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Triple negative breast cancer (TNBC) is the most aggressive
and lethal subtype of breast cancer. It is associated with a
very poor prognosis and intrinsically resistant to several con-
ventional and targeted chemotherapy agents and has a 5-year
survival rate of less than 25%. Because the treatment options
for TNBC are very limited and not efficient enough for
achievingminimum desired goals, shifting toward a new gener-
ation of anti-cancer agents appears to be very critical. Among
recent alternative approaches being proposed, small interfering
RNA (siRNA) gene therapy can potently suppress Bcl-2 proto-
oncogene and p-glycoprotein gene expression, the most impor-
tant chemotherapy resistance inducers in TNBC. When
resensitized, primarily ineffective chemotherapy drugs turn
back into valuable sources for further intensive chemotherapy.
Regrettably, siRNA’s poor stability, rapid clearance in the cir-
culatory system, and poor cellular uptake mostly hampers the
beneficial outcomes of siRNA therapy. Considering these
drawbacks, dual siRNA/chemotherapy drug encapsulation in
targeted delivery vehicles, especially mesoporous silica nano-
particles (MSNs) appears to be the most reasonable solution.
The literature is full of reports of successful treatments of
multi-drug-resistant cancer cells by administration of dual
drug/siRNA-loaded MSNs. Here we tried to answer the ques-
tion of whether application of a similar approach with identical
delivery devices in TNBC is rational.
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As the most frequently diagnosed cancer and second leading cause of
death in women worldwide, breast cancer is considered the most
troublesome cancer among women today.1 Currently, the develop-
ment risk of breast cancer in American women is one in eight, and
the metastatic form of breast cancer has a 5-year survival rate of
less than 25%. Triple-negative breast cancer (TNBC), as a subtype
of epithelial breast cancer tumors, is diagnosed by immunohisto-
chemistry negative for estrogen receptor (ER) and progesterone re-
ceptor (PR) and lack of human epidermal growth factor receptor
overexpression (HER2�); about 10%–14% of all diagnosed breast
cancers are TNBC.2 TNBCs mostly belong to the histological ductal
type together with a high lymphocytic infiltration and mitotic rate,
high tumor grades, and large tumor sizes. At the time of diagnosis,
patients often have lymph node involvement and present with
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visceral metastases.3,4 Standard chemotherapy regimens form the
mainstay of therapy for TNBC, and administration of several valuable
targeted therapies fails to achieve beneficial outcomes.5 Furthermore,
the highly resistant developing nature of TNBCmakes sketching out a
definite, highly curative regimen with currently existing conventional
and targeted chemotherapeutic agents infeasible. In addition, a
matching gene expression profile with histopathological findings
demonstrates that TNBC is associated with a high intertumoral het-
erogeneity.6 Although the majority of TNBCs consist of basal-like
breast carcinomas, other subtypes encompassing Claudin-low,
mesenchymal stem-like, and luminal androgen receptor also exist.
Each subtype highlights specific gene signatures and, consequently,
responds differently to an identical chemotherapy regimen.7 In addi-
tion to intertumoral heterogeneity, intratumoral heterogeneity also
exists, which refers to the differences among cells of a unit tumor,
making chemotherapy outcomes more complex. During initiation
of chemotherapy, only sensitive cells die, and persistent ones will
continue to proliferate and create a new population of resistant cells,
resulting in each chemotherapy session becoming less effective
(G.V. Echevarria et al., 2016, AACR, abstract). Also, the reactive
oxygen species (ROS)-rich highly hypoxic and inflammatory nature
of the TNBC microenvironment can further amplify the resistance
network at the tumor site.1 So far, six major mechanisms responsible
for TNBC resistance development have been proposed, including
overexpression of ATP-binding cassette (ABC) transporters; alter-
ation of genes involved in apoptosis, b-tubulin III, ALDH1, and
glutathione (GSH)/glutathione S-transferase overexpression; nuclear
factor kB (NF-kB) pathway overexpression resulting in tumorigen-
esis, metastasis, and angiogenesis; and, finally, mutation of enzymes
responsible for DNA repair.1,8

As an alternative therapeutic strategy, non-coding RNA gene therapy
can effectively modulate the expression pattern of almost any gene
with a known mRNA sequence.9 As a non-coding RNA, small
or(s).
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Figure 1. RNAi Induced by siRNA

At the beginning of RNA interference process, through the activity of specific nucleases known as Dicers, siRNAs are transferred to specific ribonucleoprotein complexes

referred to as RISCs. Transfer of siRNAs results in activation of RISCs, which, in turn, by means of an RNA helicase enzyme, induces unrolling of the double-stranded

fragments. The antisense strand, in the next step, guides the RISC-siRNA complex to the complementary target mRNA. Finally, as the complex binds with the comple-

mentary mRNA, endonucleases in the RISC complex initiate the degradation process which is then continued by endonucleases in the cytosol, resulting in complete

degradation of mRNAs complementary to the siRNA.
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interfering RNAs (siRNAs) have demonstrated excellent therapeutic
outcomes in breast cancer therapy in vitro.10 However, the drawbacks
associated with this approach have mostly restricted expected thera-
peutic outcomes in the clinic. Recent progress in nanotechnology and
application of nanocarriers for delivering siRNAs can mostly over-
come the restrictions associated with systematic siRNA administra-
tion. Furthermore, nanocarriers can also efficaciously co-deliver small
conventional chemotherapy drugs and siRNAs, improving treatment
outcomes in resistant TNBC cells.11 Among the different nanocar-
riers, various physiochemical characteristics of mesoporous silica
nanoparticles (MSNs) have made them a promising vehicle for effi-
cient systematic co-delivery of siRNA/chemotherapy drugs.12 The
literature is full of reports demonstrating successful treatment of
multi-drug-resistant cells by administering a wide range of engi-
neered MSNs with the capability of co-delivering drug and genes to
the tumor site. These promising results encouraged us to further
investigate whether application of the same carriers in the case of
TNBC brought about similar advantages or not.

Mechanism of Action, Challenges, and Opportunities

Associated with siRNA Therapy

Comparing the efficacy of different chemotherapeutic agents demon-
strates that regimens containing agents with inhibitory effects on
oncogene expression, such as siRNAs, are more effective compared
with ones targeting existing oncoproteins, like monoclonal anti-
bodies, because inhibited oncoproteins can be easily replaced by
newly expressed ones during the tumor progression phase.13

siRNAs, as one of the four subtypes of non-coding RNAs, canmediate
silencing of target genes through disruption of mRNA activities both
efficiently and in a sequence-specific manner through the RNAi pro-
cess.14 Several intermittents, including dicer enzymes and RNA-
induced silencing complexes (RISCs), have been identified to be
involved in this process (Figure 1).15,16 Gene silencing takes place
in two main stages, after transcriptional silencing, also referred as
posttranscriptional gene silencing (PTGS), and at the transcriptional
stage (transcriptional gene silencing [TGS]).15,17 PTGS take place
through two main mechanisms: direct sequence-specific cleavage
and translational repression or RNA degradation. If siRNAs and
mRNAs possess completely complementary sequences, then
sequence-specific cleavage takes place by RISC negotiation. However,
limit complementarity to the cognate gene sequence results in RNA
degradation through miRNA activity.18 Consequently, prior to
administration, large-scale siRNA screening is usually performed to
characterize both potential targets and the most effective siRNA
sequence. siRNAs are usually 22 nucleotides long, with 30 dinucleo-
tide overhangs, mimicking dicer cleavage products for accelerating
RISC binding. The RNAi pathway begins by unwinding and assembly
of siRNAs into the RISC effector complex, which, in turn, results in
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Table 1. A Number of Successful Examples of Breast Cancer Therapy with siRNAs

siRNA Targeting Identity of Protein Function of Protein Delivered by MSN Reference

