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Abstract

A number of emerging therapies require the safe and effective delivery of 
engineered genetic molecules to target cells within the body. These molecules include 
plasmids for gene-based vaccinations and upregulation of specific gene expressions 
in addition to RNAs for the downregulation of certain gene products. Nanoparticles 
constructed from the biopolymer chitosan are recognized as potentially ideal non-
viral vectors for intravenous transport and delivery of these molecules. The base 
nanoparticle design demonstrates a number of attractive advantages, such as high 
biocompatibility, low toxicity, and ease of production. Disadvantages include issues 
with specific cell targeting, transfection efficiency, and impaired dissociation of 
genetic materials from nanoparticle polymers. Ongoing research seeks to address 
these shortcomings and improve the general usability of chitosan nanoparticles. This 
review highlights and summarizes some of the most recent advancements in chitosan 
nanoparticle applications as well as innovations in nanoparticle design.

ABBREVIATIONS
NP: Nanoparticle; pDNA: Plasmid DNA; miRNA: microRNA; 

siRNA: Small interfering RNA; BMP-2: Bone Morphogenic 
Protein-2; TRBIV: Turbot Reddish Body Iridovirus; MP: 
Methylprednisolone; HSA: Human Serum Albumin; HBsAG: 
Hepatitis B surface Antigen; EGFR: Epidermal Growth Factor 
Receptor; MDR: Multi-Drug Resistance; MDR-1: MDR protein 1

INTRODUCTION
Chitosan is a cationic biopolymer derived through the 

acetylation of naturally-occurring chitin [1,2]. It is recognized 
as a potential component in various medical applications due 
to its multiple attractive properties, including biodegradability, 
biocompatibility, and a lack of toxicity and immunogenicity [2,3]. 
Critically, due to their natural positive charge, chitosan polymers 
easily complex with anionic molecules under mildly acidic 
conditions without the use of potentially harmful organic solvents 
[2,4]. This allows chitosan to form stable, nontoxic nanoparticles 
that incorporate genetic materials such as DNA plasmids (pDNA), 
microRNAs (miRNAs), and small interfering RNAs (siRNAs) [5-9]. 

Delivery of such genetic materials to target cells is a critical 
step for a number of medical applications, including siRNA 
silencing of genes critical to tumor growth, gene vaccines which 
supplant antigens with antigen-coding pDNAs, and pDNAs 
introduced to upregulate specific genes [2,8,10-14]. However, 
unprotected genetic materials are easily damaged in vivo [2, 12, 
13]. Chitosan encapsulation is an effective means of protecting 

plasmids and RNAs during intravenous transit to the target cells 
and tissues and ehancing their subsequent uptake. 

Chitosan-based gene carriers have attracted attention over 
the years and been examined extensively both in vitro and in vivo 
[15-17]. This review concerns itself with some of the most recent 
developments in nanoparticle application and design. 

Recent advances in nanoparticle design

Despite their attractive properties, chitosan nanoparticles 
do suffer from a number of drawbacks. Multiple studies show 
that various cell types and tissues are poorly transfected by 
unmodified chitosan nanoparticles. A number of factors influence 
this phenomenon, including weak attachment of nanoparticles 
to the cell surface, impaired uptake of nanoparticles, failure to 
escape lysosomal degradation, and impaired release of genetic 
payloads from the nanoparticles, among others [2,8,18-21]. Many 
potential solutions to these issues have been and continue to be 
proposed, with the overall goal of enhancing genetic payload 
delivery to the target cells and tissues. The following are some of 
the most recent advances in this area.

Nanoparticle modifications to improve targeting, 
transfection, and payload release 

Attachment of polyethylene glycol molecules to the surface 
of chitosan nanoparticles (PEGylation) is a popular strategy 
for extending NP circulatory half-lives after intravenous 
introduction. However, this modification may also prevent proper 
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uptake of the nanoparticles by tumor cells and risks prolonged 
overexposure of healthy cells. [8,22]. Surface modification of 
chitosan nanoparticles with specific ligands is a recognized 
method of increasing chitosan nanoparticle-to-cell targeting, 
binding, and transfection efficiency [16]. A recent study by 
Corbet et al., utilized RGDp as one such ligand in order to target 
tumor cells. RGDp preferentially binds to alpha-five-beta-three 
integrins, which are over expressed on several cancer cell types, 
including the endothelial cells which line tumor blood vessels [8, 
23]. These cells would be the primary targets of the nanoparticle.

The study also examined the efficacy of a multiple siRNA 
payload designed to simultaneously target multiple metabolic 
pathways in cancer cells. Tumor heterogeneity and metabolic 
plasticity allow tumors to survive therapies which block a 
particular metabolic pathway by switching to another. To that 
end, expression levels of the MCT1 lactate and ASCT2 glutamine 
transporter expressions were targeted for downregulation. 

