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Abstract

Concomitant with advances in research regarding the role of miRNAs in sustaining carcinogenesis, major concerns about
their delivery options for anticancer therapies have been raised. The answer to this problem may come from the world of
nanoparticles such as liposomes, exosomes, polymers, dendrimers, mesoporous silica nanoparticles, quantum dots and metal-
based nanoparticles which have been proved as versatile and valuable vehicles for many biomolecules including miRNAs.
In another train of thoughts, the general scheme of miRNA modulation consists in inhibition of oncomiRNA expression and
restoration of tumor suppressor ones. The codelivery of two miRNAs or miRNAs in combination with chemotherapeutics
or small molecules was also proposed. The present review presents the latest advancements in miRNA delivery based on

nanoparticle-related strategies.
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Introduction

The human genome encodes for a great variety of transcripts.
However, the majority of RNAs do not interact with the ribo-
some and do not possess protein coding capacity, therefore
they are included in the category of non-coding RNAs (ncR-
NAs) [1].

MicroRNAs (miRNAs, miRs) are part of the ncRNA
category and have a sequence length of 19-25 nucleotides
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[2—4]. Generally, they interact with the messenger RNAs
(mRNAs ) of various genes and repress their translation. The
interaction is mediated by a small miRNA region of 3 nucle-
otides called the seed region. Because of this characteristic,
miRNAs are able to target a great number of mRNAs, where
the same mRNA can be targeted by multiple miRNAs [5-7].

The high range of targeted mRNAs can constitute an
advantage for cancer therapy, because it has a simultaneous
effect on multiple cellular pathways [8—10]. There are gener-
ally two types of miRNAs with relevance for the oncological
pathologies: tumor suppressor miRNAs and oncomiRNAs
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(oncomiRs). The tumor suppressor ones inhibit the develop-
ment of malignant entities and are usually down-regulated
in cancer. The oncomiRs support the malignant phenotype
and are overexpressed [11, 12]. However, these parameters
are often cancer specific, where one miRNA can be over-
expressed in a specific type of malignancy and inhibited in
other [13]. The general approach for a miRNA-based anti-
cancer therapy relies on the inhibition of oncomiRs and/or
the up-regulation of tumor suppressor ones. This is done
with the help of exogenous anti-miRNAs in the case of onco-
genic miRNAs and mimic sequences for the tumor suppres-
sor miRNAs [14-16].

However, miRNA-based therapies pose a number of chal-
lenges. Such examples consist in the naked miRNAs that
are usually degraded by enzymes presented in the blood
stream or are not able to pass through the extracellular
matrix. Additionally, miRNAs can also activate the Toll-like
receptors and induce inflammation [17]. To overcome these
challenges, the conjugation of miRNAs with a cholesterol
molecule at the passenger strand has been proposed. How-
ever, this method is quite inefficient, since it requires a high
concentration of RNA molecules [18].

Most RNAs are internalized through endocytosis. Inside
the cell, an endosome is formed through the budding of the
plasma membrane. The endosome first fuses with a lyso-
some, then with the Golgi apparatus, and its content is com-
pletely digested. If the miRNA molecule does not manage
to escape the endosome in due time, it will no longer be able
to exert its therapeutic activity [19, 20]. The main strategy
for endosomal escape consists in the induced disruption of
the endosomal membrane [21, 22]. Moreover, the presence
of ribonucleases in cytoplasm makes miRNA delivery even
more difficult [23]. However, several chemical modifications

were developed such as phosphorothioate containing oligo-
nucleotides, methyl-oligonucleotides, methoxyethyl-oligo-
nucleotides [24], locked nucleic acid oligonucleotides [25],
peptide nucleic acids [26] or fluorine derivatives [27].

The nanoparticle-based delivery of miRNAs is highly
efficient and has a number of advantages in comparison
with the delivery of naked chemically modified transcripts.
Some of the advantages include the following: a greater
intratumoral accumulation, enhanced capacity to escape the
endosome, greater therapeutic effect and reduced systemic
toxicity (Fig. 1).

In this review, we analyze the up-to-date nanoparticle-
based transporters of miRNAs used in cancer therapy. For
this, we take into consideration a variety of nanodelivery
systems, from the most biocompatible nanoparticles, such as
liposomes, exosomes, dendrimers and polymeric nanoparti-
cles to the metal-based ones which possess the great advan-
tage of unique optical and/or magnetic properties and hence,
can be simultaneously combined with other therapies such as
plasmonic or magnetic hyperthermia. Last, newly developed
nanodelivery systems are presented including quantum dots
(QDs) and mesoporous silica nanoparticles (MSN).

General consideration about nanoparticle
design

The NP size is one of the most important characteristic
when taking into consideration their delivery to biologi-
cal organisms (Fig. 2). If the NP is too large, it will not be
eliminated by the renal tubules and hence, it can cause major
organ failure. On the other hand, the NP should be able to
avoid being internalized by the resident macrophages and to

Improving miRNA therapeutic effect with the help of nanodelivery
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Fig. 1 Enhanced therapeutic effect of miRNA through nanoparticles.
First, miRNA molecules accumulate in a higher concentration inside
the tumor and bypass to a greater degree the normal cells. Second,
the endosomal escape is greatly facilitated. Third, because of higher
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intra-cytoplasmic accumulation a more pronounced antitumor effect
is achieved. Last, due to enhanced targeted effect a reduced systemic
toxicity and hence decreased side effects are observed
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Fig.2 Representation of the main miRNA nanocarriers according to
their size. The nanoparticles used for therapeutic miRNA delivery
have a size range of 1-500 nm (although generally recommended
maximum size is up to 100 nm). In the order of size range the qdots

escape from the blood circulation through the vessel pores.
At the tumor site, the particle must overcome differences in
pressure between the intra- and the extratumoral environ-
ment [28, 29].

The nanoparticles are generally employed in cancer due
to their capability to specifically target cancer cells and,
therefore, enhance the accumulation of the drug at the tumor
site. The enhanced permeability and retention (EPR) effect
is generally a characteristic of the tumor microenvironment
and refers to the hyper-permeability of the blood network
in cancer spots and also to the lack of functional lymphat-
ics at the tumor mass [30]. These two characteristics are
allowing nanoparticles of certain dimensions to enter within
the malignant mass due to increased intercellular spaces
between endothelial cells and also to stay there for a longer
time in the lack of a proper lymphatic system. The spaces
between the endothelial cells of normal vessels measures
less than 10 nm, which facilitates the entry of any nanopar-
ticle bigger than this size in the tumor microenvironment
[31, 32].

The charge of the NPs is another aspect to consider. If the
NP surface is cationic, it will cause membrane disruption of
all the encountered cells. On the other hand, an anionic NP
would be degradated inside the cell, probably in a lysosomal
dependent manner [33]. In general, the citotoxicity of the
nanoparticles is a crucial aspect to be taken in consideration;
the current studies in oncology are mainly focused on the
therapeutic effect and to a lesser extent on the biocompat-
ibility of these vehicles. Moreover, there is a lack of stand-
ardized methods/models for the evaluation of such effects
and also an the inability of the several employed protocols
to relieve the entire toxicity spectrum [34]. The aspect of
toxicity will be discussed in the following chapters for each
type of described nanomaterial.

500 nm

are the smallest ones, followed by metallic nanoparticles (AuNPs
and IONPs), core—shell NPs (Au or IO core), liposomes, dendrimers,
MSNs and polymeric NPs

The shape, surface chemistry, composition and size of
the nanoparticles are also greatly influencing the modality
by which their internalization by the cells is made. Gener-
ally, there are three main mechanisms for nanoparticle entry
into the intracellular space: direct diffusion or disruption,
endocytosis—fluid-phase or receptor-mediated and via ion
channel or transporter proteins. Direct diffusion or disrup-
tion of the lipid bilayer involves the permeabilisation of the
membrane by the nanoparticle itself; in this case, there are
numerous variables that need to be taken into considera-
tion in order to assess the potential of particle entry: charge,
hydrophobicity, size, shape and composition [35]. A widely
discussed mechanism and also the one that is thought to be
the most common for nanoparticle entry in the cell con-
sists in endocytosis. This process comprises the wrapping
of the lipid bilayer around the particle that will be internal-
ized, followed by their budding and pinching off toward the
formation of endocytic vesicle. There are different types of
endocytosis depending on the molecules involved in the pro-
cess and also on the cell type; the main mechanisms involve
the following: phagocytosis, clathrin-mediated endocytosis,
clathrin/caveolae-independent endocytosis, caveolin-medi-
ated endocytosis, and macropinocytosis [35]. Depending on
the first steps within the internalization, endocytosis can be
classify into fluid phase or receptor mediated; in the case of
the first one, the cargo is located in the extracellular fluid,
also close to a forming vesicle and is subsequently captured
by the structure and internalized inside the vesicle that will
finally be endocytosed. For the case of receptor-mediated
mechanism, the internalization of the cargo inside the vesi-
cle is done via a component of the cell membrane that binds
the nanoparticle and also undergoes vesicle trapping [36].
Lastly, one of the rarest forms of internalization of NPs is
mediated by ion channel and transporter proteins that are
present in the plasma membrane of the targeted cells and
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function as translocaters of extracellular cargos inside the
intracellular space. However, the high degree of selectiv-
ity and small pore sizes are suggesting that this mechanism
is rarely encountered during NP entering into cell [36].
Detailed analysis of the NP internalization and about the
interaction within the environment/tumor microenviron-
ment before trapping into the targeted cells are presented by
Behzadi et al. [35] and Zhao and Stenzel [37].

Figure 3 is presenting the general mechanisms by which a
nanovehicle can enter into tumor cells and release its cargo.

Lipid-based nanoparticles
Liposomes

Liposomes as nanodelivery systems have attracted the
research field due to their easy synthesis and functionali-
zation method. In addition, they are highly stable, have a
high loading efficiency and low cytotoxicity. The cationic
lipids can be easily loaded with miRNAs due to chemical
interactions between their positive charge and the negative
charge of the transcripts [38]. However, the in vivo delivery
of liposomes as neutrally charged lipids is recommended

D. Nanoparticle with
specific ligands for
cancer cell

A. Exosomes

Fig.3 General mechanisms by which a nanovehicle can enter the
tumor cells and release its cargo. Nanovehicles can enter within can-
cer cells through membranes fusion (a), endocytosis/phagocytosis (b,
¢) or by receptor-mediated binding. Moreover, the content of the nan-
ovehicles can be directly released into the cytoplasm as in the case of
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due to the toxicity of positively charged molecules [39].
Also, liposomes offer the possibility of combining miRNA
delivery with different chemotherapeutic drugs, resulting in
a synergic and improved therapeutic effect [38].