EphA2 a transmembrane receptor tyrosine kinase
a decrease in EphA2 expression both in vitro and
in vivo, correlated with reduced migration and
experimental metastasis of breast cancer cells

– 7

AKT1/2 serine/threonine kinase cancer progression and metastasis – 133

PKN3 protein kinase N3
knockdown of PKN3 protein not only blocks
metastasis but also impairs primary breast tumor
growth and angiogenesis

– 7

FAK focal adhesion kinase cell migration and metastasis – 134

VEGF receptor tyrosine kinase
stimulates endothelial cell proliferation and
regulates vascular permeability

Yes 79

Bcl2 Bcl2 family protein predicts response to anthracycline combination Yes 135

Mcl1 Bcl2 family protein autophagy inhibition – 136

Survivin inhibitor of apoptosis (IAP) family
inhibits caspase activation, leading to negative
regulation of apoptosis or programmed cell death

Yes 101

P-gp ATP-dependent drug efflux pump
decreases chemotherapy drug concentrations and
chemoresistance development

Yes 12

c-myc oncogene resistance development – 7

BRCA tumor suppressor gene DNA repair – 137,138

EGFR receptor tyrosine kinase cell proliferation and differentiation – 139

c-KIT receptor tyrosine kinase cell survival, proliferation, and differentiation – 140
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RNA cleavage, initiation of chromatinmodification, and repression of
translation. Subsequently, the antisense strand couples with its com-
plementary/target mRNA. Finally, by recognizing the perfect to near-
perfect complementary sequence to the guide siRNA present in
mRNA, the RISC complex begins mRNA cleavage at a site 10 nt
further from the 50 end of the guide strand, and, subsequently,
mRNA degradation takes place through association of both endo-
and exonucleases, resulting in corresponding gene silencing.15

Silenced genes can be ones involved in TNBC cell proliferation,
apoptosis, survival, and metastasis. Consequently, one of the most
important beneficial achievements of siRNA therapy is suppressing
further proliferation and metastasis of TNBC cells.19 Several success-
ful examples of breast cancer therapy with siRNAs are reviewed in
Table 1.

Despite numerous beneficial outcomes of cancer therapy with siRNA,
several challenges remain to be answered before proceeding further to
clinical trials. The short half-life of transient transfected siRNAs in
various cell types and their poor stability in the biological milieu,
aberrant induction of immune system responses, and exertion of
off-target events mostly restrict the application of siRNAs as success-
ful therapeutic agents in systematic cancer therapy.20,21 Although
chemical modifications of these agents’ backbone by glycation and
nucleic acid locking have shown some promises in this regard, these
modifications have their own difficulties, which have been thoroughly
reviewed elsewhere.22,23 Furthermore, even when at their site of
action, siRNAs cannot diffuse through the cell membrane because
of their hydrophilic nature and anionic charged backbone. Long
double-stranded RNAs (dsRNAs) are also capable of inducing spe-
166 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
cific innate immune responses with subsequent activation of inter-
feron secretion.24,25 This mostly results from dsRNAs binding to
dsRNA-activated protein kinase (PKR), Toll-like receptors (TLRs),
and 20, 50-oligoadenylate synthase RNase l system retinoic acid-induc-
ible gene 1 (RIG), all of which belong to receptors activating the first
line of defense against viral pathogens.26,27 Off-target effects are other
restricting points observed with siRNA therapy. Despite their speci-
ficity, siRNAs also have the potency to regulate a vast variety of tran-
scripts.28,29 These effects mostly take place because of a crossmatch
existence between the seed region of siRNAs (position 2-7) and the
sequences at the 30 UTR of the off-target gene. Because of the fact
that backbone modification can minimize off-target effects, rational
design of the backbone and modification of the structure are the
most important interventions for improving off-target effects.30

Consequently, an appropriate delivery vehicle for siRNAs must pri-
marily seal and protect them from degrading nucleases in the circu-
latory system and at the site of action and facilitate their transfection
to the cell’s cytoplasm.

Opportunities Associated with the Application of Nanovehicles

for In Vivo siRNA Delivery

As discussed above, the most fundamental challenge associated with
gene-based therapies is the development of effective and concur-
rently non-toxic transporter vehicles. Viral and non-viral vehicles
have both been applied for systemic delivery of siRNAs in the
clinic.31,32 However, several limitations have been found in associa-
tion with the administration of viruses as vehicles for gene-based
therapeutic agents, including the potency for carcinogenesis, limited
DNA packaging capability, broad tropism, immunogenicity, and
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difficulties associated with the production of vectors, including poly-
meric and lipid-based vehicles.33–37 Most of these drawbacks can be
overcome by utilizing non-viral vehicles, including polymers and
lipid-based carriers; however, these are much less effective and effi-
cient at transporting payloads across multiple biological barriers
compared with viral vectors.38,39 Fortunately, this trend is now
changing because of the rapid progression in nanotechnology,
enabling a better understanding of the nanomaterial capability for
gene delivery. Application of nanotechnology for development of
nano-delivery systems has also resulted in a significant decrease in
the limitations associated with conventional anti-cancer chemo-
therapy agents, including low solubility and less toxicity to adjacent
healthy tissue.40,41 In the case of siRNA in vivo delivery, both
the immunogenicity and nuclease susceptibility of siRNAs can be
significantly decreased by encapsulation in nanovehicles. Further-
more, by encapsulation in nanovehicles larger than 20 nm, glomer-
ular filtration of siRNAs can be mostly overcome.42 Based on the
enhanced permeation and retention effect at the tumor site, circu-
lating nanoparticles can be easily accumulated at the site of the
tumor.40 Through proper ligation of functionalized nanocarriers
with receptors on target cells, receptor-mediated endocytosis more
effectively delivers nanocarriers to the cytoplasm.43 When endocy-
tosed, materials accumulate in membrane-bound endocytic vesicles
that, in the next step, merge with early endosomes and become
more acidic as they pass forward to mature endosomes.44 Specific
engineering of nanoparticles can make them sensitive to the low-
pH environment of endosomes, destabilize the membrane, evade
endosomes, and release their cargos in the cytoplasm.45,46 Finally,
in the cytoplasm, siRNAs negotiate with the RISC, resulting in ther-
apeutic effects.47

MSNs as Promising Nanocarriers in Cancer Therapy

Utilizing nanotechnology for engineering target-specific colloidal
drug delivery systems has potently succeeded in enhancing thera-
peutic outcomes and masking siRNAs’ instability during residence
time in the circulatory system. Nanoparticles can easily cross biolog-
ical membranes, including the cytoplasmic membranes of cells,
because of their minute size, and, because of their high loading
capacity, they release large amounts of loaded cargos inside cells.
Furthermore, nanoparticles can be easily surface-functionalized or
decorated with a variety of bioactive molecules, enhancing their
uptake and accumulation in targeted cells and evading undesired
uptake by the reticuloendothelial system. Among the different nano-
particles, recently, bioactive inorganic MSNs have attracted much
attention because of their large surface area (>800 m2 g�1), large
pore size and volume, definable morphology, and a surface that
can be further modified by different cancer-specific moieties.48

