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Abstract. Breast cancer is the most common type of cancer with
the highest morbidity and mortality rates in women worldwide.
Recent efforts to improve the current antitumor therapies have
led to the development of novel treatment approaches based
on the delivery of therapeutic non-coding RNAs (ncRNAs)
using nanotechnology. Treatment methods using lipid-based
nanoparticles (LBNPs) have greatly improved the delivery
efficiency of ncRNAs into tumor cells and tissues. This type of
delivery approach has provided significant advantages, such as
reduced therapeutic doses, lower cytotoxicity to normal cells
and the ability to reverse resistance to chemotherapy. LBNPs
have demonstrated the ability to deliver therapeutic ncRNAs,
more specifically microRNAs (miRNAs) and small interfering
RNAs (siRNAs); this has been reported modulate the expres-
sion levels of oncogenes and tumor suppressor genes involved in
several biological processes, including cell growth and prolif-
eration, cell death, invasion and metastasis, thus impairing
the malignant behavior of tumors. Therefore, ncRNA-based
therapies combined with the LBNP delivery strategy, namely
nanomiRNAs, may represent a promising antitumor strategy
guaranteeing superior biocompatibility, higher biodegrad-
ability, lower immunogenicity and decreased toxicity to
normal cells compared with other therapeutic approaches.
The present review summarized the current knowledge of the
application of LBNPs for delivering miRNAs and siRNAs in
breast cancer cells and mouse models, in addition to discussing
their promising antitumor effects.
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1. Introduction

Cancer is a multifactorial disease caused by genetic, epigen-
etic and environmental factors, and represents the end point of
multiple molecular changes, which results in the dysregulation
of the normal biological processes controlling cell prolif-
eration, cell survival, genome stability, energy metabolism,
angiogenesis and immune surveillance to promote tumori-
genesis (1). Breast cancer is the most common type of cancer
among women and the main cause of cancer-related deaths,
accounting for 2.08 million new cases and 626,679 deaths
worldwide annually (2). It has been estimated that the inci-
dence of breast cancer will reach 3.2 million cases worldwide
by 2050 (3). Breast cancer treatment is primarily focused on
local intervention, including surgery and radiotherapy, while
systemic treatments consist of chemotherapy, hormonal
regimens, targeted-therapies and immunotherapy (4). Patient
survival rates depend on the stage of disease, and the presence
of metastases, as well as the existence of drugs resistance.
Therefore, there is a urgent requirement for the implementa-
tion of novel and more effective therapies, such as the use of
drugs-coupled nanoparticles (NP) that may efficiently target the
tumors, which are currently under exhaustive investigation (5).
To understand the most common phenotypic alterations that
occurred in heterogeneous tumors, Hanahan and Weinberg (6)
described the typical features of malignancies, known as the
hallmarks of cancer, as the ability of cancer cells to: i) Exhibit
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sustained proliferative signaling; ii) evade growth suppres-
sors; iii) resist programmed cell death; iv) enable replicative
immortality; v) induce angiogenesis; and vi) activate invasion
and metastasis. In 2011, Hanahan and Weinberg (7) proposed
two additional cancer hallmarks, namely the reprogram-
ming of energy metabolism and the ability to evade immune
responses; the authors further suggested that both hallmarks
were enabled by two traits, namely genome instability and
mutations. Cancer is not considered as a single disease, there-
fore, breast tumors with different diagnostic features differ in
the hallmarks controlling their clinical behavior and patient
outcome. Personalized therapies are directed against proteins
and signaling pathways governing cancer hallmarks, thus
highlighting the importance of identifying novel molecular
targets combined with efficient delivery tools to improve the
current landscape of cancer therapies (7).

2. Lipid-based NPs (LBNPs) for non-coding RNA (ncRNA)
delivery in breast cancer cells

LBNPs, and nanostructured lipid carriers (NLCs) have
been recognized among a large number of non-viral vectors
as alternative, effective and safe methods for gene therapy
to potentially treat both genetic and non-genetic diseases,
including ocular and infectious diseases, lysosomal storage
disorders and cancer (8). These methods have been developed
to overcome the numerous challenges, including the low
stability of the formulations in the blood circulatory system,
drug burst release by erosion mechanisms, immune system
evasion and high toxicity, for successful gene delivery and
effectiveness. LNs are able to overcome the main biological
barriers for successfully transfecting cells, including the
degradation of therapeutic ncRNAs by nucleases, cell internal-
ization, intracellular trafficking and the inability to selectively
target a specific cell type (8). Additionally, LNs may offer
significant advantages, including an improved bioavailability
by enhancing aqueous solubility, increasing the half-life for
clearance, increasing the specificity for its cognate receptors
and targeting drugs to specific locations in the target tissues (9).

In addition, from a safety point of view, LNs are
constructed using well-tolerated components, while from the
technological point of view, they may be easily produced on a
large scale, and subjected to sterilization and lyophilization,
thus providing the best storage stability. Liposomes are the
most studied delivery systems due to their biocompatibility
and biodegradability. These NPs are primarily composed of
phospholipids, which are organized in bilayer-forming struc-
tures due to the amphipathic properties of the phospholipid
molecules. In the presence of water, NPs form vesicles, thus
improving the solubility and stability of the antitumor drugs
once they are loaded into the vehicle (10). Furthermore, these
lipid-based vehicles are capable of encapsulating either hydro-
phobic or hydrophilic drugs (8). In addition to phospholipids,
other compounds, such as cholesterol, can be loaded to the
formed vehicles; cholesterol decreases the membrane fluidity
of the NP and increases its permeability to hydrophobic drugs,
thus improving its stability in blood (10).

