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To Editor,

The advent of CRISPR-based genome editing has
revolutionized molecular biology, offering unparalleled
precision in manipulating genetic material. This
transformative technology has paved the way for
breakthroughs in medicine, agriculture, and biotechnology.
However, the full potential of CRISPR remains constrained
by a critical bottleneck: effective delivery of its components
to target cells. Challenges such as off-target effects,
immunogenicity, and limited tissue specificity continue to
impede its translation from bench to bedside.' To overcome
these hurdles, researchers are now exploring nano-
encapsulation as a next-generation strategy to optimize
CRISPR delivery.? CRISPR delivery traditionally relies
on viral vectors, chemical transfection (lipofection), and
physical methods like electroporation/nucleofection and
microinjection.? While viral vectors are highly efficient,
their use is limited by immunogenicity, size constraints,
and the risk of insertional mutagenesis. Lipofection uses
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cationic lipid reagents to deliver CRISPR components
into cells, though safer, often suffer from instability in
circulation and suboptimal delivery efficiency to specific
tissues. Physical methods, while precise, are largely
impractical for systemic applications as well as high
cell death may result from high voltage pulses. These
limitations necessitate innovative solutions that combine
precision, safety, and efficiency. Nano-encapsulation offers
a promising alternative, leveraging the unique properties of
nanomaterials to address the shortcomings of conventional
delivery platforms.

Nano-encapsulation involves packaging CRISPR-Cas
components within nanoscale carriers, such as lipid-based
nanoparticles, polymeric particles, or exosomes. These
carriers offer several advantages over traditional methods.
They protect the CRISPR components from enzymatic
degradation in the bloodstream, prolonging their half-life
and enhancing their bioavailability. Additionally, nano-
encapsulation allows for the functionalization of nano-
carriers with targeting ligands, enabling precise delivery
to specific cells or tissues. This is particularly critical for
therapeutic applications, where unintended gene edits in
non-target tissues can lead to adverse effects. Moreover,
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many nano-carriers are biocompatible and exhibit low
immunogenicity, reducing the risk of systemic immune
responses.* Recent advances in nanotechnology have
further expanded the capabilities of nano-encapsulation for
CRISPR delivery. Multifunctional nano-carriers are being
developed, integrating targeting moieties, imaging agents,
and stimuli-responsive release mechanisms. For example,
pH-sensitive nano-carriers can release CRISPR components
in the acidic environment of endosomes, ensuring efficient
intracellular delivery.® Similarly, magnetic nanoparticles
can be guided to target tissues using external magnetic
fields, enhancing precision. These innovations have shown
promising results in preclinical studies, with some systems
demonstrating effective gene editing in vivo with minimal
off-target effects. The therapeutic applications of nano-
encapsulated CRISPR are vast and varied. In genetic
disorders, this approach could enable the correction of
disease-causing mutations with unprecedented accuracy.
Cancer therapy is another promising avenue, where CRISPR
can be used to target oncogenic pathways or enhance
the efficacy of immunotherapy. Infectious diseases, too,
stand to benefit, as CRISPR can be harnessed to disrupt
viral genomes or modulate host immune responses.®
Beyond these, nano-encapsulation opens new possibilities
for personalized medicine, allowing genome editing to be
tailored to individual patients and specific disease contexts.’
Despite its immense potential, nano-encapsulation for
CRISPR delivery is not without challenges. The scalability
of nano-carrier production and the reproducibility of
their performance in clinical settings remain significant
barriers.® Furthermore, the complexity of nano-carrier
systems necessitates rigorous testing to ensure their safety
and efficacy. Ethical considerations also play a crucial role,
as the precision of CRISPR delivery must be balanced
against the risk of unintended consequences, particularly in
germline editing. '® Robust regulatory frameworks will be
essential to navigate these issues and build public trust in
this emerging technology. Looking ahead, the integration
of nano-encapsulation with CRISPR represents a paradigm
shift in genome editing. By addressing the delivery
challenges that have long hindered clinical translation of
CRISPR, this approach could unlock new frontiers in
gene therapy and regenerative medicine. Realizing this
vision will require interdisciplinary collaboration, bringing
together experts in nanotechnology, molecular biology, and
clinical medicine. Continued investment in research and
innovation will be critical to refining nano-encapsulation
strategies and scaling them for widespread clinical use.

In conclusion, the fusion of CRISPR technology with
nanotechnology heralds a new era in genome editing.
Nano-encapsulation offers a versatile and efficient platform
for overcoming the longstanding challenges of CRISPR
delivery, bringing us closer to the dream of precise, safe,
and effective gene editing. As we stand on the cusp of
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this breakthrough, it is imperative to address the remaining
hurdles through dedicated research and collaboration. The
future of CRISPR-based therapies depends not only on the
power of the editing tools themselves but also on our ability
to deliver them where they are needed most.
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