MSNs have also been successfully administered as effective gene
delivery devices in different cancers.49,50 Additionally, MSNs can
also become finely tailored through pore size modulation and sur-
face functionalization for developing an even more effective
controlled release gene delivery device.51 Because cellular uptake
of MSNs is mostly depended on their outer surface properties, deco-
ration with different functional groups and surface charge modifica-
tion appear to be perfect strategies for further improving MSN
internalization.52,53

Mechanisms of MSNs Cellular Uptake

Presented at the site of action, MSNs can easily pass through the cell
membrane and enter the cell’s cytoplasm. In general, twomechanisms
have been proposed for internalization of external materials to cells;
namely, phagocytosis and pinocytosis.50,54 The pattern of cellular
uptake mostly depends on the size of the external material to be
engulfed. As small particles (<200–300 nm), MSNs, in most cases,
are internalized by endocytosis.55 The main mechanisms involved
in endocytosis are clathrin-dependent, caveolin- or clathrin-depen-
dent receptor-mediated, or clathrin- and caveolin-independent endo-
cytosis. These mechanisms consist of several steps, initiating with the
cell surface, continuing with invagination and pinching off, and
completing with tethering of newly formed vesicles.50,54,56 Applying
poly-amidoamine (PAMAM) dendrimer-capped MSNs for intracel-
lular drug/gene delivery, Radu et al.50 demonstrated that, in Chinese
hamster ovary (CHO) cell lines, PAMAM-capped MSNs localized
close to subcellular organelles, including mitochondria and the Golgi
apparatus, proving their efficient internalization in the cell. Further
studies applying different methods, including flow cytometry and
confocal fluorescence microscopy, also confirmed significant fluores-
cein isothiocyanate (FITC)-labeled MSN uptake by cervical cancer
cells.25,57 MSN endocytosis also demonstrates a concentration-
dependent sigmoidal pattern. Studies have also revealed that FITC
MSN uptake occurs mostly through the clathrin-dependent endocy-
tosis pathway. Furthermore, internalization of MSNs can also be
mostly affected by surface functionalization. Non-functionalized
MSNs are either endocytosed by clathrin-dependent endocytosis or
micropinocytosis; however, functionalization of MSN mostly results
in clathrin-dependent, receptor-mediated endocytosis. Nevertheless,
amino- and guanidine-functionalized MSN endocytosis didn’t follow
any specific internalization pattern.58

It is a well-established fact than nanoparticle (NP) surface charge and
the receptors on cells can affect the internalization pattern of NPs.
Synthesizing four different MSN materials with different surface
charges controlled by amino or guanidine functionalities and
comparing them with bare FITC-labeled MSNs, Chung et al.59

demonstrated an internalization trend based on the surface charge
of MSNs. They reported that, as the negative charge of the MSN sur-
face rises, the effective dose at 50% of internalization (ED50) is
increased. Other studies have also reported a significant correlation
between positive surface charge of MSNs and an increase in internal-
ization to 3T3-L1 cells.60 However, the same trend was not observed
with human mesenchymal stem cells (hMSCs), proposing that the
surface charge effect can be cell type-dependent, too.61 Further studies
also demonstrated that endocytosis may take place through an actin-
mediated process.62 Based on the report of Slowing et al.,57 surface
functionalization of MSNs with folic acid (FA) significantly increased
their internalization through interaction with FA receptor pathways.
Vivero-Escoto et al.58 also reported that the uptake of MSNs can be
further affected by the shape of NPs.
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 167
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Figure 2. The Fate of MSNs in Cells

After internalization, MSN-NPs are translocated to sorting endosomes. In next step, part of the sorting endosomes turn back to the cell’s exterior, and the remaining shift into

secondary endosomes that are then fused with lysosomes. Modified MSNs effectively evade endolysosomes and enter the cytosolic compartment, where their cargos are

released, and the RNAi process is begun.
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The Intracellular Fate of Stimulus-Responsive Capped MSNs

After internalization, MSN-NPs are first transported to primary en-
dosomes, followed by further translocation to sorting endosomes
(Figure 2). In the next step, some of the sorting endosomes turn their
backs to the cell’s exterior by means of recycling endosomes and the
remaining shift into secondary endosomes and become fused with
lysosomes. Modified MSNs effectively evade endolysosomes and
enter the cytosolic compartment. In the cytoplasm, MSN-loaded
cargos are released and initiate the process, leading to beneficial out-
comes.56 Based on Slowing et al.,57 negatively charged materials can
effectively evade endosomes; however, positively charged particles
mostly remain trapped inside endosomes. In addition, Huang
et al.61 demonstrated that some of the MSN-internalized materials
could be localized further to mitochondria; however, the mechanism
remains only partly understood and requires further studies.

Inside cells, it is necessary for nanoparticles to release their therapeu-
tic cargos either in the cytoplasm or, more specifically, into subcellu-
lar organelles. Because the transcription machinery and hereditary
material are present in the nucleus, the ultimate destination for
various chemotherapy agents is the nucleus. Consequently, conven-
168 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
tional therapies mostly focus on specific delivery of agents straight
to the nucleus.12,63–67 Nevertheless, because of the presence of the
RISC in the cytoplasm, the ultimate site of action for siRNAs remains
the cytoplasm. Furthermore, mitochondria, considered the energy-
providing organelle in eukaryotic cells and themost important modu-
lator of programed cell death and apoptosis, are located in the
cytoplasm. Consequently, MSNs with dually loaded siRNA/chemo-
therapy drugs must release their cargos smartly to achieve an optimal
therapeutic outcome.68 Based on this brief preface, agents capable
of targeting both mitochondria and the nucleus surely will
have significantly more effective role against cancer. For the first
time, Luo et al.69 synthesized engineered MCM-41 MSNs that were
loaded with the anti-tumor agent topotecan (TPT) and surface-
decorated with a mitochondrially targeted therapeutic agent consist-
ing of tri-phenyl phosphonium (TPP) and an antibiotic peptide
(KLAKLAK)2, which were linked together with disulfide bonds
further coated with a charge reversal polyanion, poly(ethylene gly-
col)-blocked 2,3-dimethyl maleic anhydride-modified poly (L-lysine)
(PEG-PLL)DMA)), through electrostatic interactions. Present at the
tumor site, based on an acidic microenvironment, the DMA block
is cleaved and results in formation of a cationic NP and further

http://www.moleculartherapy.org


Figure 3. Conventional Stimulus-Responsive Capped MSNs
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accelerated internalization. Inside cells, because of the presence of
GSH, disulfide bonds are cleaved, and pharmacologically effective
agents, including TPT and therapeutic peptide (Tpep), are released
from MSNs. Each therapeutic agent subsequently translocates to its
site of action and demonstrates its therapeutic effects. Based on trans-
mission electron microscopy (TEM) results, Luo et al.69 reported that
the mitochondria were significantly damaged, and enhanced cellular
uptake in cell lines was also observed.

