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Abstract: RNA interference (RNAi) is a process for regulating the gene expression in which small 
interfering RNAs (siRNAs) silence target genes. siRNA-based therapy as a new molecular treat-
ment approach offers therapeutic prospects for many common diseases such as cancer and cardio-
vascular disorders. Nevertheless, the efficacy of siRNA delivery has, so far, remained a challenging 
issue. This is due to their easy degradation through the circulation system and the difficulties in the 
intracellular delivery to specific tissues where they silence the target genes. There have been many 
efforts to develop suitable, safe and effective siRNA delivery systems in the past decades. These 
efforts specifically aimed to protect siRNA from serum nucleases and deliver it to an intracellular 
region in the desired target cells. In this context, one of the new and popular approaches is nano 
vehicle-mediated siRNA delivery systems. The systems potentially may be used in future medicine, 
particularly for untreatable or poorly treated diseases. As we learn more about these delivery sys-
tems, we can better use the tremendous opportunities provided by siRNA-based therapeutics. The 
results of ongoing clinical trials will play an important role in determining whether siRNA-based 
drugs can be considered as a new class of drugs. Here, the authors reviewed and highlighted the 
recent advances in this exciting and fast-growing field to help in the development of effective 
therapeutic tools in controlling human diseases. 
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1. INTRODUCTION

 RNA interference (RNAi) technology has attracted the 
attention of many researchers in recent years. RNAi is one of 
the best effective post-transcriptional processes for control-
ling gene expression levels in cells. When specific kinds of 
double-stranded RNAs (dsRNAs) are processed by enzymes 
called Dicer in the cytoplasm, small interfering RNAs (siR-
NAs) are formed and these novel RNAs are incorporated 
into the RNA-induced silencing complex (RISC) in order to 
regulate genes and genome [1]. The siRNA-RISC complex 
mediates process that eventually caused the degradation 
of related mRNA and silencing specific target genes, as 
illustrated in Fig. 1 [2]. Cancer, diabetes, cardiovascular 
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disorders and many other common diseases are caused as a 
result of the abnormal gene overexpression or mutation. 
Hence reducing or silencing the expression of the related 
genes, particularly through new molecular and natural ap-
proaches, demonstrates a promising route for treatment of 
various human diseases, particularly those that are untreat-
able and those that have been less successful in treating them 
[3-5]. siRNA-based therapy is an effective approach that 
could potentially be useful for achieving these purposes. For 
instance, siRNA therapy in age-related macular degeneration 
and respiratory syncytial virus led to successful results with 
no serious adverse events [6, 7]. 

 Despite the valuable achievements and a great therapeu-
tic potential for many types of disorders, the major barrier 
against siRNA therapy is the efficiency of delivery to the 
desired position in the body. Naked siRNA could not only 
stimulate the innate immune responses but is also susceptible 
to enzymatic degradation [8, 9]. In addition, due to the size 
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and negative charge of siRNA, there is a problem of passing 
through the cell membrane [10]. Also, when the unmodified 
siRNA is injected into the body, rapid accumulation of 
siRNA in the kidney and intestine will lead to a decrease in 
its bioavailability [11]. 

 The effective drug treatment processes have principles 
such as having appropriate concentrations in the delivery 
target cell and transferring the proper form of drug to a spe-
cific site. Therefore, it is very important to protect the integ-
rity of siRNA during transmission to the exact location and 
eventually delivering into the target cell with high efficiency. 
siRNA delivery systems can be categorized by physical 
methods, conjugation methods, natural carrier (viruses and 
bacteria) and nonviral carrier methods. Among these strate-
gies, the use of nanoparticles due to the highly tunable fea-
tures can be invaluable. Many researchers investigated the 
potential ability of nanoparticles for siRNA-based drug ther-
apy and stated that this approach could be a safe and efficient 
way with several advantages [12-18]. Some RNAi-based drugs 
that have been used in clinical trials are listed in Table 1. 

2. NANOCARRIERS FOR siRNA DRUG DELIVERY

 Thus far, different nanostructures to deliver siRNA to the 
target cells have been used, including noncomplex polymers, 

lipid-based nanomaterials, gold nanoparticles, magnetic 
nanoparticles, mesoporous silica nanoparticles, and carbon 
nanomaterials. In the following, we briefly review some of 
these nanocarriers. 
2.1. Polymer-based Carriers 

 Many attempts have been made to improve the chemical 
design of some of the classical transfection agents such as 
polylysine and polybrene. These agents are polycations that 
are able to establish electrostatic interactions with the nega-
tively charged cell membrane [19]. Generally, the negative 
charge of siRNA causes polymers with cationic portions to 
easily form a complex via electrostatic interactions. Mean-
while, the higher amount of nanoparticles may be required 
for electro-neutralization of the negative charge of siRNA 
[20]. Factors such as size, surface charge, and structure of 
polymer/siRNA complexes can play a role in modulating the 
properties of these complexes through regulating the ratio of 
positive charge in the polymer to negative charge in siRNA 
[21]. Among various cationic polymers, synthetic polymers, 
including polyethyleneimine, poly-L-lysine, and cyclodex-
trin-based polycations, along with natural polymers such as 
chitosan and atelocollagen have already been used as siRNA 
delivery carriers. Some of the applications of these polymers 
in siRNA delivery are discussed below. 

Fig. (1). Mechanism of mRNA degradation and gene silencing by siRNA. The cleavage of dsRNAs in the cytoplasm by the Dicer enzyme 
results in the production of siRNAs (short double-stranded oligonucleotides with 21-23 mer length and 2-nt 3ʹ overhangs). Synthetic siRNAs 
do not undergo Dicer editing and join the path automatically. The siRNA molecules are recognized by the complex RISC and subsequently, 
AGO2 cleaves the passenger or sense strand so that active RISC containing the guide or antisense strand is formed. The activated complex 
can search and hybridize to a target mRNA and inactivates the expression of its target gene by degrading the related mRNA. 
Abbreviations: dsRNA: double-stranded RNA, siRNA: small interfering RNA, RISC: RNA-induced silencing complex, AGO2: argonaute 
2.
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2.1.1. Polyethyleneimine (PEI) 

 PEI demonstrates the high transfection efficiency of 
siRNA delivery. However, a major problem with PEI is cy-
totoxicity, which can correlate with molecular weight and the 
number of branches. It has been demonstrated that low mo-
lecular weight PEI indicates increased transfection efficiency 
and as well as reduced cytotoxicity [22-24]. Branched PEI 
(bPEI) suffers from significant toxicity caused by inflamma-
tory responses and is often subjected to rapid macrophage 
uptake and clearance. In this context, PEGylation can be 
considered because it contributes to decreased uptake by the 
reticuloendothelial system or macrophages, which lead to an 
increase in half-life in the blood. PEGylated PEI/siRNA 
nanoparticles illustrated an obviously reduced tendency to 
aggregate [25]. 

