so
by exhibiting residual cell-cell interactions that enable collec-
tive migration of the cellular cluster. The key player responsible
for the formation of these CTC clusters is the jagged mediated
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Notch signalling, ensuing lateral induction; the phenomenon
whereby the adjacent cells acquire uniform phenotypes. As a
result, they remain bound to each other in the form of clusters.

The cell fate determination among these three phenotypes is
regulated by a circuit, composed of two mutually interconnected
feedback loops that consist of two transcription factors (Snail and
ZEB) and two micro-RNAs (miRNA-34 and miRNA-200): (i) the
miRNA-34/Snail and (ii) the miRNA-200/ZEB. These two feedback
loops are responsible for exhibiting any one of the three pheno-
types of the EMT cells. High miRNA-200, high miRNA-34, low Snail
and low ZEB exhibit the epithelial phenotype, and low miRNA200,
low miRNA-34, high Snail and high ZEB mark the mesenchymal
phenotype while low miRNA-34, low ZEB, high Snail and high
miR200 evince the hybrid E/M state.**>°

Therefore, it has been imperative for us to identify these
transition states and effectively eliminate the origin of these
phenotypes, which might be a crucial step in abrogating
various tumorigenic properties associated with a poor outcome
in patients.

What do nanoparticles deliver?

Nanoparticles delivering nucleic acids to revert EMT: Therapeutic
nucleic acids explored as anti-cancer agents hold promising
results in the inhibition of EMT. However, the main problem
concerning the nucleic acids is their intracellular stability and

2618 | Mater. Adv., 2020, 1, 2614-2630

successful delivery into the tumour specific cells. The most
commonly used nucleic acids for therapeutics are RNA based,
which usually fall in either of the two categories: siRNA and mi-
RNA that might be used against EMT related genes and
transcription factors.

Nanoparticles delivering chemotherapeutic drugs in addition to
EMT inhibiting agents: Chemotherapeutic drugs (doxorubicin,
cisplatin, paclitaxel, daunorubicin, carboplatin, etc.) are deliv-
ered either by loading them into the nanoparticles following
monotherapy or used in combination therapy with some other
inhibitor loaded nanoparticles.

Nanoparticles delivering pathway inhibitors: There are numer-
ous pathways that aid in the induction of EMT (Wnt, Notch,
TGFp, MAPK, etc.). The use of pathway inhibitor loaded nano-
particles, either in monotherapy or in combination therapy, is
highly efficient in curbing the effects of EMT, thus providing a
dual therapeutic regime that results in the retraction of various
hallmarks of malignancies.

Nanoparticle mediated EMT inhibition

Depending on the structural and physio-chemical properties,
the nanomaterials possess unique abilities to either intrinsi-
cally inhibit EMT or transmit drugs encapsulated within itself
to inhibit the EMT facilitating factors.

This journal is © The Royal Society of Chemistry 2020
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Inorganic nanoparticles (metal and metal oxide nano-
particles), hybrid nanocomposites (Inorganics-In-Organics and
Organics-In-Inorganics), carbon derived nanoparticles and polymeric
nanoparticles (chitosan, micelle, PLGA) have exhibited remarkable
capabilities of EMT inhibition. In addition to synthetic nano-
particles, natural nanomaterials (liposomes and exosomes) also
possess exceptional characteristics as EMT inhibitors or as a drug
delivery vehicle. Besides, there are numerous other nanoparticles
that mediate the inhibition of EMT and metastasis, either encapsu-
lated with a single inhibiting agent or following a co-therapeutic
module (ie., encapsulated with a combination of drugs or inhibi-
tors), are discussed in Table 1.

Inorganic metallic nanoparticles

Gold nanoparticles (Au NPs) have attracted a wide variety of
biomedical applications due to their remarkable properties
such as ease of synthesis and characterisation, low cytotoxicity,
biocompatibility and stability. They also possess exceptional
properties of surface modifications pertaining to their strong
ability to bind thiol (-SH-) and amino (-NH2-) group containing
molecules, which in turn facilitates the binding of proteins
through their cysteine and lysine residues.*"

With respect to EMT, the unmodified gold nanoparticle has
shown its ability to inhibit the proliferation, and migration by
downregulating the mesenchymal markers (Snail, N-cadherin,
Vimentin) and upregulating the epithelial markers (E-cadherin) in
melanoma blood vessels,>” along with the reversal of epithelial
plasticity by inhibiting MAPK pathways in ovarian cancer cells
in vitro. It does so by reducing the secretion of several proteins
involved in the induction of EMT. However, the mechanism is still
not precise and needs to be examined further. Besides, the AuNPs
have shown to normalize the tumour vasculature, increase blood
perfusion, alleviate hypoxia and downregulate metastasis by
inhibiting the expression of MMP2 and cMyc.*>

They also increase the sensitivity of cancer cells towards
chemotherapeutic drugs such as cisplatin, and gemcitabine,
resulting in the suppression of cancer stem cell properties and
inhibition of EMT in epithelial ovarian cancer cells and pancreatic
cells in vitro, by downregulating AKT/NF-kB> and MAPK
signalling,>* respectively. Simultaneously, photo-thermal therapy
with gold nanorods has also shown to inhibit EMT and collective
cell migration by altering the cell junction proteins and actin
networks.”> A minimal dose of PEG-coated Au NPs sensitizes the
solid tumours to cold plasma by inhibiting the PI3K/AKT signal-
ling pathway and activating the p53 pathway, thus resulting in the
inhibition of proliferation and EMT both in vivo and in vitro.>®