In another study, Cheng et al.70 synthesized functionalized MSNs for
specific delivery of doxorubicin (DOX) in a controlled release
manner. To construct this robust drug delivery system, MSNs were
encapsulated with DOX, and a tumor-targeting cellular membrane-
penetrating peptide (TCPP) was grafted on the MSN and further cap-
ped with a mitochondrion-targeting therapeutic peptide (TPP)
through disulfide bonds. Based on the results, in the absence or at
low concentrations of GSH, only 10% of loaded DOX was released.
However, at higher concentrations, 40% of loaded DOX was released
in 1 hr, and over 75% of loaded DOX was released in 48 hr. This zero-
order release can be explained by the fact that GSH concentrations are
significantly high only in cancer cells, guaranteeing an excessive
release of cargo in cancer cells. Cheng et al.70 further reported a
3-fold decrease in IC50 compared with free DOX administration.
Stimulus-Responsive Capped MSNs as Potent Non-viral Dual

Gene and Drug Carriers

As mentioned earlier, to utilize the specific beneficial effects of
siRNAs, the application of nanocarriers seems to be essential.
Furthermore, even after internalization to the cells, siRNAs are still
prone to degradation before incorporation with the RISC. In the
case of MSNs, the narrow pore size distribution results in efficient
intracellular protection.49 Furthermore, the ease of surface modifica-
tion of MSNs can optimize the adsorption and release profile of
siRNAs. Nevertheless, direct loading of siRNAs into the core of
MSNs is difficult, and siRNAs are mainly adsorbed to the outer
surface of nanoparticles that are modified cationically. Xia et al.71

coated MSNs with a layer of polyethylene imide (PEI), a well-known
gene transfection agent. Based on their results, the ratio of 10–100
particles /nucleic acid is desired for achieving optimal adsorption
and delivery to the site of action (Figure 3).71 Surface functionaliza-
tion with organophosphate is another approach common in siRNA
delivery; however, compared with PEI, lower siRNA adsorption has
been reported.49 The benefits of these approaches are limited to
in vitro studies. In the case of in vivo administration, because of the
presence of nucleases in the plasma, large portions of adsorbed siRNA
are rapidly degraded.72 To solve this problem, twomethods have been
proposed: optimizing the loading conditions and applying MSNs
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 169
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possessing larger diameters or pores. Li et al.73 demonstrated that
short salmon DNA could be exclusively adsorbed into the mesopores
of MSNs with 2.7-nm length under chaotropic salt conditions. The
total particle diameter was reported to be approximately 70 nm.
The maximum loading capacity was reported to be 121.6 mg
DNA/g MSN, which was significantly more than the amount
observed by adsorption under unmodified conditions.73 Application
of chaotropic agents is critical because both DNA and MSNs are
negatively charged. These conditions significantly decrease the elec-
trostatic repulsions and allow a high loading of DNA to the MSNs.
However, passing this threshold, DNA desorption began, and, at
temperatures around physiological body temperature, maximum
desorption was observed. Furthermore, it was observed that surface
modification can effectively lower the speed of DNA release.74 As
the length of siRNA increases, the maximum loading capacity signif-
icantly decreases, which can be explained by DNA stiffness under
normal conditions. PEI adsorption on MSN takes place after drug
internalization, and Li et al.75 have shown that, in addition to capping
and controlled release of drugs, it can sufficiently protect drugs from
degradation.

Solberg and Landry76 demonstrated that amino functionalization re-
sults in significant enlargement of MSNs. The inner diameter has
been shown to be around 20 nm, and the particles were reported to
be around 70–300 nm. This can be explained by the fact that amino
groups significantly interact with negatively charged DNAs, and the
adsorbed plasmid could significantly protect against enzymatic degra-
dation. Kim et al.77 reported that monodispersed MSNs approxi-
mately 250 nm in diameter possessing pores of 23 nm could efficiently
deliver plasmids responsible for coding luciferase and GFP in vitro.
These examples demonstrate the potency of MSNs for gene delivery
to the site of action.

Examples of Successful In Vitro siRNA Delivery with

Functionalized MSNs

Utilizing a 50-nm PEI-PEG-functionalized MSNs, Meng et al.12

reported a significant increase in cell toxicity by P-glycoprotein
(P-gp) co-delivering siRNA/DOX compared with DOX alone in
MCF7 multi-drug-resistant (MCF7/MDR) cell lines. In treated cells,
immunoblotting demonstrated a more than 50% decrease in expres-
sion of P-gp, further confirming the role of P-gp knockdown of
applied siRNA. Nevertheless, these amounts were negligible for
scrambled siRNA. The maximum suppression in gene expression
was observed within the first 48 hr and lasted for more than
96 hr.12 In another study, Meng et al.78 synthetized a group of PEI-
modified MSNs and effectively co-delivered DOX and P-gp siRNA
into the multi-drug-resistant human cervical carcinoma cell line
KBV1 with significantly increased cytotoxicity compared with free
DOX or MSN-engineered particles loaded with DOX, further con-
firming the synergistic effects of siRNA/chemotherapy co-delivery
in resistant cancer cell lines.

The usefulness of large-pore MSN (LPMSN) application for in vitro
siRNA delivery was clearly demonstrated by Na et al.79 First, they pre-
170 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
pared amine-functionalized MSNs with small (2.1-nm) and large
(23-nm) mesopores and then adsorbed siRNA molecules on them.
Interestingly, after being exposed to RNase for 2 hr, the siRNAs
that were adsorbed inside mesopores of LPMSNs remained intact.
These siRNA-loaded LPMSNs, which were also conjugated with a
PEG moiety and an imaging dye, significantly silenced GFP expres-
sion in HeLa cells. They also demonstrated that large PEG-carboxy-
tetramethylrhodamine (TAMRA)-functionalized MSNs that were
loaded with siRNAs specific for silencing vascular endothelial growth
factor (VEGF) expression could effectively downregulate expression
of VEGF and decrease tumor volume compared with injected PBS
and naked siRNA targeting VEGF.79

In another study, Hartono et al.80 prepared cubic LPMSNs and
further functionalized them with specific degradable poly(2-dimethy-
laminoethyl acrylate) (PDMAEA) cationic polymer. The specific
characteristic of this nanocarrier was that it could gradually become
degraded and release nucleic acid in KHOS cell lines.80 The same
group also synthetized specific poly-L-lysine (PLL) functionalized
LPMSNs loaded with siRNA specific for inhibiting expression of
minibrain-related kinase and polo-like kinase 1 in osteosarcoma
cell lines. The functionalized particles showed great potential for
efficient gene delivery into cancer cells because a significant
decrease in the cellular viability of the osteosarcoma cancer cells
was observed.81

Examples of Successful In Vivo siRNA Delivery with

Functionalized MSNs

Different studies have also verifiedMSN efficacy in successful delivery
of siRNAs to the tumor site in vivo. In the study performed by Meng
et al.,12 MCF7/MDR cells were grown as xenografts in nude mice to
evaluate whether P-gp siRNA/DOX-loaded MSNs could knock
down P-gp expression and suppress tumor growth in vivo. Tumor-
bearing mice were subsequently injected with DOX/P-gp-loaded
MSNs every 3–6 days up to 30 days with an injected dose of
4 mg/kg and 1.2 mg/kg for DOX and siRNA, respectively. Groups
of tumor bearing mice received free DOX, and DOX MSNs were
considered the control group. The first finding of the study was
that 8% of administered PEI-PEG MSNs accumulated at the tumor
site. Second, siRNA/DOX-loaded MSNs demonstrated a significantly
higher tumor inhibition rate (80%) compared with DOX-MSNs,
free DOX, and drug-loaded particles with scrambled siRNAs
(62%, 17%, and 59%, respectively). Interestingly, no tumor-inhibitory
activity was observed in mice receiving siRNA-loaded MSNs,
further confirming the synergistic effects of siRNA and DOX co-
administration.12