Several studies have demonstrated that NPs are useful
and efficient tools for delivering ribonucleic acids into tumor
cells and tissues. Although NPs have been used to deliver
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chemotherapeutic drugs, other molecules, such as ncRNAs,
can be also transported into tumor cells. Therefore, NPs
encompassing ncRNAs are considered as a promising alter-
native approach, as ncRNAs mediate the specific and potent
silencing of oncogenes, and more specifically, of the tyrosine
kinase receptors expressed on the tumor cell surface, as they
are well-known and important drivers of carcinogenesis (11).
During this process, the degradation of oncogenic mRNAs
by ncRNAs is mediated by a RNA interference (RNA1)
mechanism, which serves an important role in the modulation
of gene expression (12). Among the aforementioned delivery
systems, NLCs have been widely used for transporting chemo-
therapy drugs and other molecules, especially in the form of
liposomal vehicles. The most frequently used nanosystems
for delivering ncRNAs include the cationic, neutral and
ionizable liposomes, and exosomal and other synthetic nano-
carriers (Fig. 1 and Table I) (13-19). These liposomes exhibit
several advantages when acting as carriers for the in vitro
delivery of RNAI agents, as they can be easily prepared from
biocompatible lipids or phospholipid components, and be
modified to serve specific purposes, such as the encapsulation
of the hydrophilic drug molecules.

The innate immune system constitutes the first line of
defense and consists of a diverse set of cell types, including
monocytes, macrophages and dendritic cells. These cells
express different pattern recognition receptors on their cell
surface, such as the membrane-bound Toll-like receptors,
cytoplasmic nucleotide-binding oligomerization domain-like
receptors and scavenger receptors. The adaptive immune
system provides the second line of defense and includes several
important T helper (Th) cell subsets, including Th1, Th2, Th17,
T regulatory and Th22 cells. In a mouse model of vaccination
using antigen-coupled nanobeads, it was reported that the NP
size determined the Thl response (IFNy production) and Th2
response (IL-4 production); the 40 and 49 nm beads signifi-
cantly improved Thl activation, whereas the larger sized beads
(>100 nm) stimulated the Th2 response to a great extent (20).
These blood cells and erythrocytes interact with various types
of NPs depending on their composition, size, geometry and
surface charge, and importantly, these interactions may affect
the delivery of NPs as they can forms aggregates, mainly
with the abundant erythrocytes, and be toxic for cells of the
immune system. The geometry of the NPs also defines the
efficiency of the cellular absorption and the ability to form
aggregates; for example, the rod-shaped NPs are internalized
by leukocytes with high efficacy, followed by sphere- and
cylinder-shaped NPs, whereas cube-shaped NPs are not as
easily internalized (21). Regarding the charge, cationic NPs
will interact positively with the surface of the negatively
charged cell membrane; however, cationic liposomes can
enhance immunotoxicity by stimulating neutrophils and
inducing oxidative stress. In addition, anionic NPs have been
shown to have unfavorable interactions with the cell membrane
due to the repulsive forces between the two negatively charged
surfaces and therefore, show poor cellular internalization (22).
Conversely, it has been proposed that leukocyte-NP interac-
tions are advantageous, since these complexes can easily cross
physiological barriers and travel to tumor niches (23).

Cationic liposomes are especially convenient and the elec-
trostatic interactions between the positively charged lipids and
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Table I. Summary of examples of delivery systems for therapeutic microRNAs and siRNAs in breast cancer.
First author, year Therapeutic agent Example of delivery system Cancer type (Refs.)
Chen et al, 2017 siRNA H40-P(Asp-AED-ICA)-polyethylene glycol Breast cancer (13)
Deng et al, 2014 miRNA-34a mimics Hyaluronic acid-chitosan Breast cancer 14)
Hogrefe et al, 2006 siRNA Immunoliposome Breast cancer (15)
xenograft
Shu et al, 2015 miRNA-21 inhibitor =~ RNA-NPs decorated with EGFR-targeting Triple-negative (16)
aptamer breast cancer
Urban-Klein e al, 2005  siRNA pH/redox dual-sensitive cationic Triple-negative an
unimolecular NP breast cancer
Yhee et al, 2015 siRNA Glycol chitosan Drug-resistant (18)
breast cancer
Guo et al, 2014 siRNA 1,2-Dioleoyl-3-dimethylammonium-propane,  Triple-negative (19)

1,2-dioleoyl-sn-glycero-3-phosphocholine,
1,2-dioleoyl-sn-glycero-
3-phosphoethanolamineN-dodecanoyl

breast cancer

siRNA, small interfering RNA; miRNA, microRNA; PEI, polyethylenimine; NP, nanoparticle.
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Figure 1. Graphical representation of common types of NPs composed of liposomes and other types (mesoporous silica, gold and dendrimers) for the delivery
of nanomiRNAs (siRNAs or miRNAs) into tumor cells. The three kinds of liposomes known as cationic, neutral, and anionic pH-sensitive, synthesized
with Chol-NH,, Chol and DLin-DMA, respectively, are indicated on the left-hand side. On the right side are mesoporous silica, gold and dendrimers-based
NPs covalently or not covalently linked to PEI, PEG and PAMAM, respectively. siRNA, small interfering RNA; miRNA, microRNA; Chol, cholesterol;
DLin-DMA, N,N-Dimetilacetamida; PAMAM, poly-amido amine; PEG, polyethylene glycol; PEI, polyethylenimine; NP, nanoparticles.