The typical formulation of liposomes implies the forma-
tion of amphiphilic phospholipid bilayers that entrap an
aqueous core; the therapeutic cargo can be included inside
these liposomes or can be entrapped on their surface (coated
liposomes). In the case of liposomal delivery of miRNA/
siRNA (siRNAs are exogenous sequences that can block the
translation of specific genes [40]), the encapsulation strate-
gies are inspired by Lipofectamine transfection. Therefore,
some protocols suggest incubating miRNA molecules with
synthesized liposomes, and based on their different charges,
the electrostatic interactions will take place [41, 42]. On
the other hand, there are some protocols that recommend to
encapsulate the miRNA during liposome synthesis [43—45].
The determination of the encapsulation rate is quite difficult,
but it was proved to be higher in the second strategy.

One of the most advanced studies for miRNA deliv-
ery in liposomes is represented by MRX34 formulation,
the first-in-human, phase I study involving interventional
miRNA-based strategies in cancer (upregulation of miR-
34a in patients diagnosed with advanced solid tumors). The

Cytoplasmic
s e Felease

exosomes, whereas in other cases, the vehicle has to undergo endo-
somal pathway. Either the pathway or the final point consists in the
cytoplasmic release of miRNAs with further effects upon the endog-
enous level of non-coding RNAs—upregulation of tumor suppressor
miRNAs and downregulation of the oncogenic ones
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patients were enrolled based on their refractory status to
standard treatment and received intravenous doses of lipo-
somal miR-34a mimic for 3 weeks. The composition of the
liposomal content was based on amphoteric lipids that are
cationic in the process of acidic liposome formation to facili-
tate efficient encapsulation of the miR-34a mimic that is
negatively charged, and anionic in neutral pH in vivo, with
the aim of reducing the possibility of particle aggregation
and the electrostatic adherence between the liposomes and
the endothelial cells. Although some improvements were
seen in the evolution of the oncological clinical parameters,
the installation of adverse effects (AEs) associated with the
infusion of MRX34 impaired the immediate continuation
of the next clinical trial phase. The AEs were not specifi-
cally attributed to the liposomal carrier or to the miR-34a
sequence [46]. However, Tolcher et al. used the same deliv-
ery vehicle for Bcl-2 targeting via ssDNA drug—PNT2258
with minimal side effects. This excludes to a certain point
(although the studies cannot be directly compared) the toxic-
ity of the liposomal components [47].

In lung cancer cells, let-7a mimic sequences were suc-
cessfully delivered with the help of a liposome, resulting
in reduced proliferation, invasion and increased apoptosis.
Specifically, the sequence was found as downregulated in
this malignancy, where experimental upregulation could
destabilize the cancer cell. To increase the specificity of
the delivery, the liposomal nanoparticles were conjugated
with ephrin-Al, due to the increased expression of the cor-
responding receptor—ephrin type-A receptor 2 (EphA2)—
in cancer, including non-small-cell lung cancer (NSCLC);
moreover, ephrin-A1l reduces the migration and prolifera-
tion of malignant cell. miR—ephrin-A1-LNP successfully
increased the expression of let-7a, while the expression lev-
els of H-RAS, N-RAS and K-RAS were decreased. These
effects were superior to free let-7a miRNA delivery, espe-
cially due to increased accumulation of the sequence in
cancer cells [42]. In hepatocellular carcinoma (HCC) cells,
delivery of anti-miR-122 ferried in a pH-sensitive cationic
liposome (YSKO05-MEND) resulted in a more pronounced
antitumoral activity in liver cancer cells, when compared to
the administration of the same miRNA with Lipofectamine;
this was due to a more efficient endosomal escape in the
case of cationic liposomes. In vivo treatment with AMO122
resulted in increased clearance via kidneys due to the molec-
ular weight of the therapeutic molecule and its minimal con-
centration within the liver. The same cargo administrated
inside YSKO5-MEND accumulated to a higher extent in the
liver, together with upregulating the miR-122 target genes.
The effect persisted for 2 weeks, hence, demonstrating the
feasibility of the nanovehicle [48]. In the same pathology
and using the same miRNA therapeutic, another group
established a negatively charged liposomal cargo targeted
toward HCC cells expressing the transferin (Tf) receptor.

The modification of the liposomes toward targeting of Tf
increased the efficiency of the delivery by 15-fold compared
with the non-modified liposomes, together with upregula-
tion of PTEN, P27%P! and TIMP3. Successful administra-
tion was also done in vivo through intravenous injection in
HepG2 tumor xenografted mice [49].

As reminded, the lipid-based nanodelivery of miRNAs
can imply the codelivery with a chemotherapeutic agent.
Cisplatin-coated liposomes loaded with miR-375 in HCC
were used for the enhancement of cisplatin therapy and
impairment of drug resistance. The nanoparticles were
prepared by mixing two reverse microemulsions with KCI
solution and also a soluble cis-diaminedihydroplatinum (II)
covered with a cationic lipid layer, after which miR-375
was introduced into the nanoparticles already conjugated
with cisplatin. In vitro studies showed that this type of co-
delivery resulted in efficiently escaped lysosome degradation
and increased apoptosis rate together with cell cycle arrest.
Moreover, a significant effect was also observed in Akt/
Ras-induced primary HCC mouse model that was treated in
multiple series with effects upon tumor growth and relapse
(Fig. 4) [50].

A similar approach in concept was also used for HCC
treatment, although with miR-101-3p combined with doxo-
rubicin (DOX). Doxorubicin liposomes and miR-101-3p
were mixed in a 200:1 ration, in water, followed by 2-3 min
vortexing and 30 min RT incubation. The combined therapy
impaired invasion, colony formation and migration in vitro;
in this case too, the xenograft tumors had a smaller volume
[51].

Codelivery strategies can also be applied in the case
of other miRNAs: miR34a mimic and miR-21 anti-
sense sequence are encapsulated within targeted cationic
liposomes that are directed toward the epidermal growth fac-
tor receptor (EGFR), usually overexpressed by cancer cells.
This approach was used for treatment of glioblastoma multi-
forme that is a highly aggressive and resistant tumor. Under
this strategy, a reduction in cell viability and invasion with
decrease of pro-proliferation gene markers and upregulation
of the pro-aproptotic genes were observed. In vivo systemic
injection resulted in accumulation of the complex inside the
tumor with effects upon the volume of the malignant mass.
According to the group knowledge, this study was the first
that used multiple miRNA administration inside a targeted
cationic liposome [52].

The main studies that used liposomes as delivery systems
for therapeutic miRNAs are included in Table 1.

Exosomes

In order to obtain a targeted delivery of miRNA, researchers
have proposed the use of natural delivery systems under the
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Fig.4 Modulation of HCC progression via cisplatin-coated
liposomes co-loaded with miR-375. a Schematic representation of
the nanocomplex NPC/miR-375 b TEM and ¢ AFM characterization
of the nanocomplex d Uptake of cisplatin in HepG2 cells measured

name of exosomes. These small vesicles of 40—100 nm are
generated through endocytosis and are considered functional
carriers of information between multiple cell types. They are
found in various body fluids, such as blood, lymph, saliva
or urine [57-60]. The exosomes have a specific pattern of
proteins on their surface, which facilitates the identification
of the targeted cell [3, 61].

The potential of exosomes as diagnostic or therapeutic
tools was abundantly analyzed in various cancers, such as
breast cancer [62] or hepatocellular carcinoma [63].

When used as drug delivery systems, exosomes present
a number of advantages and disadvantages. On one hand,
they can avoid the endosomal-lysosomal system and deliver
their cargo directly into the cytoplasm. They are also highly
stable when circulating through the body fluids. On the other
hand, they can give an immunogenic reaction, especially due
to the presence of specific ligands on their surface [64]. As
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for example, exosome-like vesicles were less effective for
the delivery of RNA interference sequences, in comparison
with liposomes. Specifically, the main limitation consisted
in the lack of reproductivity of the drug loading system and
also in the efficiency of these strategies; the attachment of
siRNA to the surface of exosome-like vesicles (ELVs) via
cholesterol anchor failed to deliver the cargo in dendritic
and lung epithelial cell lines despite the successful uptake
of exosomes. Also, surface-bound cholesterol-conjugated
siRNA liposomes inhibited the expression of the targeted
mRNA under the same experimental conditions [65].
However, exosomes were successfully used for the
delivery of miRNA in glioblastoma (pathology difficult to
approach due to the blood-brain-barrier); bone marrow-
derived mesenchymal stem cells (MSCs) were cultured
ex vivo and transduced with miR-124 lentiviral vector,
miRNA that was further found in the exosomes harvested
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Table 1 Liposome-based miRNA delivery used their therapeutic effect
Cell lines Loaded therapeutic agent Biological effect Molecular changes References
Hepalclc? antimiR-122 Improved intratumor accumula- ~ Up-regulation of ALDOA, [48]
tion BCKDK, NDRG3
HUVECs,26 NL-17 miR-499 Anti-angiogenic, improved Down-regulation of FZDS, [53]
intratumor accumulation, small CnAa,VEGFA
tumor volume
CRL-2081, CRL-5830, A549 let-7a Increased cellular uptake, Down-regulation of H-RAS, [42]
reduced proliferation and inva- N-RAS and K-RAS
sion, small tumor volume
HepG2 antimiR-221 No effect on cell proliferation, Up-regulation of PTEN, P27kipl,  [49]
increased apoptosis, cell cycle TIMP3
arrest
HepG2, Hep3B miR-375 cisplatin Decreased viability, increased NA [50]
apoptosis and cell cycle arrest,
small tumor size, accumulation
in the liver, kidney and tumor
A549 antimiR-21 paclitaxel Decreased viability (paclitaxel),  Up-regulation of PTEN, PDCD4,  [54]
decreased invasion/migration, RECK, TIMP3, ANKRD46
small tumor size DDAHI
CNEI1, CNE2, SUNE1, HONE1, miR-124-3p Decreased proliferation, inva- Down-regulation of STAT3, [55]
5-8F, 6-10B C666-1 sion/migration, no effect on CCND2, MMP-2
apoptosis
SMMC-7721, Huh7 and HepG2 miR-101 Decreased invasion/migration Down-regulation of NLK, EZH2,  [51]
cell colony formation, increased MCL-1, STMNI1, RAB5A
apoptosis, small tumor size
MCF-7, ZR-75-1,1.929 antimiR-191 Decreased viability, increased NA [56]

cell death, decreased tumori-
genicity and migration

from the media. Systemic administration of Exo-miR124 in
mice with intracranial GSC267 increased significantly the
survival rate, with 50% of the animals living long term [66].
Despite the therapeutic role of Exo-miR124, the study also
showed that MSCs can be used as “natural biofactories” for
modified exosomes. However, the selection of the modified
exosome-producing cells should be done within the context
of a specific pathology and constantly considering the com-
munication between “factory” and targeted cells, the rate of
the exosome production, also the capacity of the exosomes
to incorporate exogenous sequences.

