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Abstract:

The advent of clustered regularly interspaced short palindromic repeats (CRISPR)/Cas systems
has revolutionized the field of gene therapy, offering unparalleled precision, programmability,
and efficiency for genome editing. However, translating CRISPR-based therapeutics into
clinical applications remains constrained by major challenges in the safe and targeted delivery
of the CRISPR components—Cas nucleases and guide RNAs—into specific cells and tissues.
Recent advances in nanotechnology have provided innovative solutions to these limitations,
leading to the emergence of CRISPR-based nanotherapeutics. Nanocarriers such as lipid
nanoparticles, polymeric systems, inorganic nanoparticles, and biomimetic exosomes enable
protection of CRISPR cargos from enzymatic degradation, facilitate endosomal escape, and
improve tissue-specific targeting while minimizing off-target effects and immunogenicity. This
review comprehensively discusses the principles and mechanisms of CRISPR/Cas systems,
various nanoplatforms engineered for their delivery, and design strategies for optimizing safety
and efficacy. Special emphasis is given to the applications of CRISPR-—nanocarrier
combinations in cancer therapy, genetic and infectious diseases, neurological disorders, and
regenerative medicine. Furthermore, recent preclinical progress, ongoing clinical trials,
regulatory considerations, and future perspectives are highlighted. The convergence of genome
editing and nanotechnology represents a transformative step toward next-generation,
personalized, and precision gene therapies with potential to redefine the future of molecular
medicine.

Keywords: CRISPR/Cas9, Nanoparticle, Gene editing, Targeted delivery, Personalized

medicine, Genome engineering

WWW.gjpsr.com Volume 1, Issue 1, September 2025. | ISSN : 3108-0103




GLOBAL JOURNAL OF PHARMACEUTICAL AND SCIENTIFIC RESEARCH
(GJPSR)

Graphical Abstract

{

Applications Targeted Gene
Delivery
ﬁgﬂ é
Cancer Genetic
Disorders
Personalized
Madirina

Fig 01 : Schematic representation of CRISPR-based nanotherapeutics for targeted gene
delivery.

The CRISPR/Cas9 system, guided by a single guide RNA (sgRNA), is encapsulated within a
nanoparticle carrier to enhance protection, stability, and cellular uptake. The nanocarrier
facilitates targeted gene delivery to specific tissues, enabling precise genome editing for
therapeutic applications such as cancer and genetic disorders. The integration of CRISPR
technology with nanotechnology offers a promising route toward personalized and precision

medicine.
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1. Introduction

The advancement of genome-editing technologies has revolutionized therapeutic design by
enabling direct modification of disease-causing genes rather than symptomatic management.
Among these, the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9
system has emerged as a highly versatile and precise genome-editing platform. However, its
clinical translation remains limited by challenges in in vivo delivery of the Cas9 protein and
guide RNA (gRNA). Viral vectors, while effective, often raise concerns regarding
immunogenicity, insertional mutagenesis, limited cargo capacity, and manufacturing
complexity.

Nanotechnology has emerged as an alternative for the safe, targeted, and efficient delivery of
CRISPR components. Nanoparticles (NPs) protect the editing machinery from enzymatic
degradation, prolong circulation time, and enable tissue-specific accumulation through passive
or active targeting mechanisms. The integration of nanotechnology with CRISPR/Cas systems
has the potential to accelerate the development of next-generation therapeutics in cancer,
genetic, and infectious diseases.'

2. Fundamentals of the CRISPR/Cas System

CRISPR/Cas systems are adaptive immune mechanisms naturally present in bacteria and
archaea. The Class 2 Type II CRISPR/Cas9 system is the most commonly used in genome
editing, relying on an engineered single-guide RNA (sgRNA) that directs the Cas9 nuclease to
specific genomic loci adjacent to a protospacer adjacent motif (PAM). Cas9 introduces a
double-strand break (DSB), repaired by cellular DNA repair pathways—mnon-homologous end
joining (NHEJ) or homology-directed repair (HDR).?

Major limitations include off-target cleavage, inefficient HDR, and challenges in intracellular
delivery. Non-viral delivery systems such as nanoparticles have been shown to improve the
efficiency of CRISPR transport to the nucleus while minimizing toxicity and immunogenicity.?
3. Nanotechnology in Gene Delivery: An Overview

Nanocarriers (1-1000 nm) possess tunable physicochemical properties such as particle size,
charge, and surface chemistry that allow for precise control over pharmacokinetics,
biodistribution, and cell uptake.* These nanosystems can encapsulate plasmids, mRNA, or
Cas9—sgRNA ribonucleoprotein (RNP) complexes, preventing degradation and facilitating
endosomal escape.