Au NPs in conjugation with Quercetin inhibit angiogenesis,
cell invasion and EMT via EGFR/VEGFR2 mediated pathways in
breast cancer cells in vitro.”” In conjugation with dexamethasone
(DSH), a synthetic glucocorticoid and an anticancer drug Withaferin
A, the nanoconjugate sensitizes cancer cells to chemotherapeutics by
downregulating the phosphoAKT signalling pathway, which in turn
results in the downregulation of the ABCG2 drug transporters,
induction of apoptosis in the glucocorticoid receptor dependant
cancer cells and inhibiting proliferation of murine melanoma that
ultimately reverses EMT.”®

This journal is © The Royal Society of Chemistry 2020
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Other metallic nanoparticles

Silver nanoparticles (Ag NPs) exhibit antimicrobial effects in addi-
tion to anti-tumour activity. They have exhibited their ability to
inhibit the proliferation of breast cancer cell lines in vitro by
inducing apoptosis.”® Gallic acid coated silver NPs inhibit EMT
and sensitize the cancer cells to the radiation-induced metastasis;
they were able to downregulate the EMT markers such as Vimentin,
N-cadherin, and Snail and upregulate the E-cadherin expression in
non-small cell lung cancer (NSCLC).®° However, the use of Ag-NPs
is limited due to their cytotoxicity upon long term exposure and
their ability to induce proliferation and metastasis, as observed in
colon adenocarcinoma cancer.®!

Selenium nanoparticles (Se NPs) have anticancer and immu-
nomodulatory properties and affect the redox machinery of
cancer and healthy cells in a differential manner, (reviewed by
Khurana et al.).®” It has been reported that curcumin loaded
selenium NPs induce apoptosis, downregulate NF-kB signalling
and inhibit EMT in Ehrlich’s ascites carcinoma mouse model
and colorectal carcinoma in vitro.*> In combination therapy
with doxorubicin loaded nanoparticles and curcumin loaded
Selenium nanoparticles, inhibition of EMT associated proteins
(Snail, Vimentin, MMP2/9, and N-cadherin) was observed along
with the increased ROS levels and induction of cell cycle arrest
and apoptosis in colorectal cancer cells, in vitro.**

Metallic oxide nanoparticles

Metal oxide nanoparticles have also been exploited to deliver a
variety of chemotherapeutic drugs and small molecule inhibitors
as a therapeutic module.

Titanium dioxide nanoparticles (TiO,-NPs) were found to
suppress the EMT mediated cell migration and invasion, with-
out exhibiting cytotoxicity.®®> Li, Peng et al. observed that the
TiO,-NPs and silicon dioxide nanoparticles (SiO,-NPs) exhibit
unique properties to block fibrosis in the hepatic cells. They
also found that the TiO, and SiO, NPs inhibit the expression of
collagen I and o-Smooth muscle actin (¢-SMA) by inducing
lysosomal degradation of the TGF receptor complex (TGFRI and
TGFRII). Additionally, the inhibition of the TGFR complex
resulted in the downregulation of TGF-target genes, that further
inhibited migration and invasion upon suppression of the
epithelial to mesenchymal transition.®>°°

Wahab et al. observed that zinc oxide nanostructures (ZnO-NS)
downregulate various EMT markers and exert a cytotoxic effect
against various cancer cells. This also led to the suppression of
migration and invasion and induced apoptosis. Zinc nano-rods
have shown to induce cancer cell death mediated by oxidative
stress and caspase dependant pathways in glioblastoma, lung
cancer and thyroid cancer.®”

Wang and co-workers demonstrated that cuprous oxide
(Cu,O-NP) nanoparticles inhibited proliferation and metastasis
of melanoma by targeting mitochondria, which resulted in the
release of cytochrome C, which in turn induced apoptosis by
activating Caspase 3 and caspase 9.°®

Iron oxide nanoparticles (IONPs) possess enhanced biocom-
patibility, biodegradability and properties like super paramagnetism.
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Table 1 Nanoparticles and their role in EMT inhibition
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no. Nanoparticle

In combination
therapy

Effects

Cancer type Ref.

1

10

11

12

13

Mesoporous silica (MSN); PEG-PLA
micelles (Mic)

Layered double hydroxide
nanocomposite

Zinc arsenite nanoparticles

Albumin based nanoparticles

Polyethyleneimine (PEI) coated meso-
porous silica nanoparticles

Polyamidoamine dendrimers
(PAMAM) conjugated mesoporous
silica nanoparticles

Polyethyleneimine-coated mesoporous
silica

Polyamidoamine dendrimers
(PAMAM)

Lipid ECO based nanoparticles

Amino lipid ECO carrier (RGD-PEG-
ECO/siDANCR) nanoparticles

Polyethylene glycol-
polyethyleneimine-chlorin e6 (PEG-
PEI-Ce6) nanoparticles

Cationic solid lipid nanoparticles
(SLN)

Gelatin nanoparticles

2620 | Mater. Adv., 2020, 1, 2614-2630

Conjugated with Epi-
gallocatechin gallate

Suppression of metastasis and
inhibition of EMT markers (MMP2/9,

and iron nanocomplex VEGF, Vimentin) and upregulation of

(EIN)

Loaded with etoposide

Encapsulated in the
silicon dioxide (SiO,)

matrix and loaded with

Arsenic trioxide

Arsenic trioxide

Conjugated with
hyaluronic acid
Loaded with Twist1
siRNA and Cisplatin
Loaded with Twist1
siRNA and Cisplatin

TWIST1 siRNA

Loaded with Twist1
siRNA

Loaded with B3-
integrin siRNA and
modified with RGD
peptides

Encapsulated by PEG
and functionalized
with RGD peptides

Loaded with long non-

coding RNA, DANCR
siRNA

Loaded with Wnt-1

siRNA

Encapsulated with
STAT3 decoy

Oligodeoxynucleotides

(ODN)