the negatively charged RNA molecules notably improve the
efficiency of RNA encapsulation. The encapsulated ncRNAs

within cationic liposomes exhibit a preferential uptake from
the target cells through endocytosis. To further ensure that the
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desired cells are targeted, ligands binding to cell surface recep-
tors of the target tissue are incorporated into the cationic coat
of the liposome (24). The engineering of carriers has gained
considerable attention in recent years due to the development
of effective delivery systems that transport small interfering
RNAs (siRNAs) and microRNAs (miRNAs/miRs) into the
tumor tissues and the cytoplasm of tumor cells. Furthermore,
an ideal nanocarrier system should be able to protect the thera-
peutic RNAI agents from the circulatory environment, provide
high resistance to nucleases, overcome immune responses and
ensure efficient delivery to tumor cells (25).

An interesting study by Hayward er al (26) described the
delivery of miR-125a-5p in HER2-positive metastatic breast
cancer cells using a lipid-based system; the study demonstrated
that LNs coated with hyaluronic acid used for miR-125a-5p
delivery significantly downregulated the expression levels of
HER?2 and suppressed cell proliferation and migration via the
PI3K/AKT and MAPK signaling pathways. Thus, the findings
of this study suggested a therapeutic potential of miRNAs
coupled to LNs for HER2-positive breast cancer treatment.
Another study, performed in cancer stem-like cell subpopula-
tions derived from MCF-7 breast cancer cells, demonstrated
that the delivery of miR-200c by LBNPs downregulated
the expression levels of class III B-tubulin protein, which is
considered as a candidate biomarker for predicting resistance
to chemotherapy (27). In addition, LBNPs exhibited lower
cytotoxicity compared with lipofectamine in a previous study.
These data illustrated the promising efficiency of LBNPs
in delivering miRNAs, thus suggesting that LBNPs may be
considered as a powerful therapeutic tool for the treatment of
breast cancer.

Furthermore, Wang et al (28) evaluated the efficiency of
LNs in delivering specific siRNAs targeting CDK4; the results
revealed that the LN triggered exceptional gene silencing, to a
greater extent than that of commercial lipofectamine. CDK4
silencing in HeLa cervical cancer cells and MDA-MB-468
breast cancer cells also promoted G, phase cell cycle arrest.
Therefore, as CDK4 is involved in the cell cycle and prolif-
eration, the development of selective blocking agents against
CDK4, such as siRNAs, is considered a very attractive
approach for cancer treatment. In addition, Tang et al (29)
explored the efficiency of an interesting delivery system,
in which LNs were coated with calcium phosphate, in
transferring a mixture of highly potent siRNAs targeting
ubiquitously expressed genes essential for cell survival. The
results reported enhanced cellular uptake and the inhibition
of MDA-MB-468 breast cancer cell growth. Furthermore, the
conjugation of either EGFR-specific single chain fragment
antibody or folic acid improved the delivery ability of the
siRNAs into the cancer cells.

The simultaneous delivery of chemotherapeutic drugs and
therapeutic ncRNAs has provided remarkable advantages;
for example, Yu et al (30) developed a co-delivery system
consisting of paclitaxel and a specific siRNA targeting myeloid
cell leukemia-1 (MCL1) coupled to LBNPs; the results of
this study demonstrated that MCL1 mRNA expression levels
were significantly downregulated in MDA-MB-231 cancer
cells transfected using the aforementioned delivery system.
Additionally, in a xenograft mouse model, the intratumoral
injection of LNs encapsulating paclitaxel and siRNA-MCL1
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significantly attenuated tumor growth. These results indicated
that nanomiRNAs may efficiently transport antitumor and
therapeutic drugs.

