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Abstract: There is growing need for a safe, efficient, specific and non-pathogenic means for delivery of
gene therapy materials. Nanomaterials for nucleic acid delivery offer an unprecedented opportunity to
overcome these drawbacks; owing to their tunability with diverse physico-chemical properties, they can
readily be functionalized with any type of biomolecules/moieties for selective targeting. Nucleic acid
therapeutics such as antisense DNA, mRNA, small interfering RNA (siRNA) or microRNA (miRNA) have
been widely explored to modulate DNA or RNA expression Strikingly. The CRISPR-Cas9 technology, one
of the groundbreaking genome editing methods for addressing genetic disorders, has emerged as a
powerful, precise, and efficient tool. However, its clinical translation remains hindered by challenges in
delivery efficiency and targeting specificity. This review provides a comprehensive analysis of the
structural features, advantages, and potential applications of various non-viral and stimuli responsive
systems, examining recent progress to emphasize the potential to address these limitations and advance
CRISPR-Cas9 therapeutics. We also summarize recent progress on stimuli-responsive nano formulations,
a type of nom-viral vector, to introduce precision and control in CRISPR-Cas9 delivery. The
CRISPR/Cas9 gene-editing system has emerged as a revolutionary tool for accuracy genome
modification, offering targeted disruption of antibiotic resistance genes, quorum sensing pathways, and
biofilm-regulating factors. However, the clinical application of CRISPR-based antibacterials faces
significant challenges, particularly in efficient delivery and stability within bacterial populations.
Nanoparticles (NPs) present an innovative solution, serving as effective carriers for CRISPR/Cas9
components while exhibiting intrinsic antibacterial properties. Nanoparticles can enhance CRISPR
delivery by improving cellular uptake, increasing target specificity, and ensuring controlled release
within biofilm environments. Recent advances have demonstrated that liposomal CRISPR-Cas9
formulations can reduce Pseudomonas aeruginosa biofilm biomass by over 90% in vitro, while gold nano
particle carriers enhance editing efficiency up to 3.5-fold compared to non-carrier systems.

Keywords: CRISPR-Cas9; gene therapy; guide RNA, Cas9 enzyme, genome engineering, DNA repair,
gene modification.

I. INTRODUCTION
Gene therapy uses nucleic acids as functional molecules to activate biological treatment for a wide range of dis eases,
such as cancer, cystic fibrosis, heart disease, diabetes, hemophilia and HIV/AIDS6. Nucleic acids have been attracting
increasing attention owing to the global effort in the human genome elucidation together with recent discoveries such as
RNA interference (RNAi) and CRISPR-based genome editing. Gene therapy uses genetic material to alter the
expression of a target gene or to modify the biological properties of living cells for therapeutic needs. In recent years,
multiple gene therapy products have been approved by the regulatory agencies for various applications.” Gene therapy
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can be divided into three main avenues, as detailed in Fig. 1. First is editing mutated genes using CRISPR—Cas
technology to cause gain or loss of function. Second, upregulating gene expression can be achieved through the
insertion of a functional gene copy to be expressed by using molecules such as DNA plasmid (pDNA), minicircle DNA
(mDNA), synthetic mRNA, circular RNA and self-amplifying RNA (sRNA). Last is downregulating gene expression
using molecules such as small interfering RNA (siRNA), antisense oligo nucleotides (ASOs), short hairpin RNA
(shRNA) and microRNA (miRNA). @
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Fig.1.Schematic pathways of three gene therapy avenues."

Gene delivery strategies are usually classified into viral and non-viral, maturing over the past few decades. Viruses can
be used to deliver a gene of interest by its insertion into the viral genome, followed by cell infection and gene
expression.(“) Viruses that have high DNA transfection efficiency, such as lentiviruses, retroviruses, adenoviruses,
parvoviruses and adeno-associated viruses, have long been used to treat diseases such as HIV, cancer and muscular
dystrophy. Despite the high cellular transfection efficiency of viral gene delivery systems, rapid clearance due to pre-
existing antibodies, generation of neutralizing antibodies against the vector, limited vector size capacity. ® Thus, efforts
have been made to design non-viral gene delivery systems, based on lipids, polymers, peptides and inorganic
compounds.Lipid-based structures usually consist of a core-shell arrangement and ligands can be conjugated to their sur
face for active targeting. Cationic lipids (such as N-[1 (2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride
(DOTMA)) are usually used to increase encapsulation efficiency when using liposomes for nucleic acid
delivery.Polymeric nanocarriers generally consist of polycations often containing ionizable amine groups. These groups
interact with negatively charged nucleic acids containing phosphate groups via attractive coulombic forces, thus
promoting self-assembly to form condensed nanosized structures termed polyplexes. Peptlde based formulations are
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another delivery platform introduced in recent years, consisting of 3 amino acids typically attributed as cell-penetrating
pep tides or homing peptides. Both can interact with nucleic acids in a covalent or non-covalent manner, thus
facilitating cell internalization. Inorganic compound-based nano-vectors provide unique multipurpose delivery
platforms.® This versatile group consists of noble metals (such as gold or silver), carbon nanotubes, cholesterol
conjugates, iron oxide, silica and lanthanides as nucleic acid carriers. Inorganic nano-vectors can be tailored to
effectively target and transport therapeutic payloads.For example, mesoporous silica nanoparticles (MSNs) covered
with a polymeric coating were shown to success fully carry siRNA.")

