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The advent of RNA interference techniques has opened up promising new avenues of research for the 
development of new respiratory disease therapies. Harnessing small interfering RNA (siRNA)’s ability to 
selectively and reversibly silence expression of mammalian genes tantalizes with its potential for use in 
conditions ranging from lung cancer to viral infections. However, effective delivery of siRNA to its 
intracellular target remains key to developing medical applications for this class of gene therapy agents. A 
promising strategy for transfecting lung tissues lies in the inhalation of nanoparticles composed of siRNA 
and chitosan – a cationic, biodegradable and biocompatible polymer. This review will focus on recent 
research advances in the design of inhalable chitosan based nanoparticle vectors for the delivery of siRNA 
to lung tissues. This fulfills a gap in the literature because while other review articles have focused broadly 
on siRNA delivery to the lungs (1), none have focused extensively on chitosan. 
 
 

Introduction 

I. The RNAi Mechanism and Therapeutic 
Potential 

In recent years, small interfering RNA based 
gene therapy has emerged as a promising avenue of 
therapeutic research. Introducing double-stranded 
short interfering RNA (siRNA) into human cells 
has developed into a common strategy for 
experimentally controlling gene expression; it 
works through the activation of the RNA 
interference (RNAi) mechanism, a highly 
conserved cellular process which silences specific 
genes by cleaving their cytoplasmic mRNA 
products, dramatically lowering expression (2). The 
typical pathway for RNAi activation begins when a 
piece of double stranded RNA, either long or 
organized in a short hairpin-like configuration, is 
cleaved by an RNAse from an enzyme family 
called Dicer into 21-26 base pair siRNAs (3). The 
siRNA is then incorporated into a multi-protein 
complex called RNA Induced Silencing Complex 
(RISC) – becoming single stranded in the process – 
and the complex then proceeds to bind selectively 
to mRNA with sequences exactly homologous to 
those of the siRNA (4). These are then cleaved by 
an RNAse component of RISC called Argonaute 
and following cleavage, the mRNA is rapidly 
degraded (Figure 1) (4,9). 

Although the longer RNA fragments mentioned 
that require initial processing by Dicer have been 
used as therapeutic agents in some experiments, 
RNA fragments over 30bp in length are more likely 
to induce an interferon mediated immunologic 
response, so therapies involving the administration 
of siRNA directly are more common.  In fact, since  

 
Figure 1. RNAi pathway. 

Elbashir et al. (5) published evidence in 2001 that 
synthetic siRNA could be used to activate RNAi in 
mammals, interest in developing biomedical 
applications has been intense. Some siRNA based 
therapeutic agents have now demonstrated 
promising results in clinical trials. One of the more 
prominent recent examples is a subcutaneously 
administered siRNA product targeting transthyretin 
for the treatment of transthyretin-mediated 
amyloidosis, a group of diseases caused 



10 UBC PSSJ Volume 1 | Issue 1 | January 28, 2013 

                    

 
Figure 2. Chitin (left) and chitosan (right)

by transthyretin misfolding and aggregation into 
insoluble amyloid fibrils. Its developer, Alnylam 
Pharmaceuticals, has reported that phase II clinical 
trials have shown statistically significant gene 
silencing in 80% of treated patients and that it has 
been generally well tolerated (6).  

While siRNA has great promise for selectively 
targeting and altering gene expression in cells, there 
are many challenges with applying this technology. 
Most prominently, because unprotected siRNA is 
unstable and vulnerable to degradation by RNAses 
(8), the difficulties posed by the instability of RNA 
and in delivering sufficient quantities of the product 
to its cytoplasmic target have vexed researchers in 
this field. There have been over twenty potential 
therapies that have gone to trial, but most have been 
unsuccessful because of this (7). Furthermore, the 
size and charge of siRNA means that it will not 
diffuse through lipid membranes readily to reach its 
intracellular target (9). As such, research has been 
performed on a wide variety of delivery strategies, 
from chemical modification of the siRNA, to 
harnessing natural carriers like viruses and bacteria, 
to the use of non-viral carriers (8). Non-viral carriers 
such as chitosan have the advantage of being cheap 
and easy to produce, as well as avoiding some of the 
toxicity issues associated with using viral gene 
therapy such as immune response and random 
genetic defects caused by insertional mutagenesis, 
which may result in cancer (9,10). Chitosan is the 
most viable of the current polymers in development 
right now for respiratory use, because of its low 
toxicity (10). The toxicity of chitosan, while low, 
still tends to increase with the charge density of 
particles and with the molecular weight of the 
polymers used (11). However, siRNA molecules 
themselves also have a unique toxicity profile for 
each cell type, arising from sequence-specific, off-
target effects (12). They also have less specific 
toxicities arising from saturation of the protein 
complexes with which they interact, and immune 
stimulation (12). 