 Although PEG-PEI particles indicated decreased cytotox-
icity, hydrophobic fatty acid-modified PEG-PEI nanoparti-
cles and PEI particles invoked inflammatory cytokines and 
caused the increased concentrations of IgM in the bron-
choalveolar fluid. The modified PEI particles exhibited the 
greatest knockdown efficiency in leukocytes and alveolar 
macrophages, so it seems that further investigations are re-
quired to achieve the improved knockdown efficiency, low 
cytotoxicity, and reduced immunostimulatory activities using 
the beneficial modifications in the PEI-based carriers [11]. 
Accordingly, Nimesh et al showed that acylated PEI 
nanoparticles with propionic anhydride followed by cross-
linking with derivatized PEG could be efficiently used as 
siRNA delivery system with reduced cytotoxicity [20]. In a 
recent study, siRNA with PEI as a delivery agent is used 
against Beclin1 gene for controlling HIV replication. siRNA 
complexed with PEI was administered intranasally in adult 
mouse brain. This approach could potentially offer an effi-
cient means of gene silencing-mediated therapy in the HIV-
infected brain [26]. Moreover, other studies presented exam-
ples of the successful use of PEI for transferring siRNA as a 
drug in the treatment of cardiovascular disease/injury and in 
the direct oncogene targeting in many cancers [18, 27]. 

2.1.2. Poly (DL-lactide-co-glycolide) 

 Poly (DL-lactide-co-glycolide) (PLGA) as an FDA-
approved biodegradable polymer has recently been used for 
siRNA and functional plasmid DNA (pDNA) delivery [2]. 
Due to the solid form of PLGA nanoparticles (unlike lipid 
and polyplexes), they are more stable and also capable of 
protecting siRNAs from degradation during circulation in the 
bloodstream [28]. An obvious trouble for PLGA is the ani-
onic structure of these nanoparticles. To achieve the positive 
charge, the surface of PLGA nanoparticles can be decorated 
with acetyl derivative PEI, which improves surface fiction-
alization and siRNA delivery capacity [29]. Adding a small 
amount of PEI to the PLGA polymer phase ameliorates the 
encapsulation and release of siRNA [30]. Compared with 
unmodified PLGA nanoparticles, chitosan-modified PLGA 
nanoparticles showed much higher encapsulation efficiency 
and also were more effectively taken up by the cells. Also, 
the gene silencing efficiency of chitosan-modified PLGA 
nanoparticles was higher and more prolonged than unmodi-
fied PLGA and naked siRNA [31]. Tiwari et al. [32] demon-
strated that curcumin-encapsulated PLGA nanoparticles can 
induce the proliferation and differentiation of neural stem 
cells that may be a useful therapeutic approach to treating 
neurodegenerative diseases such as Alzheimer's disease. The 
hybrid nanoparticles of PLGA and lipids have also been in-
vestigated in some studies. For instance, Wang et al. [33] 
described a versatile platform for siRNA delivery based on 
PLGA-PEG–cationic lipid nanoparticles, which were synthe-
sized using the double emulsion method. The resulting 
nanoparticles had a high encapsulation efficiency of siRNA 
(up to 90%) and demonstrated the effective downregulation 
of the target genes in vitro and in vivo. 

2.1.3. Chitosan 
 Chitosan is a cationic polymer and a versatile candidate 
in gene delivery that is derived from the most abundant ni-
trogen-bearing organic compound found in nature, the linear 
polymer chitin, by alkaline or enzymatic deacetylation. It is 

Fig. (2). T h e  a d v a n c e d  d e l i v e r y  s y s t e m s  f o r m e d  b y  s e l f -assembly of oligonucleotide nanoparticles. DNA tetrahedra carrying six 
siRNAs were produced by hybridization of complementary strands [adopted with permission from Kanasty et al. (Delivery materials for siRNA 
therapeutics. Nature materials 2013; 12: 967-77)]. 
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Table 1. RNAi-based drugs that have been investigated in clinical trials. 

Drug Delivery System Disease Phase Status  Company Clinical trials.gov 
identifier  

ALN–VSP02 * LNP Solid tumours I Completed Alnylam Pharma-
ceuticals 

NCT01158079 

siRNA–EphA2– 
DOPC * 

LNP Advanced cancers I Recruiting MD Anderson 
Cancer Center 

NCT01591356 

Atu027 * LNP Solid tumours I Completed Silence Therapeutics NCT00938574 

TKM–080301 * LNP Cancer  I  Completed Tekmira 
Pharmaceutical 

NCT01262235 

TKM–100201 *  LNP Ebola-virus infection I Terminated Tekmira 
Pharmaceutical 

NCT01518881 

ALN–RSV01 * Naked siRNA Respiratory syncytial virus infections II Completed Alnylam 
Pharmaceuticals 

NCT00658086 

PRO-040201 * LNP Hypercholesterolaemia I Terminated Tekmira 
Pharmaceutical 

NCT00927459 

ALN–PCS02 * LNP Hypercholesterolaemia I Completed Alnylam 
Pharmaceuticals 

NCT01437059 

ALN–TTR02 * LNP Transthyretin-mediated 
amyloidosis 

II Completed Alnylam 
Pharmaceuticals 

NCT01617967 

CALAA-01 * Cyclodextrin NP Solid tumours I Terminated Calando 
Pharmaceuticals 

NCT00689065 

TD101 * Naked siRNA Pachyonychia congenita I Completed Pachyonychia 
Congenita Project 

NCT00716014 

AGN211745 * Naked siRNA Age-related macular degeneration, 
choroidal neovascularization 

II Terminated Allergan NCT00395057 

QPI-1007 * Naked siRNA Optic atrophy, non-arteritic anterior 
ischaemic optic neuropathy 

I Completed Quark 
Pharmaceuticals 

NCT01064505 

I5NP * Naked siRNA Kidney injury, acute renal failure 

Delayed gaft function, complications 
of kidney transplant 

I 

I, II 

Completed 

Completed 

Quark 
Pharmaceuticals 

Quark 
Pharmaceuticals 

NCT00554359 

NCT00802347 

PF-655 
(PF-04523655) * 

Naked siRNA Choroidal neovascularization, diabetic 
retinopathy, diabetic macular oedema 

II Completed Quark 
Pharmaceuticals 

NCT01445899 

siG12D LODER * LODER polymer Pancreatic cancer II Recruiting Silenseed NCT01676259 

Bevasiranib * Naked siRNA Diabetic macular oedema, macular 
degeneration 

II Completed Opko Health NCT00306904 

SYL1001 * Naked siRNA Ocular pain, dry-eye syndrome I, II Completed Sylentis NCT01776658 

SYL040012 * Naked siRNA Ocular hypertension, open-angle glau-
coma 

II Completed Sylentis NCT01739244 

CEQ508 * Escherichia coli-
carrying 
shRNA 

Familial adenomatous polyposis I, II Recruiting Marina Biotech Unknown 

RXi-109 * Self-delivering 
RNAi compound 

Cicatrix scar prevention I Completed RXi Pharmaceuti-
cals 

NCT01780077 

(Table 1) contd…. 
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Drug Delivery System Disease Phase Status  Company Clinical trials.gov 
identifier  

ALN–TTRsc * siRNA–GalNAc 
conjugate 

Transthyretin-mediated 
amyloidosis 

I Completed Alnylam 
Pharmaceuticals 

NCT01814839 

ARC-520 * DPC HBV I Completed Arrowhead Research NCT01872065 

DCR-MYC LNP Solid Tumors, Multiple Myeloma, 
Non-Hodgkins Lymphoma 

I Terminated Dicerna Pharmaceuticals NCT02110563 

ND-L02-s0201 
Injection 

siRNA lipid nanoparticle 
conjugated to Vitamin A 

Moderate to Extensive Hepatic 
Fibrosis 

I Completed Nitto Denko NCT02227459 

DCR-MYC LNP Hepatocellular Carcinoma I, II Terminated Dicerna Pharmaceuticals NCT02314052 

