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The use of biomaterials in delivering CRISPR/Cas9 for gene therapy in infectious
diseases holds tremendous potential. This innovative approach combines the
advantages of CRISPR/Cas9 with the protective properties of biomaterials,
enabling accurate and efficient gene editing while enhancing safety.
Biomaterials play a vital role in shielding CRISPR/Cas9 components, such as
lipid nanoparticles or viral vectors, from immunological processes and
degradation, extending their effectiveness. By utilizing the flexibility of
biomaterials, tailored systems can be designed to address specific genetic
diseases, paving the way for personalized therapeutics. Furthermore, this
delivery method offers promising avenues in combating viral illnesses by
precisely modifying pathogen genomes, and reducing their pathogenicity.
Biomaterials facilitate site-specific gene modifications, ensuring effective
delivery to infected cells while minimizing off-target effects. However,
challenges remain, including optimizing delivery efficiency, reducing off-target
effects, ensuring long-term safety, and establishing scalable production
techniques. Thorough research, pre-clinical investigations, and rigorous safety
evaluations are imperative for successful translation from the laboratory to clinical
applications. In this review, we discussed how CRISPR/Cas9 delivery using
biomaterials revolutionizes gene therapy and infectious disease treatment,
offering precise and safe editing capabilities with the potential to significantly
improve human health and quality of life.
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1 Introduction

Targeted delivery is a major determinant of gene editing’s therapeutic efficacy, and it
should be developed to accommodate a range of features, such as the form of the payload, the
physiological environment, and potential immune responses. Biomaterials have lately
emerged as an intriguing candidate for Cas9 delivery due to their tunability,
biocompatibility, and increasing effectiveness (Lino et al., 2018). Though the CRISPR/
Cas9 technique is predicted to help a variety of diseases in the long run in an ex vivo
environment, CRISPR/Cas9 medicines may have greater therapeutic success if they can be
supplied directly to patients. In vivo, delivery techniques for CRISPR/Cas9 medicinal aspects,
on the other hand, are still to be developed (Behr et al., 2021).

The CRISPR/Cas9 complex requires the translocation of its components into the nucleus
to work on the nuclear genome. As a result, overcoming tissue and cell membrane barriers is
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required. CRISPR/Cas9 delivery to specific tissues or cells is difficult
and time-consuming (Cheng et al., 2021). Non-viral vectors, viral
vectors, and physical delivery are all now used to distribute CRISPR/
Cas9. The most common strategy is incorporating CRISPR/Cas9-
encoding sequences into the viral genome and then releasing the
CRISPR/Cas9 gene complex into infected cells via virus-mediated
gene delivery (Xu et al., 2019a). Extrinsic stimuli like magnetic fields,
optical radiation, and chemical signals have been used to augment
the tissue specificity of systemic CRISPR/Cas9 delivery, allowing for
local genome editing. These approaches, however, usually require
repeated dosages due to their inability to accomplish therapeutic
levels of genome editing at the target location. Furthermore, the
challenges of restricting systemic diffusion might lead to
considerable genotoxicity and adverse off-target effects (Hsu
et al., 2014).

The science of genome editing is intertwined with biomaterials
in a complex manner. The goal of early gene editing research was to
use biomaterial platforms to disseminate and support genome
editing tools so that they might achieve their full potential in
gene and cell therapy (Gaj et al., 2016). Simultaneously, gene
editing tools and complex biomaterial culture systems were
introduced to help us better understand human sickness and
cellular function in much more ecological conditions.
CRISPR–Cas9 (clustered regularly interspaced short palindromic
repeat–CRISPR associated protein) is being used in novel ways to
help researchers andmanufacturers create revolutionary biomaterial
frameworks (Abdeen et al., 2021; Nadakuduti and Enciso-
Rodriguez, 2021).

With the aid of the groundbreaking genetic technology CRISPR-
Cas9, live creatures’ DNA may be precisely and successfully
modified. Because it can target and alter certain DNA sequences,
CRISPR-Cas9’s method is based on this capability. The natural
defenses of bacteria against viral infections serve as its primary
source of inspiration. The system consists of two essential parts: the
Cas9 enzyme, which functions as molecular scissors, and the
CRISPR array, which is made up of short, repetitive DNA
sequences interspersed with distinctive “spacer” sequences
generated from previous viral contacts (Lim et al., 2018; Uddin
et al., 2020; Nidhi et al., 2021).

The procedure initiates with the transcription of the CRISPR
array into precursor molecules, which are subsequently transformed
into distinct guide RNAs (gRNAs). Every gRNA is designed to work
in conjunction with a particular target DNA sequence. The
Cas9 enzyme is attracted to the target location when the gRNA
binds to the DNA’s corresponding sequence (Asmamaw and
Zawdie, 2021). The targeted place in the DNA is where
Cas9 causes a double-strand break, triggering the cell’s inherent
repair processes. Subsequently one of two major DNA repair
processes, homology-directed repair (HDR) or non-homologous
end joining (NHEJ), can occur. Small insertions or deletions (in-
dels), frequently occur as a result of NHEJ and may affect the target
gene’s functionality. Contrarily, HDR may be used to repair
damaged DNA while including a unique DNA template, enabling
precise insertion, deletion, or replacement of certain genetic
sequences (Kosicki et al., 2022; Fichter et al., 2023; Wang et al.,
2023).