II. Chitosan as a siRNA Carrier 

Chitosan is a linear polysaccharide derived from 
chitin, a common structural molecule found in the 
cell walls of fungi and the exoskeletons of 
arthropods and insects. Chitin is a linear chain of 

β(1,4)-linked N-acetyl-D-glucosamine, and when 
treated with sodium hydroxide monomers within the 
polymer are randomly deacetylated and converted to 
D-glucosamine.  This forms chitosan, which is 
defined as having a mix of acetylated and 
deacetylated β(1,4) linked glucosamine monomers 
(Figure 2). At slightly acidic pH, deacetylated 
nitrogens in the chitosan become positively charged 
and can interact with the negatively charged 
phosphate groups of nucleic acids electrostatically to 
form nanoparticles (8). This has been shown to 
protect the siRNA from nucleases, and when the 
particles have a net positive charge it also helps the 
siRNA interact with negatively charged cell surfaces 
(8, 14). Particles must lie within a size range of 50 to 
300nm in order to efficiently transform cells, as this 
size range is energetically favoured for endocytosis. 
Transformation follows a path of particle entry into 
the cell through endocytosis; release of the particle 
through endosomolysis is due to a proton sponge 
effect coupled with cationic swelling which occurs 
as the endosome acidifies, and then disassembly of 
the complex in the cytoplasm frees the siRNA to 
interact with its target (8,14). 

Chitosan has the advantage of being 
biocompatible, biodegradable and cheap to produce, 
but the susceptibility of unmodified complexes to 
aggregation with blood serum proteins complicates 
systemic administration (8,14). Intrapulmonary 
administration, however, both takes advantage of 
chitosan’s mucoadhesive and enhanced permeation 
properties compared to siRNA alone and bypasses 
these systemic challenges, representing a promising 
avenue of research with the potential to create 
accessible, non-invasive therapies. Howard et al. at 
the Interdisciplinary Nanoscience Center at the 
University of Aarhus developed a system for 
pulmonary administration of chitosan/siRNA 
nanoparticles through intranasal administration to 
transgenic mice, demonstrating knockdown of 
endogenously produced Green Florescent Protein 
over the course of five days (15). This review will 
focus on advances in the design of inhalable 
chitosan-based siRNA vectors since this paper 
published in 2006. 

Methods 
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Pubmed, Embase, and Medline were searched for 
the terms “inhalable” “chitosan” and “siRNA” which 
yielded two results in total. It was also searched for 
the terms “pulmonary”, “chitosan”, and “siRNA” 
which yielded twenty one results in total. Primary 
research articles pertaining to the topic of research 
advances in the formulation of chitosan based RNAi 
vectors of pulmonary administration were selected. 
Six papers, comprising several experiments apiece, 
matched the criteria of describing new techniques 
meant to advance on the foundational method 
described by the researchers from the University of 
Aarhus (15). 

Discussion 

I. Chitosan Modifications  

One strategy for improving the performance of 
chitosan-based systems has been to modify the 
chitosan itself. Luo et al (2012) performed an 
experiment comparing the in vivo silencing of green 
florescent protein in lung epithelial cells of 
transgenic mice constitutively expressing GFP by 
chitosan/GFP siRNA and guanidylated chitosan/GFP 
siRNA, at weight ratios of 20 and 40 between the 
polymers and the nucleic acid, delivered as an 
aerosol by a nebulizer (16). The result was much 
stronger silencing by guanidylated chitosan (GCS) 
particles as measured by confocal microscopy and 
Western Blot analysis (16). Many of the same 
researchers demonstrated in 2011 that GCS forms 
more stable complexation with DNA vs. unmodified 
chitosan (CS) and that it had eight-fold higher peak 
transfection efficiency (17). Moreover, MTT toxicity 
analysis showed it to be less cytotoxic than chitosan 
at the same concentrations (17). The authors 
speculated that this was due to its greater solubility 
at neutral pH, since chitosan required acetic acid to 
solubilize, perhaps accounting for the difference in 
cytotoxicity. Luo et al also demonstrated in vitro 
with fluorescently labeled siRNA that a markedly 
higher concentration of siRNA was present in the 
cytosol of cells transfected with GCS particles vs. 
CS particles, supporting that the in vivo silencing 
observed in the mouse lung tissue was a product of 
more efficient siRNA delivery and was not a side 
effect of GCS administration (16). The mechanism 
by which guanidylation improves transfection 
efficiency is speculated to have to do with its ability 
to hydrogen bond with the cell surface, and through 
its association with the cell penetrating peptide 
mechanism, a phenomenon by which the presence of 
such groups facilitates the entry of cargo molecules 
through the cell surface due to a poorly understood 
and as yet unelaborated cellular process (17). 