TKM-080301 LNP Primary and secondary liver 
cancers 

I Completed National Cancer Institute NCT01437007 

ALN-VSP02 LNP Solid Tumors I Completed Alnylam Pharmaceuticals NCT00882180 

APN401 Ex vivo transfection Solid Tumors I Completed Wake Forest University 
Health Sciences 

NCT02166255 

DPC, dynamic polyconjugate; LNP, lipid nanoparticle; NP, nanoparticle; shRNA, short hairpin RNA. *Adopted with permission from Kanasty et al. (Delivery materials for siRNA 
therapeutics. Nature materials 2013; 12: 967-77).

biocompatible and biodegradable with the low toxicity rate 
and its positive charge allow its binding to DNA. This bind-
ing provides protection from harmful nucleases which poten-
tially transforms chitosan into a very promising carrier for 
delivery of siRNA to the living cells. Moreover, this com-
plexation results in nanoparticles, which are more suscepti-
ble to enter the cell due to their small size. The biodegrad-
ability of polymer also ensures a controlled siRNA release 
[29, 34]. 
 Chitosan has mucoadhesive properties and exhibits the 
property of mucosal gene silencing in the complex with 
siRNA. This property is a result of electrostatic interaction 
between an amine on the polymer chain and sialic acid resi-
due on the glycoprotein mucin [35, 36]. Some attempts were 
made for siRNA delivery to the lungs, either as naked or by 
nanoparticles. Howard et al. introduced a pulmonary deliv-
ery system of siRNA by chitosan nanoparticles via the nasal 
route [36]. According to studies, naked siRNA exhibits rapid 
renal clearance, with a circulatory half-life of less than 5 
minutes that could be increased to more than 30 minutes by 
conjugation with chitosan and cholesterol [37]. 
 Despite the advantages of chitosan including mucoadhe-
sivity, biocompatibility, biodegradability, and low cost of 
production, there is a big problem with the use of high mo-
lecular weight chitosan and its toxicity. The toxicity has lim-
ited the application of chitosan in clinical trials. However, 
chitosan has yet to be been used for carrying siRNA mole-
cules in many investigations. These included a broad range 
from delivery of IGF-1R siRNA in lung cancer cells to 
BACE1 siRNA for Alzheimer's patients or stimulating the 
anti-inflammatory effects on macrophages for potential 
treatment of inflammatory disorders [38-40]. 
2.1.4. Cyclodextrin Polymers (CDP) 
 Cyclodextrins (CDs) are cyclic oligosaccharides that 
consist of five or more α-D-glucopyranoside units. Since CD 

does not stimulate the immune system, and its toxicity is 
low, it has been used in pharmaceutical applications [41]. 
Davis et al. reported the first mechanistic evidence of siRNA 
effect observed in Phase I clinical trial when a siRNA was 
employed against the M2 subunit of ribonucleotide reductase 
(RRM2) as an established anti-cancer target using a nanopar-
ticle delivery system. A cyclodextrin-based polymer was one 
of the components of this delivery system [14]. In another 
study, Godinho et al. showed the application of CDP-based 
nanoparticles in the siRNA drug delivery. The CDs-based 
nanosize particles synthesized by these researchers were 
stable in an artificial cerebrospinal fluid. Their findings indi-
cated that the CD-siRNA complexes are capable of reducing 
the expression of the Huntingtin gene in rat striatal cells and 
human Huntington’s disease primary fibroblasts [42]. Addi-
tionally, it has been shown that polycationic cyclodextrin 
nanoparticles containing siRNA could be used for mesangial 
delivery of siRNA in humans [43]. 

2.2. Gold Nanoparticles (AuNPs) 
 The physical properties of AuNPs have caused them to 
have many applications in medicine [44]. AuNPs have sev-
eral advantages for use as a core, including bio-inertia, ready 
synthesis, nontoxicity, and easy functionalization, which 
make them attractive scaffolds for the generation of transfec-
tion agents [45]. Gold can be incorporated into polymeric 
nanoparticles or liposomes which deliver large payloads 
[46]. Covalent attachment of nucleic acids to AuNPs is an 
effective approach for specific gene silencing and/or trans-
porting oligonucleotides. The modification does not inhibit 
the biological activity of nucleic acids. AuNPs covalently 
attached with thiol-modified oligonucleotides can be used 
for siRNA-based gene silencing. In this approach, the dense 
shell of oligonucleotides on the NPs surface inhibits their 
degradation by nucleases and lead to protection of the drug 
shipment [47]. In a study, Han et al. [45] first generated a 
positively charged AuNP-Cs core, then deposited the pH-
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responsive charge-reversible polymer (PAH-Cit) and PEI 
onto the surface of AuNP-CS to form a PEI/PAH-Cit/AuNP-
CS shell/core structure. This structure indicated a high 
siRNA binding affinity and was able to release as much as 
79% of the loaded siRNA at pH 5.5 in vitro. 
 It has also been indicated that coating gold nanoparticles 
with amino acid-based head groups could generate effective 
vectors. These amino acid-based nanoparticles can be re-
sponsive to intracellular glutathione concentrations, a feature 
that plays a role in the controlled release of nucleic acids 
[48]. The light-regulated release is another controlled releas-
ing approach. In this method, DNA release occurs in a pho-
tochemical way from complex using near-ultraviolet irradia-
tion (>350 nm) [49]. 
 In addition to covalently functionalized AuNPs, noncova-
lent nucleic acid delivery vehicles can be an attractive alter-
native to covalent systems. These systems make it possible 
to have multiple options for vehicle design, such as amino 
acid–functionalized AuNPs (AA–AuNPs), mixed-monolayer-
protected AuNPs (MM-AuNPs), and layer-by-layer-fabricated 
AuNPs (LbL-AuNPs) [47]. The conjugated AuNPs-siRNA 
has been used to achieve a variety of purposes in the treat-
ment of human diseases, including elevating the serum sta-
bility of siRNA [50], stimulating and initiating of the mito-
chondrial apoptosis pathway for cancer cell demolition [51], 
targeting knockdown of a specific gene target in Hela cells 
[52], and knockdown of some specific mutations to decrease 
downstream signals and cell viability in uveal melanoma 
cells [53]. Nonetheless, it should be mentioned that some 
issues have to be solved before these conjugates are used to 
treat human diseases, including minimizing cytotoxicity, 
minimizing side effects through targeting to specific organs 
and tissues and exploring immunological issues [47]. 