For enhanced specificity, the surface of exosomes can be
modified to selectively target specific cells. This strategy was
applied for specific targeting of HepG2 cells with exosomes
loaded with miR-26a, sequence downregulated in liver can-
cer. The sequences for CD63 and Apo-Al-binding peptide
were introduced into a pEGFP-N2 vector that was further
used for tranfection of HEK 293T cells with the purpose
of inducing the secretion of engineered exosomes. These
exosomes were further mixed with Cy5-labeled miR-26a
and loaded with the non-coding cargo via electroporation.
Alteration of exosomal membrane increased the specificity
for HepG?2 cells; also, the release of exosomal cargo upregu-
lated the miR-26a levels in the liver cancer cells with effects
upon inhibition of cell migration and proliferation. In triple

negative breast cancer (TNBC), delivery of miR-134 through
miR-134-enriched EVs produced in Hs578Ts(i)8 cells after
transfection with miR-34 resulted in reduced migration and
invasion of the recipient cells and decreased Hsp90 level.
However, there were no significant changes in proliferation
or cisplatin-induced apoptosis like in the case of direct trans-
fection with miR-134. miR-134-enriched EVs increased,
however, the sensitivity of TNBC cells to anti-Hsp90 drugs
[67]. The immune system cells can be also exploited for exo-
some production. In a recent study, B cell-derived exosomes
(from non-stimulated B cells, stimulated ones and also from
macrophages) were loaded with miR-155 by electroporation
under optimized voltage and they were further treated with
RNase H for elimination of non-loaded miR-155 sequences.
It was further shown that the exosomes from the stimu-
lated B cells lack almost completely endogenous miR-155
sequences and can be used as successful delivery vehicles
for this miRNA; moreover, these exosomes (once loaded
with miR-155 mimic) can deliver the non-coding RNA into
primary mouse hepatocytes with a 700-fold increase com-
pared to control counterparts. Similar results were obtained
in miR-155 knockout mice that received intravenous doses
of miRNA-155 loaded exosomes with further effects on
the upregulation of the miRNA in the isolated hepato-
cytes. Strikingly, this elevation was observed 10 min after
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the intravenous injection, demonstrating the efficiency of
exosomes as delivery vehicles for miRNA therapeutics. The
same group previously demonstrated that overexpression of
miR-155 in RAW 264.7 macrophages induced by LPS is
resulting in an increased production of TNFa. Using the
same exosomes isolated from the activated B cells, miR-155
inhibitors were delivered into macrophages with effects upon
reduction of miR-155 endogenous level, increase in SOCS1
expression and downregulation of TNFa protein. Addition-
ally, no significant cytotoxicity was observed. Comparing
with other tested methods: transfection reagents (FuGENE®
HD and HiPerFect), the exosomes were superior in deliver-
ing the miRNA inhibitor and also exerted a higher percent-
age of cytotoxicity [68].

The main studies that used exosomes as a delivery plat-
form for therapeutic miRNAs are included in Table 2.

Polymer-based nanoparticles
Polymeric nanoparticles

Polymeric NPs present a significant number of advantages
due to their physicochemical properties. Their general size
ranges between 100 and 500 nm. There are four main types
of production methods: solvent evaporation, emulsifica-
tion—solvent diffusion, solvent displacement and monomer
polymerization. The preparation of nanoparticles for drug
delivery depends mainly on the method used for cargo load-
ing, resulting in amphiphilic core/shell (polymeric micelles),
capsules (polymeric nanoparticles or polymeric nanocon-
jugates), or hyperbranched macromolecules of nanometer
dimensions (dendrimers) [72]. miRNA polymeric encapsula-
tion is similar to liposomal encapsulation [73, 74]. The most
preferred polymers are those that ensure biocompatibility
and biodegradability. In addition, the class of stimuli respon-
sive polymers are highly recommended for their ability to
release the cargo under the action of physical or chemical
stimuli [75]. The level of control over cargo release depends
also on the 3D structure of the polymer [76].

Table 2 Exosome-based miRNA delivery and their therapeutic effects

Some of the advantages of using polymeric NPs in deliv-
ery applications are the ease of their synthesis, their reduced
costs, biodegradability, increased biocompatibility, pro-
longed circulation time, sustained release, fewer side effects,
availability of different functionalization strategies, water
solubility and high accumulation at tumor site [76-78].
Also, cationic polymers are thought to be more stable than
cationic lipids and, therefore, associated with prolonged pro-
tection in cellular trafficking [78].

In miRNA delivery applications, the bioreducible
poly(beta-amino ester) (PBAE) nanoparticles conjugated
with both miR-148a and miR-296-5p showed accelerated
and increased delivery inside the targeted cells, reduced tox-
icity and the ability to escape from endosomes when used
to target the stem-like phenotype of GBM neurospheres.
Moreover, the efficiency of these polymeric nanoparticles
(R646 nano-miRs) was found to be increased compared to
the commercial products like RNAiMax and far superior to
the PEI and Lipofectamine 3000 transfection reagents. The
success of the co-delivery of the two miRNAs was obtained
by prior mixing of the two anionic miRNAs before the addi-
tion of the cationic polymer for the establishment of the
nanoparticle self-assembly. The concentration of both miR-
NAs was set at 60 nM each, resulting in a final co-delivery
of 120 nM of miRNA cargo. Following the accumulation
in the two patient-derived neurospheres, the level of miR-
148a increased by 16-fold and of miR-296-5p by 30-fold,
respectively, with a constant expression up to 12 days. The
increase in the two non-coding sequences inhibited the abil-
ity of sphere-formation, together with the decrease of Sox2,
Nanog, Bmil, Olig2, Dnmtl and Hmgal genes. Similar
effects were obtained in vivo in GBM xenografts, contrib-
uting to the long-term survival of the mouse models [79].
Figure 5 presents part of the original data, adapted from the
reminded research strategy.

For glioblastoma treatment, the codelivery of antago-
miR-21 and antagomiR-10b (10 pmol each) conjugated with
cRGD-tagged PEG-PLGA nanoparticles increased the sen-
sitivity of U87MG and Ln229 cells to temozolomide (TMZ)
in low doses. Co-inhibition of the tro-miRNAs before the

Cell lines Loaded therapeutic agent Biological effect Molecular changes References
HEK293T, HepG2 miR-26a Inhibition of cell migration and pro- Down-regulation of CCNE2, CDK6, [69]
liferation, inhibited cell cycle pro- CCND?2
gression
GSC267, GSC20, GSC6- miR-124a Reduction in viability and clono- Down-regulation of FOX A2 [66]
27, GSC8-11, and genicity, no long term evidence of
GSC2-14 tumor
BGC-823 miR-21 inhibitor Increased apoptosis Down-regulation of PDCD4 [70]
Hs578T miR-134 Reduced proliferation, migration and Down-regulation of BCL-2, [67]
invasion STAT5B, HSP90,
MCE-7 let-7a Smaller tumor size Down-regulation of RAS, HMGA?2 [71]
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Fig.5 Polymer R646 forms nanoparticles with miRNA and effec-
tively releases miRNAs in the tumor environment. a R646 nano-miRs
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potential ¢ morphology of the nanoparticles by TEM d flow citom-
etry for delivery of Cy3-labeled miRNA, Cy5-labeled miRNA and
combination between the two into GBM1A neurospheres e stem cell

administration of TMZ resulted in decreased viability and
cell cycle arrest at G2/M phase. The in vitro effect was also
mirrored in animal models with a reduction of tumor volume
and increased sensitivity even to the lowest dose of TMZ.
Moreover, the cRGD-functionalized PLGA polymer (prepa-
ration: PLGA-PEG: PLGA-cRGD: PLGA-Cy7.5-80:10:10)
was more efficient than the non-targeted one (PLGA-PEG:
PLGA-Cy7.5-90:10) by approximately threefold difference
24 h after treatment; however, no significant differences
were shown after 48 h [80].

The main studies that used polymeric NPs as delivery
systems for therapeutic miRNAs are included in Table 3.

Dendrimers

A special type of polymeric NPs is represented by den-
drimers. The formation of dendrimers begins with a core

Days

markers in GBM1A neurospheres after transfection with nano-miRs
f neurosphere numbers (>100 pm diameter) after transfection with
nano-miRs g viable tumor tissue (h) and necrotic tumor tissue in mice
treated with nano-miRs i percent of mice survival in days treated or
not with nano-miRs. Reprinted (adapted) with the permission from
Lopez-Bertoni et al. [79]

molecule, which branches out through a polymeric reac-
tion; the synthesis of these branches can be convergent or
divergent. Due to the versatility of the included monomers,
the dendrimers are polyvalent and can bind a great variety
of molecules: from drugs belonging to different classes to
various nucleic acids [81, 82].

There are three types of dendrimers: Poly propylene imine
(PPI) dendrimers, Polyamidoamine (PAMAM) dendrimers
and Poly-L-lysine (PLL) dendrimers. These NPs can easily
penetrate through the tumor vascular network and have a
high intratumoral accumulation [83]. However, dendrimers
present in vivo toxicity that is mainly caused by their posi-
tively charged surface which determines the formation of
nanoholes in the cell membrane leading to membrane dis-
ruption. As follows, cytotoxicity upon normal cell and vari-
ous hematological disorders were reported in animal mod-
els [84, 85]. Two methods were developed to overcome this
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challenge: synthesis of biocompatible dendrimers and the
masking of the positive charge branches [84]. The first one
implies the synthesis of dedrimers with a core and branch-
ing units that are biodegradable—usually this synthesis
involves the usage of metabolic products under the form of
monomers, resulted from different biological pathways [86].
Such examples consist in polyether dendrimers, polyester
dendrimers, polyether imine dendrimers, polyether—copoly-
ester (PEPE) dendrimers, phosphate dendrimers, citric acid
dendrimers, melamine dendrimers, peptide dendrimers
and triazine dendrimers [84]. The second method applied
for reducing the dendrimer toxicity consists in the mask-
ing of the positive surface charge and it takes place through
surface engineering. Specifically, the nanoparticles are con-
jugated through covalent or non-covalent binding with dif-
ferent moieties that finally protects the amine groups and
decreases the overall cytotoxicity [87, 88]. This coating usu-
ally comes with additional benefits related to improved phar-
macokinetic, drug encapsulation and cell targeting, better
solubility, increased transfection efficiency, and higher sta-
bility [89-93]. The coating can take place in various forms:
PEGylation, carbohydrate engineering, acetylation, half
generation- or anionic, amino acid or peptide conjugation,
drug and DNA/gene conjugation, antibody functionaliza-
tion, tuftsin, folate conjugation, miscellaneous and others
[84]. Extensive details about the toxicity of dendrimers and
strategies for overcoming this difficulty are discussed in the
article by Jain et al. [84].