Integrin-targeted and non-targeted nanoparticles delivered 
their siRNA payloads to small lung cancer cells with comparable 
efficiency in vitro. However, cells transfected by non-targeted 
nanoparticles showed poor downregulation of the target genes. 
The authors suggest that this is likely due to how the cells 
incorporate and process integrin-binding versus generalized 
endocytotic absorptions of non-targeted PEGylated nanoparticles.

In vivo results showed that SiHa tumor xenograft mice which 
received targeted nanoparticles with mixed siRNA payloads 
demonstrated a net decrease in tumor growth, whether the 
nanoparticles were administered through peritumoral injection 
or intravenous administration. This result was not seen in mice 
receiving non-targeted nanoparticles through either route. 
Ex vivo analysis confirmed that only targeted nanoparticles 
accumulated in tumor tissues and successfully suppressed target 
gene expression. The authors conclude that site-specific RDGp 
ligand binding and multiple pathway-targeting payloads are 
modifications of the base nanoparticle design which enhance the 
use of chitosan nanoparticles in treating multiple cancer types 
[8]. 

Gwak et al., report similar results for nanoparticles modified 
with the glucocorticoid methylprednisolone (MP) in order 
to target both glucocorticoid and nuclear receptors. In vivo 
administration of nanoparticles to a rat model of spinal cord 
injury demonstrated that the targeted NPs elicited improved gene 
expression compared to non-targeted NPs and naked plasmid. 
Notably, the highest levels of gene expression were seen three 
days post-injection. The authors suggest this is due to a delay in 
the disassociation of DNA from the chitosan polymers [24]. 

One method of enhancing payload release is to incorporate 
additional negatively-charged components into the nanoparticle 
to balance the overall charge and weaken the interactions 
between chitosan polymers and genetic material [2,25-27]. One 
such component is human serum albumin (HSA). A recent study 
by Lebre et al. analyzed the effects of incorporating HSA into a 
chitosan nanoparticle-based hepatitis B gene vaccine introduced 
through the nasal route. Notably, the group chose to adhere the 

plasmid to the nanoparticle surface rather than incorporating it 
into the structure as with the standard design methodology [2]. 

In vitro work in a human epithelial cell line indicated that 
nanoparticles with HSA surface modification significantly 
improved gene expression compared to unmodified control 
particles. In comparison, nanoparticles which incorporated HSA 
directly into their structure did not demonstrate significant 
improvement in expression. This appears to contradict the 
prediction that HSA incorporation would improve pDNA escape 
from nanoparticles. The group suggests that, as the pDNA is 
bound to the nanoparticle surface, the rate of release is not 
influenced by nanoparticle disintegration alone. It is suggested 
that HSA incorporation to destabilize the nanoparticle would 
not have as pronounced an effect under these circumstances. 
The group further proposes that the observed gene expression 
enhancement is due to surface HSA improving NP-cell adhesion 
but did not explore what effect surface-adhered HSA might have 
on surface-adhered pDNA release. Notably, for either nanoparticle 
type, plasmid release occurred within hours rather than days. 
The authors attributed this to the pDNA surface adherence. HSA 
modification appeared to have no effect on cellular uptake of 
nanoparticles [2].

In vivo work demonstrated that HSA modified nanoparticles 
carrying the hepatitis B surface antigen (HBsAg) gene, when 
introduced through the intranasal route of mice, successfully 
induced an antigen-specific immune response in multiple 
mucosal tissues. Naked HbsAg plasmid administered as a control 
did not elicit a similar effect. The immune response improved 
when hepatitis B surface antigen was co-administered with the 
nanoparticle treatment, indicating the potential of a combined 
treatment [2]. Notably, the study did not examine the efficacy of 
HSA-modified vs. unmodified nanoparticles in vivo. Despite the 
positive results indicated in vitro, the overall advantage of HSA as 
part of a chitosan-based gene vaccine has yet to be demonstrated.

Recent advances in chitosan nanoparticle application

A number of diseases exist for which current treatment 
options are problematic, insufficient, or essentially nonexistent. 
The attractive properties of chitosan as a gene carrier, with or 
without additional modifications, make it a subject of interest for 
groups seeking to develop novel, alternative solutions to address 
these needs. Many in vivo and in vitro studies seek to address the 
efficacy and efficiency of these proposed strategies. The following 
are highlights from some of the most recent advances in this area 
of study.