Compared with viral vectors, nanoparticle-based systems exhibit lower immunogenicity,
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scalable production, and the ability to co-deliver multiple therapeutic agents. However,
physiological barriers (renal filtration, RES clearance, tissue penetration) and intracellular
barriers (endosomal sequestration, nuclear import) must still be overcome.®

4. CRISPR-Based Nanotherapeutic Platforms

4.1 Lipid-Based Nanoparticles (LNPs)

LNPs composed of ionizable lipids, cholesterol, phospholipids, and PEG-lipids are widely used
for nucleic acid delivery. They can encapsulate Cas9 mRNA or RNP complexes and facilitate
endosomal release. Recent studies have demonstrated >90% gene knockdown in murine liver
models following systemic administration of CRISPR-LNP systems.*

4.2 Polymeric Nanocarriers

Cationic polymers such as polyethyleneimine (PEI), chitosan, and poly(lactic-co-glycolic acid)
(PLGA) are effective for CRISPR plasmid delivery due to their tunable charge and
biodegradability. Functionalization with ligands and PEGylation enhances tissue targeting and
serum stability.”

4.3 Inorganic Nanoparticles

Inorganic nanocarriers (gold, silica, and magnetic NPs) offer unique optical, magnetic, and
photothermal properties that can be harnessed for combined imaging and therapy. Gold
nanoparticles (AuNPs) have been used for Cas9 RNP delivery, demonstrating efficient gene
disruption and photothermal activation.®

4.4 Exosome- and Cell Membrane-Coated Nanocarriers

Exosomes and cell-membrane-coated NPs mimic natural vesicles, reducing immunogenicity
and promoting homing to target tissues. These biomimetic carriers are promising for the
delivery of CRISPR systems across biological barriers.’

4.5 DNA and RNA Nanostructures

DNA and RNA origami nanostructures can be engineered to encapsulate Cas9/gRNA
complexes, offering precise control over structure and stimuli-responsive release.'®

5. Design Strategies for CRISPR—Nanocarrier Complexes

The design of CRISPR-NP complexes depends on the nature of the cargo (plasmid, mRNA,
or RNP), particle size, charge, and targeting moieties. Active targeting ligands (antibodies,
peptides, aptamers) can direct NPs to specific cell types. Endosomal escape remains a critical
challenge, often addressed using pH-sensitive lipids or proton-sponge polymers.'!

Surface PEGylation enhances circulation time, while biodegradable polymers (PLGA, PBAE)
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improve safety. Additionally, nuclear localization sequences (NLS) facilitate efficient transport
of Cas9 to the nucleus."

6. Applications of CRISPR-Based Nanotherapeutics

6.1 Cancer Therapy

CRISPR—nanoparticles (NPs) enable silencing of oncogenes, reactivation of tumor
suppressors, and modulation of immune checkpoints (e.g., PD-1/PD-L1). Lipid, polymeric, and
biomimetic NPs enhance tumor targeting through passive and active mechanisms while
minimizing systemic toxicity. Combination with chemotherapeutics or immunomodulators can
produce synergistic anti-tumor effects, as shown in preclinical tumor models with reduced
growth and improved survival.'

6.2 Genetic Disorders

Nanoparticle-mediated CRISPR delivery has shown promise in hereditary diseases such as [3-
thalassemia, Duchenne muscular dystrophy (DMD), and cystic fibrosis. NPs protect CRISPR
cargos, improve cellular uptake, and allow tissue-specific targeting of stem or progenitor cells.
Co-delivery with repair templates enhances precision editing, reduces off-target effects, and
supports permanent gene correction in preclinical models.'

6.3 Infectious Diseases

CRISPR—NPs targeting viral DNA or RNA (e.g., HIV, HBV, SARS-CoV-2) enable efficient
viral clearance with minimal host toxicity. Multiplexed targeting reduces viral escape, and NP-
mediated delivery allows both transient and permanent inhibition of viral replication,
demonstrating potential as therapeutic and prophylactic agents.'*

6.4 Neurological Disorders

Crossing the blood—brain barrier is challenging, but ligand-modified and biomimetic NPs have
improved delivery of CRISPR components to neurons for neurodegenerative disorders. Precise
editing can reduce pathogenic protein accumulation, restore cellular homeostasis, and slow
disease progression, while imaging or stimuli-responsive platforms allow monitoring of
delivery and efficacy.'

6.5 Regenerative Medicine

Nanocarrier-based CRISPR delivery enables gene correction in stem and progenitor cells for
tissue repair. Edited cells can be used for tissue engineering or in vivo transplantation, and
combination with growth factors or immunomodulators further enhances functional recovery."”