Box 1 | Timeline of globally approved gene therapies in the past decade defined by Clinical Trials.®

2017 2019
* Luxturna (adeno-associated virus, DNA, | * Zolgensma (adeno-associated virus,
NCT00643747) DNA, NCT02122952)
* Invossa (retrovirus, DNA, NCT03412864) * Collategene (naked pDNA,
NCT04267640)
. Waylivra (naked ASO,
NCT01529424)
* Zynteglo (lentivirus, DNA,
NCTO01745120)
2018 * Givlaari (N-acetyl galactosamine
* Patisiran (lipid nanoparticle (LNP), small interfering | (GalNAc), siRNA, NCT03338816)
RNA (siRNA), NCT01148953)
* Tegsedi (naked ASO, NCT04306510) 2020
e Libmeldy (lentivirus, DNA,
NCT03771898)
* Strimvelis

Biological and physical barriers to delivery

Barriers include extracellular nuclease degradation, serum protein opsonization and clearance, vascular endothelium
crossing, extracellular matrix hindrance in tissues, cellular uptake, endosomal entrapment, and nuclear import (for
DNA). For in vivo delivery, immune recognition and rapid clearance by the mononuclear phagocyte system (MPS) are
major obstacles. Addressing these requires protective nanoparticle design, targeting ligands, stealth coatings, and
strategies to promote endosomal escape.”’

Viral vector

1. Adeno-associated virus (AAV) :AAV vectors are widely used clinically because of their relatively low pathogenicity
and long-term transgene expression in non-dividing cells. However, AAV has a limited packaging capacity (~4.7 kb for
single-stranded AAYV), pre-existing neutralizing antibodies in populations, and dose-related immune/toxicity concerns
that have driven design and dosing research. Manufacturing and analytical characterization for clinical-grade AAV
remain challenging at scale."'”

2. Adenovirus and lentivirus :Adenoviral vectors enable high transgene expression but provoke robust innate and
adaptive immune responses. Lentiviral vectors integrate into host genomes, making them useful for ex vivo
modification of dividing cells (e.g., CAR-T), but integration raises insertional mutagenesis concerns that are mitigated
by self-inactivating designs and careful manufacturing.""

Non-viral systems

1. Lipid nanoparticles (LNPs): LNPs are currently the most clinically validated non-viral delivery vehicles for RNA
therapeutics (mRNA vaccines, siRNA therapeutics, in vivo gene editing). Modern LNPs typically contain an ionizable
cationic lipid (for cargo complexation and endosomal escape), helper lipids, cholesterol, and PEGylated lipids.

Ionizable lipids that are neutral at phys1010g1cal pH but protonated in endosomes facilitate endosomal disruption and
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cytosolic release; careful tuning of pKa and lipid tail structure largely determines potency and biodistribution. LNPs
enabled rapid mRNA vaccine development (SARS-CoV-2) and are actively studied for liver-targeted therapies and
CRISPR delivery.

2. Polymeric carriers and peptides: Polymeric nanoparticles (e.g., polyethyleneimine (PEI), poly(B-amino esters),
poly(ethylene glycol) conjugates) and cell-penetrating peptides are versatile, allowing tuning of charge, degradability,
and targeting. Polymers can achieve condensation of nucleic acids and provide stimuli-responsive release. However,
balancing transfection potency and toxicity (e.g., PEI-associated cytotoxicity) is a key design challenge. '*’

3. Inorganic nanoparticles and conjugates: Gold nanoparticles, silica-based systems, and other inorganic nanocarriers
have been used for nucleic acid delivery and imaging co-capabilities. They often require surface functionalization to
improve biocompatibility and promote endosomal escape. Their clinical translation has been slower than LNPs due to
biodegradation and clearance concerns. ¥