Jiang et al (2009) studied aerosol-delivered 
particles composed of siRNA and chitosan modified 
with polyethylenimine (PEI). PEI has been well-
studied as an RNAi vector due to the very high 
transfection efficiencies it has shown in experiments, 

attributable to the dense, highly charged particles it 
produces in association with siRNA (9, 18). Its use, 
however, has been limited because of significant 
toxicity issues (9, 18). Jiang et al showed that 
chitosan conjugated with PEI had higher transfection 
efficiencies than a PEI control particle alone in small 
cell lung cancer in vitro (18). They also 
demonstrated considerably lower toxicity in CS-PEI 
vs PEI alone. Unfortunately, the study did not 
compare transfection efficiency of CS-PEI vs. CS 
particle control, nor did it compare the toxicity of the 
two, and this could be an avenue of future research. 
The study did, however, confirm the CS-PEI as an 
efficient polymer for aerosol administration to lung 
tissue (18).  

N,N,N-trimethylated chitosan (TMC) has 
emerged in non-lung studies as an interesting 
chitosan modification because it displays greater 
solubility and particle stability at neutral pH 
compared to chitosan, and can reversibly open tight 
junctions (19). However, it hasn’t always shown 
significantly greater transfection efficiencies 
compared to unmodified chitosan at neutral pH, 
despite the higher stability, and transfection 
efficiencies are sometimes shown to be similar (20). 
Varkouhi et al. 2010 showed that thiolation of TMC 
particles resulted in much higher silencing compared 
to unthiolated TMC particles in in vitro experiments 
on a human lung cancer line, achieving 60-80% 
silencing activity vs. 40% for unmodified TMC (21). 
Moreover, they also showed that thiolated TMC 
maintained its silencing efficiency in the presence of 
hyaluronic acid while TMC did not, indicating that 
thiolation could be an important advance in helping 
this technology better stabilize in the presence of 
competing macromolecules (21). The authors 
propose that the particles are more stable 
extracellularly because of the disulfide bonds that 
arise between the thiolated molecules, but that this 
doesn't especially reduce intracellular release 
because the bonds are broken in the cytosol by the 
relatively high number of reducing agents present 
there (21). 

II. Targeting Ligands 

Both Luo et al. and Jiang et al. also experimented 
with the addition of targeting ligands to their 
particles. Luo et al chemically coupled salbutamol, a 
chemical that bind β2 adrenergic receptors, to GCS 
and found higher silencing and transfection 
efficiencies for salbutamol GCS (SGCS) compared 
to GCS in vitro and in vivo (16).They also compared 
in vitro the transfection efficiencies of GCS vs. 
SGCS on cell lines expressing β2 adrenergic 
receptors and those that do not express them, finding 
higher silencing efficiency of SGCS vs. GCS for cell 
lines expressing β2 adrenergic receptors and no 
significant increase in efficiency in cell lines that do 
not express them (16). This demonstrates that 
addition of this targeting ligand can direct vectors to 
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a specific cell line and make transfection of it more 
efficient. The authors speculated that in addition to 
concentrating more particles at the cell surface for 
uptake by non-specific endocytosis, binding of the 
salbutamol receptor could also have initiated 
receptor mediated endocytosis, as this receptor is a 
G-protein coupled receptor known to have a 
relationship to this endocytic pathway (16). 

Jiang et al., in looking to target their particles to 
cancer cells, conjugated their CS-PEI copolymer 
with folate, as the cells they were targeting were rich 
in folate receptors (18). Addition of the molecule 
was associated with strong increases in silencing in 
vitro and in vivo, and strong increases in transfection 
efficiencies in vitro (18). This further supports the 
addition of targeting ligands for inhalable vectors. 

III. Lyophilisation 

Many experiments performed to date have 
created their siRNA-chitosan particles in aqueous 
solutions using the electrostatic attraction between 
chitosan and the siRNA. Unfortunately, these 
particles have a short shelf life, losing activity 
quickly through aggregation (22). Researchers from 
the laboratory at the University of Aarhus have 
recently attempted to address this problem by 
researching lyophilisation of the particles so as to 
increase the amount of time they remain stable (22). 
Particles were freeze dried into wells to which cells 
were later added for transfection (22). They used 
sucrose as a lyoprotectant at concentrations from 0 – 
10% and found that even at 10% concentrations, 
particle size remained constant, although at sucrose 
concentrations that were too low the particles formed 
large aggregates upon reconstitution, likely due to 
the lack of sufficient sucrose to inhibit the mobility 
of the particles and thus their interactions with each 
other (22). 