The high specificity and performance of the cellular RNAi
mechanism may explain the above effects. Since the discovery
of RNAi in mammalian cells, there has been increasing interest
in harnessing this mechanism for treating several types of
disease including ophthalmologic disease, cancer, metabolic
diseases such as hypercholesteremia, and viral infections.
Briefly, RNAI is an endogenous pathway associated with the
post-transcriptional silencing of gene expression, triggered
by small double-stranded RNAs (dsRNAs) functioning in a
sequence-specific manner via directly binding and degrading
target mRNAs, thus leading to the potent silencing of gene
expression (31). miRNAs are small ncRNAs of 21-25 nucleo-
tides in length, encoded by genes dispersed throughout the
genome. These tiny RNAs act at the post-transcriptional level
as negative regulators of gene expression through binding to
the 3'-untranslated region of multiple mRNAs, thus leading
in their degradation and transcriptional repression via the
activation of the cellular RNAi mechanism (32). Interestingly,
miRNAs may function as oncogenes or tumor suppressors,
regulating the expression of a number of genes involved in
pivotal signaling pathways and cellular processes that promote
tumor development and progression, including cell prolif-
eration, the cell cycle, angiogenesis, the cancer stem cell-like
phenotype, epithelial-mesenchymal transition, and invasion
and metastasis (33-39). The expression levels of miRNAs are
often dysregulated in different types of tumor and their ability
to directly target multiple genes greatly affects the cancer
cell phenotype, thus resulting in tumorigenesis (40,41). These
cellular alterations on the expression profile of miRNAs deter-
mine the clinicopathological features of patients, resulting in a
decreased overall survival and disease-free survival rates, and
an increased risk of disease relapse, drug resistance (42,43),
disease recurrence (44) and poor prognosis (45). Therefore,
miRNAs may serve as bona fide diagnostic and predictive
biomarkers for several types of disease, including obesity,
neurological disorders, cardiopathies and cancer (46). On the
other hand, siRNAs are a class of small dsSRNAs, which are
exogenously administered into cells, as they are not encoded
in the genome, to mediate gene silencing. siRNAs inhibit
gene expression and protein synthesis via complementary
binding to their target mRNAs, where they trigger target gene
silencing through the RNAi mechanism, like miRNAs (47).
A conventional siRNA consists of 19-21 nucleotides in length
with a 3' double-nucleotide overhang, usually TT and UU;
these nucleotides are important for sequence recognition by
the RNAi machinery. As the length of the dsRNA increases,
its potency is significantly enhanced. For instance, an in vitro
study demonstrated that siRNAs of 27 nucleotides in length
were up to 100 times more potent compared with the conven-
tional 21-nucleotide siRNAs (48). In recent years, novel
strategies for the targeted delivery of miRNAs and siRNAs
into tumor cells have been developed; however, the primary
barrier to the clinical application of these RNAi-mediated
therapies remains the lack of an effective delivery system
providing sufficient protection for the ribonucleic acids against
nucleases. Among them, nanomiRNAs offer great potential
owing to their biocompatibility and low toxicity compared
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with inorganic NPs and viral delivery systems (49). However,
to the best of our knowledge, the development of clinical
trials using ncRNA delivery systems through NPs has not yet
been explored in patients with breast cancer. Two registered
clinical trials using different approaches to deliver therapeutic
miRNAs in different cohorts of patients with cancer have been
reported. The first report is a phase I study of TargomiRs as
2nd or 3rd line treatment for patients with recurrent malignant
pleural mesothelioma (MPM) and non-small cell lung cancer
(clinical trial no. NCT02369198). TargomiRs are targeted mini-
cells (bacteria-derived NPs) containing the tumor suppressor
miR-16 mimic, which is a small RNA involved in diverse types
of cancer. The drug delivery system denominated EnGenelC
Delivery consists of nonliving bacterial minicells forming
NPs of 100-400 nm size and the TargomiRs system is targeted
to tumors using an anti-EGFR antibody. The data illustrated
that the TargomiRs formulation displayed acceptable safety
and was well tolerated by the 26 patients with refractory MPM
enrolled in the study; however, it only promoted moderate
antitumor activity (50). The second report is a multicenter
phase I study using a miR-34a mimic-encapsulated liposomal
formulation (MR X34), which was injected into 85 participants
with diverse types of solid tumor, including hepatocellular
carcinoma, melanoma, renal carcinoma and lung cancer,
among others (clinical trial no. NCT01829971). The pharma-
codynamic data indicated the efficient delivery of miR-34a
into the tumors, and a dose-dependent and longer-lasting
repression of its cognate target genes (Bcl-2, DnaJ homolog
subfamily B member 1, B-catenin, forkhead box protein P1 and
histone deacetylase 1) in white blood cells (51). In addition, a
manageable toxicity profile and modest clinical activity was
observed following MRX34 treatment. Unfortunately, the
clinical trial was closed due to unexpected adverse events
related to the immune system that were not anticipated in
pre-clinical studies (52). At present, these novel nanotechnolo-
gies are gaining increasing attention as promising anticancer
tools due to their high specificity, efficiency and low toxicity
in normal cells (53,54). In the next section, the current
applications of diverse nanomiRNAs systems in breast cancer
are summarized.

3. Cationic liposomes

The lipids constituting the cationic liposomes neutralize the
negative charge of the DNA, thus forming a compact structure,
which differs from the typical vesicular structure of liposomes.
These complexes, resulting from the interaction between
DNA and the cationic lipids, provide protection to the genetic
material and promote cell internalization. For gene therapy
applications, the surfactants are often positively charged to
obtain cationic LBNPs electrostatically bound to nucleic
acids (55). In addition, LBNPs usually exhibit a  potential, an
indirect measurement of the surface charge (>30 mV) which
decreases following the addition of increasing concentrations
of nucleic acids (10). Previous studies have taken advantage of
the features of cationic liposomes to mediate the silencing of
cancer-related genes in different types of cancer; for instance,
Meraz et al (56) demonstrated in a murine model of breast
cancer that the intratumoral injection of cationic liposomes
loaded with monophosphoryl lipid A and IL-12 promoted cell
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death, inhibited cell proliferation and increased the serum
levels of IL-1p and TNF-a. Thus, this study illustrated the
efficacy of liposomal nanocarriers to attenuate cell viability,
tumor growth and drug toxicity, and enhance immunity.