4. Physical methods: Electroporation, microinjection, gene gun, sonoporation, and hydrodynamic injection are useful
for ex vivo or localized delivery. Ex vivo electroporation of cells (e.g., T cells, hematopoietic stem cells) is an
established route for durable genetic modification used in cell therapy manufacturing. >

Delivery for genome editing (CRISPR/Cas systems)

Delivering CRISPR components (DNA, mRNA, RNP complexes) presents unique constraints: transient expression is
often desired to reduce off-target editing, and precise stoichiometry of Cas protein and guide RNA enhances specificity.
Non-viral LNPs and polymeric nanoparticles have shown promise for in vivo CRISPR delivery, particularly to the liver,
with demonstrations of therapeutic gene editing in animal models. Ex vivo viral and non-viral methods remain central
to cell-based editing therapies. ¢

Design principles and strategies

1 .Targeting and biodistribution: Passive targeting (size, surface charge) and active targeting (ligands for cell-surface
receptors such as GalNAc for hepatocytes) can direct carriers to specific tissues. LNPs tend to accumulate in the liver
after systemic delivery; targeting other tissues (muscle, lung, brain) requires tailored formulations or local
administration routes. '

2. Endosomal escape: Endosomal escape remains a rate-limiting step. Ionizable lipids that become positively charged
in acidic endosomes help disrupt membranes. Other strategies include pH-responsive polymers, fusogenic peptides, and
endosomatic agents. Improving escape while minimizing cytotoxicity is an active area of materials research. a8

3. Safety and immunogenicity: Minimizing innate immune activation (TLR sensing of RNA, complement activation) is
essential. PEGylation reduces immediate recognition but can produce anti-PEG antibodies with repeat dosing. Viral
vectors encounter adaptive immunity that can block re-dosing; engineering less immunogenic capsids or using immune-
suppressive regimens are strategies under study. '’

Clinical translation: successes and limitations

Clinical approvals/authorized uses include AAV-based gene therapies for inherited disorders and LNP-delivered
siRNA/mRNA therapeutics (e.g., patisiran, mRNA vaccines). Ex vivo lentiviral-modified cell therapies (CAR-T) are
standard-of-care for some hematologic malignancies. Limitations in systemic gene therapy include immune reactions,
dose-limiting toxicities, manufacturing scale, and cost. ??

Manufacturing, analytics, and regulatory considerations

Scalable, GMP-compliant manufacturing of AAV is complex due to upstream cell culture, downstream purification,
and rigorous characterization (full vs empty capsids, truncated genomes). Similarly, LNP manufacturing requires
reproducible microfluidic mixing and strict control of lipid purity. Regulatory guidance emphasizes robust analytics,
potency assays, and long-term safety monitoring. "

Emerging trends and future directions

Key trends include:

(1) rational design of ionizable lipids for tissue-selective LNPs;
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(2) hybrid lipid—polymer nanoparticles and ligand-guided targeting;

(3) non-viral in vivo delivery of CRISPR base and prime editors;

(4) capsid engineering for AAV to evade neutralizing antibodies and increase tropism; and

(5) improved analytical methods for vector quality. Long-term, the field aims to extend safe, efficient systemic delivery
beyond the liver and to enable repeat dosing for chronic indications. **

CRISPR-CAS 9 Therapy:

CRISPR—Cas9 is a powerful gene-editing technology that works like a pair of precise molecular scissors to modify
DNA inside living cells. It uses two main components: a guide RNA, which acts like a GPS to locate the exact DNA
sequence that needs to be changed, and the Cas9 enzyme, which cuts the DNA at that targeted spot. Once the DNA is
cut, the cell’s natural repair mechanisms become active and either fix the break or allow scientists to insert, remove, or
replace specific genes. Because it is fast, accurate, and relatively easy to use, CRISPR—Cas9 has revolutionized genetic
research and has potential applications in treating genetic diseases, developing better crops, and understanding how
genes function.®®

II. CONCLUSION
Both viral and non-viral platforms are indispensable and complementary. Viral vectors remain powerful for durable
gene expression and ex vivo modification, while non-viral carriers—especially LNPs—offer safer, scalable delivery for
transient expression and RNA therapeutics. Overcoming tissue-targeting limits, endosomal escape inefficiencies,
immune barriers, and manufacturing bottlenecks will be decisive for the next wave of therapies. Continued
interdisciplinary work across chemistry, materials science, molecular biology, and process engineering is required to
translate promising carrier designs into safe, affordable medicines.
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