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ABSTRACT

Nanotechnology has emerged as a revolutionary approach in gene therapy, significantly enhancing the delivery of nucleic 
acids. Traditional methods often face challenges related to stability, specificity, and cellular uptake. Nanocarriers, designed to 
transport genetic material, can improve bioavailability and targeting, thereby increasing therapeutic efficacy. This article reviews 
the latest advancements in nanotechnology for nucleic acid delivery, including the types of nanocarriers, their mechanisms of 
action, and their applications in gene therapy. Future directions and potential challenges in this rapidly evolving field are also 
discussed.
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Editorial

INTRODUCTION

Gene therapy has the potential to transform the treatment of 
genetic disorders, cancers, and various diseases by directly targeting 
the underlying genetic causes. However, effective delivery of 
nucleic acids—such as DNA, RNA, and CRISPR components—
remains a significant challenge. Conventional delivery methods, 
including viral vectors, often face issues like immunogenicity, 
limited packaging capacity, and off-target effects. In contrast, 
nanotechnology offers innovative solutions to improve the delivery 
and stability of nucleic acids [1]. This article explores the role of 
nanotechnology in gene therapy, focusing on novel approaches for 
nucleic acid delivery.

TYPES OF NANOCARRIERS FOR NUCLEIC 
ACID DELIVERY

Nanocarriers can be classified into several categories based on their 
composition and mechanism of action. Key types include:

Lipid-Based Nanoparticles

Lipid-based nanoparticles, such as liposomes and solid lipid 
nanoparticles (SLNs), are widely used for nucleic acid delivery 
due to their biocompatibility and ability to encapsulate both 
hydrophilic and hydrophobic agents. Cationic liposomes facilitate 
the complexation of negatively charged nucleic acids, enhancing 
cellular uptake through endocytosis [2]. Recent developments 

in lipid nanoparticles (LNPs) have shown promise in mRNA 
delivery, exemplified by the success of mRNA vaccines during the 
COVID-19 pandemic.

Polymer-Based Nanoparticles

Polymeric nanoparticles offer versatility in design and functionality. 
Biodegradable polymers, such as poly(lactic-co-glycolic acid) (PLGA) 
and polyethylene glycol (PEG), can encapsulate nucleic acids and 
provide controlled release. Polymeric carriers can be engineered to 
respond to specific stimuli, such as pH or temperature, to release 
their payloads selectively [3]. For example, chitosan nanoparticles 
have been used for delivering siRNA in cancer therapy, 
demonstrating enhanced therapeutic efficacy.

Inorganic Nanoparticles

Inorganic nanoparticles, including gold, silica, and iron oxide 
nanoparticles, possess unique physical and chemical properties 
that can be exploited for nucleic acid delivery. Gold nanoparticles 
(GNPs) can form stable complexes with nucleic acids, protecting 
them from degradation and enhancing cellular uptake [4]. GNPs 
also enable simultaneous imaging and therapy due to their optical 
properties, making them suitable for theranostic applications in 
gene therapy.

Dendrimers

Dendrimers are branched macromolecules that can be precisely 
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engineered for drug delivery. Their multivalency allows for 
high loading capacity of nucleic acids, while their surface can 
be functionalized with targeting ligands or protective moieties. 
Dendrimers have shown potential in delivering siRNA and DNA 
for gene therapy applications, enhancing cellular uptake and 
reducing toxicity [5].

Mechanisms of Action

Endocytosis and Cellular Uptake

The success of nucleic acid delivery relies heavily on efficient cellular 
uptake. Nanocarriers facilitate the endocytosis of nucleic acids into 
target cells. Following endocytosis, the nanocarriers must escape 
the endosome to release their payload into the cytoplasm. Strategies 
such as pH-sensitive materials or membrane-disruptive agents can 
enhance endosomal escape, improving delivery efficiency.

Protection from Nucleases

Nucleic acids are susceptible to degradation by nucleases present 
in biological fluids. Nanocarriers provide a protective environment 
that shields nucleic acids from enzymatic degradation, thereby 
improving stability and bioavailability [6]. This protection is crucial 
for maintaining the therapeutic efficacy of the delivered nucleic 
acids.