Conjugated with EGFR

targeting antibodies
and AXL siRNA

E-cadherin

Downregulation of EMT TFs (Snail,
N-cadherin) which inhibits metastasis;
downregulation of stem cell markers
(Sox2, Nanog, Oct4, Nestin); inhibition
of PI3K/AKT/mTOR pathway and upre-
gulation of Wnt/GSK3p/f-catenin
Suppression of tumour initiation and
proliferation; downregulation of EMT
markers (Vimentin, Slug) thereby sup-

pressing metastasis; downregulation of

SHP/JAK2/STAT3 signalling pathway

Inhibition of cell invasion and EMT by Nasopharyngeal

downregulation of N-cadherin, Vimen-
tin and upregulation of E-cadherin
Reduced tumorigenesis

Reduced metastasis and
chemoresistance

Inhibition of EMT followed by chemo-
sensitivity to Cisplatin

Reversal of EMT and inhibition of
migration

Downregulation of Vimentin and CCL2
preventing tumour growth and
metastasis

Reduction of cell migration and inva-
sion upon reversal of EMT

Downregulation of PAL1 and
N-cadherin, with upregulation of
E-cadherin and CK19

Inhibition of TGFB-mediated invasion
and EMT

Inhibition of cell proliferation,
migration and invasion, followed by
inhibition of EMT; downregulation
of B-catenin, ZEB1, STAT proteins,
Survivin and followed by inhibition
of the WNT pathway

Downregulation of Wnt pathway genes
such as Wnt1, B-catenin

Inhibition of EMT and cell
proliferation

Increased sensitivity towards photo-
dynamic therapy (PDT)

Induction of apoptotic and autophagy
mediated cell death; inhibition of
STAT3 pathway; inhibition of invasion
and EMT by downregulation of Snail
and Vimentin

Downregulation of MMP2/9,
N-cadherin, Vimentin; signifying the
inhibition of EMT

Overcoming chemoresistance to
tyrosine kinase inhibitors; inhibition
of the mTOR pathway and overexpression
of p53

Mouse breast can- Fan et al.'°®
cer (4T1) cells;

female BALB/c mice

Glioblastoma stem Accepted
cells (GSC) - manuscript
U87MG; female

BALB/c nude mice

109

MHCC97L and
Hep3b, liver cancer
cell lines

Huang et al.'**

Y. Lu et al.'*!
carcinoma
Xenograft model
Ovcar8 ovarian
cancer cell line
NSG* mice model

Shahin et al.'*?

Roberts et al.**?

A2780R and Ovcar8
Ovarian cancer cell
lines; NSG* Mice
model
MDA-MB-435 Mela-
noma cells

NSG“ mice model

Finlay et al.'"*

SUM1315 TNBC*
cells;

NSG“ Mice model
MDA-MB-231 TNBC
cells

Finlay et al.'*®

Parvani et al.'*®

Female BALB/c
nude mice
MDA-MB-231 and
BT549

Z.Lu et al.*"’

TNBC* cell line;

nude athymic mice;

MDA-MB-231 and

BT549 xenograft

model

KB Oral squamous C. Ma et al.'*®

Cell carcinoma

A2780 and SKOV3 Y. Ma et al.™*®
ovarian cancer cell

lines

1 120

H820 and H1975, Suresh et a

Erlotinib-resistant
NSCLC? cell lines
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Table 1 (continued)

Sl In combination

no. Nanoparticle therapy Effects Cancer type Ref.

14 Polyethylene glycol-polyethylenimine- Loaded with Upregulation of tumour suppressor ~ PANC-1 and MIA Y. Li et al."**

15

16

magnetic iron oxide NPs (PEG-PEI-
IONPs)

Lipid-polymer hybrid nanoparticles
modified with CPP*

Gelatinases-stimuli nanoparticles, a
diblock co-polymer with PCL® as

microRNA-21 antisense
Oligonucleotides and
gemcitabine

Afatinib; miR-139

Loaded with miR-200c
and docetaxel

genes, PTEN and PDCD4; inhibition of PaCa-2 Pancreatic

EMT, invasion, migration and cell
proliferation; induction of apoptosis

Inhibition of EMT; increased sensitivity Caco-2, Colorectal

to Afatinib; reduced cancer cell
migration

Increased drug sensitivity to Docetaxel;

inhibition of EMT

cancer cells; female

BALB/c nude mice

Nanobiotechnol
cancer cell line et al.'*?
BGC-823 CSCs and Q. Liu et al.'*®
non-CSCs Gastric

hydrophobic core and PEG” as hydro-
philic core

17 PEI-PDHA PEG-PDHA“ [PEI-PDHA/ Loaded with Twist1l
PEG-PDHA/PTX/siSna/siTwi] (PPSTs)
nanoparticles Paclitaxel
18 Nanoconjugate of pluronic P85 (P85) Loaded with Twist
and polyethyleneimine (PEI) (P85-PEI)/ shRNA and paclitaxel
p-a-tocopheryl polyethylene glycol
1000 succinate (TPGS) complex nano-
particles (PTPNs)

Reduction of metastasis; inhibition of
siRNA, Snail siRNA and cell invasion and ECM degradation

Reduction in cell migration ad inhibi-
tion; restricted pulmonary metastasis
in mouse models

adenocarcinoma
BGC-823 gastric
tumour-bearing
mice

4T1 mouse breast
cancer cell line;
female BALB/c nude
mice

Metastatic 4T1
breast cancer cell
line; pulmonary
metastasis mice
model

Tang et al.'**

J. Shen et al.**®

% PEG - poly-ethylene glycol; PCL - peptide-poly-caprolactone; NSG — NOD. Cg-Prkdc®112rg™"/szJ; CPP - cell penetrating peptides; TNBC —
tripe negative breast cancer; NSCLC - non small cell lung cancer; PEI-PDHA - polyethyleneimine-block-poly[(1,4-butanediol)-dia-crylate-b-5-
hydroxyamylamine]; PEG-PDHA - polyethylene glycol-block-poly[(1,4-butanediol)-dia-crylate-b-5-hydroxyamylamine].