2.3. Lipid-based Nanoparticles (LNPs) 
 Lipid nanoparticle (LNP) is now a common general term 
used to describe lipid-based delivery systems with diameters 
in the range of 25 to 150 nm. Liposomes have been consid-
ered by researchers for decades as the carriages of DNA-
based drugs and other components in many fields, particu-
larly cancer therapy. This is attributed to the excellent capa-
bilities of liposomes as nucleic acid delivery systems, includ-
ing protection from renal clearance, shielding oligonucleo-
tides from nuclease degradation, promoting cellular uptake 
and endosomal escaping [54-59]. These functions were re-
lated before their use as a siRNA delivery vehicle. The first 
activity of liposomal siRNA formulations was reported in 
non-human primates [60]. Since then, a number of LNP 
siRNA drugs have entered clinical trials, including targeting 
treatments for hypercholesterolaemia, transthyretin-mediated 
amyloidosis and cancer [61-63]. 
 Cationic or ionizable lipids are mainly liposomes used 
for siRNA transportation. Positively charged lipids have 
some benefits that include improving the capture of nega-
tively charged siRNA, increasing cellular uptake, and help-
ing in endosomal escaping. In general, the composition of 
these lipids is divided into three parts: an amine head group, 
a linker group and hydrophobic tails [61, 64]. Cationic 
liposomes have been used as antigen delivery vesicles in 
vaccines [65]. Increased efficacy of doxorubicin (DOX) drug 

delivery against multidrug-resistant (MDR) lung cancer cells 
has been reported by Saad et al. The researchers developed a 
cationic liposome, which could release DOX and siRNAs 
simultaneously. The co-delivery of DOX and siRNA was an 
effective tool in cell-death induction and suppression of cel-
lular resistance in MDR lung cancer cells [66]. 
 Many of the lipid-based delivery vehicles self-assemble 
with siRNA through electrostatic interactions with positively 
charged amines. Several features can influence the effective 
siRNA delivery, including the use of cationic or ionizable 
lipids, shielding lipids, cholesterol and targeting ligands [67]. 
Liposome internalization into cells occurs through endocyto-
sis and the release of siRNA or pDNA take place through 
endosomal escape. The size of the liposome is important and 
should be < 100 nm in diameter to be considered as a carrier. 
The larger particles tend to be taken up by Kupffer cells or 
other components of the reticuloendothelial system (RES) 
[67, 68]. 
 PEGylation of liposomes can reduce their RES uptake 
and increase their circulation time. In the absence of PEG-
lipids, particle-particle crosslinking and aggregation can 
grow nucleic acid-containing LNPs to unsuitable sizes for 
intravenous delivery. PEG-coated Bcl2 siRNA-lipoplex was 
exploited to downregulate Bcl2 expression in the 5-
Fluorouracil resistant DLD-1 cell line [69]. It should be 
mentioned that the fusion of LNPs with target membranes is 
dependent on the level of negative charge on the target [70]. 
LNPs showed some valuable applications in the field of 
medicine, including the modification of lipid profile and 
reduction of low density lipoprotein and triglyceride in pre-
clinical disease models, which would be a promising ap-
proach for diabetic dyslipidemic patients [71, 72], silencing 
target genes in hepatocytes to treat transthyretin-induced 
amyloidosis patients [62], hypercholesterolemia treatment 
[61], direct inhibition of β-catenin in tumors with different 
origin such as liver, hepatocellular and colorectal cancers 
[63], and therapeutic advancements in iron overload diseases 
associated with reduced hepcidin expression [73]. 

2.4. Dendrimer-based Carriers 
 Dendrimers are highly branched and star-shaped macro-
molecules in nanoscales. They are characterized by three 
main components, including a central core, an interior den-
dritic structure (the branches), and an exterior surface with 
functional surface groups. The varied combination of these 
components yields products with different shapes and sizes 
that are ideal candidates for applications in both biological 
and materials sciences. The interaction of positively charged 
dendrimer branches with siRNA has been investigated in the 
field of siRNA and antisense oligonucleotide delivery. The 
ability of dendrimers to interact with siRNA is dependent on 
the generation of polymers and pH [74, 75]. 
 Among the various dendrimers, poly(amidoamine) 
(PAMAM) dendrimers have become more prominent. This 
was because of their intrinsic features such as molecular 
flexibility and atomic structure. Different generations of 
PAMAM dendrimers exhibit various behaviors in binding 
siRNA. While G4 (fourth generation) demonstrates high-
quality interaction to siRNA, a G6 generation has less bind-
ing affinity. G5 indicates a hybrid behavior, maintaining 
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rigid and flexible features, with a strong dependence on the 
environmental pH [74]. G4 generation of PAMAM-
paclitaxel conjugates have the internal cationic charges that 
are suitable for interaction with siRNAs. After exposure to 
the body, these nanoparticles accumulated in the tumor tis-
sues and internalized into the cells effectively. This causes a 
decrease in the side effects of chemotherapy drugs [74, 75]. 
Different types of dendrimers have been employed for the 
target tissue or disease. Based on former investigations, the 
capabilities of dendrimers emphasize their potential for fur-
ther applications in functional genomics and therapeutic 
strategies [76, 77]. The nanocarriers have been used for 
siRNA gene therapy in cardiovascular defects, lung vascula-
ture disorders, a deleterious virus targeting in neurons, and 
types of cancers [78-82]. 

2.5. Magnetic Nanoparticles-based Carriers 

 Nucleic acid delivery under the magnetic field influences 
the nucleic acid carriers, which are associated with magnetic 
particles. Magnetofection is an approach to increase transfec-
tion efficiency that is widely used to transfer oligonucleo-tides, 
such as the miRNAs and siRNAs (Table 2). Recently, Singh et 
al. [83] reported that magnetofection can be a promising novel 
approach of in vivo gene delivery for targeted therapy 
in rectoanal motility disorders that as well as potentially may 
spread to treatment in other organs. Magnetofection is a reli-
able method with low cytotoxicity for siRNA delivery into 
hard to transfect cells and it is an advantage for functional 
endpoint analyses of gene silencing such as analysis of en-
zyme function [84]. 

2.6. Porous Silicon (PSi)-based Carriers 
 The biomedical applications of porous silicon materials 
have widely spread since the first studies were reported. 
These nanostructures are multifunctional and versatile plat-

forms that are used in nanomedicine to effectively deliver 
drugs and nucleic acids for therapy purposes [85, 86]. Meng 
et al. prepared mesoporous silicon nanoparticles (MSNP) 
functionalized by phosphonate groups, which allowed elec-
trostatic binding of DOX to the porous spaces [85]. Also, 
MSNP modified with PAMAM dendrimers (G2) was inves-
tigated by Chen et al. This approach led to an increase in the 
anticancer efficacy of DOX by 132 fold compared to free 
DOX in multidrug resistant ovarian cancer cells [86]. Target-
ing the brain tissue and delivery of siRNAs to defective neu-
ron cells [87], combination therapy in melanoma lung metas-
tasis and enhancement of other therapeutic agents in target 
cells [88], siRNA delivery to reduce the expression of MRP1 
gene, which results in a significant reduction in the glioblas-
toma cell proliferation [89], and selective silencing of tumor 
necrosis factor receptor-1 in human lung microvascular en-
dothelial [90] are some of the recent valuable utilities of PSi 
as a siRNA delivery vehicle to the cells. 

2.7. Super Carbonate Apatite (sCA)-based Carriers 

 Super carbonate apatite is the smallest class of nanocarri-
ers consisting of inorganic ions that accumulate particularly 
in tumors. These nanoparticles are highly stable at pH 7.4 
but easily degradable at acidic pH that exists in the endoso-
mal compartments of cancer cells. CA shows nearly 10–100-
fold more transfection efficiency of DNA in vitro compared 
to Lipofectamine 2000 (Lp) or calcium phosphate precipita-
tion in mammalian cells [91]. Li et al. [92] developed sCA 
nanoparticles, which were able to co-deliver two kinds of 
siRNA targeting two genes of ATP-binding cassette (ABC) 
transporter (ABCG2 and ABCB1) in human breast cancer 
cells to overcome multidrug resistance of cancer. In addition, 
according to studies, sCA-survivin-siRNA can induce apop-
tosis in tumor cells and also inhibit tumor growth, thus it 
could be useful as an innovative delivery system for siRNA 
in the treatment of solid tumors [91]. 