Examples of miRNA delivery via dendrimer-mediated
delivery include tests on triple negative breast cancer
(TNBC), a form of breast cancer not responsive to conven-
tional hormonal therapy. Through the assemble of a RNA-
triple-helix to polyamidoamine (PAMAM) G5 dendrimer
(triplex nanoparticles) and further mixing with dextran alde-
hyde that allows the formation of an adhesive hydrogel, the
authors obtained a vehicle that allows the controlled and
local release of two miRNAs (miR-205 sense and antago-
miR-221). The in vitro uptake efficiency of the RNA-den-
drimer was measured by flow citometry, which showed that
this therapeutic formulation was able to penetrate almost
100% of the cells in a strong and uniform manner. The inter-
nalization started 3 h after addition of RNA-dendrimers in
the media and achieved a maximum value 48 h after treat-
ment. The effects consisted in smaller tumor size, lower
invasion capacity and decreased tumorigenic potential in an
orthotopic breast cancer mouse model. Moreover, the RNA-
triple-helix hydrogel scaffolds comprising both miRNA
modulators determined a 90% reduction in tumor volume,
while each miRNA separately was associated with 50%
inhibition rate. No systemic toxicity was observed and no
accumulation of the triplex nanoparticles in major organs,
with the exception of some traces of the nanoparticle in the
intestine during the 13 days treatment. Interestingly, the

release kinetics of the two miRNAs was different as dem-
onstrated by the point of maximum fluorescence: 24 h for
miR-205 mimic and 48 h for miR-221 inhibitor [94]. The
PAMAM dendrimer was also conjugated with miR-7 and
tested on a glioblastoma cell line. It resulted in inhibition of
proliferation, invasion, migration and tumorigenesis, while
the EGFR, PI3 K and AKT?2 expression levels were signifi-
cantly decreased [95].

Aptamers are short sequences of single-stranded DNA or
RNA selected by SELEX process (systematic evolution of
ligands by exponential enrichment) that are able to fold in
three-dimensional conformations and bind protein targets
[96, 97]. The advantage of aptamers besides antibodies con-
sists in low immunogenicity, decreased toxicity, fast tissue
penetration and high stability [98, 99]. In non-small cell lung
cancer (NSCLC), a PAMAM-PEG-aptamer connection was
created by conjugation of an S6 aptamer selected against
A549 lung cancer cell line with a PAMAM dendrimer, com-
plex that was further conjugated with miR-34a (PAM-Ap/
pMiR-34a). The nanoparticle complex caused decreased
viability, migration and invasion when applied in vitro; at
the molecular level, the expression of p53 was stimulated
and the level of BCL-2 decreased at both transcript and pro-
tein level [100]. The main studies that used dendrimers as
a delivery system for therapeutic miRNAs are included in
Table 3.

Mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSNs) are a type of NPs
that are beginning to gain increased popularity among the
delivery platforms for cancer therapy. They are biodegrad-
able, their pores offer a larger loading surface, and they can
offer a controlled drug release [102, 103]. Specifically, the
size of the pore, which can be adjusted to each particular
load, is critical for the release behavior of the drugs loaded
to MSNs. This parameter was investigated in the case of
itraconazole by evaluating the release performance at four
SBA-15 MSNs with pore size varying from 4.5 to 9.0 nm.
Functional studies showed that the increase of the pore size
from 4.5 to 6.4 nm significantly improved the release of
itraconazole, while a further increase to 7.9 and 9.0 nm
revealed modest improvement in the release profile. The
presented data show that there is a critical size of the pores
where the drug diffusion can be adapted [104]. According
to the Higuchi equation, the pore connectivity/geometry is
also an essential parameter in controlling the diffusion of a
drug from MSNs. Heikkild et al. [105] compared the ibu-
profen dissolution rate according to the materials and pore
conformations of three types of MSNs: MCM-41 and SBA-
15—uniform and unidirectional structure; thermally carbon-
ized porous silicon (TCPSi)—2D mesoporous material with
different pore sizes ranging from 2 to 30 nm and finally a
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silica material, TUD-1 (Technische Universiteit Delft), with
networks of mesopores from 2.5 to 20 nm connected in a
3D structure similar to a sponge and also with a high acces-
sibility. The loading of the drug was highly connected to the
total pore volume, with SBA-15 having the highest loading
capacity and TUD-1 the lowest; however, the greatest release
of ibuprofen was obtained with TUD-1 material due to its
reachable conformation (3D network), followed by SBA-15
with the most sizeable pores. Another parameter for drug
release is the surface area. However, no significant corre-
lation was highlighted in a study evaluating the release of
aceclofenac once this parameter reached a limiting value
[106]. Also, different surface functionalization of MSNs can
improve the drug dissolution rate [107—-109]. Another advan-
tage of MSNs consists in low immunogenicity. It was proven
that these vehicles induce only a slight increase of cytokine
production in the spleen [110]. Additionally, the prime mat-
ter of MSNgs, silica material, is generally recognized as a safe
material with high biocompatibility, since it is being used in
cosmetics and in food additive [111]. The MSNs have been
proposed as delivery systems for low solubility drugs and for
mediation of gene therapy. MSNs are internalized through
endocytosis, but they are capable of endosomal escape and
further delivery of their cargo inside the cytoplasm with
maintenance of their morphology throughout the process;
plus, no MSNs were detected in the nucleus [112].
AntagomiR-155 was delivered in colon cancer cells by
integration in an MSN functionalized with polymerized
dopamine (PDA) and AS1411 aptamer. Specifically, MSNs-
NH2 were mixed with four OD anti-miR-155 at 4 °C, conju-
gated in order to obtain the complex: MSNs-anti-miR-155@
PDA that was then covalently bound to AS1411 aptamer via
the PDA film with the help of the -SH group. The uptake of
anti-miR-155 via this nanoparticle complex was investigated
in SW480 cells (at 6 h and at 12 h) by analyzing the level of
FAM-labeled anti-miR-155, with increased uptake for the
complex conjugated with the aptamer compared with the
same complex but without the aptamer. Evaluation of cell
viability showed that MSNs@PDA-Apt nanoparticles have
almost no toxicity on cells. Differences in cell viability were
observed in the case of MSNs-anti-miR-155@PDA with or
without conjugated aptamers, with a higher degree of cell
death in the case of MSNs-anti-miR-155@PDA-Apt. Also,
the colony formation capacity was significantly decreased
in the MSNs-anti-miR-155@PDA-Apt treated cells. At
molecular level, there was a marked decrease in miR-155
and NF-xB (P65) at both mRNA and protein level. Intra-
venous injection of the complex in nude mice engrafted
with SW480 cells showed increased fluorescence signal in
the tumor, together with local malignant accumulation of
the therapeutic complex. Tumor growth was significantly
inhibited and no obvious changes were observed in the body
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weight or in the histological parameters of major organs. The
same complex was tested in vitro and in vivo for reversal of
drug resistance and there were improved results in terms
of cell viability in the case of combined 5-FU and MSNs-
anti-miR-155@PDA-Apt in SW480 cells compared to 5-FU
alone [113]. The issue of drug resistance was approached
also in resistant glioma cells via administration of a MSN
that includes a Cy5 fluorophore in the silica, loaded with
TMZ and conjugated on its surface with a polyarginine-
peptide nucleic acid (R8-PNA) against miR-221. For com-
parison purposes, similar nanovehicles were concomitantly
tested, containing only the TMZ drug (TMZ-MSNPs) or
only the R8-PNA221 (PNA-MSNPs) sequence. The TMZ
resistant glioma cell line, T98G, treated with 0.5 mg mL~!
of PNA-TMZ-MSNPs showed an increased apoptotic rate—
more precisely a percent of 70.9% apoptotic cells, a rate
higher than the sum of the values obtained after treatment
with MSNs conjugated only with PNA or the MSNs loaded
only with TMZ. Also, a synergistic effect between the TMZ
and anti-miR221 PNA was observed [114]. A similar com-
bination approach was tested in colorectal cancer (CRC) by
combining the activity of miR-328 with the one of bevaci-
zumab via a MSN that was also functionalized on the surface
with an epithelial cell adhesion molecule aptamer (MSNss-
miR328 @PDA-PEG-Apt-Bev). This complex showed the
highest reduction of cell viability and the highest ability to
inhibit colony formation compared to the different combina-
tions lacking part of the therapeutic complex. At molecular
level, miR-328 level was found as increased, together with
a reduction in CPTP, the target gene, in comparison with
the control nanoparticle-treated cells. The in vivo distribu-
tion was evaluated in nude mice with CRC tumor xenografts
(SW480 cell line), where the strongest intratumor fluores-
cence intensity was observed in the case of MSNs-IR-783 @
PDA-PEG-Apt-Bev compared with the free IR-783 dye, or
with the dye incorporated in complexes without the Apt-Bev
or without Bev. When applied as a treatment option, MSNs-
miR-328 @PDA-PEG-Apt-Bev presented the greatest capac-
ity to induce growth inhibition of the xenografts with a high
degree of necrosis observed in histological analysis. Finally,
no major indications of systemic toxicity were observed,
showing a good biocompatibility of the therapeutic system
[115].

The main studies that used the MSNs as a delivery system
for therapeutic miRNAs are included in Table 4.

Quantum dots

Quantum dots (QDs) are very small NPs with dimensions
ranging from 2 to 10 nm and highly versatile on their pos-
sible applications in medicine due to their unique optical and
electronic properties; these nanoparticles can emit light with
a specific frequency when stimulated with electricity
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Table 4 The MSN-based miRNAs delivery and their therapeutic effects

Molecular changes Referenes

Decreased proliferation, tumorigenesis, small
tumor size, no systemic toxicity

Decreased proliferation, tumorigenesis, small

Controlled miRNA release NA
Increased apoptosis, small tumor size, inhib- NA

Downregulation of CPT [115]

NfKB activation [113]

tumor size, no systemic toxicity

[116]
[117]

ited tumor cell proliferation, reduced size
effects of doxorubicine

Cell lines Loaded therapeutic agent Biological effect
NCM460, SW480, miR-328
HT-29, SW620,
Lovo, Caco-2
SW480, HT-29, antimiR-155
SW620, Lovo,
Caco-2, NCM460
MCF-7 miR-21
HepG2/ADR miR-375 + doxorubicine
C6 or T98G cells temozolomide and antimiR-221

HCT-116 and DLD-1 paclitaxel and miR- 708

Increased apoptosis NA

Small tumor size

[114]

Downregulation of c-FLIP  [118]

or UV light. Depending on their size, material and shape,
QDs specific emission has many application in cell imag-
ing and diagnosis [119]. There are different types of QDs
based on their composition (metal-containing or metal-free);
the most common ones consist in cadmium (Cd)-containing
semiconductor QDs, but there are also carbon QDs, ger-
manium QDs, silicon QDs, silver chalcogenide QDs, black
phosphorus QDs and polymer dots [119].