They are the only FDA (Food and Drug Administration) approved
metal oxide nanoparticles to be used in magnetic resonance imaging
(MRI). They have been successfully used in breast cancer detection
and have also been reported to be used in the MRI-detection of the
EMT state in breast cancer cells and pancreatic cancer cells,
(reviewed by Malekigorji et al. and Thoidingjam et al.).**”°

Hybrid nanocomposites

Hybrid nanocomposites are the amalgamation of two or more
elements (inorganic and organic) into one structure, exhibiting
superior properties than their individual counterparts.

Hybrid nanocomposites are classified into two types
(i) inorganic materials modified by organic moieties (organics-
in-inorganics) and (ii) organic materials or matrices modified by
inorganic moieties (inorganics-in-organics).””

In the former class, the inorganic structures or the colloidal
particles are stabilized by the organic molecules. The later part
depicts the functionalization of organic materials by inorganic
constituents.

The inorganic constituents are metals, semiconductors,
minerals, salts, non-metallic elements and their derivatives, etc.
The organic matrices are either chemical (synthetic) or biological
derivatives. The chemical (synthetic) molecules comprise of vehicles,
coatings and capsules assembled into polymers, hydrogels, etc.
whereas, the biological molecules encompass biomolecules
such as lipids, enzymes, polysaccharides, proteins, nucleic
acids, along with pharmaceutical substances, cells and micro-
organisms (bacteria).”*

Hybrid nanoparticles are integrated with exceptional qualities
such as, enhanced optical, magnetic and chemical properties
that are designed to achieve dispersibility, targeting and respon-
siveness. For example, synthetic polymers such as PEG can be

This journal is © The Royal Society of Chemistry 2020

introduced to increase the circulation and retention time in vivo.
Also, the introduction of targeting molecules (hyaluronic acid and
folic acid) improves the targeting efficacy of the nanocomposite
along with the enhanced permeability and retention effect (EPR).
Altogether, these hybrid nanostructures are brought together by
specific interactions that result in the synergistic enhancement of
their functional properties.”

A study conducted by Tingting Xu et al. depicted that
organic-inorganic hybrid nanocomposites based on chitosan
derivatives (chitosan-glutathione, chitosan-glutathione-valine
and chitosan-glutathione-valine-valine) and layered double
hydroxides (LDH) were successfully able to target peptide
transporter-1 on the corneal epithelial cells in rabbits. These
nanocomposites exhibited prolonged pre-corneal retention,
superior corneal permeability and enhanced ocular bioavail-
ability of the model drug pirenoxine sodium. Thus, these
hybrid nanocomposites represent to be a promising drug
delivery system for treating ocular diseases of the mid-posterior
segments.”

O. L. Galkina and co-workers designed an efficient drug
delivery system based on cellulose nanofiber-titania nanocomposites
and grafted it with three types of drugs (diclofenac sodium,
penicillamine-o and phosphomycin). They observed that the
various interactions between the nanocomposite and the drug
molecules could be used to control the kinetics of long term
drug release in vitro. Their study indicates the utilization of the
nanocomposites in transdermal delivery of anaesthetics, analge-
sics and antibiotics.”

The various advantages of the nanocomposites in immu-
notherapy are reviewed in a study by Mingqiang Hao et al. that
depicts their successful delivering strategy with numerous
effects on the tumour microenvironment.”

Mater. Adv., 2020, 1, 2614-2630 | 2621
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A study conducted by Guibin Pand et al. revealed that APS-Au
nanocomposites exhibit remarkable capability of inducing the
maturation of dendritic cells and promoted the proliferation of
T-cells. They also exhibit enhanced cytotoxicity against 4T1
tumour cells. Thus, their strong capability to inhibit tumour
progression and pulmonary metastasis in vivo is portrayed.”®

Ravi Prakash Shukla et al. constructed a spermine (SPM)
tethered lipo-polymeric hybrid nanoconstructs having dual
strategies. First, cell surface modification by heparin sulfate
proteoglycans (HSPG) enhanced the specificity for intracellular
internalization via receptor-mediated endocytosis. Second, pH
dependant charge reversal in the tumour microenvironment
facilitated the release of doxorubicin and genistein in a synergistic
combination. This resulted in the induction of apoptosis, anti-
angiogenic effects upon inhibition of the VEGF pathway and
inhibition of proliferation, invasion and metastasis in both
in vitro and in vivo studies.”’

carbon-based nanoparticles

Carbon nanoparticles have excellent biocompatibility, non-
immunogenicity, high loading efficiency, stability, optical prop-
erties and low toxicity. They exhibit the potential of drug
loading through hydrophobic interactions or n-m stacking
(due to their pie electron conjugated surface) and their high
surface area to mass ratio, thereby making them an efficient
drug delivery vehicle. Utilizing their high fluorescence properties,
they are conjugated to a ligand specific to an overexpressed
receptor in cancer cells, for imaging and drug delivery. Among
the numerous carbon nanomaterials, graphene, carbon nanotubes
and carbon quantum dots are widely used for cancer therapy.”®

The classification of carbon based nanoparticles is highly
obscure. Thus, considering it as an individual entity, this review
highlights the advantages of these nanoparticles in drug delivery,
with an aim to inhibit metastasis.

Carbon nanoparticles possess the unique ability to enter
into the nucleus of cancer stem cells, which contributes to their
significance as a nano-drug delivery system.”® Besides, various
carbon derived NPs have exhibited the properties of passively
seeping into the tumour microenvironment, thereby inhibiting
multiple factors such as CSCs, hypoxia, metastasis and inva-
sion, angiogenesis, etc. (reviewed by Saleem et al.). Carbon dots
downregulate the expression and activity of MMP2 and MMP9,
therefore, migration, invasion and proliferation of lung adeno-
carcinoma (NSCLC) in vitro are inhibited;*° they also inhibit
ARF by binding to phosphor-tyrosine in prostate cancer cell
lines.?!