Other researchers have implemented innovative systems
for the simultaneous delivery of siRNAs and chemothera-
peutic agents, including cationic liposomes (57,58). Such a
system was applied in breast cancer, where cationic liposomes
were used to deliver paclitaxel together with a specific siRNA
targeting polo-like kinase 1 (PLK1). PLK1 is an aggressive
oncogene frequently found overexpressed in breast cancer,
thus promoting the accelerated proliferation of tumor cells.
The simultaneous delivery of paclitaxel and PLK1 siRNA
synergistically increased the number of apoptotic MCF-7
breast cancer cells and reduced angiogenesis. This delivery
method exhibited significant advantages over monotherapies
with paclitaxel and siRNAs (57).

On the other hand, the conjugation of chemotherapeutic
agents, such as doxorubicin, with liposomes is a commonly
used method in cancer treatment (58). Wang ef al (58) modi-
fied the doxorubicin-liposome system with a cationic polymer
to improve the cellular absorption and antitumor activity of
NPs; the NPs were efficiently absorbed, resulting in cell death
following 5 h incubation compared with doxorubicin mono-
therapy and doxorubicin-liposomes complexes. In addition,
the efficacy of the above delivery system was determined in
H22 mice following four injections of doxorubicin-liposomes
conjugated to a cationic polymer; the results revealed that the
delivery system conjugated to the cationic polymer reduced
tumor growth by up to 60% in vivo. Thus, the aforementioned
studies supported the great potential of cationic liposomes to
improve the delivery of anticancer drugs.

4. Neutral liposomes

Neutral liposomes are primarily constructed by neutral lipids,
including phosphatidylcholine, phosphatidylethanolamine,
cholesterol and 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) (59,60). DOPE may be used as an adjuvant
phospholipid in cationic liposomes and it was discovered
to enhance the transfection efficiency of nanocarriers
encapsulating nucleic acids (59). In addition, neutral lipo-
somes have exhibited good biocompatibility and excellent
pharmacokinetic characteristics; however, they are unable
to interact with DNA to efficiently adsorb and encapsulate
it into the liposomes (59,60). Yan et al (61) constructed a
novel and functional type of neutral liposomes; these neutral
liposomes, known as 1,2-distearoyl-sn-glycero-3-phosphoeth
anolamine-N-[(polyethylene glycol)-2000], efficiently silenced
the expression levels of Slug and inhibited the TGF-1/Smad
signaling pathway in triple-negative breast cancer cells. In
addition, these liposomes demonstrated a high antitumor
efficacy in vivo when combined with vinca alkaloid (vinorelbine)
chemotherapy in triple-negative breast cancer. Another study
revealed that pegylated liposomal doxorubicin significantly
extended the disease-free survival period of patients with path-
ological stage I-III breast cancer, which suggested that it could
be applied at different pathological stages of breast cancer (62).

Emerging evidence has suggested that curcumin may
overcome the drug resistance to conventional chemotherapies;
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however, its poor bioavailability and decreased absorption
have limited its clinical use (63,64). Furthermore, adriamycin,
a widely known cytotoxic agent, is often used in cancer
chemotherapy (65); however, breast tumors have exhibited
high resistance to adriamycin, leading to a poor prognosis.
Zhou et al (66) developed NPs encapsulating the dietary
compound curcumin to improve its bioavailability.
Furthermore, miRNA profiling was performed in adriamycin
(Adr)-resistant MCF-7 breast cancer cells (MCF-7/Adr) and the
results revealed that neutral liposomes containing curcumin
increased the chemosensitivity of MCF-7/Adr cells, which
was mediated by the altered expression pattern of miRNAs
associated with drug resistance. In fact, 67 differentially
expressed miRNAs were identified among the parental MCF-7,
MCF-7/Adr and curcumin-treated MCF-7/Adr cells; among
them, the downregulation of miR-29b-1-5p was associated
with decreased ICs, values of curcumin, while its upregulation
attenuated the effects of liposomal curcumin in Adr-resistance
in MCF-7/Adr cells.

Another previous study described the development of
a functional neutral liposome for miR-203 delivery; these
miR-203-containing liposomes efficiently silenced Slug
expression levels and inhibited the TGF-f1/Smad signaling
pathway in triple-negative breast cancer cells. Additionally,
when liposomes were combined with vinorelbine chemo-
therapy, they exhibited significant antitumor activity in
triple-negative breast cancer cells. Therefore, these findings
suggested that the development of functional miRNAs and
neutral liposomes should be further investigated in clinical
trials (61).

Furthermore, it was revealed that the growth inhibitory
effects of siRNAs targeting VEGF loaded into liposomes incor-
porating modified G2 polyamidoamine-cholesterol dendrimer
were comparable with those noted to commercially available
transfection systems (Metafectene) in SKBR3 breast cancer
cells (67). In addition, Chen et al (68) applied a novel polyca-
tion liposome encapsulating a calcium phosphate (PLCP) NP
to facilitate endosomal escape via combining the protonation
of polyethylenimine and membrane destabilization of DOPE,
which resulted in an increased transfection efficiency. In addi-
tion, this siRNA delivery system was also applied using three
siRNA sequences targeting VEGF to inhibit tumor angiogen-
esis. Compared with the commercial transfection reagents,
the silencing activity of the PLCP/VEGF siRNA complex
was increased two times in MCF-7 cells. In vivo results in an
MCEF-7 xenograft mouse model revealed that the PLCP/VEGF
siRNA complex significantly inhibited angiogenesis and
tumor growth. Additionally, a synergetic tumor inhibition
effect was observed in cells co-treated with doxorubicin in a
mouse model. Thus, the aforementioned data suggested that
the delivery of siRNAs targeting VEGF in combination with
PLCP inhibited angiogenesis, indicating that this delivery
system may serve as a promising approach for breast cancer
treatment.

