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ABSTRACT 

The convergence of genome editing technologies with advanced drug delivery systems has opened new 

avenues for the treatment of genetic disorders. Among these technologies, CRISPR/Cas9 has emerged as a 

revolutionary tool due to its ability to induce precise, site-specific modifications in the genome. This system 

leverages a guide RNA to direct the Cas9 endonuclease to targeted DNA sequences, enabling gene 

disruption, correction, or insertion with unprecedented accuracy. While its potential for treating monogenic 

and complex genetic diseases is immense, a major bottleneck remains the safe and efficient delivery of 

CRISPR components to the desired cells or tissues in vivo. 

This review explores recent advancements in utilizing CRISPR/Cas9 not only as a genome editing tool but 

as an integral component of precision drug delivery strategies. We assess a variety of delivery platforms—

including viral vectors, lipid nanoparticles, gold nanoparticles, and exosome-based systems—that facilitate 

targeted and controlled administration of CRISPR machinery. The integration of these platforms with 

CRISPR technology is particularly promising for overcoming biological barriers, enhancing cellular 

uptake, and reducing off-target effects, all of which are critical for therapeutic translation. 

Furthermore, we highlight key preclinical and clinical studies demonstrating successful correction of 

genetic defects in diseases such as sickle cell anemia, Duchenne muscular dystrophy, and cystic fibrosis. 

Emphasis is placed on the strategies that optimize specificity, minimize immune responses, and improve 

tissue targeting. Challenges such as delivery efficiency, off-target mutations, immunogenicity, and ethical 

considerations are discussed in depth, along with emerging solutions like base editing and prime editing 

that aim to further refine this therapeutic modality. 

Overall, this paper underscores the transformative potential of CRISPR/Cas9-based precision drug delivery 

systems in the field of genomic medicine. As delivery technologies continue to evolve, and gene-editing 

tools become increasingly sophisticated, the path toward safe, effective, and personalized therapies for a 

wide range of genetic disorders becomes more attainable. 

 

1. Introduction 
Genetic disorders, resulting from inherited or spontaneous mutations, affect millions globally. Conventional 

pharmacological treatments often address symptoms rather than root causes. CRISPR/Cas9 (Clustered 

Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein 9) introduces a new paradigm 

by enabling correction of the genome itself. The precise, programmable nature of CRISPR allows for highly 

specific DNA editing, which can be further enhanced through integration with targeted drug delivery 

systems. 

 

Precision drug delivery aims to transport therapeutic agents directly to affected cells, increasing efficacy 

and minimizing side effects. By combining CRISPR’s genetic specificity with engineered delivery vehicles, 

researchers are paving the way for curative therapies in disorders such as Duchenne muscular dystrophy, 

cystic fibrosis, hemophilia, and certain inherited retinal diseases. 

 

2. Literature Review 
2.1 CRISPR/Cas9 Mechanism and Therapeutic Potential 

CRISPR/Cas9 utilizes a guide RNA (gRNA) to direct the Cas9 nuclease to a specific DNA sequence, 

where it induces a double-strand break. The cell repairs this break via non-homologous end joining 

(NHEJ) or homology-directed repair (HDR), allowing for gene disruption or precise correction (Doudna 

& Charpentier, 2014). 
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Applications have expanded from basic research to therapeutic interventions. Notable preclinical 

successes include correction of mutations in models of β-thalassemia, Huntington’s disease, and Leber 

congenital amaurosis (Yin et al., 2016; Gao et al., 2015). 

 

2.2 Delivery Systems for CRISPR Components 

Efficient delivery of Cas9 protein and gRNA is critical for therapeutic efficacy and safety. 

 Viral Vectors (AAV, Lentivirus): Adeno-associated viruses (AAVs) are widely used for in vivo 

delivery due to their low immunogenicity and high transduction efficiency (Swiech et al., 2015). 

However, limited packaging capacity and immunogenicity remain concerns. 