The ease of functionalization, surface modification and
conjugation of the carbon derived nanoparticles render them
to be a potential candidate as a drug delivery system in the
tumour microenvironment with high efficacy. Functionalized
carbon nanotubes (CNTs) are among the most stable forms of
carbon nanoparticles with high drug loading efficiency, greater
entrapment efficiency, improved bioavailability and pharmaco-
kinetics of the free drugs in comparison to liposomes, dendrimers
and inorganic nanoparticles.®*

2622 | Mater. Adv., 2020, 1, 2614-2630
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Multi-walled CNTs conjugated with folic acid and hyaluronic
acid loaded with chemotherapeutic drugs (gemcitabine and
doxorubicin) have been used efficiently in targeting breast and
lung cancer cells, respectively.®** Under the guidance of a
magnetic field, gemcitabine loaded hydrophilic multi-walled
carbon nanotubes (MMWNTs), functionalized with magnetite
nanoparticles and magnetic-activated carbon particles (mACs),
exhibit high anti-tumour activity in vitro. It also resulted in
regression and inhibition of lymph node metastasis, therefore,
holding efficient therapeutic potential.>>*® A complex made up
of chitosan-coated single-wall carbon nanotubes (SWNTs),
loaded with salinomycin and functionalized with hyaluronic
acid, resulted in the elimination of gastric cancer stem cells.
Therefore, the self-renewal capacity is inhibited along with the
decreased migration and invasion,®” enabling it to be a success-
ful anti-CSC drug delivering system.

Gadolinium metallofullerenol nanoparticles, a derivative of
fullerene nanoparticles (f-NPs), have shown to inhibit metas-
tasis and invasion by inhibiting the MMPs in malignant breast
cancer both in vitro and in vivo.®® They also exhibit inhibitory
activity against Triple negative breast cancer (TNBC) cells due to
the abrogation of breast cancer stem cells. They have also shown
to block the TGFB and hypoxia pathway, thereby eliminating
tumour growth, EMT and metastasis.*’

Polymeric nanoparticles
Chitosan

Chitosan is a naturally occurring polysaccharide, made up of
chitin. It is biodegradable, biocompatible, cationic, highly
basic and a mucoadhesive polymer, which is approved by the
U.S. FDA for tissue engineering and drug delivery, (reviewed by
Mohammed et al.).”®

Chitosan nanoparticles (Ch-NPs) were successfully used
to abrogate metastasis in esophageal cancer associated CAF
(Cancer Associated Fibroblast) cell lines by downregulating the
expression of matrix metalloproteases (MMP1 and MMP9) and
chemokines (CXCR4, CXCR7, CCR5 and SDF1).”" Ch-NP func-
tionalized with RGD peptide-loaded with Raloxifene abrogated
tumorigenesis by inhibiting migration and angiogenesis in
breast cancer cell lines.”> Haibo et al. observed that a novel
chitosan-gemcitabine microsphere loaded with cisplatin was
successful in the abrogation of EMT and metastasis of pan-
creatic cancer cells in vivo.>

Chitosan NPs have been a topic of extensive research to
utilize their siRNA mediated gene silencing efficacy in single or
dual therapies. Ch-NPs loaded with Twist siRNA were success-
fully able to induce sensitivity of the nasopharyngeal carcinoma
cells to irradiation via MAPK downregulation; it also resulted in
the ERK activation, which induced cell apoptosis.”® Snail siRNA
and doxorubicin encapsulated carboxymethyl dextran (CMD)
chitosan nanoparticles (dual drug/siRNA delivery system) have
shown to exhibit the anti-tumour effect by inducing apoptosis
and inhibiting EMT (by downregulation of MMP-9 and Vimentin
and up-regulation of E-cadherin) in colorectal cancer cells®® and

This journal is © The Royal Society of Chemistry 2020
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lung cancer cells®® in vitro. Similarly, chitosan nanoparticles
loaded Snail siRNA and SN-38 (topo-1 inhibitor) resulted in the
induction of E-cadherin and Claudin-1 expression, therefore,
repressing EMT and metastasis in prostate cancer.’”

Micelles

Polymeric micelles (PMs) are formed by the spontaneous
arrangement of amphiphilic block copolymers in aqueous solution.
They have a hydrophobic core and a hydrophilic shell that facilitate
the loading of hydrophobic drugs in them. Their size ranges from
10 to100 nm, which passively accumulates at the tumour site via
the EPR (enhanced permeability and retention) effect. The most
commonly used hydrophilic segment of micelles used in drug
delivery is made up of PEG, which minimises the non-specific
interaction with the blood component and prolongs the circulation
time, (reviewed by Zhang et al.).”®

The polycation micelle is a widely used non-viral vector for
drugs and siRNA delivery, due to their tenability and high
transfection rate. A research conducted by Fang et al. showed
that PEG-PLL-PLLeu micelles were capable of co-delivering
ZEB siRNA and doxorubicin in cancer cells, resulting in the
efficient knockdown the target genes, both in vitro and in vivo,
leading to reduced EMT and repressed CSC properties, along
with reduced metastasis in the lungs.”®

Polymeric micelles prepared using Pluronic F127 (PM) and
encapsulated with Salinomycin have been reported to interfere
with the oncogenic protein vimentin and downregulates its
expression, thus decreasing metastasis and inhibiting tumor-
igenesis in A549 lung adenocarcinoma cells."*

PLGA nanoparticles

Poly(lactic-co-glycolic acid), PLGA, is known to be among the
best characterized biodegradable copolymer that decomposes
into water and carbon dioxide molecules and is easily eliminated
from the body, (reviewed by Rezvantalab et al.)."®" Salinomycin
loaded PLGA nanoparticles were found to be associated with the
up-regulation of E-cadherin, B-catenin and TGFf receptor expres-
sion in orthotopic tumours, which further resulted in the down-
regulation of EMT and tumour progression of pancreatic
cancer."*