Table 2. Investigations that have used the magnetofection technique for siRNA delivery. 

Research Refs. 

siRNA delivery to primary endothelial cells [93] 

siRNA delivery to myofibroblasts [94] 

siRNA transfection in primary culture of rat embryonic DRG (E14) [95] 

β-Catenin siRNA transfection in a rat fibroblast cell line (3Y1) [96] 

Induced gene knockdown by siRNA in the endothelial cell line HMEC-1 (allowed researchers to figure out the implication of a Rho kinase 
(ROCK-II isoform) in the formation of microparticles in response to thrombin stimulation) 

[97] 

siRNA transfection in suspension cells such as MOLT-4 and Jurkat Human T cell leukemia [which permitted to show the implication of 
RCAS1 (a receptor-binding cancer antigen) in T cell apoptosis induced by HIV infection] 

[98] 

Cell signaling pathway modifications [99, 100] 

Ultrasound-enhanced siRNA delivery for apoptosis induction [101] 

siRNA delivery into the cytoplasm of breast cancer cells (MCF-7) and apoptosis induction [102] 

Direct delivery of functional siRNA into the cytoplasm of human osteosarcoma cancer cells [103] 

Triggering cell death by silencing of some deleterious genes in specific cancers [104] 
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CONCLUSION 

 Nanoparticles are extensively studied structures for 
siRNA delivery systems which potentially may be used in 
future medicine, particularly for untreatable or poorly treated 
diseases. As we learn more about these systems in vitro and 
in vivo, we can better use the tremendous opportunities pro-
vided by siRNA-based therapeutics. In this context, some 
clinical trials have achieved promising results. However, 
there are challenges ahead of this fast-growing field that we 
must overcome, including toxicity, instability in circulation, 
unsuccessful targeting, undesirable immune responses, and 
difficulties in the delivery efficiency. The results of ongoing 
clinical trials will play an important role in determining 
whether siRNA-based drugs can be considered as a new 
class of drugs. 

CONSENT FOR PUBLICATION 

Not applicable. 

CONFLICT OF INTEREST 

 The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

Declared none. 

REFERENCES 
[1] Carthew RW, Sontheimer EJ. Origins and mechanisms of miRNAs 

[2] 
and siRNAs. Cell. 2009; 136(4): 642-655. 
Yuan X, Naguib S, Wu Z. Recent advances of siRNA delivery by 
nanoparticles. Expert Opinion on Drug Delivery. 2011; 8(4): 
521-36.

[3] de Fougerolles A, Vornlocher H-P, Maraganore J, Lieberman J. 
Interfering with disease: a progress report on siRNA-based thera-
peutics. Nature Reviews Drug Discovery. 2007; 6(6): 443-453. 

[4] Oh Y-K, Park TG. siRNA delivery systems for cancer treatment. 
Advanced Drug Delivery Reviews. 2009; 61(10): 850-862. 

[5] Tögel F, Zhang P, Hu Z, Westenfelder C. VEGF is a mediator of 
the renoprotective effects of multipotent marrow stromal cells in 
acute kidney injury. Journal of Cellular and Molecular Medicine. 
2009; 13(8b): 2109-2114. 

[6] Kaiser PK, Symons RA, Shah SM, et al. RNAi-based treatment for 
neovascular age-related macular degeneration by Sirna-027. 
American Journal of Ophthalmology. 2010; 150(1): 33-39. e32. 

[7] DeVincenzo J, Cehelsky JE, Alvarez R, et al. Evaluation of the 
safety, tolerability and pharmacokinetics of ALN-RSV01, a novel 
RNAi antiviral therapeutic directed against respiratory syncytial vi-
rus (RSV). Antiviral Research. 2008; 77(3): 225-231. 

[8] Layzer JM, McCaffrey AP, Tanner AK, Huang Z, Kay MA, Sul-
lenger BA. In vivo activity of nuclease-resistant siRNAs. Rna. 
2004; 10(5): 766-771. 

[9] Nguyen DN, Mahon KP, Chikh G, et al. Lipid-derived nanoparti-
cles for immunostimulatory RNA adjuvant delivery. Proceedings 
of the National Academy of Sciences. 2012; 109(14): E797-E803. 

[10] Lee J-M, Yoon T-J, Cho Y-S. Recent developments in nanoparti-
cle-based siRNA delivery for cancer therapy. BioMed Research In-
ternational. 2013; 2013. 

[11] Williford J-M, Wu J, Ren Y, Archang MM, Leong KW, Mao H-Q. 
Recent advances in nanoparticle-mediated siRNA delivery. Annual 
Review of Biomedical Engineering. 2014; 16: 347-370. 

[12] Schiffelers RM, Ansari A, Xu J, et al. Cancer siRNA therapy by 
tumor selective delivery with ligand-targeted sterically stabilized 
nanoparticle. Nucleic Acids Research. 2004; 32(19): e149-e149. 

[13] Wang Y, Gao S, Ye W-H, Yoon HS, Yang Y-Y. Co-delivery of 
drugs and DNA from cationic core–shell nanoparticles self-

assembled from a biodegradable copolymer. Nature Materials. 
2006; 5(10): 791-796. 

[14] Davis ME, Zuckerman JE, Choi CHJ, et al. Evidence of RNAi in 
humans from systemically administered siRNA via targeted 
nanoparticles. Nature. 2010; 464(7291): 1067-1070. 

[15] Lee H, Lytton-Jean AK, Chen Y, et al. Molecularly self-assembled 
nucleic acid nanoparticles for targeted in vivo siRNA delivery. Na-
ture Nanotechnology. 2012; 7(6): 389-393. 

[16] Lee JB, Zhang K, Tam YYC, et al. Lipid nanoparticle siRNA sys-
tems for silencing the androgen receptor in human prostate cancer 
in vivo. International Journal of Cancer. 2012; 131(5): E781-90. 

[17] Thi EP, Mire CE, Lee AC, et al. Lipid nanoparticle siRNA treat-
ment of Ebola-virus-Makona-infected nonhuman primates. Nature. 
2015; 521(7552): 362-365. 

[18] Young SWS, Stenzel M, Jia-Lin Y. Nanoparticle-siRNA: A poten-
tial cancer therapy? Critical Reviews in Oncology/Hematology. 
2016; 98: 159-169. 

[19] Kabanov A, Kabanov V. DNA complexes with polycations for the 
delivery of genetic material into cells. Bioconjugate Chemistry. 
1995; 6(1): 7-20. 

[20] Nimesh S, Chandra R. Polyethylenimine nanoparticles as an effi-
cient in vitro siRNA delivery system. European Journal of Phar-
maceutics and Biopharmaceutics. 2009; 73(1): 43-49. 

[21] Kurrikoff K, Gestin M, Langel Ü. Recent in vivo advances in cell-
penetrating peptide-assisted drug delivery. Expert Opinion on Drug 
Delivery. 2016; 13(3): 373-387. 