 Lipid Nanoparticles (LNPs): LNPs are emerging as non-viral alternatives for delivering Cas9 

mRNA and gRNA. They offer lower immunogenicity and are scalable for clinical applications 

(Liu et al., 2019). 

 Gold Nanoparticles and Cell-Penetrating Peptides: These have shown promise in enhancing 

cellular uptake and nuclear localization of CRISPR components (Mout et al., 2017). 

 Exosomes and Extracellular Vesicles: Engineered exosomes provide a natural, biocompatible 

system for delivering CRISPR tools, particularly in neural and cardiac tissues (Wang et al., 2021). 

 

2.3 Therapeutic Applications in Genetic Disorders 

CRISPR-based therapies have demonstrated efficacy in correcting: 

 Sickle Cell Disease (SCD): CRISPR has been used to reactivate fetal hemoglobin expression in 

hematopoietic stem cells, leading to clinical remission (Frangoul et al., 2021). 

 Duchenne Muscular Dystrophy (DMD): Exon-skipping strategies using CRISPR have shown 

restored dystrophin production in animal models (Nelson et al., 2016). 

 Cystic Fibrosis (CF): Correction of CFTR gene mutations via CRISPR in airway epithelial cells 

has restored chloride channel function (Schwank et al., 2013). 

 

3. Research Methodology 
A comprehensive literature review was conducted using PubMed, Scopus, and Web of Science databases 

from 2014 to 2024. Keywords included: CRISPR/Cas9, precision drug delivery, genetic disorders, AAV, 

lipid nanoparticles, gene therapy. Only peer-reviewed research articles, reviews, and preclinical/clinical 

studies were included. 

Selection criteria: 

 Relevance to delivery methods of CRISPR/Cas9 for genetic disease treatment. 

 Description of therapeutic outcomes and safety profiles. 

 Exclusion of studies unrelated to drug delivery applications. 

Data were analyzed for delivery efficiency, gene editing outcomes, off-target effects, and translational 

potential. Particular attention was given to ongoing or completed clinical trials. 

 

4. Discussion 
4.1 Advantages of CRISPR in Precision Drug Delivery 

The synergy between CRISPR and precision delivery enhances therapeutic accuracy. Targeted delivery 

reduces systemic exposure, thereby minimizing immune responses and off-target editing. The ability to 

modulate gene expression, knock in functional alleles, or knock out deleterious ones underlines 

CRISPR’s versatility. 

 

 

 

 

4.2 Challenges and Limitations 
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 Off-target Effects: Despite high specificity, unintended genome modifications can occur. 

Innovations in high-fidelity Cas9 variants (e.g., SpCas9-HF1, eCas9) aim to address this 

(Kleinstiver et al., 2016). 

 Delivery Barriers: Tissue-specific delivery remains challenging, especially across the blood-

brain barrier or to cardiac tissues. 

 Immunogenicity: Immune responses to Cas9 protein or viral vectors can limit therapeutic 

window and lead to adverse events. 

 Ethical and Regulatory Hurdles: Germline editing and long-term safety remain controversial 

and closely regulated. 

 

4.3 Clinical Progress and Future Directions 

Several clinical trials are underway. Notably, CRISPR Therapeutics and Vertex Pharmaceuticals have 

advanced ex vivo edited stem cell therapies for SCD and β-thalassemia (CTX001) into late-stage trials 

(Frangoul et al., 2021). 

The future may include: 

 CRISPR base editors and prime editing for higher precision. 

 Self-destruct Cas9 systems to limit exposure. 

 AI-driven delivery system design to predict biodistribution and optimize dosage. 

 

5. Conclusion 
CRISPR/Cas9 represents a revolutionary tool in the treatment of genetic disorders. Coupling it with 

precision drug delivery technologies enhances its clinical potential by ensuring targeted, efficient, and 

safe gene correction. Although challenges remain, ongoing research into delivery vehicles, improved 

editing fidelity, and ethical frameworks will determine the extent of its success. A collaborative, 

multidisciplinary approach involving genomics, materials science, and clinical medicine will be key to 

realizing its full potential in personalized medicine. 
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