In another study, Lin et al.82 synthetized a positively charged, intracel-
lularly cleavable poly(2-dimethylaminoethyl methacrylate)-function-
alized MSN (ssCP-MSN) with 10-nm pore size and further analyzed
the tumor growth suppression capacity of these particles in a HeLa-
lue xenograft murine model. ssCP-MSN/siRNA complexes were tail
vein-injected for studying the in vivo tumor growth-inhibitory effects
of the particles. Injections were carried out every 3 days with an
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siRNA dose of approximately 2 mg/kg per injection. Based on the re-
sults, naked siRNA targeting PLK1 and saline did not demonstrate
any tumor growth inhibition. However, siPLK1-loaded ssCP-MSNs
demonstrated a significant tumor growth-inhibitory effect compared
with naked siPLK1. This suggests that the concentrations required for
silencing the PLK1 gene in tumor cells was achieved only when
siRNAs were delivered with ssCP-MSNs.82

Finally, applying a pH-sensitive (PEI-PEG) functionalized MSN
loaded with epirubicin (EPI) and BCL2-targeting siRNA, Hanafi-
Bojd et al.83 demonstrated that MSNs with 9 mg/kg EPI and
1.2 mg/kg siRNA demonstrated a significantly improved in vivo cyto-
toxicity compared with EPI or siRNA alone.

The In Vivo Fate of MSN-Based Drug Delivery Systems

Although a fair understanding of the specific correlation between
MSNs physiochemical characteristics, mechanisms of action, and
rate of cell uptake has helped in the prediction of MSN-based drug
delivery system fates in vitro, determination of the in vivo fate of
MSN-based drug delivery systems, depending on the existing rules
controlling their absorption, biodistribution, and elimination, is still
matter of debate. One of the few comprehensive studies dealing
with comparative biodistribution of I125-labled spherical and rod-
shaped MSNs containing different surface chemistry and porosities
was performed by Yu et al.84 Regardless of their shape, following
intravenous (i.v.) administration in mice, MSNs significantly accu-
mulated in the liver, spleen, and lung, respectively, and completely
cleared within 24 hr post-injection. Meanwhile, the deposition of
spherical MSNs surface-modified with amine groups was significantly
reduced in the lung, and non-porous silica NP accumulation in the
liver was negligible compared with porous NPs. Based on this result,
they concluded that MSN surface chemistry and NP porosity are the
most important factors determining the biodistribution fate of MSNs
in the body. Huang et al.85 examined the effect of PEGylation and
shape modification on the biodistribution of fluorescently labeled
MSNs. Similarly, studying tissue sections with confocal microscopy
demonstrated significant deposition of particles in the liver, spleen,
and lungs 2 hr post-injection. Quantifying this amount by utilizing
inductively coupled plasma atomic emission spectroscopy (ICP-
OES) demonstrated that the deposited particles in these three organs
constituted 80% of the total administered doses during the first 2 hr
after injection. Interestingly, PEGylated MSNs accumulated more in
the lung compared with control particles, which is significantly in
contradiction with the study by He et al.,86 who reported that
PEGylation decreases MSN lung accumulation. Based on the results
from Yu et al.84 and He et al.,86 Huang et al.85 concluded that the
answer to this controversy somewhat relies on the morphology of
MSNs and that this characteristic is also important in determining
the biodistribution of MSNs. Overall, based on these reports, just
like other NPs,MSNsmostly accumulate in the liver, lung, and spleen,
and, among the governing factors, surface properties are the predom-
inant factors of MSN biodistribution. Many other factors, including
surface charge and functionalization and the shape and size of
MSNs, may also take part in determining the pharmacokinetic and
in vivo fate of MSNs. Additionally, although PEGylation largely in-
creases NP plasma half-life, this rule is not correct for MSNs, and
these NPs demonstrate very low biodistribution.

In vivo excretion of MSNs is mostly dependent on silica degradation.
Dissolved silica can be absorbed by the body or excreted in the urine
in the form of silicic acid or oligomeric silica species.87 MSNs hydro-
lysis takes place under physiochemical conditions when concentra-
tions are below silica saturation levels.88 Rapid distribution of
MSNs suggests that MSNs are mostly dissolved under in vivo condi-
tions.87 As indicated by faster excretion of silica in the urine after
injection in mice, it has been demonstrated that large MSNs dissolve
faster than smaller ones.86

Cheng et al.89 examined the effect of MSN surface charge on hepato-
biliary excretion rate following i.v. administration. They demon-
strated that accumulated positively charged MSNs in the liver are
rapidly transported into the gastrointestinal tract and mostly excreted
in the feces; however, negatively charged MSNs demonstrate high
uptake and retention in the liver. According to Cheng et al.,89 posi-
tively charged nanoparticles mostly accumulate in hepatocytes
because of coupling with apolipoprotein E and immunoglobulin A
(IgA). However, negatively charged NPs are taken up by Kupffer
cells.89 Cheng et al.90 concluded that because positively charged
MSNs are taken up by hepatocytes, they are mostly eliminated via
hepatobiliary excretion; however, negatively charged MSNs remain
in Kupffer cells and result in hepatotoxicity because no unique elim-
ination pathway has been identified for them. Transportation of
positively charged MSNs through hepatobiliary transportation and
excretion in the feces without any significant signal in the urine has
also been confirmed by fluorescence imaging and ICP-mass spec-
trometry (MS) studies.90

To examine short and long rod-shaped MSN excretion profiles,
Huang et al.85 collected urine and feces samples at different time in-
tervals and determined the Si content via the ICP-OES method.
Regardless of being long or short, for all MSNs, Si was detected in
NPs 2 hr after injection. Nevertheless, the Si content of long rods
was significantly lower compared with short rods. This result is
consistent with the observation that MSNs are rapidly biodistributed
in the kidneys during the first hr after injection. Nevertheless, after
7 days, all rod MSNs were excreted through the feces. Renal excretion
of rod-shaped MSNs is an important finding because it is almost
accepted that only particles with a size of under 5 nm can be elimi-
nated by glomerular filtration.91 Consequently, further studies are
required to confirm whether this observation results from particle
elimination or from excretion of low-molecular-weight silica degra-
dation fragments.85

siRNA and Chemotherapy Drugs: Co-delivery versus Separate

Delivery, Simultaneous Release versus Sequential Release

Chemoresistance is a multi-faceted phenomenon generally consisting
of two separate categories, first pharmacological resistance, mostly
referring to the mechanisms causing insufficient drug delivery to
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the site of action, including inadequate infusion, tumor microenvi-
ronment restrictions, plasma pharmacokinetic, etc., and, second,
cellular resistance, mostly referring to resistance in association with
cells, which is further subdivided into efflux pump and non-efflux
pump resistance. Cellular resistance mechanisms are more important
compared with pharmacological ones and mostly consist of ABC
transporter overexpression and alterations in pro/anti-apoptotic
signaling pathways.1 The application of combination therapies in che-
moresistant cells has emerged as a new promising approach because
an effective concurrent administration of a gene and chemotherapy
drug cocktail is often associated with synergistic effects. Furthermore,
this approach can increase the compliance of patients with therapy
because of the reduced required doses and decreased drug resistance
development.12 As an example, administration of siRNAs specific for
the MDR1 gene can effectively result in enhanced intracellular drug
concentration.92 In other words, gene silencing results in the develop-
ment of an “open window of time” through which resistant cells
become sensitized to conventional chemotherapy drugs, and, in this
period, the chemotherapy agent is much more effective.93 Contempo-
rized pharmacokinetics associated with concomitant drug delivery of
double agents to a single population of cells is the other advantage of
combination therapies with siRNA and chemotherapy drugs.