5. Ionizable liposomes
Ionizable liposomes are promising nanocarriers used to deliver

siRNAs due to their physical and functional properties. Unlike
the cationic and neutral liposomes that carry a single type of
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charge, ionizable liposomes are protonated and deprotonated
according to the acidity of the environment (59). Early cationic
lipids, such as N-[1-dioleyloxy)propyl]-N,N,N-trimethylam-
monium and dioctadecyldimethylammonium chloride, contain
a positive quaternary amine, whereas ionizable cationic lipids,
such as 1,2-dioleoyl-3-dimethylammonium propane and
1,2-dioleyloxy-N,N-dimethyl-3-aminopropane, have positive
and neutral charged tertiary amines, respectively, at acidic
and physiological pH conditions (69). Furthermore, it has been
reported that the incorporation of helper and neutral lipids, such
as cholesterol and saturated phosphatidylcholines, increase both
the system stability and transfection efficiency (70). The effects
of the ionizable liposomes in cancer therapy have been poorly
investigated; however, experimental evidence has suggested
that their application provides significant advantages compared
with other types of therapeutic methods (71). For example, an
in vivo study in a glioma murine model discovered that the
delivery of conjugated siRNAs to ionizable liposomes exhib-
ited an improved efficiency and resulted in enhanced cellular
uptake under hypoxia and low-pH conditions. Specifically,
in this study, Liu et al (72) synthesized malate dehydro-
genase lipids with nitroimidazole groups, which provided
hypoxia sensitivity and specificity as hydrophobic tails, and
tertiary amines as hydrophilic head groups. These precur-
sors were self-assembled into O'1,01-(3-(dimethylamino)
propane-1,2-diyl) 16-bis(2-(2-methyl-5-nitro-1H-imidazol-
1-yDethyl) di(hexadecanedioate) liposomes (MLP) to
encapsulate PLK1 siRNA; the results demonstrated the
enhanced delivery of MLP/PLK1 siRNAs into glioma cancer
cells due to the increased positive charges induced by hypoxia
and low pH. Therefore, MLP/PLK1 siRNA was shown to
effectively inhibit glioma cell growth both in vitro and in vivo.

In addition, it has been reported that the implementation of
ionizable liposomes increases encapsulation (-2,200 molecules
per 100 nm liposome), whereas the therapeutic effects of encap-
sulated siRNAs and their useful shelf life are greater compared
with another liposomes (73,74). Active loading remains the
most commonly used method for loading ionizable drugs in
liposomes; however, the low aqueous solubility of numerous
anticancer drugs may slow liposomal uptake during active
loading (74). To overcome this limitation, drug supersaturation
is maintained during active loading (73). Modi et al (73) devel-
oped a method for maintaining supersaturation of a poorly
soluble camptothecin drug analogue, namely 7-t-butyldimeth-
ylsilyl-10-hydroxycamptothecin, using low concentrations of
sulfobutylether-B-cyclodextrin to inhibit crystallization, thus
overcoming the limitations associated with the liposomal
delivery of poorly soluble ionizable drugs.

It has been reported in a breast cancer model that the
application of ionizable liposomes with vincristine at a
drug-lipid ratio of 1:1 provided an average life of 15.7 h
when combined with conventional cyclophosphamide,
doxorubicin, vincristine and prednisone chemotherapy.
Therapeutically optimized rates of drug release were
suggested to be achieved by varying the drug-to-lipid ratios
in liposomal vincristine formulations (75). Another study
demonstrated the implementation of ionizable liposomes
conjugated to lipocalin 2 (Lcn2) siRNA to inhibit the C-X-C
chemokine receptor type 4 and Lcn2 pathways in metastatic
MDA-MB-436 and MDA-MB-231 breast cancer cell lines,



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

thus indicating that the treatment with liposomes may inhibit
breast cancer progression (19).

At present, studies with liposome-miRNA complexes at
the nanometer and micrometer scale are being conducted for
their pharmaceutical application in breast cancer. Defining
the critical quality attributes of nanosystems using high level
quality control for reproducibility is pivotal for their potential
application in cancer research (76). Lujan er al (76) studied
diverse aspects of the formation of nanoliposomal systems for
the proper storage and delivery of miRNAs in triple-negative
breast cancer cells; the study revealed that the nanometer-sized
liposomes (<350 nm) could be obtained at low concentrations,
preserved stably for up to 6 months in lyophilized form and
maintained encapsulation after extended time periods in
storage. Furthermore, the nano-formulation efficiency was
determined by delivering miR-203, a tumor suppressor, into
MDA-MB-231 and Hs578t triple-negative breast cancer
cells. The results illustrated that both micro- and nanolipo-
somes effectively delivered miR-203 into breast cells via an
endocytic pathway. Another previous study in a triple-negative
breast cancer mouse model revealed that the encapsulation and
administration of miR-203 in liposomes of a size of 120 nm
inhibited tumor growth compared with functional vinorelbin
liposomes. Remarkably, the treatment with both types of
liposomes resulted in complete tumor growth inhibition (61).