Prostate cancer

In terms of cancer-related death within the United States, 
prostate cancer is one of the leading killers among men. Metastasis 
of prostate cancer cells and their establishment within the boney 
tissues complicate treatment options. The primary issue is the 
development of resistance to traditional chemotherapeutic 
agents. [28-33]. One method of addressing this is through the 
use of tumor suppressive miRNAs. One potential advantage of 
this method is that a single miRNA species can target multiple 
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gene products within the tumor and, thus, multiple cellular 
pathways. This gives suppressive miRNAs a potential advantage 
over traditional chemotherapeutic agents which operate on a 
narrower range of targets [33]. Previous studies have identified 
miR-34a as a promising candidate miRNA for treating metastatic 
prostate cancer, due to its inhibition of prostate cancer growth in 
xenografts and its ability to target genes in both tumor cells and 
the bone. Within later-stage prostate cancers, miR-34 is found to 
be downregulated [33-37]. 

A recent study by Gaur et al. investigated whether chitosan 
nanoparticles carrying miR-34a could successfully inhibit the 
growth of bone-localized prostate cancer in a mouse model. 
Nanoparticles were generated with the standard ionic gelation 
technique, in which chitosan polymers are complexed with 
negatively charged tripolyphosphate and genetic material to be 
delivered. Nanoparticles incorporated either miR-34a or negative 
control miRNAs with a scrambled, non-interfering sequence. All 
nanoparticles were administered through tail injection. 

The study reports that the miR-34a-loaded nanoparticles 
successfully induced apoptosis and non-canonical autophagy 
of tumor cells and impeded tumor growth within the bone. 
The anti-tumor effects were more pronounced than those seen 
in a subcutaneous model and the authors suggest this is due to 
the ability of miR-34a to target a gene which affects the bone 
microenvironment. Despite the apparent success, the study did 
not investigate the delivery efficiency or biodistribution of the 
nanoparticles. The authors suggest nonetheless that nanoparticle-
based delivery of miR-34a may be an effective means of treating 
advanced prostate cancer [33].

Overcoming resistance to chemotherapeutic agents 
in tumors

Non-small cell lung cancer accounts for the majority of 
lung cancer cases and is often diagnosed only in the advanced 
stages. The standard first- line treatment regimen of platinum-
derived chemotherapeutic agents, such as cisplatin, can be 
rendered ineffective by the development of resistance in tumors. 
Increasing the dosage to overcome this issue typically results in 
a worsening of non-specific side effects, such as neurotoxicity. 
Recently, Nascimento et al., explored the effectiveness of a 
combined therapy which utilized siRNA carried by chitosan 
nanoparticles to sensitize cancer cells to cisplatin. The gene 
targeted for knockdown, Mad2, is a mitotic protein that is mostly 
active in cells undergoing active division, such as cancer cells. 
PEGylated nanoparticles were targeted to epidermal growth 
factor receptors (EGFR) that are over expressed on the human 
lung adenocarcinoma line A549.

The study examined the effects of this treatment on mice 
with subcutaneous xenografts of cisplatin-resistant or non-
resistant A549 cells. Treatment with targeted nanoparticles 
in conjunction with cisplatin showed the greatest inhibition 
of tumor growth inhibition in both the resistant and non-
resistant mice. Nanoparticle-only treatments, both targeted 
and untargeted, showed a significant but lessened inhibition of 
both tumor types while cisplatin-only treatment affected only 

non-resistant tumors. Notably, the combined treatment was 
effective with only a sub-therapeutic dosage of cisplatin. Though 
nanoparticle accumulation in the liver and kidney was a concern, 
histological, enzymatic, and blood serum analysis did not reveal 
any indication of toxic effects [38]. 

Yhee et al., explored the use of a similar scheme in overcoming 
P-glycoprotein-mediated multi-drug resistance (MDR), in which 
a multitude of tumor types efflux various chemotherapeutic 
agents from their cells in order to prevent effective accumulation. 
Modified but untargeted chitosan nanoparticles were loaded 
with a siRNA targeting the expression of MDR protein 1 (MDR-1), 
the membrane transporter primarily responsible for the efflux 
mechanism. Subcutaneous mouse xenografts were established 
with an Andriamycin-resistant human breast cancer cell line. 
The study found that a combined therapy of nanoparticles and 
low-dose Andriamycin significantly reduced tumor volume 
compared to the full-dose Andriamycin-only treatment 
and controls. Importantly, the authors did not observe any 
considerable negative symptoms in the mice receiving the low-
dose Andriamycin in the combined treatment, as opposed to 
mice receiving the full Andriamycin-only treatment. Western blot 
analysis showed that the siRNA effectively downregulated the 
expression of MDR-1, and the authors suggest it is this inhibition 
that subsequently sensitizes the cells and enables the enhanced 
effect of Andriamycin [39].