7. Preclinical and Clinical Progress
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Preclinical studies demonstrate that LNP-mediated Cas9 mRNA and sgRNA delivery can
achieve efficient editing in hepatocytes, with reduced off-target activity.'®* Although most
clinical trials still rely on ex vivo viral delivery, in vivo NP-mediated CRISPR is advancing
rapidly.'” Regulatory agencies emphasize the need for safety, reproducibility, and ethical
oversight before human application.

8. Challenges and Limitations

Key limitations include off-target editing, immunogenicity of nanomaterials, limited
penetration in solid tissues, and challenges in large-scale manufacturing.?® The long-term safety
of nanoparticle formulations and genome edits also warrants comprehensive evaluation.?!

9. Future Perspectives

The field of CRISPR-based nanotherapeutics is poised for a transformative leap, driven by
synergistic innovations in artificial intelligence, nanotechnology, biomaterials engineering, and
precision medicine. The forthcoming decade will witness a paradigm shift toward intelligent,
programmable, and patient-specific delivery systems that will redefine how genome-editing
tools are designed, optimized, and clinically deployed.??

9.1. AI-Guided Design and Predictive Modeling of Nanocarriers

Artificial intelligence (AI) and machine learning (ML) are revolutionizing drug delivery
research by enabling data-driven design and predictive optimization of nanocarriers.
Traditional trial-and-error formulation methods are gradually being replaced by algorithmic
approaches that integrate physicochemical parameters, biological interactions, and
pharmacokinetic behavior.
Al models can analyze extensive datasets encompassing nanoparticle size, surface charge, lipid
composition, and polymer structure to predict in vivo biodistribution, cellular uptake, and gene-
editing efficiency.?’
Moreover, reinforcement learning and genetic algorithms can simulate iterative optimization
cycles to identify ideal nanoparticle compositions that maximize CRISPR cargo stability while
minimizing immunogenicity.?*

For example, Al-based computational tools have been successfully applied to optimize lipid
nanoparticle (LNP) formulations used in mRNA and Cas9 mRNA delivery systems, achieving
higher encapsulation efficiencies and reduced off-target activity. The development of “digital
twins” of biological systems — virtual replicas that simulate biological environments such as

the liver, tumor microenvironment, or blood-brain barrier (BBB) — can allow virtual
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screening of nanocarrier designs before experimental validation.?*
This integration of Al with experimental nanomedicine will accelerate translation timelines
and significantly reduce formulation costs.

9.2. Development of Next-Generation CRISPR Systems (Cas12, Cas13, Cas14)

The evolution of CRISPR systems beyond Cas9 has unlocked new frontiers in precision gene
editing. The next-generation nucleases — Casl2, Casl13, and Casl4 — differ in size,
specificity, and target type, enabling diversified therapeutic applications.

e Casl2 recognizes and cleaves double-stranded DNA with single RNA guidance, but
unlike Cas9, it exhibits collateral cleavage activity on single-stranded DNA, making it
useful for both therapeutic and diagnostic applications (e.g., SHERLOCK and
DETECTR platforms).?

e Casl3 targets RNA molecules directly, allowing transient modulation of gene
expression without permanent DNA alterations, which is particularly valuable for
treating viral infections (e.g., SARS-CoV-2, influenza) and transient genetic diseases.®

o Casl4, the smallest known nuclease, can target single-stranded DNA with ultra-high
precision, offering promise for in vivo editing where delivery constraints exist due to
size limitations.?’

The combination of these compact CRISPR enzymes with nanocarriers such as LNPs,
polymeric micelles, and exosome-mimetic vesicles may enable efficient co-delivery of
multiple editing tools, thereby achieving multiplexed genetic modulation. Future designs are
expected to incorporate hybrid systems, where Casl2/Casl3 are co-delivered with Al-
optimized lipid nanoparticles to achieve cell-type-specific editing and minimal immunogenic
response.