An in vitro study by de Antonellis et al (77) focused on
the restoration of the Notch signaling pathway by employing
a stable 2'-O-methylated-encapsulated miR-199b-5p in
ionizable lipids. miR-199b-5p was identified to regulate
basic-helix-loop-helix transcription factor 1 (Hes-1), a down-
stream effector of the canonical Notch pathway, by affecting
medulloblastoma cancer stem cells (CSCs) through decreasing
the number of CD133*/CD15* cell subpopulations. The effi-
cacy of the miR-199b-5p delivery using stable nucleic acid
lipid particles was confirmed by the significant attenuation
of Hes-1 and CSC marker expression levels in tumorigenic
cell lines from colon (HT-29, CaCo-2 and SW480), breast
(MDA-MB231T and MCF-7) and prostate (PC-3) cancer,
glioblastoma (U-87) and medulloblastoma (Daoy, ONS-76 and
UW-228). In addition, the formulation inhibited cell prolifera-
tion, thus indicating that this system could be considered as a
powerful tool for gene therapy. Furthermore, it was revealed
that hypoxia induced in solid tumors efficiently favored
the ionizable liposomes to transfer effector particles (72).
Therefore, these studies on liposomes may represent a potential
research approach for breast cancer (70,72).

6. Exosomes nanocarriers

Exosomes are extracellular small vesicles present in the
circulation, with diameters ranging from 30 to 150 nm.
Exosomes serve an important role in cell-to-cell communi-
cation and in the regulation of several biological processes
in normal cells (78). However, in cancer cells, this cellular
communication process is exacerbated, as cancer cells
secrete 10-fold more exosomes, the so-called tumor-derived
exosomes (TDEs). TDEs carry growth factors, DNA,
chemokines and ncRNAs to promote cell communication
and contribute to the tumor microenvironment, metastasis,
tumorigenesis and cancer metabolism (79,80). Xin et al (81)
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demonstrated that miR-455-5p was specifically overexpressed
in tumor exosomes; likewise, the exosomal and cellular
expression of miR-1255a was also upregulated. It was reported
that miR-455-5p targeted CDK inhibitor 1B to regulate the
cell cycle, while miR-1255a regulated SMAD4 to inhibit
the TGF-p signaling pathway. Upregulated expression levels
of miR-455-5p and miR-1255a were associated with a poor
overall survival, while the upregulation of their target genes
has been associated with an excellent overall, recurrence-free
and distant metastasis-free survival. In conclusion, this
study preliminarily indicated that exosomal miR-455-5p and
miR-1255a may be considered as novel therapeutic targets for
breast cancer.

Another previous study suggested that breast cancer-derived
exosomes may contribute to tumor growth, angiogenesis,
invasion and metastasis (82,83). Therefore, Lin er al (83)
suggested that exosomes derived from human mesenchymal
stem cells may promote MCF-7 breast cancer cell migration
and proliferation via altering the gene expression profiles.
In addition, exosomes have been indicated to also affect
the microenvironment to promote tumorigenesis (82-84).
A previous study also revealed differences in the miRNA
expression profile between patients with triple-negative
breast cancer and healthy controls; for example 8 exosomal
miRNAs (miR-21, miR-141, miR-200a, miR-200b, miR-200c,
miR-203, miR-205 and miR-214) from malignant tumors were
significantly differentially expressed from those observed in
benign tumors, and were not detected in normal controls (85).
In addition, the levels of exosomal let-7f and/or miR-30e-3p
in patients with non-small cell lung cancer could distinguish
patients with resectable tumors from those with non-resectable
tumors (86). The expression levels of 12 exosomal miRNAs
(miR-17-3p, miR-21, miR-106a, miR-146, miR155, miR-191,
miR-192, miR-203, miR-205, miR-210, miR-212 and miR-214)
were significantly different between patients and controls (87).
The differences in miRNAs expression exhibited promising
predictive values; thus they may serve as biomarkers to
distinguish patients with recurrent breast cancer from patients
with non-recurrent breast cancer (88).

7. Stealth liposomes

Stealth liposomes, also called PEG-coated liposomes, exhibit
prolonged blood circulation time and improved distribu-
tion in tissues. This type of liposome is characterized by the
incorporation of a PEG derivative, which promotes the steric
stabilization of NPs to overcome their opsonization and prolong
their time in the blood circulation (89). In addition, the presence
of PEG on the surface of liposomes was discovered to increase
the hydrophilicity, thus reducing their interaction ability with
plasma proteins (90,91). PEG anchoring can be obtained by
the polymer adsorption into vesicles and aggregation of the
PEG-lipid during development (92). These lipids exhibit several
advantages, including increased solubility, null toxicity and low
antigenicity. Furthermore, for practical purposes, it is easier to
incorporate this type of polymer with lipids. Another interesting
advantage is that PEG lipids have been reported to potentiate
therapeutic proteins without altering their mechanism of
action (93). At present, a pegylated liposome loaded with doxo-
rubicin, DOXIL® has been approved by the Food and Drug
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Administration since 1995. These nanodrugs exhibit prolonged
circulation time, as they can overcome their recognition by the
reticuloendothelial system due to the presence of PEG on the
surface of the lipids. Furthermore, loading of these liposomes
with doxorubicin, directed by an ammonium sulfate gradient,
improved the delivery of the drug into tumor cells (94). A study
by Vakhshiteh er al (95) demonstrated that the encapsulation
of miR-34a into a type of PEG-anchored liposomes promoted
its accumulation in MDA-MB-231 breast carcinoma cells.
Additionally, this formulation exhibited a significant inhibitory
effect on tumor cell growth, migration and invasion, whereas it
attenuated the percentage of CD44*/CD24" cells, indicating its
effectiveness in cancer hallmarks.