Semiconductor QDs are one of the most important catego-
ries in cancer imaging and therapy; their shape and size can
be specifically controlled during the synthesis protocol and,
therefore, the emission wavelength can be managed in con-
cordance with their composition and size [120, 121]. Due to
their rich surface chemistry, QDs can also function in cancer
therapy as vehicles for drug delivery, generators of reactive
oxygen species (ROS) or act as heat productors under irra-
diation toward disruption of cancer cells [119]. QDs showed
high intratumor accumulation when bound to a specific tumor
targeting molecule, such as a monoclonal antibodies (mAb)
[122]. The application of QDs in cancer therapy was tested
for the case of chemotherapeutic agents with enhanced effects
in terms of cellular uptake and tumor targeting ability of the
nanosystem. Examples of such applications consist in 3-mer-
capitalpropionicacid (MPA)-capped CdTe QDs (MPA-CdTe
QDs) which were used in drug resistant leukemia cells for the
delivery of daunorubicin (DNR) [123] or ZnO QDs coated
by polymer shells prepared to capture Gd** ions and doxo-
rubicin (DOX) which presented better therapeutic effect than
the commercial DOX liposomes (DOXIL) [124].

As for miRNA-related applications, QDs have been
increasingly studied for their role in imagining of the
non-coding sequences, more precisely for evaluating the
miRNA intracellular or intratumoral intake [125, 126].
QD-RNA-AuNP probe was mixed with chitosan (CS)/
poly(y-glutamic acid) (y-PGA) complex for detection of
the pre-miRNAs inside the cell; QD-RNA-AuNP probe
was prepared through conjugation of thiolated RNA to

AuNPs via Au-S bond, followed by binding of the 3'-end
amine contained by the RNA to the carboxy group on the
QD surface. Inside the cells and under the action of intra-
cellular pH, the complex was liberated from the CS/y-
PGA complex and bound the pre-miRNA precursor target
via the conjugated RNA. The hybridization product was
further processed by intracellular RNase IIT Dicer that
released the QDs from the Au nanoparticle, leading to
fluorescence emission of QDs that can be sensed via con-
focal microscopy and extrapolated to quantify the level
of pre-miRNA present inside the cell. The complex was
successfully tested for the detection of pre-miRNA let-7a
within breast cancer cell lines, MDA-MB231 and MCF-7
[127]. Graphene-P-gp loaded with miR-122-InP@ZnS
quantum dots (GPMQNs) was used for intracellular deliv-
ery of miR-122 in liver tumor cells resistant to therapy.
The synthetized nanocomposite reached a final dimension
of approximately 300 nm and was applied in HepG2/ADM
cells demonstrating improved efficiency in inducing cell
death by increasing the level of miR-122 to a higher extend
than in the case of standard miRNA transfection. Pho-
tothermal destruction was also obtained after applying a
laser power density of 20 W cm™ (no hyperthermia effect
was observed in cells transfected with mir-122). The com-
plex was also tested in vivo after the intravenous injection
of 10 mg kg~! of GPMQNs with increased accumulation
in hepatic tumors and also demonstrated capacity to induce
cell death — 68% apoptotic cells, compared to 34% apop-
totic cells in the group treated with miR-122 alone. How-
ever, 23% of apoptotic cells were also present in the group
treated with nonconjugated GPMQNs (and 8% in the con-
trol group that did not received any treatment). Besides
therapeutic purposes, this nanocomplex provided a better
imaging of the tumor in vivo since mice that were treated
with the labeled GPMQNs could exhibit spontaneous
fluorescence [128]. In another example, in HCC, a mul-
tifunctional nanoparticle formed of near-infrared (NIR)
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fluorescent quantum dots (QDs), hyaluronic acid (HA) and
polyethyleneimine (PEI) conjugated via electrostatic inter-
actions with anti-miR-27a led to the downregulation of
oncogenic FOXO1 and PPAR-y in the malignant cells both
in vitro and in vivo. The cell proliferation rate was slowed
down, and the apoptosis rate was stimulated. In vivo, this
therapeutic strategy resulted in smaller tumor weight and
volume, without any major organ damage [129].

The main studies that used the QDs as a delivery system
for therapeutic miRNAs are included in Table 5.

Metallic nanoparticles

Regarding metallic nanoparticles, miRNA/siRNA delivery
can be achieved by attaching the molecules at the particle
surface basing on their affinity for specific ligand bonds.
Usually, the particles are biocompatibilized before function-
alization in order to avoid these sequences’ rapid degrada-
tion before entering the cell.

Gold nanoparticles (AuNPs)

The use of gold NPs as carriers for various molecules
including miRNA/siRNA is motivated by their unique physi-
cal-chemical properties (i.e. optical, electric), which distin-
guish them from the more often used polymeric or lipophilic
counterparts. Gold nanoparticles present mechanical and
chemical stability and an easily modifying surface which
makes them amenable for a large variety of binding reac-
tions [130-132]. In addition, gold NPs can be fabricated
in a variety of shapes and aspect ratios [133—-135]. Conse-
quently, such distinct morphologies induce a variation in
the total surface area of the particles, hence in their loading
capacity [136, 137]. The synthesis of metallic nanoparticles
is generally divided into two approaches: “top-down” and
“bottom-up”’; the process of “bottom-up” synthesis refers
to the assembly from single atoms or molecules toward the
construction of the nanoparticle, where the “top-down” one
involves the disruption of a system or a molecule to obtain
the nanoparticles [138]. Based on the above two methods,
different chemical or physical approaches are currently
employed to reach the synthesis of nanoparticles: microe-
mulsion, microwave, thermal decomposition, sonochemical,
polyol method, chemical reduction, laser ablation and others

Table5 The QD-based miRNAs delivery and their therapeutic effects

[131]. The decisive parameters that actually define in the end
the role of the NPs in the targeted environment consists in
size, shape and morphology that can be adapted based on the
variations of various factors such as incubation time, temper-
ature, surfactants used, concentration of the metal substrates,
balance between metal precursor and reducing/stabilizing
agent and others [131]. The morphological characteristics
of gold nanoparticles were also shown to have a dramatic
role on the physical properties, specifically on the optical
properties of the particles. For instance, a variation of the
morphology can shift the plasmonic response of the same
material particle from the low-visible region (520 nm) for
20 nm gold nanospheres to the near-infrared (800 nm) in the
case of high aspect ratio gold nanorods [108, 139], afford-
ing the simultaneous delivery of the agent and the in vivo
imaging of the nanosystem at the targeted site. Analysis of
the optical scattering properties of different sizes (20, 30
and 50 nm), shapes (spherical—GNSs and flower-shaped—
GNFs) (Fig. 6) and surface conjugation (without and with
PEG) gold nanoparticles showed that an expansion in the
size of the nanostructures is correlated with an increase of
the scattered intensity; moreover, GNFs were shown to have
1000-times higher scattered signal compared to GNSs of the
same size [140]. All of the above-discussed properties might
enable gold nanoparticles surpass other available delivery
nanosystems.

The first use of AuNPs as an in vitro gene delivery system
based on electroporation in an osteoblast-like cell on micro-
chips dates back to 2004 [141]. Five years later, gold nano-
particles were adopted as template for the design of miRNAs
and anti-miRNAs nanodelivery systems for regulating the
expression of multiple genes and controlling cellular behav-
ior. Although from the class of noble metals, gold prevails
as the choosing material for the design of nanocarriers of
biomolecules, and this is mostly due to its general inherent
low toxicity and nonimmunogenicity, potential cytotoxic-
ity of the nanoparticles, including the Au ones is a matter
of great interest before wide application in the clinic. Pre-
liminary studies have shown encouraging results, but there
is a fine line in designing and administrating the AuNPs
to the point of minimal cytotoxicity and good therapeutic
response. For example, the cytotoxicity of 5 nm and, respec-
tively, 15 nm AuNPs, has been tested on mice fibroblast after
72 h of exposure and the results showed that NPs measuring

Cell lines Loaded therapeutic agent Biological effect Molecular changes References

HepG2/ADM miR-122 Increased apoptosis, increased tumor and NA [128]
cellular uptake, smaller tumor size

HepG2,HL-7702, antimiR-27a and CD44  Increased apoptosis, smaller tumor size, =~ Down-regulation of CYCLIN D1, Up- [129]

NIH-3T3 no systemic toxicity

regulation of P21, BAX AND CAS-
PASE-3, FOXO1, PPAR-I
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Fig.6 TEM visualization of a 20-a-GNS, b 30-a-GNS, ¢ 50-a-
GNS and d a-GNF and e extinction spectra for nanoparticles coated
with PEG (dotted lines) and without PEG (solid lines). Reprinted
(adapted) with permission from Djaker et al. [140]

5 nm in a concentration of more than 50 pM were asso-
ciated with cytotoxic effects, while 15 nm ones presented
good biocompatibility. The smaller ones were associated
with a role in disrupting the cytoskeletal organization of the
fibroblasts [142]. The concentration of the AuNPs is also
a decisive factor regarding the toxicity effects—AuNPs of
4 nm in doses higher than 200 nM impacted the cell viability
through ROS generation, while administration of the same
NPs in doses of 10 nM had no significant effects upon cell
morphology, viability, ROS concentration and cytoskeleton
organization [143]. A multi-parametric study on human
endothelial cells (HUVEC) analyzed the cytotoxic effect of
six different AuNP types: morphology—spherical (GNP)
and flower-shaped (GNF), size -~ 15 and ~ 50 nm diameter,
surface chemistry—noncoated and PEGylated form. Cell
viability was significantly influenced by doses of 10 pM for

GNPs and 1 pM for GNFs ones; moreover, the most con-
clusive parameter for assessment of possible toxicity was
represented by GNPs’ roughness and went independently on
surface chemistry. Moreover, despite superior optical prop-
erties of the GNFs, their activity was associated with more
deleterious effects [144].