PLGA based delivery of siRNA against DCAMKL1 (a novel
intestinal and pancreatic stem cell marker) resulted in tumour
growth arrest, inhibition of EMT and downregulation of ¢-Myc and
Notch-1 via let-7a and miR-144 miRNA-dependent mechanisms,
respectively, both in vitro and in vivo."® Delivery of siRNA against
NogoB receptors (regulates angiogenesis, vascular development
and EMT in cancer cells) encapsulated into PLGA-PEI [poly(p,t-
lactide-co-glycolide)-2polyethylenimine] micelles conjugated with
DMMA (2,3-dimethyl maleic anhydride) molecules exhibited a
remarkable decrease in metastasis by normalizing tumour vessels
and suppressing the EMT of breast cancer cells in mice bearing
orthotopic breast carcinoma.'®

A-Mangostin (naturally occurring xanthonoid) encapsulated-
PLGA nanoparticles inhibited EMT by up-regulating E-cadherin
and inhibiting N-cadherin, Slug, ZEB, the components of the
sonic hedgehog pathway and stem cells markers, resulting in
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the inhibition of pancreatic neoplasia, pancreatic adenocarcinoma
and liver metastasis in mice models."*”

Similarly, anthothecol (naturally occurring limonoid, used
as an anti-malarial compound) encapsulated PLGA nanoparticles
inhibit the sonic hedgehog pathway, thereby suppressing cell
motility, migration and invasion in pancreatic cancer.'*

Wedelolactone (naturally occurring coumestan) encapsulated
PLGA nanoparticles exhibited an increased uptake in triple
negative breast cancer cells and CSC populations, with enhanced
drug retention due to the downregulation of SOX2 and ABCG2
genes, preventing EMT. In combination with paclitaxel, a
reduced population of stem cells was observed, in addition to
the decreased metastasis and enhanced chemosensitivity.'®”

Naturally occurring biomembranes

With the growing popularity of nanoparticles for their excep-
tional drug loading capacity in the treatment of various malig-
nancies, there has been tremendous debate about their long
term toxicity or any other side effects in our body. In order to
curb this debate, researchers came up with the idea of using
naturally occurring multi-vesicular bodies (liposomes and exo-
somes) which intrinsically possess drug loading capabilities.
However, very few research studies have been conducted to
date, with promising results depicting their probable roles in
abrogating tumorigenesis.

Liposomes. Liposomes are amiphipathic molecules consisting
of single or multiple phospholipid bilayer membranes that are
formed by the hydrophobic and hydrophilic interactions with the
aqueous phase. Their constituent lipid molecules render them with
exceptional characteristics such as biocompatibility, biodegradabil-
ity and are metabolized with limited toxicity in our body. Due to
their constituent lipid bilayer, they are used as drug delivery
vehicles for both hydrophilic and hydrophobic drugs.'*® Moreover,
the surface of the liposomes can be functionalised using various
ligands, sugars and other moieties to allow specific uptake by the
tumours.””’ Studies indicate that liposomes can enter the tumour
through the enhanced permeability and retention (EPR) effect that
prolongs the drug’s retention time in the body, inhibits degrada-
tion of the entrapped chemotherapeutic agents, and accumulates
at the tumour site with minimal systemic toxicity."”® Due to their
resemblance to biomembranes, they provide protection against
oxidative stress and have no signs of necrosis or inflammation in
healthy tissues."*® They are known to play an essential role in
curbing EMT and metastasis, upon functionalization with numer-
ous ligands and encapsulation with various chemotherapeutic
agents.

PEGylated liposomes encapsulating a radiopharmaceutical,
Rhenium-188 (188Re) have been reported to inhibit prolifera-
tion and EMT of human head and neck cancer cells in vivo. The
188Re-liposomes are thought to induce the expression of Let-7
miRNA, which is known to inhibit EMT by suppressing the
HMGA? (high mobility group AT hook2) gene that activates the
expression of SNAIL and Twist, thus, inhibiting tumour growth
and metastasis."*® The intraperitoneal delivery of 188Re-
Liposome has shown to switch the metabolism from glycolysis
to oxidative phosphorylation, inhibit EMT and reactivate the
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function of p53, thereby representing a novel treatment for
ovarian cancer."*'

Delivery of various STAT3 inhibitors, encapsulated in the
liposomes, has exhibited profound effects on tumorigenesis such
as elimination of tumours by decreasing STAT3 mediated immune
suppression, reduction in proliferation, and immune modulation
to eliminate tumours, (reviewed by Kullberg et al.). ADH-1 modified
liposomes facilitate the delivery of paclitaxel and other fluorescent
probes into the tumour cells and have shown to restore chemo-
sensitivity and suppress migration by targeting EMT. This nano-
carrier was highly efficient in reducing tumorigenesis and had
exceptional tumour targeting ability.'*?

Nanoliposomal Quercetin (nLQ), possessing cytomembrane
permeability, was shown to downregulate NF-xB, p65, HDAC1
and Cyclin Dland upregulate caspase3 in epithelial cancer
cells. Also, there was an enhanced expression of E-cadherin,
which demonstrated the downregulation of EMT. In combination
with CD133 antiserum, it exhibited an enhanced apoptotic effect
that contributed to the apoptosis of the cancer stem cells."*?

Dioscin liposomes in combination with GGP (a cell pene-
trating peptide consisting of eight amino acids Gly-Gly-Pro-Phe-
Val-Tyr-Leu-Ile) modified daunorubicin inhibit breast cancer by
suppressing EMT both in vitro and in vivo. Dioscin especially
downregulates VEGF, MMP9, N-cadherin and vimentin, thereby
suppressing EMT.