8. Triggered-release liposomes

Liposomes are NPs widely used for the delivery of drugs,
DNA fragments and siRNAs, which allow the release of these
molecules in time and space (96). The activated liposomes
represent a promising system that may increase the release
rate of their contents (97). The ability to deliver antitumor
molecules in situ remains a challenge for the development of
liposomes, thus several strategies have been applied consid-
ering the physical and chemical characteristics of the tumor
microenvironment (98,99). For example, Elegbede et al (100)
developed an interesting formulation with a collagen-like
triple-helix conformation encompassing a matrix metal-
loproteinase (MMP) substrate to induce drug release in a
MMP activity-dependent manner. Another study revealed that
thermosensitive liposomes, used for localized delivery, trig-
gered the release of chemotherapeutic drugs. For example, the
delivery of pegylated liposome-based drugs, like DOXIL, was
more efficient in tumors exposed to slightly higher microen-
vironment temperatures (101). In addition, an in vitro study
performed in triple-negative breast cancer cells showed that
a benzoporphyrin-derived conjugate exhibited a lifespan of
one month at 37°C, suggesting that it could be successfully
employed for in vivo interventions (102).

9. Porphysomes

Phosphorene, also referred to as single- or few-layer black
phosphorus (FLBP), is a new member of the 2D mate-
rial family (103). FLBPs have gained increasing attention
in recent years and have been used in optoelectronics,
strength storage and biomedicine due to their efficiency and
biocompatibility (104). In 2017, Yang et al (103) constructed
FLBP nanosheets loaded with gold (Au)-NPs and black
phosphorus (BP)-NPs as effective surface-enhanced Raman
scattering (SERS) substrates; the features of the breast tumors
before and after photothermal therapy were distinguished
utilizing the SERS analysis and >85% of 4T1 cells were alive
following incubation with BP-Au NSs, thus indicating that the
hybrid NP BP-Au exhibited good biocompatibility and low
cytotoxicity. Another advancement originated from the study
by Sun et al (105), who focused on the application of photody-
namic treatment (PDT) combined with quality treatment for
triple-negative breast cancer. The objective was accomplished
by utilizing cationic porphyrin lipid microbubbles loaded
with hypoxia-inducible factor-1a (HIF-1a) siRNA, which was
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monitored using ultrasound imaging. HIF-1a siRNA down-
regulated HIF-1a expression levels, which was mediated by
the common hypoxic tumor conditions or the reactive oxygen
species (ROS) produced by PDT, improved the PDT efficacy
and partially inhibited tumor progression.

10. Lipid-coated calcium phosphate (LCP) NPs

In 2018, Tang ef al (106) designed and developed biocompat-
ible multifunctional LCP NPs as an effective delivery system
to inhibit the development of tumors using triple-negative
MDA-MB-468 cells. Briefly, LCP NPs were conjugated with
a bispecific immunizer (BsAb) through a non-covalent bond
with methoxy PEG on the surface of the molecule; this BsAb
targeted the EGFR on the surface of MDA-MB-468 cells. These
LCP-BsAb NPs, loaded with cell death (CD) siRNA and indo-
cyanine green (ICG), were efficiently uptaken by MDA-MB-468
cells, promoting cell apoptosis and cell absorbance at 808 nm
using a near-infrared laser. These multifunctional LCP-BsAb
NPs were increasingly accumulated in the tumor tissue.
Thus, the combination of CD siRNA and photothermal (ICG)
treatment using LCP-BsAb NPs inhibited both small and large
tumors in the in vivo mouse model (106,107).

11. Conclusions

In conclusion, the recent advances in nanotechnology and
the development of novel LBNPs highlight the potential for
its utilization in cancer therapy. Treatments using LBNPs
greatly improve the transport of ncRNAs into cancer cells and
tumor tissues and at the same time, demonstrated significant
advantages, such as reduced therapeutic doses, low cytotox-
icity to normal cells and an ability to reverse the resistance to
chemotherapy. Moreover, LBNPs have the ability to transport
therapeutic ncRNAs to modulate the expression levels of genes
involved in cell growth, proliferation, cell death, invasion and
metastasis, thereby impairing the malignant behavior of tumors.
Therefore, the development of efficient nanomiRNAs in breast
cancer will depend on the proper synthesis of new lipid compo-
nents and novel targeting ligands. LBNPs are promising tools for
the therapeutic delivery; however, although significant advance-
ments have been made in the field of ncRNA delivery, there still
exists a further requirement to investigate alternative effective
strategies. LBNPs also have disadvantages; for example, due
to their crystalline structure, they have low drug loading effi-
ciency and burst release. Also, there is a high probability for
drug expulsion from the NPs due to the crystallization process
during the storage conditions, where polymorphic changes
between the LBNPs and compounds promotes the tendency for
drug expulsion. Undoubtedly, nanotechnology-based treatments
are still far from reaching the patients; however, it is a treat-
ment that, together with the development and increased research
into different microRNAs, may serve a fundamental role in the
non-invasive treatment of multiple types of cancer.
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