In terms of strategies for miRNA modulation in cancer,
10 nm streptavidin-coated AuNPs were combined with QDs,
a targeting MAb-ChL6 and an apoptosis-inducing miR-491
(MAb-GNP-miR491-Qdot). The study reported both a thera-
peutic effect and imaging capability of the nanocomposites
[145]. Reinforcement of miR-205 (double-stranded alkylth-
iol-modified RNA molecules) immobilized on the surface of
13+ 1 nm AuNPs was tested on PC-3 human prostate cancer
cell line that has a low level of the reminded miRNA. The
nanocomplex showed increased efficiency in downregulating
the direct target of miR-205, PRKCe, by 52% in compari-
son with the control counterpart composed of non-targeting
sequences bound to AuNPs. Moreover, the nanostructured
induced apoptosis and inhibited migration in the treated
cells. The same strategy was also tested for another miRNA
with functional role in prostate cancer (oncogenic), miR-
20a, with effects upon protection from apoptosis even under
doxorubicin treatment [146]. In HCC, in vitro tests showed
an efficient delivery of miR-375 by the AuNPs concomi-
tant with effects such as suppressed invasion, colony for-
mation and induced apoptosis. The complex was prepared
through gold-sulfur covalent conjugation between miR-375
labeled with Cy3 at the 3’ end of the antisense strand and
the gold nanoparticle followed by PEGylation for the stabi-
lization of the complex. At the molecular level a decreased
expression of BCL-2, ATG-7, YAPI and an increased level
of cleaved Caspase-3 were reported. As for in vivo experi-
ments (xenograft tumors), the AuNP-miR-375 nanoparticles
showed increase accumulation of the sequence in the tumor,
impairment of carcinogenesis and no apparent toxicity to
the mice [147].

As described in the previous example, AuNPs are usu-
ally preloaded with various surface molecules to facilitate
miRNA binding. The pegylated AuNPs for miR-1 [148] and
the cysteamine-functionalized AuNPs for miR-31 [149] were
shown to deliver the therapeutic cargo more effectively than
in the case of liposome-based delivery.

In a study outside the area of oncology, but with pos-
sible extrapolation to the cancer field, two miRNAs were
conjugated onto plasmonic gold nanorods (AuNRs) which
were previously functionalized with single-stranded DNA
(ssDNA) for the linkage of miRNA via hybridization. The
ssDNA chemistry and density were adapted in order to
respond to different melting temperatures and therefore, to
have different release profiles in the moment of stimulation
with a NIR laser source. Cecropin mellitin (CM) was also
used due to the demonstrated membrane-perturbing function
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and therefore, to enhance the uptake of the nanocomplex
in the cells. The two miRNAs-AuNRs systems heated up
to specific melting temperatures at: 51.7 °C for miR-155
complex and 68.9 °C in the case of the miR-302a-one.
The phenomenon was also correlated with the laser power
density: 1.25 Wem™2 for miR-155 and 2 W cm™2 for miR-
302a. For temporal release, HEK-293T reporter cells were
incubated with both nanostructure types and irradiated for
2 min with different laser powers. Both miRNAs showed a
laser power dependent release with the possibility of tem-
poral control. The same strategy, once tested in the targeted
cells, human outgrowth endothelial cells (OECs), was in
line with the results from the reporter cells with functional
changes related to the sustenance of angiogenesis. In vivo
acute wound healing model sustained the beneficial effect
found in vitro, but with important additional data referring
to the order of miRNA release: miR302a-dsDNAj; ;--AuNR
and miR155-dsDNA; o-AuNR (inverted ssDNA binding)
presented the most efficient wound healing kinetics [150].
Similar sequential drug release systems were applied to
malignant glioma. The loading of miR-218 mimic and temo-
zolomide in anionic AuNPs (AuCOOH), which was then
integrated into a FA-CS nanogels, effectively delivered the
therapeutic cargo. The uptake of the negatively charged par-
ticle AuCOOH-miR218 mimics was increased by the FA-CS
nanogel in both of the in vitro and the in vivo models. Temo-
zolomide escaped the complex due to nanogel swelling
through diffusion followed by the miR-218 release through
exchange of GSH in cancer cells. This sequential delivery
had a synergistic inhibitory effect upon US§7MG glioblas-
toma cells and also good biocompatibility [151]. An alterna-
tive approach for miRNA delivery consisted in the transfec-
tion with a premiRNA, specifically premiR-145 expressing
DNA plasmid conjugated with AuNP. The premiR-145 was
successfully delivered into glioma cells, causing a decreased
expression of CTGF [152]. AuNPs were also used for carry-
ing EBV-encoded BART miRNAs for nasopharyngeal car-
cinoma (NPC) treatment in animal models, in combination
with PEI/PEG polymers [153]. Furthermore, bioengineered
delivery vectors are conjugated with targeting ligands in
order to increase their intracellular uptake. Two such novel
AuNPs systems were synthesized by Guo and his team
[154]. Namely AuNPs-PEG-TT (negatively charged AuNPs
with the transferrin targeting ligands) were proved to suc-
cessfully achieve receptor-mediated cellular uptake in PC-3
cells, a prostate cancer cell line highly expressing Tf recep-
tors, while AuNPs-PEI-FA (positively charged AuNPs with
the folate-receptor targeting ligands) effectively complexed
small interfering RNA (siRNA) through electrostatic inter-
action. Following endolysosomal escape the AuNPs-PEI-
FA.siRNA formulation produced enhanced endogenous gene
silencing compared to the nontargeted formulation.
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Iron oxide nanoparticles (IONPs)

Iron oxide nanoparticles (IONPs) are another viable option
for the delivery of therapeutic miRNAs. These NPs have
strong magnetic properties, high biocompatibility and are
easily separated. However they can be easily oxidized, which
is why they are usually coated with a silica or gold based
material [155].

In pancreatic cancer, the IONPs were conjugated with an
anti-CD44 Ab for a targeted delivery and with miRNA-21
antisense oligonucleotides. The intratumoral accumulation
was greater and it resulted in smaller tumor size. In addi-
tion, impaired invasion and metastasis through increased
levels of E-cadherin and decreased level of Vimentin was
observed. It also stimulated the expression of PDCD4 and
PTEN, while downregulating the anti-apoptotic gene BCL-
2 [156]. In another study, the IONPs-mediated delivery of
miR-145 combined with p127 resulted in inhibited prolifera-
tion, invasion, and tumorigenic capacity. The expression of
the targeted genes: MUCI13, pAKTSer473 and HER2 was
inhibited and the expression level of TP53 was restored to
homeostatic levels [157].

Core-shell nanoparticles

Core—shell NPs are a class of NPs that are generally com-
posed of two or multiple materials/layers and are formed
by an inner NPs core which is coated by an outer shell.
Core—shell NPs come in a variety of shapes such as spheri-
cal, cubical, prismatic, hexagonal, wire or rod-shaped,
etc. Each component of these complex nanoparticles has a
unique set of physical and chemical properties that are com-
bined in order to enhance the overall stability, bioavailabil-
ity, proper clearance, higher specificity and higher control
over drug release [158].

In regard to miRNAs applications, this type of NPs have
been proposed as part of the miRNA detection strategies or
for miRNAs delivery. One recent example of core—shell NPs
conjugated to miRNAs involved the use of platinum hemi-
spheres that were partially coated with Ag-thiol-miRNAs.
When immobilised on an electrode surface in a nucleic acid
sandwich assay, these particles generate significant elec-
trocatalytic currents which boosts their sensitivity down to
sub-femtomolar concentration of the targeted molecules.
The system was proposed for the detection of miR-132 in
the blood of neuroblastoma patients [159].

ZnFe204 magnetic nanoparticles coated by a
mesoporous silica shell were proposed for the codelivery
of let-7a and doxorubicin in chemoresistant breast can-
cer cells. The core—shell NPs were supplementary coated
with polyethylenimine (PEI) which promotes the elec-
trostatic interaction with the negatively charged miRNA.
The high internalization of these NPs is facilitated by
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the aggressive phenotype of the cancer cells. Triple-
negative breast cancer cells (MDA- MB-231) express a
higher number of integrins on their surface as opposed to
double positive breast cancer cells (MCF-7). Moreover,
due to the fact that most of the outer surface of these
core—shell NPs was coated with iPGD peptide, they can
specifically target highly expressing integrin cells. Plus,
the mesoporous silica shell is easily degraded under intra-
cellular conditions, while by the external application of
a magnetic field higher cell death is achieved due to the
inner core heating [160].

Other complex metallic nanoparticles can be fabri-
cated by coating the metallic core with various materials
such as graphene. This type of nanoparticles was proved
to have a greater controlled released of the therapeutic
agent. In a study of breast cancer, gold nanorods (AuNRs)
covered with graphene oxide were evaluated for the deliv-
ery of miR-101. The nanocomplex delivery application
was combined with thermal therapy. The results showed
that the up-regulation of miR-101 and decrease in cell
viability was stronger in graphene oxide coated AuNRs
than in other therapeutic systems [161].

Conjugation of metallic particles with another type
of (nano)structures can be made in order to provide
versatility and increase the therapeutic advantages. As
for example, hollow gold nanoparticles (HGNPs) were
linked to dendrimers and loaded with doxorubicin and

antimiR-21. The whole nanocomposite lead to a con-
trolled drug release, enhanced efficiency and the in vivo
studies revealed a low systemic toxicity and high intratu-
mor localization [162].

The main studies that used core—shell and complex
metallic NPs as a delivery system for therapeutic miRNAs
are included in Table 6.