9.3. Integration with Organoid and Organ-on-Chip Models for Precision Screening

The translation of CRISPR-based nanotherapeutics from bench to bedside remains hindered by
the limited predictability of conventional 2D cell cultures and animal models. Emerging
organoid and organ-on-chip (OoC) technologies are addressing this challenge by providing
physiologically relevant, human-derived microenvironments for therapeutic testing.?8
Organoids — self-organized 3D cultures derived from stem cells — replicate the architecture
and functionality of human tissues such as liver, brain, lung, and tumor microenvironments.?’
Meanwhile, organ-on-chip systems integrate microfluidic channels lined with living cells to

mimic the dynamic mechanical and biochemical cues of human organs.®
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When integrated with CRISPR-based nanotherapeutics, these platforms allow:
o Real-time visualization of gene-editing events at the cellular and tissue levels.
e Assessment of nanoparticle biodistribution, off-target editing, and immune interactions.
e Preclinical safety and efficacy screening under human-relevant conditions.
For instance, liver organoid models have been employed to evaluate CRISPR-LNP delivery
efficiency and hepatotoxicity, offering an ethical and cost-effective alternative to animal
testing.>°
In the future, multi-organ-on-chip systems could simulate entire physiological networks —
allowing simultaneous assessment of systemic distribution, metabolism, and gene-editing
outcomes across interconnected organ systems.
9.4. Stimuli-Responsive and Biomimetic Nanocarriers
A promising direction lies in the development of stimuli-responsive nanocarriers that release
CRISPR cargo in response to specific environmental triggers such as pH, temperature, redox
state, or enzymatic activity.®!
For example:
o pH-sensitive liposomes can release Cas9—sgRNA complexes in acidic tumor
microenvironments.
e Enzyme-sensitive polymeric nanoparticles can degrade in the presence of tumor-
associated proteases, ensuring site-specific release.
e Redox-responsive carriers can exploit intracellular glutathione gradients to trigger
cytosolic release of CRISPR components.
Parallelly, biomimetic nanocarriers, such as cell membrane—coated nanoparticles, exosomes,
and virus-like particles (VLPs), provide immune-evasive and tissue-homing capabilities.*?
These systems mimic the biological membranes of red blood cells, leukocytes, or cancer cells,
enabling “self-camouflaged” delivery that reduces immune clearance and enhances targeting
specificity.
Recent progress in exosome engineering — integrating Cas9 mRNA and sgRNA within
naturally secreted vesicles — has shown remarkable success in achieving efficient, non-
immunogenic genome editing in vivo.?
Combining stimuli-responsiveness with biomimicry will create hybrid nanocarriers that
respond intelligently to biological signals, delivering CRISPR tools precisely when and where

they are needed.
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9.5. Toward Personalized and Precision Nanomedicine

The ultimate goal of these technological advances is to realize personalized CRISPR
nanomedicine — tailored therapeutic strategies based on a patient’s genomic profile, disease
progression, and immune characteristics.>*
Integration of multi-omics data (genomics, proteomics, transcriptomics) with Al-optimized
nanocarrier systems can enable the customization of delivery vehicles for individual patients.
Furthermore, combining CRISPR-based gene correction with AMP-loaded or
immunomodulatory nanocarriers could create dual-action systems for infections, cancer, and
inflammatory disorders — bridging the gap between gene therapy and advanced drug delivery
science.

9.6. Translational and Regulatory Outlook

While the technological trajectory is promising, the path to clinical translation demands
rigorous validation of long-term safety, off-target effects, and ethical governance. Standardized
frameworks for nanocarrier characterization, batch reproducibility, and immune compatibility
will be crucial for regulatory approval.®>
The establishment of Al-integrated quality-by-design (QbD) protocols and GMP-compliant
nanomedicine production pipelines will further ensure scalability and reliability. In parallel,
adaptive clinical trial designs leveraging real-time data analytics could accelerate approval for
life-threatening genetic diseases.

Future advances will include Al-guided design of nanocarriers, development of next-
generation CRISPR systems (Cas12, Cas13, Cas14), and integration with organoid and organ-
on-chip models for precision screening.”?> Combining CRISPR with stimuli-responsive or
biomimetic nanocarriers will further enhance safety and specificity, paving the way for
personalized nanomedicine.*®

10. Conclusion

CRISPR-based nanotherapeutics exemplify a transformative approach in genome editing by
integrating the precision of CRISPR/Cas systems with the versatility of nanotechnology.
Nanocarriers—ranging from lipid and polymeric nanoparticles to biomimetic vesicles—
enhance the stability, cellular uptake, and tissue-specific delivery of CRISPR components,
enabling effective interventions in cancer, genetic disorders, infectious diseases, neurological
conditions, and regenerative medicine. Advances in Al-guided nanocarrier design, stimuli-

responsive systems, and next-generation CRISPR nucleases (Cas12, Cas13, Cas14), alongside
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organoid and organ-on-chip models, are accelerating preclinical optimization and translational
potential. Despite challenges such as immunogenicity, off-target effects, and large-scale
production, these innovations pave the way toward personalized, precision, and programmable
therapeutics. Collectively, CRISPR-based nanomedicine holds the promise to redefine
molecular medicine, offering patient-specific interventions with unprecedented accuracy,
efficacy, and safety.
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