Silencing experiments using a human lung 
cancer cell line demonstrated that freeze dried 
particles retained their ability to silence genes in an 
siRNA concentration dependant manner (22). Over a 
period of two weeks, particles lyophilised in 10% 
sucrose solution decreased in transfection efficiency 
of cancer cells from 67% to 38%, and over 2 months 
to 32% (22). In cytotoxicity studies, no changes 
were found in particles protected by low sucrose 
concentrations, but in particles preserved with 10% 
sucrose, viability was reduced to 90%. A 
macrophage cell line, however, was shown to be 
more sensitive to toxicity secondary to transfection 
with all agents tested, with viability ranging from 
only 33% to 38% (22), perhaps indicating 
macrophages as an important lung cell type to study 
for toxicity in the future. While the results do not 
seem to indicate that lyophilisation is an ideal 
treatment for inhalable siRNA particles for clinical 
use at this time, it does show that lyophilised 
particles retain significant silencing two months after 
treatment and fairly low toxicities in one lung cell 

type, establishing lyophilisation as a possible area 
for future innovation that would allow these products 
to be more widely used clinically then would 
otherwise be possible with short shelf lives. 

IV. Pulmonary Delivery of siRNA 

Building on the research on rats conducted by 
Howard et al.(15), a recent paper by Sharma et al. 
examined the stability, physicochemical properties 
and cytotoxicity of chitosan-packaged siRNA 
nanoparticles following nebulisation, using a jet 
nebuliser (23). They concluded that free siRNA did 
not survive nebulisation, but that it was preserved 
intact when encapsulated within nanoparticles (23). 
They also studied the cytotoxicity over 24H of 
nanoparticles on cultured human lung cancer cells 
and found no cytotoxicity at 2.6micrograms/ml and 
cell viability of 85% at the highest concentration 
which was 83micrograms/ml, concluding that these 
concentrations did not significantly affect cell 
viability and were appropriate for in vivo 
applications (23). Importantly, they also confirmed 
the stability of these chitosan particles at pH6.5, the 
likely pH they would encounter in the lung (23). 
These results confirm that nebulisers can be used as 
a viable and efficient delivery system for eventual 
clinical applications. 

A paper describing the invention of 
chitosan/siRNA inhalable dry powder was also 
published this year by Tomoyuki Okuda et al (24). 
They produced a dry powder using the supercritical 
carbon dioxide technique, producing long needles 
that were not suitable to inhalation, but which could 
be made so through manual grinding to fragments 
10-20micrometres in length (24). Their findings 
were that the process had little effect on the 
physicochemical properties of the particles; that 
encapsulated siRNA remained stable in lung 
homogenate; that naked siRNA did not survive the 
process; and that the powder silenced gene 
expression in vivo in rats with genetically 
engineered lung tumors of colonic origin (24). 
Moreover, the study revealed the biodistribution of 
inhaled siRNA, showing that inhaled naked siRNA, 
while not particularly stable systemically, travels to 
the liver within 0.5h following inhalation and then to 
the small intestine within 6h (24). Retention of 
siRNA in the lung, however, is greatly increased 
when the siRNA is complexed with chitosan, 
whether that be in dry powder form or in aqueous 
solution and what's more, dry powder seemed to 
deliver a higher dose of particles to the lung surface 
in less time compared to solution (24). Finally, the 
dry powder was able to affect gene silencing in the 
tumor in vivo, whereas chitosan/siRNA in solution 
had little effect (24).  

Conclusion 

Small interfering RNA are a class of nucleic 
acids that can induce RNA interference, a natural 
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mechanism that can be used to selectively silence the 
expression of individual genes. Delivering these 
nucleic acids to cells involved in disease states has 
potential as a strategy for treating a broad spectrum 
of diseases which could be ameliorated by down-
regulation of specific genes. Chitosan is a siRNA 
delivery vector which holds much promise because 
of its biodegradability and biocompatibility, but 
because it interacts with blood proteins much of its 
promise lies in respiratory administration to lung 
tissues. This makes it a vector that may someday be 
used to treat diseases like lung cancer, respiratory 
syncytial virus, and asthma. Chitosan is the most 
viable of the current polymers in development right 
now for respiratory use, because of its low toxicity. 
Research has occurred on several strategies to 
improve the efficacy chitosan/siRNA for this 
purpose. Researchers have chemically modified 
chitosan in an attempt to create more stable particles 
or to increase transfection efficiencies. Transfection 
efficiencies have also been increased through the 
addition of targeting ligands, which also serve to 
increase specificity. Finally, there has also been 
physical chemistry research done on these particles 
in an attempt to develop convenient and cheap 
delivery mechanisms for the clinic. All of these 
research advances represent positive movement 
towards addressing the challenges this technology 
faces on the road towards clinical application.  
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