DNA nanomaterials

Structural DNA nanotechnology has been ascending in the
past 30 years by making use of the combination between stable
branched DNA and sticky ended cohesion. Therefore, it is fea-
sible to generate new materials based on DNA by combining
the two above features in protocols of self-assembly [164].
Assembly of DNA is one of the most predictable and program-
mable protocol due to specificity of the binding and can be
also generated with a wide variance of choices of sequences.
Moreover, the thermodynamic stability is also an important
feature. By means, simple branched molecules can form poly-
hedral constructs with edges represented by the double helical
DNA and vertices by the branch points. Stiffer branched points
can be exploited in the production of 2D and 3D periodic lat-
tices of DNA (crystals). Whatever the construct, according
to Nadrian C. Seeman [164], which also explicitly describes
the context, the production of DNA nanomaterials is based
on 3 main pillars: hybridization, stably branched DNA, and

Table 6 The metallic NPs-based miRNA delivery and their therapeutic effects

Cell lines Loaded therapeutic agent Biological effect Molecular changes References

Gold nanoparticles (AuNPs)

Hep3B and HepG2 miR-375 Decreased invasion, colony for-  Down-regulation of Bcl-2, [147]
mation, increased apoptosis, ATG7, YAPI, Up-regulation of

cleaved CASPASE 3

Pca miR-205 mimic Decreased invasion, increased Down-regulation of PTEN, E2F1 [146]
apoptosis (when associated
with doxo)

U87MG, A549 miR-208 mimic Decreased cell viability, small NA [151]
tumor size

Iron oxide nanoparticles (IONPs)

C4-2, PC-3 miR-205 Increased chemosensitization, Down-regulation of ZEB1, [163]
apoptosis, cell cycle arrest MEDI1, MMP2, MMP9,

PANC, Mia PaCa-2 antimiR-21 Increased invasion/metastasis, Up-regulation of E-CADHERIN, [156]
small tumor size Up-regulation of VIMENTIN,

PDCD4, PTEN, BAX, BCL-2

HPAF-II, AsPC-1 miR-145 Decreased proliferation, clono-  Up-regulation of MUC13, pAKT-  [157]
genicity, invasion, Ser473 and HER2, p53

Complex metallic nanoparticles

MCF7, MDA, HUO2 miR-101 Decreased cell viability NA [161]

MDA-MB-231 and MCF-7 let-7a, doxorubicin Decreased chemoresistance, NA [160]
viability, increased apoptosis

MDA-MB-231(A) and MCF-7 anti-miR-21, doxorubicin Increased apoptosis, high intratu- NA [162]

cells

mor accumulation
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convenient synthesis of designed sequence. Paul Rothemund
demonstrated in 2006 the principle of DNA origami by mak-
ing use of a long, viral ‘scaffold” single strand of DNA that can
fold into a specific model through the addition of short ‘staple
strands’ with roles in bringing together specific parts of the
long ssDNA [165]. The application of DNA nanotechnology
is continuously expanding and includes assembling inorganic
nanostructures with DNA, assembling proteins with DNA,
and biophysical and biomedical applications with emphasis
on drug delivery and tissue engineering [166].

For drug delivery, the advantages of DNA nanostruc-
tures like wireframe DNA cages [167] and origami struc-
tures [168] consist in significant nuclease resistance and also
stability. Even so, DNA origami structures can dissociate
in environments with low magnesium, which affects their
stability in vivo [169].

Intercalating antitumor drugs have been loaded on DNA
origami structures; such examples include non-covalently
attached doxorubicin on self-assembled DNA origami nano-
structure via intercalation and delivery into breast adeno-
carcinoma cell line — MCF-7, with a high loading activity
including doxorubicin resistant cancer cells. The accumu-
lation in these last cells induced the reversal of the resist-
ant phenotype. The authors speculated that the activity of
doxorubicin-loaded DNA origami can impair the lysosomal
acidification with effects upon redistribution of the active
component to the action site [170]. Self-assembled DNA
tetrahedral nanoparticles were used for the in vivo deliv-
ery of four siRNAs that ended with folate groups, demon-
strating tumor targeting capacity and also gene silencing.
The circulation in the blood compared the parent siRNA
was approximately 4 times higher (¢,,,~24.2 min, com-
pared to #,,, ~#6 min). The authors also showed through the
ease of programmable DNA complexes that the optimal
delivery is achieved in the moment of at least three folate
molecules addition and also in a specific spatial orienta-
tion of the ligands [171]. Further advancements are made
by selectively designing the DNA nanostructures in order
to target overexpressed molecules from the cancer environ-
ment (selective and specific targeting). In this sense, a pro-
totype called “Logic-Gated Nanorobot™ representing in fact
a DNA origami cage connected to antibodies and closed
by two aptamer switches was designed. After the encounter
of a leukemic cell overexpressing the antigen protein, the
DNA structure opened and released the cargo [172]. In line
with the targeting specificity, Bujold et al. designed a DNA
“nanosuitcase” that can incorporate oligonucleotide com-
pounds like siRNA construct; furthermore, the release of the
cargo is made upon recognition of an oligonucleotide trig-
ger represented by amRINA or miRNA—synergistic therapy.
Parts of the advantages, besides targeted delivery, consist
in almost 100% yield, ability of cargo protection against
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nuclease degradation and also site-specific cleavage, and
no toxicity [173].

Controlled release

Delivery vehicles from the nanotechnology niche helped in
the overcoming of numerous clinical issues related to the
short half-life of the therapeutic cargo or the diffuse and
unspecific distribution, with potential toxicity upon healthy
cells. Further investigations have underlined the potential
of nanoparticles in controlled drug release for tunable and
sustained delivery at the therapeutic spot [174]; the aspect
of prolonged release over time is especially important in the
case of miRNAs. Recently, Gulei et al. [175] highlighted
the fact that miRNAs could better function as a first line of
treatment by destabilization of the cancer cells followed by
the standard therapy for the specific malignancy. The reason
behind this assumption consists in the heterogeneous panel
of miRNA target genes that can hold both tumor suppressor
and oncogenic features (for the same miRNA) and modula-
tion at such an extensive level can cause major side effects.
In line with this, constant administration of minimal doses of
miRNAs under controlled and time extended release could
destabilize the malignant cell and make it more susceptible
to the second line of treatment; also, installation of drug
resistance could be limited. Moreover, miRNAs act upon
the mRNAs that are continuously transcribed, especially in
the case of overexpressed oncogenic genes. Therefore, their
effect is only temporary if the cell survives at the first release
of therapeutic miRNAs. Therefore, constant minimal doses
of miRNAs released in the cell can overcome the consist-
ently transcribed target transcripts until destabilization of the
cancer cell occurs at such a degree that cannot overcome the
second line of treatment. The same principle is applicable
for the administration of miRNA inhibitors meant to eradi-
cate the synthesized oncogenic non-coding transcript.
Regarding miRNAs and drug molecules release from
these nanoparticulate systems, there are some strategies
depending on the physical and chemical properties of the
delivery system. The different synthesis protocols and routes
of administration influence the in vitro or in vivo nanocar-
rier stability. Due to the fact that many protocols include an
electrostatic interaction between the nanoparticle and the
miRNA molecule, the stability of the system is ensured by
the addition of polymers [176, 177] and the direct targeting
property is achieved through cell penetrating peptides [178].
The controlled release of the therapeutic agents from poly-
mers depends on the crystallinity, glass transition, solubility
and molecular weight. Polymers have amorphous areas in
which the drug is loaded, and crystalline areas, which offer
stability. Glass transition refers to the fact that the crystal-
lized areas of the polymer either have a rubber consistency
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or a glass consistency. The rubber state is more diffusible
than the glass state. Also, the polymers have to contain a
balance between hydrophilic and hydrophobic parts, which
will allow their passage through various sites of the body.
Moreover, polymers with high molecular weight are more
hydrophobic and less affected by the first three described
parameters. When reaching the site of delivery, the drug
is released from the polymers with the help of diffusion,
osmotic pressure or erosion of the polymer [179].

Many materials used for nanoparticle synthesis or coating
surfaces dispose of stimuli responsiveness in order to target
the desired cell compartment for a successful therapeutic
effect. There are two main categories of stimuli: physical and
chemical. Under the action of these stimuli, the nanoparticle
structure is destabilized in order to break the chemical bonds
and to release the therapeutic agent which was functional-
ized or encapsulated. Beside this role, stimuli have some
influences in terms of therapy efficacy as a passive or an
active one.

Physical stimuli induced controlled release profile

Physical stimuli include temperature, ultrasound, magnetic
and electric field, and light. These stimuli are also called
external stimuli [180].

Temperature responsive nanomaterials are the most stud-
ied and investigated ones regarding the controlled release
of encapsulated molecules. Many nanoparticles and poly-
mers dispose of structural properties which can be easily
affected by temperature changes which decrease the toxicity
and prolong their circulation time [181]. Tumor develop-
ment implies inflammation processes accompanied by high
temperature. Therefore, depending on the stimulus nature,
temperature can be categorized as an internal or external
stimulus. A lot of studies recommend the use of polymers
for developing thermosensitive nanostructures for miRNA
and siRNA delivery [182], especially hydrogels [183]. Louw
et al. evaluated the in vitro therapeutic effect of miR-124
-chitosan polyplexes on microglia cells and in vivo effect
on rat models for decreasing the inflammation of the spinal
cord injury encountered in many neurodegenerative diseases
[184]. Chitosan was proved to be very efficient as transfec-
tion agent for nucleic acids [185]. Considering this, many
studies focused on chitosan hydrogels that are able to incor-
porate siRNA and drug molecules. These thermosensitive
platforms dispose of liquid—solid phase transition and were
used for in vivo breast cancer and melanoma studies by com-
bining transglutaminase 2 siRNA and docotaxel therapeutic
effect. The nanosystem proved superior results than siRNA
alone, allowing temperature-dependent controlled release
[186].

Ultrasound stimuli action involves an increased tem-
perature at a specific tissue area in order to boost the

permeability or to simply release the nanoparticle content
[187]. For example, systemic administration of miR-127
bubble liposomes can determine the delivery of miR-127
molecules under in vivo ultrasound imaging on mouse mod-
els. Ultrasounds ensure the nanoparticles’ passive penetra-
tion inside the ischemic tissues. In addition, these liposomes
can act as theranostic tools by performing diagnosis and
therapy in ischemic diseases [41]. As for example, Wang
et al. established an ultrasound-guided delivery of polymeric
nanoparticles loaded with miR-122 into human colon cancer
xenograft-bearing mice. This study proposes a promising
targeted theranostic therapy [188].

Magnetic field application causes heat production which
affects the nanosystem structure, increases tissue perme-
ability and enhances the content release at the target site.
The process of nucleic acid delivery assisted by magnetic
field is well known as magnetofaction and is well studied
as a therapeutic strategy [189-192]. The use of magnetic
nanoparticles like colloidal iron oxide [193], metallic [194],
bimetallic [195], ferrofluids [196], magnetosomes [197],
magnetoliposomes [198]

and of late, smart hydrogels [199, 200] proved good
results. However, the use of high-dose magnetic fields and
the compatibility problems with the human body tissues are
not encouraging their further use in clinical trials.