[22] Fischer D, Bieber T, Li Y, Elsässer H-P, Kissel T. A novel non-
viral vector for DNA delivery based on low molecular weight, 
branched polyethylenimine: effect of molecular weight on 
transfec-tion efficiency and cytotoxicity. Pharmaceutical 
R e s e a r c h .  1999; 16(8): 1273-1279. 

[23] Kunath K, von Harpe A, Fischer D, et al. Low-molecular-weight 
polyethylenimine as a non-viral vector for DNA delivery: compari-
son of physicochemical properties, transfection efficiency and in 
vivo distribution with high-molecular-weight polyethylenimine. 
Journal of Controlled Release. 2003; 89(1): 113-125. 

[24] Godbey W, Wu KK, Mikos AG. Size matters: molecular weight 
affects the efficiency of poly (ethyleneimine) as a gene delivery 
vehicle. Journal of Biomedical Materials Research. 1999; 45(3): 
268-275. 

[25] Nomoto T, Matsumoto Y, Miyata K, et al. In situ quantitative 
monitoring of polyplexes and polyplex micelles in the blood circu-
lation using intravital real-time confocal laser scanning micros-copy. 
Journal of Controlled Release. 2011; 151(2): 104-109. 

[26] Rodriguez M, Lapierre J, Ojha CR, et al. Intranasal drug delivery 
of small interfering RNA targeting Beclin1 encapsulated with poly-
ethylenimine (PEI) in mouse brain to achieve HIV attenuation. 
Sci-entific Reports. 2017; 7 (1): 1862. 

[27] Xie Y, Killinger B, Moszczynska A, Merkel OM. Targeted deliv-
ery of siRNA to transferrin receptor overexpressing tumor cells 

via peptide modified polyethylenimine. Molecules. 2016; 21(10): 
1334. 

[28] Danhier F, Ansorena E, Silva JM, Coco R, Le Breton A, Préat V. 
PLGA-based nanoparticles: an overview of biomedical applica-

tions. Journal of Controlled Release. 2012; 161(2): 505-522. 
[29] Nafee N, Taetz S, Schneider M, Schaefer UF, Lehr C-M. Chitosan-

coated PLGA nanoparticles for DNA/RNA delivery: effect of the 
formulation parameters on complexation and transfection of an-
tisense oligonucleotides. Nanomedicine: Nanotechnology, Biology 
and Medicine. 2007; 3(3): 173-183. 

[30] Pantazis P, Dimas K, Wyche JH, et al. Preparation of siRNA-
encapsulated PLGA nanoparticles for sustained release of siRNA 
and evaluation of encapsulation efficiency. Nanoparticles in Biol-
ogy and Medicine: Methods and Protocols. 2012: 311-319. 

[31] Tahara K, Yamamoto H, Hirashima N, Kawashima Y. Chitosan-
modified poly (D, L-lactide-co-glycolide) nanospheres for improv-
ing siRNA delivery and gene-silencing effects. European Journal 
of Pharmaceutics and Biopharmaceutics. 2010; 74(3): 421-426. 

[32] Tiwari SK, Agarwal S, Seth B, et al. Curcumin-loaded nanoparti-
cles potently induce adult neurogenesis and reverse cognitive defi-
cits in Alzheimer’s disease model via canonical Wnt/β-catenin 
pathway. ACS Nano. 2013; 8(1): 76-103. 

[33] Wang L, Griffel B, Xu X. Synthesis of PLGA–lipid hybrid 
nanoparticles for siRNA delivery using the emulsion method 



Nanovehicle-based Small Interfering RNA (siRNA) Delivery for Therapeutic Purposes Current Clinical Pharmacology, 2018, Vol. 13, No. 0    9 

PLGA-PEG–lipid nanoparticles for siRNA delivery. RNA Nanos-
tructures: Springer; 2017: 231-240. 

[34] Jayakumar R, Menon D, Manzoor K, Nair S, Tamura H. Biomedi-
cal applications of chitin and chitosan based nanomaterials—A 
short review. Carbohydrate Polymers. 2010; 82(2): 227-232. 

[35] Salamat-Miller N, Chittchang M, Johnston TP. The use of mucoad-
hesive polymers in buccal drug delivery. Advanced Drug Deli-
very Reviews. 2005; 57(11): 1666-91. 

[36] Howard KA, Rahbek UL, Liu X, et al. RNA interference in vitro 
and in vivo us ing  a  nove l  chi tosan /s iRNA nanopar t i c le  
sys tem.  Molecular Therapy. 2006; 14(4): 476-484. 

[37] Gao S, Dagnaes-Hansen F, Nielsen EJB, et al. The effect of chemi-
cal modification and nanoparticle formulation on stability and bio-
distribution of siRNA in mice. Molecular Therapy. 2009; 17(7): 
1225-1233. 

[38] Shali H, Shabani M, Pourgholi F, et al. Co-delivery of insulin-like 
growth factor 1 receptor specific siRNA and doxorubicin using chi-
tosan-based nanoparticles enhanced anticancer efficacy in A549 
lung cancer cell line. Artificial Cells, Nanomedicine, and Biotech-
nology. 2018; 46(2): 293-302. 

[39] Rassu G, Soddu E, Posadino AM, et al. Nose-to-brain delivery of 
BACE1 siRNA loaded in solid lipid nanoparticles for Alzheimer’s 
therapy. Colloids and Surfaces B: Biointerfaces. 2017; 152: 296-
301. 

[40] Xiao B, Ma P, Viennois E, Merlin D. Urocanic acid-modified chi-
tosan nanoparticles can confer anti-inflammatory effect by deliver-
ing CD98 siRNA to macrophages. Colloids and Surfaces B: Bio-
interfaces. 2016; 143: 186-193. 

[41] Moya-Ortega MD, Alvarez-Lorenzo C, Concheiro A, Loftsson T. 
Cyclodextrin-based nanogels for pharmaceutical and biomedical 
applications. International Journal of Pharmaceutics. 2012; 428(1): 
152-163. 

[42] Godinho BM, Ogier JR, Darcy R, O’Driscoll CM, Cryan JF. Self-
assembling modified β-cyclodextrin nanoparticles as neuronal 
siRNA delivery vectors: Focus on huntington’s disease. Molecular 
Pharmaceutics. 2013; 10(2): 640-649. 

[43] Zuckerman JE, Gale A, Wu P, Ma R, Davis ME. siRNA delivery to 
the glomerular mesangium using polycationic cyclodextrin 
nanoparticles containing siRNA. Nucleic Acid Therapeutics. 
2015; 25(2): 53-64. 

[44] Giljohann DA, Seferos DS, Daniel WL, Massich MD, Patel PC, 
Mirkin CA. Gold nanoparticles for biology and medicine. Ange-
wandte Chemie International Edition. 2010; 49(19): 3280-3294. 

[45] Han L, Zhao J, Zhang X, et al. Enhanced siRNA delivery and si-
lencing gold–chitosan nanosystem with surface charge-reversal 
polymer assembly and good biocompatibility. Acs Nano. 2012; 
6(8): 7340-7351. 

[46] Chithrani DB, Dunne M, Stewart J, Allen C, Jaffray DA. Cellular 
uptake and transport of gold nanoparticles incorporated in a 
liposomal carrier. Nanomedicine: Nanotechnology, Biology and 
Medicine. 2010; 6(1): 161-169. 