Because of their unique scaffold, MSNs can be easily filled with
chemotherapy drugs and siRNAs and effectively co-deliver cargos
to tumor cells. Steinbacher and Landry94 reported that administration
of MSNs loaded concurrently with DOX and siRNA targeting the
Bcl-2 oncogene to overcome MDR resulted in a 132-fold increase
in DOX cytotoxicity compared with the free form. In another study,
application of nanoparticles co-delivering DOX or cisplatin and
siRNA targeting either the MRP-1 transporter or Bcl-2 genes and
decorated with a specific tumor moiety resulted in an 8-fold decrease
in IC50 compared with free drug administered.12 In another attempt,
Meng et al.78 conjugated DOX by a specific pH-sensitive linker,
hydrazone, to MSNs (MSN-hydrazone-DOX) and further loaded
them with siRNAs targeting P-gps, providing a controlled release
pattern for DOX and bypassing efflux pump resistance. They
observed that this nanovehicle could significantly bypass the efflux
pump, effectively released P-gp-silencing siRNA, provided a sus-
tained release profile of DOX, and significantly surmounted cellular
resistance.78 In another study, as a benchmark, human uterine
sarcoma MES-SA/DOX-resistant tumor (MES-SA/Dx-5) cell lines
were utilized to compare the efficacy of DOX/verapamil co-adminis-
tration and MSNs loaded only with DOX. Interestingly, DOX-loaded
MSNs more effectively accumulated in resistant cells compared with
the free DOX/verapamil cocktail.95

Although siRNA/chemotherapy drug co-delivery demonstrates
significantly enhanced beneficial effects, amplified toxicities some-
times restrict the systematic administration of these agents. Further-
more, in the case of instability or chemical incompatibility, co-
administration of drug and siRNA in a single vehicle is not feasible.
As an example, Jiang et al.96 demonstrated that co-encapsulation of
siRNAs targeting P-gp expression and DOX in liposomes results in
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the undesired aggregation of liposomes and induction of DOX
leakage. In this case, administration of siRNA and DOX in separate
vehicles could also effectively enhance the desired anti-cancer ef-
fects.97 However, whether the observed effectiveness was as much
as the one in the case of co-delivery in single vehicle remains a matter
of debate. Furthermore, it must also kept in mind that each vehicle
possess unique characteristics that can further affect the results. In
other words, administration of a similar drug with identical loaded
concentrations in different vehicles may result in different results in
similar cells.

From another aspect, it has been proposed that many combinational
therapies are effective only when tumor cells are exposed to the ther-
apeutic cargos in a sequential pattern. Several combination therapies
with siRNAs and chemotherapy drugs initially induce alterations in
specific signaling pathways and, subsequently, sensitize them to
anti-neoplastic agents. Consequently, in these cases, sequential
release of therapeutic cargos from nanocarriers seems more rational.
Generally, it can be stated that, in the case of siRNA/anti-neoplastic
agent co-treatment, sequential release demonstrates a more favorable
response to therapy. This is mostly due to the lag time required for
siRNAs to result in downregulation of the desired protein expres-
sion.93 However, designing a delivery system capable of separately
controlling the release of individual agents is faced with several com-
plexities and challenges. First of all, a comprehensive understanding
of the correlation between the kinetics of release and correlated ther-
apeutic activity in combination therapy is required. For instance,
based on the study by Yadav et al.97 exploring the required lag time
between siRNA and paclitaxel treatment, it was demonstrated that
a 24-hr delay in the administration of paclitaxel after siRNA admin-
istration for silencing the P-gp pump was the optimum time for
knockdown. However, based on Navarro et al.,98 increased DOX ac-
tivity after P-gp siRNA administration occurred regardless of lag
time. Consequently, a better understanding of the basic kinetics
aspects of these therapeutic co-administrations is crucial.

Although combination therapy at first glance seems perfect, the
biggest challenge associated with co-delivery of siRNAs and chemo-
therapy drugs appears to be the selection of an appropriate carrier.99

This is mostly due to the fact that siRNAs are usually negatively
charged and possess higher molecular weights compared with the
hydrophobic small chemotherapy drugs.100 Consequently, we are
dealing with two agents that possess drastically different physiochem-
ical properties. As a result, administration of two separate mecha-
nisms for encapsulation of each therapeutic agent seems to be
essential. Small conventional chemotherapeutic agents are usually
enclosed in vehicles by means of hydrophobic forces, electrostatic in-
teractions, or conjugation, whereas siRNAs will usually adsorb on
carriers by means of electrostatic forces.101 Additionally, several ques-
tions need to be addressed before considering a vehicle as an accept-
able dual siRNA/chemotherapy carrier in vivo. These include
biocompatibility, high loading or encapsulation capacity for chemo-
therapy drugs, zero premature release, specific accumulation at the
site of action, and proper release profile. Furthermore, when at the
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site of action, the delivery vehicle must be effectively taken up by
cancer cells and, when inside the cell, effectively evade endosomal
vesicles.

Overall, although sequential administration seems more rational, it
must also be considered that decreasing drug administration times
as much as possible increases patients’ compliance to therapy.
Furthermore, based on the abovementioned advantages of drug co-
administration, it seems more rational to focus on designing a deliv-
ery vehicle capable of releasing drugs in a sequential manner rather
than administering drugs separately at specific intervals. This is, how-
ever, coupled with several difficulties, including capping vehicles with
different particles as discussed in below or coating with multiple poly-
mers. Perhaps the most feasible answer to this obstacle is co-admin-
istration of multiple vehicles, each containing a different desired
chemotherapy agent, and further coating them with specific materials
that respond to each other in a sequential pattern; for example,
administering two MSNs, one loaded with a small conventional
chemotherapy drug (e.g., cisplatin in the case of TNBC) further
coated with a degradable polymer such as poly-lactide co-glycolic
acid (PLGA) and the other loaded with the desired siRNA capped
with a pH- or redox-responsive molecule (discussed below). By the
time both of these nanocarriers reach the site of action, based on
site-specific reactions, capped MSNs begin to release their cargo
immediately; however, the ones coated with PLGA remain intact
for a certain time. After the lag time, PLGA is degraded and releases
cisplatin, consequently demonstrating a sequential release manner.
The restrictions and challenges associated with this approach require
further studies.