Electric field-responsive nanoparticles release their con-
tent under iontophoresis which activates the particles and
modulates the cargo delivery. Such nanoparticles are usually
anchored inside a smart hydrogel, creating a multi-stimuli
responsive platform. For example, polymeric nanoparticles
containing drug molecules are loaded into a thermo-sensi-
tive hydrogel which is liquid at low temperature and gel at
37 °C body temperature. These mixtures were tested in vivo
on animal models through subcutaneous injection. Electric
field application ensured the release of the drug molecules
from the nanoparticles and their diffusion from hydrogel
pores in the surrounding tissue [201]. This particular exam-
ple refers to a stimulation of a thermo-responsive carrier,
but there are other two processes involved in the electric
field-controlled release: oxidation reduction and structure
disruption. Some designs focused on pulsatile release like
smart nanoporous membranes [202]. These pulses can also
affect the polymer networks leading to structure disruption
and therapeutic agent delivery [203]. Despite the advan-
tages presented above, electric field exposure may damage
the healthy tissues and the effectiveness of this strategy may
be diminished by other molecules which are present in the
media composition [204, 205].

Light stimuli-responsive nanoparticles deliver their cargo
after applying non-ionizing radiation and then proceeding
with: photochemically triggered release, photoisomerization
or photothermal release [206].
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A photochemical reaction is induced after UV—Vis, NIR
irradiation which cleaves the covalent bonds (e.g. ortho-
nitrobenzyl [207], coumarin [208], pyrede [209]) followed
by the release of the cargo. NIR irradiation is preferred
and strongly recommended because of superior deep tissue
penetration [210]. Many studies have been conducted to
find a suitable method to convert nanostructures such as
liposomes [211] or micelles [212]) into light responsive
ones. The solution found was by their functionalization
with photosensitizers. When irradiated with light of suit-
able energy, these molecules generate reactive oxygen spe-
cies which disrupt nanoparticle structure and release the
therapeutic agent.

Photoisomerization reaction refers to reversible struc-
tural changes between isomers induced by UV-Vis light.
In this case, the transition from trans to cis state describes a
photo switchable process for controlled release [213]. The
use of photoisomers represents the most appropriate choice
in the framework of liposomes [214], micelles [215] and
mesoporous silica nanoparticles [216]. A very disadvan-
tageous fact is the limited number of photoisomerizable
groups available for nanoparticle functionalization. Azoben-
zene groups are the most suggestive photoliable bonds [217,
218] that are used in developing new hybrid self-assembly
structures for proteins and nucleic acid delivery [219]. These
groups can be degraded by microenvironment enzymatic
composition leading to toxic compounds’ formation (e.g.
nitrobenzene) [220].

By photothermal reaction the therapeutic agent is released
after light irradiation and concomitant heat production. The
nanoparticle system has a dual role being composed of a
photothermally active partner capable to convert the light
energy into thermal energy and a thermoresponsive partner
which disrupts the nanostructure and liberates the cargo.

Such an approach suggests the association of thermosen-
sitive structures/molecules with plasmonic nanoparticles,
therefore creating hybrid or multifunctional structures. For
example, in such a complex the liposome can play the role
of the thermoresponsive component while the gold nanopar-
ticle has the role of the photoresponsive agent [221, 222].

In fact, gold nanoparticles were proved capable to
respond to both of these stimuli. The NPs can be bound to
double-stranded oligonucleotides, containing one strand of
active miRNA and one strand of sensitizing miRNA. When
near-infrared irradiation is applied, the sensitizing strand
dehybridizes from the active strand thus releasing miRNA
content inside the cell [223]. Zang P. et al. proposed the use
of intrinsic pathways in order to amplify the tumor suppres-
sor microRNA inside the cell. The nanosystem contained
PEGylated gold-covered nanorods carrying DNA Y-motifs
intercalated with doxorubicin. Inside the blood circulation,
the protein corona protected the nanosystem from degrada-
tion. Due to the enhanced permeability and retention effect,
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the nanosystem accumulates at the tumor site, at which point
a near-infrared (808 nm) laser beam is applied where the
tumor is exposing the RGD proteins, which bind to the sur-
face receptors found in tumor cells and allow the endocy-
tosis of the nanoparticles. Once inside the cell, the siRNA
and doxorubicin are released from the Y-motifs and induce
mRNA silencing and inhibition of DNA synthesis, respec-
tively. The endogenous microRNA uses what is left of the
Y-motif to enter into a feedback-loop pathway, in which the
microRNA is continuously amplified [224].

Chemical stimuli induced controlled release profile

Chemical stimuli are recognized as physiological stimuli and
involve pH, redox potential, enzymes (e.g. matrix metal-
loproteinases) and some other different molecules that can
interact with the nanoparticle and destabilize it leading to
the release of the cargo [180].

The low pH level presented in the intratumoral environ-
ment represents an advantage for developing such nanode-
livery systems based on polyelectrolytes, ester bounds and
acetate bounds [225]. For example, in a mesoporous silica
NP loaded with doxorubicin, miR-31 was added on the sur-
face with the help of poly(ethyleneimine)/hyaluronic acid.
The combined therapeutic effect was demonstrated in the
case of HeLla cell line, human cervical cancer and H1299
cells, lung cancer. The in vivo studies indicated that the pH
in the tumor microenvironment released the miRNA through
the breakage of disulphide bounds [226].

Redox responsive nanoparticles’ action is based on the
redox potential difference between healthy and unhealthy
tissue and also between different cell compartments. The
nanosystem design includes reduction or oxidation-suscep-
tible bonds [227]. Deng et al. developed a self-assembly
peptide-polysaccharide inter-polyelectrolyte structure con-
jugated with miR-34a and indocyanine green. Once the sys-
tem enters the breast tumor cells, its disulfide bonds are dis-
rupted because of intracellular redox potential of glutathione
tripeptide and miR-34 is released [228]. Another example is
represented by a co-delivery approach developed by Kang
et al.. They coupled a hydrophobic drug like docetaxel with
a hydrophilic shRNA for matrix metalloproteinase-9 into
self-assembled polymeric micelles. These structures can
be disassembled intracellularly in the presence of reducing
agents, therefore liberating the drug and shRNA molecules.
The study showed promising results in in vitro and in vivo
breast cancer models [229].

Enzyme responsive nanoparticles aim to trigger specific
chemical reactions in order to release their content [230].
The concentration of the enzyme is very important because
it can decrease the drug toxicity [231]. On the other hand,
the levels of several enzymes increase in pathological condi-
tions like cancer. Matrix metalloproteinase-2 is involved in



Nanoscale delivery systems for microRNAs in cancer therapy

1079

cancer progression and metastasis, representing a target for
developing sensitive nanoparticles. Zhu et al. synthesized
MMP-2 sensitive self-assembly polymeric micelles for co-
delivery of siRNA and paclitaxel, which is a hydrophobic
drug. These nanoparticles were tested in vitro and in vivo on
lung cancer models of A549 cell line proving their passive
targeting efficiency. The cellular uptake took place due to
MMP-2 high-level presence, which cleaved the polymeric
structure and then released siRNA and drug molecules. This
method was proved to have also a transfection competence
[232].

A very common problem encountered in transfection
procedures is the negative charge of miRNA inhibitors,
which risks their cellular uptake. Regarding improved mol-
ecule—nanosystem interaction that can favor the delivery of
encapsulated compounds, many researchers recommend the
use of hybrid systems. As for example, the conjugation of
miR-204 inhibitors to gold nanoparticles dispersed in poly-
meric PLGA solution might represent a promising coating
strategy for titanium implants used in regeneration. Herein,
miRNASs’ efficient release is achieved due to polymer grad-
ual disintegration, and their action increased the bone tissue
cell differentiation [233]. Furthermore, many other studies
that suggest the use of similar polymeric coating surfaces
containing miRNA molecules (miR-29b and antimiR-138
[234], miR-21 [235]) for titanium implants’ easier accept-
ance and bone tissue regeneration are being currently in
focus.

Concluding remarks

Choosing the proper miRNA nanodelivery design is a very
challenging task because of the diversity of barriers encoun-
tered in the organism. The fact that miRNA molecules are
small in size and low in weight represents an advantage in
developing efficient transfection strategies. In this regard, a
size under 100 nm and a neutral charge of the nanocarrier
are experiencing a good tolerance in vivo [236]. Although
the in vivo experiments repeatedly show low systemic toxic-
ity and high accumulation inside the tumors, the long-term
effects of this therapeutic approach are still poorly known.
Nowadays, there are a considerable number of preclini-
cal studies which propose the use of nanodelivery systems
for therapeutic miRNAs. The core center of the miRNA
nanodelivery systems is still represented by liposomes, but
their low specificity stimulates the exploration of alternative
options. The exosomes are the closes option to liposomes,
but because of their biological nature, they have a high risk
of inducing an immune reaction. On the other hand, the
polymer-based nanoparticles (dendrimers included) are a
delivery system with great potential due to their versatility;

however, the costs for their production still represent a major
drawback. Many studies focused on using mesoporous silica
nanoparticles due to their low toxicity, but their large size
is a very inconvenient particularity. Even so, an alternative
is to use this material as a coating surface for the metallic
nanoparticles with an emphasis on noble metal nanoparticles
(Au/Ag NPs) in order to increase their long-term biocom-
patibility. Moreover, the remarkable optical properties of
these particles make them suitable for diagnosis purposes
and many studies are exploring this background in order to
develop nano-based theranostic agents.

An area of particular interest and another compelling
miRNA delivery approach is represented by ultrasmall
nanoparticles (metallic, quantum dots, carbon dots). Even
if these nanostructures are generally applied as imaging
tools due to their outstanding optical properties, they are
also emerging as new system for the delivery of miRNAs.

Stimuli responsive materials dispose of unique physi-
cal and chemical properties and are highly recommended
for performing a guided nanodelivery. In many cases the
release of the cargo is influenced by a combination of
stimuli leading to the development of multi-responsive
or smart nanomaterials. Moreover, the release profile is
controlled by the intensity and time of stimulus presence.
It is very important to take into account the fact that the
organism does not tolerate very well some stimuli expo-
sure, especially the exogenous ones like temperature, light,
magnetic or electric fields. In this regard, many nanopar-
ticle syntheses are reoriented to acquire programmable
features, therefore leading to the era of programmed nano-
materials [237]. These intelligent nanoconstructs may rep-
resent an excellent option for nucleic acid and drug mol-
ecule delivery. Anyhow, there are significant challenges
in engineering and designing such programmable nano-
materials. Recent studies encourage the use of polymeric
hydrogel platforms embedded with metallic nanoparticles
conjugated with miRNAs. Moreover, the drug therapeutic
effect can be enhanced when is co-delivered with miRNA
[238]. These findings will provide insights into the com-
plex scenario of personalized medicine.

Besides the advantages gained with polymeric fash-
ioned nanoparticles, the futuristic designs will include
nature-inspired nanoparticles that will be safer and will
act more precisely based on biomimetic strategies. There
are a few studies in this domain with promising results
and green synthesis methods encourage the development
of such new nanotools [239].
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