[47] Ding Y, Jiang Z, Saha K, et al. Gold nanoparticles for nucleic acid 
delivery. Molecular Therapy. 2014; 22(6): 1075-1083. 

[48] Ghosh PS, Kim C-K, Han G, Forbes NS, Rotello VM. Efficient 
gene delivery vectors by tuning the surface charge density of 
amino acid-functionalized gold nanoparticles. ACS Nano. 2008; 
2(11): 2213-2218. 

[49] Han G, You CC, Kim Bj, et al. Light regulated release of DNA 
and its delivery to nuclei by means of photolabile gold nanopar-
ticles. Angewandte Chemie. 2006; 118(19): 3237-3241. 

[50] Barnaby SN, Lee A, Mirkin CA. Probing the inherent stability of 
siRNA immobilized on nanoparticle constructs. Proceedings of the 
National Academy of Sciences. 2014; 111(27): 9739-9744. 

[51] Arvizo RR, Moyano DF, Saha S, et al. Probing novel roles of the 
mitochondrial uniporter in ovarian cancer cells using nanoparticles. 
Journal of Biological Chemistry. 2013; 288(24): 17610-17618. 

[52] Jiwaji M, Sandison ME, Reboud J, et al. Quantification of func-
tionalised gold nanoparticle-targeted knockdown of gene expres-
sion in HeLa cells. PloS One. 2014; 9(6): e99458. 

[53] Posch C, Latorre A, Crosby MB, et al. Detection of GNAQ muta-
tions and reduction of cell viability in uveal melanoma cells with 
functionalized gold nanoparticles. Biomedical Microdevices. 2015; 
17(1): 15. 

[54] Fang Y-P. Topical delivery of DNA oligonucleotide to induce p53 
generation in the skin via thymidine dinucleotide (pTT)-

encapsulated liposomal carrier. International Journal of Nanomedi-
cine. 2011; 6: 3373. 

[55] Tamaru M, Akita H, Nakatani T, et al. Application of apolipopro-
tein E-modified liposomal nanoparticles as a carrier for delivering 
DNA and nucleic acid in the brain. International Journal of 
Nanomedicine. 2014; 9: 4267-4276. 

[56] Akhtari J, Rezayat SM, Teymouri M, et al. Targeting, bio distribu-
tive and tumor growth inhibiting characterization of anti-HER2 af-
fibody coupling to liposomal doxorubicin using BALB/c mice 
bearing TUBO tumors. International Journal of Pharmaceutics. 
2016; 505(1): 89-95. 

[57] Teymouri M, Badiee A, Golmohammadzadeh S, et al. Tat peptide 
and hexadecylphosphocholine introduction into pegylated liposo-
mal doxorubicin: An in vitro and in vivo study on drug cellular de-
livery, release, biodistribution and antitumor activity. International 
Journal of Pharmaceutics. 2016; 511(1): 236-244. 

[58] Jaafari MR, Rezayat SM, Akhtari J. Targeted liposomal composi-
tion using anti-her-2 affibody molecules and applications thereof in 
cancer treatment: Google Patents; 2015. 

[59] Alavizadeh SH, Akhtari J, Badiee A, Golmohammadzadeh S, 
Jaafari MR. Improved therapeutic activity of HER2 Affibody-
targeted cisplatin liposomes in HER2-expressing breast tumor 
models. Expert Opinion on Drug Delivery. 2016; 13(3): 325-336. 

[60] Zimmermann TS, Lee AC, Akinc A, et al. RNAi-mediated gene 
silencing in non-human primates. Nature. 2006; 441(7089): 111-
114. 

[61] Wan C, Allen T, Cullis P. Lipid nanoparticle delivery systems for 
siRNA-based therapeutics. Drug Delivery and Translational 
Re-search. 2014; 4(1): 74-83. 

[62] Cullis PR, Hope MJ. Lipid nanoparticle systems for enabling gene 
therapies. Molecular Therapy. 2017; 25(7): 1467-75. 

[63] Ganesh S, Koser M, Cyr W, et al. Direct pharmacological inhibi-
tion of β-catenin by RNA interference in tumors of diverse origin. 
Molecular Cancer Therapeutics. 2016;15(9): 2143-54. 

[64] Akinc A, Zumbuehl A, Goldberg M, et al. A combinatorial library 
of lipid-like materials for delivery of RNAi therapeutics. Nature 
Biotechnology. 2008; 26(5): 561-569. 

[65] Henriksen-Lacey M, Christensen D, Bramwell VW, et al. Com-
parison of the depot effect and immunogenicity of liposomes based 
on dimethyldioctadecylammonium (DDA), 3β-[N-(N′, N′-
dimethylaminoethane) carbomyl] cholesterol (DC-Chol), and 1, 2-
dioleoyl-3-trimethylammonium propane (DOTAP): prolonged 
liposome retention mediates stronger Th1 responses. Molecular 
Pharmaceutics. 2010; 8(1): 153-161. 

[66] Saad M, Garbuzenko OB, Minko T. Co-delivery of siRNA and an 
anticancer drug for treatment of multidrug-resistant cancer. 
Nanomedicine. 2008; 3(6): 761-776. 

[67] Huang L, Liu Y. In vivo delivery of RNAi with lipid-based 
nanoparticles. Annual Review of Biomedical Engineering. 2011; 
13: 507-530. 

[68] Pichu S, Krishnamoorthy S, Zhang B, Jing Y, Shishkov A, Pon-
nappa BC. Dicer-substrate siRNA inhibits tumor necrosis factor al-
pha secretion in Kupffer cells in vitro: in vivo targeting of 
Kupffer cells by siRNA-liposomes. Pharmacological Research. 
2012; 65(1): 48-55. 

[69] Meng Q, Yin Q, Li Y. Nanocarriers for siRNA delivery to over-
come cancer multidrug resistance. Chinese Science Bulletin. 2013; 
58(33): 4021-4030. 

[70] Bailey AL, Cullis PR. Membrane fusion with cationic liposomes: 
effects of target membrane lipid composition. Biochemistry. 1997; 
36(7): 1628-1634. 

[71] Murphy BA, Tadin-Strapps M, Jensen K, et al. siRNA-mediated 
inhibition of SREBP cleavage-activating protein reduces dyslipi-
demia in spontaneously dysmetabolic rhesus monkeys. Metabolism. 
2017; 71: 202-212. 

[72] Tadin-Strapps M, Peterson LB, Cumiskey A-M, et al. siRNA-
induced liver ApoB knockdown lowers serum LDL-cholesterol in a 
mouse model with human-like serum lipids. Journal of Lipid Re-
search. 2011; 52(6): 1084-1097. 

[73] Schmidt PJ, Toudjarska I, Sendamarai AK, et al. An RNAi thera-
peutic targeting Tmprss6 decreases iron overload in Hfe−/− mice 
and ameliorates anemia and iron overload in murine β-thalassemia 
intermedia. Blood. 2013; 121(7): 1200-1208. 

[74] Pavan GM, Albertazzi L, Danani A. Ability to adapt: different 
generations of PAMAM dendrimers show different behaviors in 



10    Current Clinical Pharmacology, 2018, Vol. 13, No. 0 Akhtari et al. 

binding siRNA. The Journal of Physical Chemistry B. 2010; 
114(8): 2667-2675. 