Targeting and Specificity

Functionalization of nanocarriers with ligands that target specific 
receptors on the surface of cells can enhance the specificity of 
nucleic acid delivery [7]. Targeting moieties, such as antibodies, 
peptides, or aptamers, can direct the nanocarriers to diseased cells, 
minimizing off-target effects and enhancing therapeutic outcomes.

Applications in Gene Therapy

RNA Interference (RNAi)

RNA interference is a powerful mechanism for silencing gene 
expression, and nanocarriers play a crucial role in delivering 
small interfering RNA (siRNA) to target cells. Nanoparticle-based 
delivery systems have shown promise in targeting oncogenes in 
cancer therapy. For example, polymeric nanoparticles loaded with 
siRNA targeting the KRAS gene have demonstrated effective tumor 
regression in preclinical models.

CRISPR/Cas9 Delivery

CRISPR/Cas9 technology enables precise genome editing, offering 
potential cures for genetic disorders. However, efficient delivery 
of CRISPR components is a major hurdle. Nanocarriers, such 
as lipid nanoparticles, have been developed to deliver CRISPR/
Cas9 complexes to target cells, facilitating gene editing with high 
efficiency and reduced off-target effects [8]. Recent studies have 
highlighted the potential of using LNPs for in vivo delivery of 
CRISPR/Cas9 for therapeutic applications.

Gene Vaccines

Gene vaccines, which deliver nucleic acids encoding antigens to 
stimulate an immune response, are an area of active research. 
Nanocarriers can enhance the stability and uptake of these 
vaccines, improving their efficacy. For instance, mRNA vaccines for 
infectious diseases, such as COVID-19, utilize lipid nanoparticles 
for effective delivery, leading to robust immune responses [9].

Treatment of Genetic Disorders

Nanotechnology holds promise for treating genetic disorders by 
delivering therapeutic nucleic acids to correct genetic defects. 
For example, nanoparticles have been explored for delivering 
therapeutic genes or antisense oligonucleotides to treat conditions 
such as muscular dystrophy and cystic fibrosis. The ability to achieve 
targeted delivery enhances the potential for successful treatment 
outcomes.

FUTURE DIRECTIONS AND CHALLENGES

Enhanced Targeting Strategies

Future research should focus on developing more sophisticated 
targeting strategies to enhance the specificity of nucleic acid 
delivery. Combining passive and active targeting approaches, 
such as using tissue-specific ligands alongside EPR effects, could 
significantly improve therapeutic efficacy.

Long-Term Stability and Biocompatibility

Ensuring the long-term stability and biocompatibility of 
nanocarriers is essential for their successful clinical application. 
Future studies should evaluate the long-term biodistribution and 
potential toxicity of nanocarriers to establish safety profiles for 
human use [10].

Regulatory Considerations

As nanotechnology advances in gene therapy, regulatory 
frameworks must evolve to address the unique challenges posed 
by nanocarriers. Developing clear guidelines for the evaluation 
of safety, efficacy, and manufacturing quality will be critical for 
the successful translation of nanotechnology-based therapies into 
clinical practice.

Integration with Personalized Medicine

The future of gene therapy may lie in integrating nanotechnology 
with personalized medicine approaches. By tailoring nanocarriers 
to individual genetic profiles and disease characteristics, researchers 
can develop more effective and safer therapies for diverse patient 
populations.

CONCLUSION

Nanotechnology has transformed the landscape of gene therapy, 
offering novel approaches for the delivery of nucleic acids. The 
development of various nanocarriers has enhanced the stability, 
specificity, and efficacy of nucleic acid delivery systems. As 
research continues to advance, the potential for these technologies 
to revolutionize the treatment of genetic disorders, cancers, 
and infectious diseases becomes increasingly apparent. By 
addressing current challenges and exploring innovative solutions, 
nanotechnology holds the promise of unlocking new possibilities 
in gene therapy.
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