Liposomes loaded with PLD inhibitors (5-fluoro-2-indolyldes-
chlorohalopemide, FIPI) in combination with a commercially
available anti-cancer drug, doxorubicin and functionalized with
p-alpha tocopheryl acid succinate (2-TOS) that provides negative
charge to the liposomal surface, [briefly, liposomes containing
DOX, FIPI, and o-TOS (DFT-lip)] were found to be effective in
inhibiting motility, migration and invasion in highly metastatic
breast cancer in vitro and in vivo. Besides, they also inhibited
proliferation and induced apoptosis.

The liposome formulation based on simvastatin (which
disrupts lipid raft and suppress integrin B3 and focal adhesion
formulation) was reported to inhibit the FAK signalling pathway,

-
SC

Mesenchymal
phenotype
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repolarize the tumour associated macrophages (TAM), remodel
the tumour microenvironment and suppress the EMT. It also re-
sensitized cancer cells to paclitaxel treatment.***

There are several types of liposomes depending on their size,
lamellar number and formulation of constitutes. Liposomes
show numerous advantages over conventional chemotherapy
and their specific properties make them more effective as a
drug delivery vehicle. Recent advancement in the study of
liposomes illustrated the great potential for their widespread
adoption in cancer treatment.

Exosomes. In general, exosomes carry biologically active
molecules like proteins and nucleic acids that regulate gene
expression and cellular functions in the targeted cells across
the circulation and act as intercellular communicators. They
are formed in the inter-luminal vessels (ILVs) of the multi-
vesicular bodies (MVBs) which fuse with the plasma membrane
and are released in the extracellular space by the process of
exocytosis. The Rab GTPase family of proteins is involved in the
fusion of the MVBs with the plasma membrane resulting in the
formation of exosomes. Endosomal sorting complex required
for transport (ESCRT) is the principal molecular machinery
which coordinates the formation of exosomes.

Exosomes are released under normal physiological conditions
as well as under abnormal conditions like in case of cancer.
Studies have shown that the magnitude of the release of exosomes
increases in the case of diseased conditions. The cellular origin of
exosomes plays a vital role in the characteristics of the cargoes
that it carries. By taking advantage of the unique characteristics of
exosomes, they can be functionalized as well as loaded with
different drugs or small molecules to combat EMT, as illustrated
in Fig. 5. Since exosomes are isolated from the patient’s own cells,
they do not elicit an immune response, and due to their nanosize,
they can easily penetrate the cells and deliver the payload into the
recipient cells. Thus, exosomes have been proved to be a desirable
option as a drug delivery vehicle for cancer treatment.***

The treatment strategies involving exosomes were successfully
observed by Lydia and co-workers, upon intravenously injecting
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Fig. 5 The therapeutic efficacy of exosomes in EMT.

2624 | Mater. Adv., 2020, 1, 2614-2630

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00455c

Open Access Article. Published on 24 August 2020. Downloaded on 12/5/2025 8:21:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

neuron-specific RVG-peptide-functionalized exosomes, loaded with
GAPDH siRNA, specifically targeting microglia, neurons, oligoden-
drocytes in the brain resulting in the knockdown of BACE1 gene, a
therapeutic target in Alzheimer’s disease.’*® Akhil et al. assessed
the therapeutic effects of doxorubicin loaded exosomes in non-
small cell lung cancer in vitro under acidic conditions and were
successful in demonstrating their efficient uptake and cytotoxicity
in cancer cells with minimal effects in non-cancerous cells."*”

Later on, a study conducted using two prostate cancer cell
lines, PC-3 (highly metastatic with tumorigenic potential) and
LNCaP (less metastatic), indicated the tumour suppressive role
of miR-26a in prostate cancer cells. The proteomic profile of the
exosomes from these cell lines showed that LNCaP had a higher
level of miR-26a as compared to PC-3. When PC-3 cells were
co-cultured with LNCap exosomes, there was a decrease in the
metastatic and tumorigenic capacities of the prostate cancer
cells in vitro."*®

Exosomes derived from bone marrow mesenchymal stem
cells (hBMSCs) containing miR-101 were able to inhibit EMT in
oral cancer cell lines. COL10A1 is upregulated in oral cancer
cell lines. Exosomes carrying miR-101 from hBMSCs when
inserted in oral cancer cells inhibited COL10A1, which resulted
in the inhibition of proliferation, invasion and migration of
these cells."*® miR-101 inhibits EMT progression by directly
targeting the specific binding sites on the 3’-UTRs of ZEB-1 and
ZEB-2, which are suppressors of E-cadherin.'*’

microRNA-148b is found to be lower in CAFs as compared to
normal fibroblasts. In a study done by Li et al., when exosomes
derived from miR-148b transfected CAFs were used to treat
endometrial cell lines, there was a decrease in cell migration
and invasion. DNA methyltransferase 1 (DNMT1), a down-
stream target gene which is involved in various cancer progres-
sion, was directly targeted by miR-148b, resulting in the
repression of EMT."*""**> A non-coding RNA miR-30e is highly
downregulated in cholangiocarcinoma (CCA) cells. It is targeted
by TGF-B which is further predicted to target Snail, overexpressed
during EMT. When miR-30e containing exosomes were used to
treat CCA cells, there was suppression in cell invasion and
migration, along with EMT inhibition."*?