Premature Drug Release versus On-Demand Drug Release:

Application of Tumor-Specific Capping Strategies

As nanoparticles circulate in the bloodstream to reach their site of ac-
tion, because of the perfect sink conditions, a portion of loaded active
cargos in nanoparticles undesirably release, which is referred to as
“premature drug release,” a major challenge that should be avoided
as much as possible.102 To fulfil this purpose in the case of MSNs,
they are usually capped by materials sensitive to conditions only
observed at the tumor site. In the specific microenvironment, capping
molecules start to respond to the new conditions, and, based on the
interaction, MSN-locked valves will open, and loaded cargos begin
to release. In the case of tumor microenvironments and cancer cells,
the most important cappings are the ones responding to changes in
pH or redox potential. These types of responses are usually redox-
responsive disulfide bonds cleaved under high glutathione concentra-
tions and acid-responsive cleavage because of the low pH in
endosomes (Figure 4). Other external stimuli, including light, temper-
ature, and ultrasound, can also result in reconfiguration of capping
molecules and in gate opening through obstacle removal. However,
because redox and pH stimuli are more important, here we only focus
on the characteristics of capping systems sensitive to these stimuli.103

For the first time, Lin et al.104–106 synthetized a redox-responsive
capping system for MSNs through coupling cadmium disulfide NPs
with MSNs by means of a disulfide linker that was prone to cleave
by various types of reducing agents, including DTT, mercaptoethanol
(ME), and GSH. In the cytoplasm, because of the high concentrations
of GSH, disulfide bonds are easily broken, and initiation of
cargo release takes place in the cytoplasm. In similar attempts,
MSNs have also been capped through application of Fe3O4 and Au
nanoparticles.104–106

In another attempt, Li et al.107 synthetized two pH-responsive nano-
valves constructed from a stalk being covalently bound to the MSM-
41 pore entrance, and cyclodextrin was applied as a capping molecule
to the organic part of the stalk through hydrophobic-hydrophobic
interactions after entrapment of cargo inside pores. Because the
pKa of p-anisidine nitrogen is around 6, at physiologic pH, the bind-
ing affinity of a-cyclodextrin (a-CD) and the hydrophobic stalk is
very high. However, by the time it is present in endosomes, possessing
a low pH, p-anisidine nitrogen becomes protonated, and the binding
constant significantly decreases and results in dissociation of the
a-CD cap from the stalk and initiation of cargo release. Second nano-
valves consisted of a 1-methyl-1-H-benzimidazole moiety in the stalk.
Again, present in low concentrations in endosomes, the benzimid-
azole binding affinity to b-cyclodextrin (b-CD) abruptly decreases
and results in dissociation of CD. Consequently, both of these valves
are fastened at physiological pH; however, they begin to release their
cargo at the acidic microenvironment.107

A New Generation of Engineered MSNs for Packing siRNAs

inside Mesopores

Despite the intensive efforts dedicated to overcoming siRNA delivery
defects by developing potent MSN-based delivery systems, because
siRNAs are mostly delivered by adsorption on the external surface
of MSNs, they are still prone to nucleases present in the plasma
and poorly protected from degradation. Consequently, the efficacy
of these delivery approaches is not yet acceptable. Additionally,
adsorbed siRNAs can significantly reduce the loading capacity of
MSNs, and, more importantly, because of the interaction of amino
groups present on the external surface of MSNs with siRNAs, further
functionalization of MSNs with specific targeting molecules or
PEGylation for extended in vivo application of these nanocarriers
are mostly restricted.79,81 As a result, researchers have shifted toward
synthesis of more advanced MSNs with the purpose of overcoming
these obstacles. One of the most important procedures includes pack-
ing of siRNAs within mesopores of MSNs. As a result, several
attempts have been focused on synthesizing MSNs possessing larger
pores (10–24 nm) and simultaneously modifying them with lots of
amino groups to achieve maximum interaction and immobilization
of the siRNAs in them. Further prolonging the in vivo circulation
time of large mesopore MSNs loaded with siRNA/chemotherapy
drug, the external surface of MSNs can be coated with polyethylene
glycol (PEGylation) or lipid layers, turning them into excellent dual
siRNA/chemotherapy drug carriers for effective cancer therapy.108,109

Proceeding with this concept, Hartono et al.80 synthesized a large
porous silica nanoparticle (LPSNP) and further functionalized it
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with a self-catalyzing degradable cationic polymer (PDMAEA),
demonstrating an independent external degradation pattern. The
most important characteristic of this cationic polymer is its
high DNA binding capacity and protection capability until
nanocarriers can reach the site of action and release loaded cargos
in an “on-demand” pattern. They loaded these functionalized
LPMSNs with chloroquine for further attribution to NP endosomal
escape. They further demonstrated that PDMAEA-LPMSN released
oligoDNA that mimicked siRNA within 2 hr, whereas, under similar
174 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
conditions, PEI-functionalized LPMSNs only released a little of
their loaded cargos.80 In another attempt, to improve nucleic acid
delivery, including siRNAs, Liu et al.110 synthetized a magnetic
silica nanosphere with large nanopores (MSLNPs) that were func-
tionalized by immobilizing cationic PLL. Nuclear and F-actin
staining demonstrated significantly high PLL-MSNLP internaliza-
tion in cells that was reported to mostly result from MSN
functionalization with PLL and the presence of large pores on the
shell.110
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With the purpose of protecting siRNAs from in vivo enzymatic degra-
dation, Na et al.79 developed a specific type of MSNs possessing extra-
large mesopores with a diameter of 23 nm by treating small porous
MSNs (�2 nm) with trimethylbenzene and loaded them further
with siRNAs targeting VEGF. According to in vivo and in vitro
studies, the relative VEGF mRNA levels, by application of these
extra-large MSNs, was decreased more than 4-fold compared with
naked siVEGF.79 Contrary to previous studies, Li et al.73 reported
another method for adsorption of siRNAs in internal mesopores
with normal size. By applying chaotropic conditions, they signifi-
cantly shielded repulsive charges between siRNAs and the silica sur-
face and reported adsorption of up to 27 mg/mg siRNA inside an
unfunctionalized MSN with a 3.1-nm pore diameter.73 Finally, Li
et al.111 demonstrated that siRNAs can be significantly incorporated
into mesopores of magnetic MSNs under strongly dehydrated solu-
tion conditions. Afterward, these mesopores can be further capped
by PEI to prevent further premature release of cargos.111 Other re-
ported methods in the literature for packing siRNAs in MSN meso-
pores include exchanging divalent cations such as Mg2+ and Ca2+,76

functionalization by amino-derivative groups,112 and conjugation
with specific cationic polymers, including PEI.113

Which Position Is Mostly Conceivable for Engineered MSN

Application in TNBC Molecular Therapy?