[75] Minko T, Patil ML, Zhang M, et al. LHRH-targeted nanoparticles 
for cancer therapeutics. Cancer Nanotechnology: Methods and 
Protocols. 2010: 281-294. 

[76] Leiro V, Duque Santos S, Paula Pego A. Delivering siRNA with 
Dendrimers: In Vivo A p p l i c a t i o n s .  Current Gene Therapy.
2017; 17(2): 105-19. 

[77] Liu X, Peng L. Dendrimer nanovectors for SiRNA delivery. SiRNA 
Delivery Methods: Methods and Protocols. 2016: 127-142. 

[78] Maheshwari R, Tekade M, A Sharma P, Kumar Tekade R. Nano-
carriers assisted siRNA gene therapy for the management of car-
diovascular disorders. Current Pharmaceutical Design. 2015; 
21(30): 4427-4440. 

[79] Liu J, Gu C, Cabigas EB, et al. Functionalized dendrimer-based 
delivery of angiotensin type 1 receptor siRNA for preserving car-
diac function following infarction. Biomaterials. 2013; 34(14): 
3729-3736. 

[80] Khan OF, Zaia EW, Jhunjhunwala S, et al. Dendrimer-inspired 
nanomaterials for the in vivo delivery of siRNA to lung vascula-
ture. Nano Letters. 2015; 15(5): 3008-3016. 

[81] Brunner K, Harder J, Halbach T, et al. Cell penetrating and neuro-
targeting dendritic siRNA nanostructures. Angewandte Chemie In-
ternational Edition. 2015; 54(6): 1946-1949. 

[82] Tiram G, Scomparin A, Ofek P, Satchi-Fainaro R. Interfering can-
cer with polymeric siRNA nanomedicines. Journal of Biomedical 
Nanotechnology. 2014; 10(1): 50-66. 

[83] Singh J, Mohanty I, Rattan S. In vivo magnetof ection: a novel 
approach for targeted topical delivery of nucleic acids for rectoanal 
motility disorders. American Journal of Physiology-
Gastrointestinal and Liver Physiology. 2017; 314(1): G109-18. 

[84] Ensenauer R, Hartl D, Vockley J, Roscher A, Fuchs U. Efficient 
and gentle siRNA delivery by magnetofection. Biotechnic & Histo-
chemistry. 2011; 86(4): 226-231. 

[85] Meng H, Liong M, Xia T, et al. Engineered design of mesoporous 
silica nanoparticles to deliver doxorubicin and P-glycoprotein 
siRNA to overcome drug resistance in a cancer cell line. ACS 
Nano. 2010; 4(8): 4539-4550. 

[86] Chen AM, Zhang M, Wei D, et al. Co-­‐delivery of doxorubicin and 
Bcl-­‐2 siRNA by mesoporous silica nanoparticles enhances the effi-
cacy of chemotherapy in multidrug-­‐resistant cancer cells. Small. 
2009; 5(23): 2673-2677. 

[87] Kang J, Joo J, Kwon EJ, et al. Self sealing porous silicon calcium 
silicate core–shell nanoparticles for targeted siRNA delivery to 
the injured brain. Advanced Materials. 2016; 28(36): 7962-7969. 

[88] Mi Y, Mu C, Wolfram J, et al. A micro/nano composite for combi-
nation treatment of melanoma lung metastasis. 
Advanced Healthcare Materials. 2016; 5(8): 936-946. 

[89] Kafshgari MH, Alnakhli M, Delalat B, et al. Small interfering RNA 
delivery by polyethylenimine-functionalised porous silicon 
nanoparticles. Biomaterials Science. 2015; 3(12): 1555-1565. 

[90] Bai L, A Andersson H, I McConnell K, et al. Silencing of tumor 
necrosis factor receptor-1 in human lung microvascular endothelial 
cells using particle platforms for siRNA delivery. Current Drug 
Targets. 2015; 16(13): 1531-1539. 

[91] Wu X, Yamamoto H, Nakanishi H, et al. Innovative delivery of 
siRNA to solid tumors by super carbonate apatite. PloS One. 2015; 
10(3): e0116022. 

[92] Li YT, Chua MJ, Kunnath AP, Chowdhury EH. Reversing 
multidrug resistance in breast cancer cells by silencing ABC trans-
porter genes with nanoparticle-facilitated delivery of target siR-
NAs. International Journal of Nanomedicine. 2012; 7: 2473. 

[93] Deleuze V, Chalhoub E, El-Hajj R, et al. TAL-1/SCL and its part-
ners E47 and LMO2 up-regulate VE-cadherin expression in endo-
thelial cells. Molecular and Cellular Biology. 2007; 27: 2687-97. 

[94] McCaig C, Duval C, Hemers E, Steele I, Pritchard DM, Przemeck 
S, et al. The role of matrix metalloproteinase-7 in redefining the 
gastric microenvironment in response to Helicobacter pylori. Gas-
troenterology. 2006; 130: 1754-63. 

[95] Uchida Y, Ohshima T, Sasaki Y, Suzuki H, Yanai S, Yamashita N, 
et al. Semaphorin3A signalling is mediated via sequential Cdk5 
and GSK3β phosphorylation of CRMP2: implication of common 
phosphorylating mechanism underlying axon guidance and Alz-
heimer's disease. Genes to Cells. 2005; 10: 165-79. 

[96] Huang P, Senga T, Hamaguchi M. A novel role of phospho-β-
catenin in microtubule regrowth at centrosome. Oncogene. 2007; 
26: 4357-71. 

[97] Sapet C, Simoncini S, Loriod B, et al. Thrombin-induced endothe-
lial microparticle generation: identification of a novel pathway in-
volving ROCK-II activation by caspase-2. Blood. 2006; 108: 1868-
76. 

[98] Minami R, Yamamoto M, Takahama S, Miyamura T, Watanabe H, 
Suematsu E. RCAS1 induced by HIV-Tat is involved in the apop-
tosis of HIV-1 infected and uninfected CD4+ T cells. Cellular Im-
munology. 2006; 243: 41-7. 

[99] Simoncini S, Njock M-S, Robert S, et al. TRAIL/Apo2L mediates 
the release of procoagulant endothelial microparticles induced by 
thrombin in vitro. Circulation Research. 2009; 104: 943-51. 

[100] Yoo D, Lee J-H, Shin T-H, Cheon J. Theranostic magnetic 
nanoparticles. Accounts of Chemical Research. 2011; 44: 863-74. 

[101] Lee JY, Crake C, Teo B, et al. Ultrasound-enhanced siRNA deliv-
ery using magnetic nanoparticle loaded chitosan deoxycholic 
acid nanodroplets. Advanced Healthcare Materials. 2017; 6. 

[102] Arami S. Multifunctional superparamagnetic nanoparticles: from 
synthesis to siRNA delivery. Current Pharmaceutical Design. 
2016; 23(16): 2400-9. 

[103] Xiong L, Bi J, Tang Y, Qiao SZ. Magnetic core–shell silica 
nanoparticles with large radial mesopores for siRNA delivery. 
Small. 2016; 12: 4735-42. 

[104] Unsoy G, Gunduz U. Targeted silencing of Survivin in cancer cells 
by siRNA loaded chitosan magnetic nanoparticles. Expert Review 
of Anticancer Therapy. 2016; 16: 789-97. 