TRIM59 gene is a tumour promoting factor in breast cancer
cells, which modulates the PDCD10 and results in the suppres-
sion of its associated signalling pathway, ROCK 1."** miR-148b-3p
is poorly expressed in breast cancer tissues as studied by Yuan.,
et al. Human umbilical cord mesenchymal stem cell (HUCMSC)
derived exosomes containing miR-148b-3p, when co-cultured with
MDA MB-231 cell lines, induced downregulation of TRIM 59 gene
expression, thereby suppressing the progression of breast cancer
and inhibiting EMT.'**

Therefore, this multi-vesicular body, due to its size, origin
and similarity with synthetic liposomes has gained much
importance to be used as a drug delivery agent. Its innate
ability renders it to be a suitable nanocarrier for the delivery of
chemotherapeutic drugs, genes or recombinant proteins into
the targeted cells or tumour microenvironment. Additionally,
exosomes enhance the specific targeting ability of tumour cells
through the surface receptors expressed on their membranes.

This journal is © The Royal Society of Chemistry 2020
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Numerous studies have established the eminence of treat-
ment with exosome-mediated delivery of miRNAs or drugs to
suppress tumour progression. Therefore, better therapeutic
significance can be achieved by following the co-therapeutic
regime, which would synergistically regulate the EMT and can
be employed for future studies. Moreover, further research is
required in understanding the various exosome-mediated
crosstalks in malignancies which would render deeper insights
into the utilization of exosomal cargoes, based on their diag-
nostic and therapeutic potentials.

Conclusions

With the increasing knowledge of EMT and its association with
numerous tumorigenic properties, it has been a necessity to curb
the phenomenon by blocking the pathways associated with it or
by inhibiting the molecules that enhance this phenomenon. The
reasonable possibilities of blocking the entire invasion process
and restoring normal homeostasis render the initial step of the
cascade an attractive target of research. Since EMT is associated
with the tumour microenvironment, it has been a complex
challenge to discover the method of delivering drugs/inhibitors
inside the tumour cells for a significant therapy regime. Nano-
particles bestow us with the efficient, targeted delivery of drugs
inside the tumours with enhanced efficacy. It also allows the
delivery of other small molecular inhibitors including the oligo-
nucleotides and peptides, which otherwise are susceptible to
degradation inside the body.

Metallic nanoparticles (gold) have shown tremendous pro-
mising results in the inhibition of metastasis and invasion due
to their intrinsic cytotoxic ability. However, the use of metal
and metal oxide nanoparticles, despite their anti-tumorigenic
properties, exhibits cytotoxic effects when used for a prolonged
period of time.

Hybrid nanocomposites exhibit enhanced physical and
chemical properties than their individual counterparts. Hybrid
nanostructures are potent mimics of natural structures. Thus,
they are superior for targeting numerous functions and can be
used as an efficient drug delivery vehicle.

Carbon-based nanostructures endue enhanced drug loading
efficacy, photo-stability and easy functionalization with good
photoluminescence and water solubility. The surface of carbon
nanotubes can be customised with molecules of choice by
adsorption, electrostatic interactions or covalent bonding that
renders them hydrophilic. Moreover, the fluorescence proper-
ties exhibited by the carbon quantum dots make them suitable
for bioimaging applications. But their innate ability to induce
tumorigenesis in some cases limits their usage.

The extraordinary characteristics of polymeric nanoparticles
are the controlled release of therapeutic agents. While synthetic
polymeric NPs include easy fabrication and absence of biolo-
gical contamination, polycationic polymers (chitosan) possess
better mucoadhesive properties, which render them soluble in
acidic pH. Additionally, the biodegradable PLGA NPs are initi-
ally hydrolysed into its monomeric units, lactic acid and
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glycolic acid, a by-product of various metabolic pathways under
normal physiological conditions, which are further degraded
into water and carbon dioxide molecules inside our body. On
the other hand, chitosan is degraded into non-toxic oligosac-
charide, contributing to the efficient delivery of drugs without
posing cytotoxicity.

As a matter of fact, the use of nanoparticles has been a constant
topic of debate due to the inadequacy of dosage requirement and
their side effects in both healthy and tumour cells, which requires
arduous research before implementing them in the therapeutic
regime. Therefore, researchers have come up with naturally occur-
ring multi-vesicular bodies (liposomes and exosomes) as an alter-
native to the above-mentioned nanoparticles. The resemblance of
liposomes to biomembranes renders protection against oxidative
stress and inflammation in healthy cells. However, their facile
cellular uptake due to their outer lipid bilayer serves as an added
advantage. On the other hand, the inherent nature of exosomes to
carry cargoes, the presence of various adhesion molecules on the
surface of the exosomes and their ability to fuse with the cell
membrane make them suitable to serve as a drug-delivering
vehicle, with increased efficiency and specificity to the tumour
cells. Furthermore, exosomes are similar in composition to the
body’s own cells; thus, they are non-immunogenic in nature which
serves as a significant advantage.

Exosomes are one of the highly researched extracellular
vesicles. They are derived from different cells, having extensive
roles and targets, and can be isolated using wide varieties of
techniques."*® Since they are native to our body, they avoid
phagocytosis and lysosomal degradation. Exosomes also exhibit
enhanced stability in the blood, allowing them to travel long
distances in the body under normal physiological and extreme
pathological conditions. Their intrinsic homing characteristics
endow them with the uniqueness of being the most suitable and
efficient drug delivery system into the tumour microenvironment.

Thus, owing to the increasing interest and requisite develop-
ment of novel therapies for oncologic patients, prevention of
systemic dissemination of the malignancies remains a consis-
tent aim. Besides the various advantages, the long term cyto-
toxicity associated with the nanoparticles is of greatest concern
and the evaluation to a sub-toxic dose of a nanoparticle remains
a considerable challenge. This review sheds light on the differ-
ent types of nanoparticles that can be used in order to achieve a
successful targeted delivery. However, recent advances in the
utilization of biomembranes, especially exosomes, as a drug
carrier are incredible. Thus, advanced research is required to
ascertain the applications of these nanomaterials as a drug
loading vehicle which might provide us with a better therapeu-
tic approach.

Hence, the reviewed data suggest nanotechnology as a
promising tool for the modulation, counteracting and efficient
treatment for the metastatic process in various malignancies.
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