Patients presenting with residual TNBC after neoadjuvant chemo-
therapy demonstrate much worse survival rates compared with pa-
tients with complete remission, mostly because of the near-future
development of chemoresistance. The resistant behavior of TNBC
cells mostly originates from the high intratumoral heterogeneity,
enabling them to evade chemotherapy by overexpressing specific
group of genes, including anti-apoptotic and drug efflux pump-
involved genes.114–116 Because the basis of chemoresistance mostly
lies in overexpression of specific genes, siRNA therapy appears to
be the most promising strategy for resensitization of chemotherapy-
resistant TNBC cells. Further application of chemotherapy agents
to resensitize cells brings an end to this stubborn disease.117 Neverthe-
less, as mentioned earlier, systematic treatment with siRNAs requires
an efficient transport vehicle with extended circulatory time and a
high loading capacity for siRNAs, and the capability of endosomal
evasion is obligatory. Several advanced materials, including polymers,
co-polypeptides, cyclodextrins, and charged lipids, can overcome
siRNA therapy-associated drawbacks. However, the main question
to be addressed is why, among these materials, are mostly MSNs
under investigation now? Furthermore, why do recent studies mostly
utilize engineered MSNs for TNBC siRNA therapy? Indeed, function-
alization and/or optimization of most polyplexes and lipid-based
nanocarriers’ characteristics is very difficult because these carriers
are mostly composed of cationic polymers or lipids with polyca-
tion-to-siRNA molar ratios of as much as 10–20:1, enhancing the
risk of toxicity and forcing us to keep administered siRNA amounts
as low as possible.118–122 Furthermore, co-administration of chemo-
therapy drugs with siRNAs in these delivery carriers is restricted.
Contrarily, none of these drawbacks have been associated with
MSNs, mostly because of the mesoporous structure, biocompatibility,
prolonged stability, ease of synthesis, and functionalization of this
carrier. The next question that must be addressed is whether siRNA
therapy in TNBC is desired. First of all, it must be considered that
therapeutic regimens administered for TNBC therapy are mostly
limited, with high failure risk and no further improvement in survival
rate. Consequently, development of new strategies for combating
TNBC is necessary. Because siRNA therapy in most cancers has
shown promising results, similar outcomes in TNBC are possible.
Second, the aberrant activity of specific genes has been shown to
fuel cell proliferation, survival, and resistance in TNBC. siRNAs are
highly potent agents for silencing tumor-propagating and resistance
development genes. Third, the resistance of cancer cells has mostly
been correlated with several proteins involved in the anti-apoptosis
pathway, including BCL2, BAX, and BID. Downregulation of the cor-
responding genes by siRNAs can enhance the effectiveness of therapy
and overcome intrinsic or extrinsic mechanisms. Consequently,
siRNA therapy of TNBC can reorient the poor response observed
with chemotherapy drugs. Now that the importance of siRNA ther-
apy and the beneficial effects of MSNs have been revealed, the final
remaining question is which genes’ expression must be suppressed
to observe maximum effectiveness of TNBC therapy. Overexpression
of several genes has been shown to be involved in the pathogenesis of
TNBC, including the P-gp pump, PI3K, TWIST, PKM2, BCL2, and
CDK.1,123,124 Studies of different cell lines have shown the effective-
ness of siRNAs targeting the expression of these oncogenes.125–127

Recently, Phannasil et al.127 have demonstrated that application of
siRNAs suppressing expression of the glycolytic enzyme pyruvate ki-
nase results in significant inhibition of growth, migration, and inva-
sion of the MDA-MB-231 cell line by suppressing several pathways
involved in the production of ATP and angiogenesis. Subsequent star-
vation of cancer cells will further induce apoptosis127. TWIST 1 is
another protein that has been shown to facilitate cancer progression
by enhancing epithelial-mesenchymal transition (EMT) and also by
promoting the cancer stem cell phenotype, which, in turn, results in
a significant increase in cell resistance128,129.

MDA-MB-435 melanoma cell treatment with TWIST-suppressing
siRNA resulted in significantly “reduced tumor burdens.”130 These
results can also be repeated in other cell lines, including TNBC. Over-
expression of BCL2 among non-pump resistance development mech-
anisms seems to be the most important one. This gene is significantly
overexpressed in TNBC and results in escape from apoptotic path-
ways.125 Administration of MSNs co-delivering BCL2 siRNA and
chemotherapy drugs resulted in a significant decrease in LD50 and re-
sensitization of resistant TNBC cells to chemotherapy drugs. In
another study, co-delivery of P-gp siRNAs resulted in significant sup-
pression of P-gp synthesis and, consequently, resensitized KBV1, a
specific drug-resistant cancer cell, to DOX.131 Survivin is another
important protein mostly involved in inhibiting caspase activation
and, consequently, negatively controlling apoptosis. Finally, adminis-
tration of Survivin-silencing siRNA in TNBC significantly resensitizes
resistant cells to DOX.132 Enumerating these examples demonstrates
the significant roles of siRNA together with chemotherapy agents in
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 175

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
TNBC therapy. As a result, administration of siRNAs incorporated in
MSNs can result in significant intensification of TNBC therapy, and
further studies would be helpful in developing more and effective
co-treatments of TNBC.

Conclusion and Future Perspective

As discussed in this review, currently no definite chemotherapy
regimen has been developed for effective TNBC therapy. Both inter-
and intratumoral heterogeneity have significantly limited the effec-
tiveness of current chemotherapeutic agents, either conventional or
targeted, and motivate the development and maturation of a group
of cells with the most resistant nature to chemotherapy drugs.
Furthermore, the absence of ER, PR, and HER2 overexpression pat-
terns has resulted in the failure of targeted therapies in TNBC. Conse-
quently, development of new generations of therapies is required.
Overall, a brief review of some critical points regarding gene therapy
and application of nanotechnology for improving outcomes in TNBC
therapy is critical.

First, the development of recent genetic screening approaches has
significantly illustrated deeper insights into the genetic nature of
TNBC, providing us with the opportunity for further segmenting
TNBC patients into smaller groups, identifying rarer subgroups,
and developing genotype/phenotype-based chemotherapy regimens
for further, more specific selection of therapeutic agents with much
more efficacy and fewer observed toxicities and, more importantly,
for developing a personalized regimen. Second, identification of
several critical gene alterations involved in progression, differentia-
tion, and metastasis of TNBC, including VEGF, Survivin, Bcl-2,
Mcl-1, P-gp, and TWIST, has emphasized the importance of siRNA
therapy in the case of TNBC. As a new trend in TNBC therapy, effec-
tive silencing of these genes offers more fundamental corrections with
increased potential for achieving complete remission. Third, TNBCs
are only susceptible to a small portion of chemotherapy drugs, mainly
because of alterations in the expression of BRCA, ABC transporter,
and Bcl2 genes. Resensitizing TNBC by effective silencing of these
aberrantly overexpressed genes can offer new therapeutic opportu-
nities by application of effective chemotherapy drugs that were previ-
ously intrinsically resistant. Fourth, application of a proper carrier
compatible with the oligonucleotide nature of siRNAs that biocom-
patible, possesses prolonged circulatory time, and demonstrates on-
demand release is obligatory for maximizing the effectiveness of
siRNA therapy of TNBC. Redox-responsive and pH-responsive
capped MSNs loaded with chemotherapy drugs in core siRNAs in
mesopores are the most advanced and effective nanocarriers engi-
neered so far. Fifth, coating the surface of MSNs with polymers
such as PEG (PEGylation) is another strategy for further improving
the pharmacokinetic profile of MSNs in the body. However,
PEGylation mostly restricts further surface functionalization of
MSNs. Consequently, the optimum formulation in each case can be
different. Sixth, pH- and redox-responsive capping are more impor-
tant because of the acidic and high redox nature of the TNBC micro-
environment and cells. Seventh, loading of a specific class of drugs,
including chloroquine, which can potentiate NP escape from endoso-
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mal vesicles, can significantly improve the outcome of therapy. Over-
all, administration of more site-specific nanocarriers with the least
premature drug release and more on-demand release behavior
significantly improves the outcome of gene therapy. Recently, admin-
istration of multiple siRNAs possessing the potential of silencing
two or more pathways regulated by aberrantly overexpressed genes,
such as a combination of c-myc and VEGF or MDM2 and c-myc,
theoretically sounds rational. However, different siRNAs representing
different lengths and sequences have diverse physiochemical charac-
teristics, significantly raising restricting challenges associated with
their packing and delivery by nanovehicles. Additionally, increased
immunogenicity and off-target effects further restrict co-administra-
tion of two or more siRNAs. In conclusion, administration of siRNAs
targeting overexpressed genes responsible for resistance development
in TNBC and further co-administration of chemotherapy agents can
significantly improve the outcome of therapy.
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