Periodontal disease and other alveolar bone defects

Periodontal disease results in the local degradation of 
alveolar bone, which leads to possible tooth loss and complicates 
the use of prosthetics [14,40]. Bone morphogenic protein-2 
(BMP-2), an effective inducer of bone formation, is approved by 
the FDA for use in select bone-augmentative therapies. However, 
it is currently of limited clinical use due to its rapid diffusion 
and degradation in vivo [14,41]. On-site upregulation of BMP-2 
expression is seen as a possible alternative to the introduction 
of naked BMP-2. In addition, thermosensitive hydrogels, which 
transition from liquid to solid phase at body temperature, are 
also designed to enhance the repair of dental defects [14,42-46]. 

A recent study by Li et al., examined a hybridized 
approach in which chitosan nanoparticles, loaded with BMP-
2 plasmid or unloaded, were incorporated into a chitosan-
based thermosensitive hydrogel. Both hydrogels successfully 
transitioned from liquid to gel in vivo. Nanoparticle-incorporating 
hydrogels demonstrated a reduced solidification time compared 
to hydrogels without nanoparticles. Rat calvarial defect models 
with cranial injuries showed improved bone formation when 
treated with nanoparticle-incorporating and non-incorporated 
hydrogels when compared untreated controls. Additionally, 
hydrogels incorporating plasmid-loaded nanoparticles showed 
the highest levels of new bone formation. Both gel types 
degraded well in vivo and were replaced by newly formed mature 
bone and connective tissue. Similar results were seen in a beagle 
periodontal disease model, including a corresponding increase 
in expression of ALP, an enzyme involved in bone mineralization 
and osteoblast differentiation [14]. 
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Orally-administered DNA vaccines against diseases in 
fish aquacultures

DNA vaccines are an attractive method of inducing humoral 
and cell-mediated immunity due to their ease of production and 
relative safety, among other advantages. In order to generate an 
immune response, DNA plasmids coding for specific antigens 
must be transfected into target cells localized to the nucleus in 
order to enable translation of the proteins. While viral vectors 
are the most effective means of transporting the plasmid to the 
target cells, some safety concerns remain. Chitosan nanoparticles 
represent a safer alternate vector [2,12,13].

The attraction of non-viral DNA vaccines is not limited to 
applications in human medicine. Successful aquaculture of 
turbots (Scophthalmus maximus) is in high demand as the fish are 
regarded as a delicacy. However, turbots are vulnerable to the 
highly lethal turbot reddish body iridovirus (TRBIV). Commercial 
breeding efforts require the development of an effective treatment 
[47,48]. Oral vaccination is considered an especially attractive 
method due to its ease of administration and preventative nature 
[48,49]. The use of nanoparticles is suggested as a means for 
overcoming a number of drawbacks to oral vaccination, such as 
payload degradation and lack of bioavailability [48,50,51]. To 
this end, a recent study evaluated the immunization efficacy of an 
orally administered chitosan nanoparticle incorporating pDNA 
coding for the major capsid protein of TRBIV. Previous work has 
demonstrated that the plasmid is effective in generating an anti-
TRBIV immune response and protective effect [48]. 

In vitro experiments showed successful transfection of the 
plasmid into TK cells. In vivo oral treatment of turbots resulted 
in a 68.1% survival rate at day 30 post-challenge, indicating 
successful protection against the virus when compared to 
controls. Detectable levels of anti-TRBIV antibodies were found 
at day 90 [48]. 

Likewise, Dubey et al., reported successful oral vaccination 
of the endangered fringed-lipped peninsula carp via a similar 
system. Carp immunized with nanoparticle-encapsulated 
plasmid coding for the recombinant outer membrane protein A 
(rOmpA) of Edwardsiella tarda demonstrated higher antigen-
specific antibody levels in the serum than did carp vaccinated 
with an inactivated whole-cell vaccine. Carp which received no 
treatment or only blank nanoparticles did not generate any such 
detectable antibody response. The study reported significant 
difference in survival rates between the DNA vaccine and 
inactivated whole-cell vaccinated groups. In addition, in vitro 
tests showed that serum from DNA vaccine-treated carp more 
effectively inhibited the growth of live E. tarda colonies than did 
serum from inactivated whole cell vaccinated carp. Dubey et al., 
suggest at least part of this enhanced performance is due to the 
recognized adjuvant effect of chitosan, which has been shown to 
enhance both humoral and cell-mediated immune responses. The 
authors further suggest that this method of treatment would be 
useful in current efforts to preserve the fringe-lipped peninsula 
carp via aquaculture [52,53]. 

CONCLUSION
In conclusion, the use of chitosan nanoparticles as carriers 

of genetic material appears to be a viable approach for multiple 
therapies and is attracting significant attention. Though issues 
remain with design and implementation, new applications and 
refinements of this technology are emerging on a continual basis. 
Chitosan nanoparticles show potential and will continue to be 
investigated.
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