Genetic research and applications have been completely
transformed by the CRISPR-Cas9 system’s amazing

adaptability, use, and effectiveness. With previously unheard-
of precision and speed, it has allowed scientists to modify the
genomes of a broad variety of creatures, including bacteria,
plants, and mammals. But as the technology develops and
finds more extensive uses in agriculture, medicine, and other
fields, it is still crucial to carefully evaluate ethical issues as well as
potential adverse effects (Khwatenge and Nahashon, 2021;
Tavakoli et al., 2021). With more than 29,000 papers
published in the last 10 years and more than 4,700 in 2022,
the CRISPR/Cas9 system was quickly adopted by the scientific
community due to its ease of programming and high specificity to
perform gene editing at target sites (Figure 1).

In this review, we present a scaffold framework technology for
CRISPR/Cas9 genome editing. Conventional biomaterial delivery
mechanisms might not have been effective in treating such tissue
engineering concerns. We believe the scaffold-mediated delivery
mechanism will result in targeted and long-term accessibility of
Cas9: sgRNA complexes, which will be useful for genome editing in
tissue regeneration and other regenerative medication. Tissue
regeneration frequently involves restricted damage that
necessitates the restoration of tissue architecture. This study
provides a thorough summary of the recent developments,
challenges, and prospective opportunities in using biomaterials as
CRISPR/Cas9 carriers in gene therapy applications. The relevance of
gene therapy and the revolutionary potential of CRISPR/
Cas9 technology are discussed at the outset of the paper. The
difficulties with successful CRISPR/Cas9 delivery are then
discussed, with a focus on the function of biomaterials in
resolving these difficulties. A variety of biomaterials, including
hydrogels and nanoparticles, are covered in the paper along with
how they may be used for gene editing. It also explores the subtleties
of in vivo and ex vivo gene therapy techniques, emphasizing
significant advancements and current research. In the end, the
study provides a thorough overview of the changing environment
of gene therapy that uses biomaterial-based CRISPR/Cas9 delivery,
highlighting both the difficulties and bright prospects in this quickly
developing field.

2 Timeline for the key discoveries in the
development of CRISPR/Cas9 in
therapeutics

The history of significant discoveries that led to the creation of
CRISPR/Cas9 tools that are employed in a variety of therapies is
proof of the technology’s fast advancement and game-changing
effects. The journey started in the late 1980s and picked up steam in
the early 2000s with the discovery of the CRISPR/Cas immune
system in bacteria as an adaptive immune system (Ishino et al.,
1987). Let’s jump ahead to 2012 when Jennifer Doudna and
Emmanuelle Charpentier produced a ground-breaking discovery
by proving that the Cas9 protein could be trained using a guide RNA
to target particular DNA regions for exact editing (Jinek et al., 2012).
This important finding paved the way for a rush of further
developments. The CRISPR/Cas9 technology was developed in
2013 by Feng Zhang’s team at the Broad Institute for usage in
eukaryotic cells, opening the door for possible uses in human
genomes (Ran et al., 2013).

Frontiers in Chemistry frontiersin.org02

Dubey and Mostafavi 10.3389/fchem.2023.1259435

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1259435


The study on the tool’s ability to fix genetic abnormalities that
cause illnesses exploded in the years that followed. In 2015, scientists
had already started looking toward therapeutic uses, such as altering

T-cells to improve cancer immunotherapies (Zhang and Zhang,
2020). The start of clinical trials employing CRISPR-edited cells for
cancer treatment in 2019 highlights the progress made by the

FIGURE 1
Graph depicting the number of CRISPR/Cas9 related publications yearly by PubMed 2013 to 2023.

TABLE 1 Timeline for the breakthroughs in CRISPR/Cas9 therapeutic development.

Year Discovery/Event Description Reference

1987 Discovery of CRISPR Japanese researchers describe “clustered regularly interspaced short palindromic
repeats” (CRISPR) in E. coli

Ishino et al. (1987)

2005 First Evidence of CRISPR Function Scientists demonstrate that CRISPR sequences play a role in bacterial immunity
against phage infections

Barrangou et al. (2007)

2007 Identification of tracrRNA Researchers discovered trans-activating CRISPR RNA (tracrRNA), which is part
of the bacterial immune system

Deltcheva et al. (2011)

2011 CRISPR/Cas9 Genome Editing Jennifer Doudna and Emmanuelle Charpentier propose using CRISPR/Cas9 for
RNA-guided genome editing in bacteria

Jinek et al. (2012)

2012 CRISPR/Cas9 Editing in Eukaryotic
Cells

George Church’s lab demonstrates efficient CRISPR/Cas9 genome editing in
mammalian cells

Cong et al. (2013); Mali et al. (2013)

2013 Dual RNA Guided Cas9 System Zhang Feng’s lab published a paper describing the use of the CRISPR/Cas9 system
for precise genome editing in eukaryotic cells

Ran et al. (2013)

2014 RNA Editing with Catalytically Dead
Cas9

Researchers developed a version of Cas9 with inactivated nuclease activity, known
as “dead” Cas9 (dCas9), for RNA targeting and regulation

Hsu et al. (2014)

2015 Base Editing with CRISPR/Cas9 David Liu’s lab introduces base editing, allowing specific nucleotide changes
without causing double-strand breaks

Komor et al. (2018)

2016 CRISPR/Cas9 In Vivo Gene Editing Scientists use CRISPR/Cas9 for successful gene editing directly within living
animals

Cyranoski (2016)

2017 Clinical Trials for Genetic Disorders The first clinical trials using CRISPR/Cas9 are initiated to treat genetic disorders
like beta-thalassemia and sickle cell anemia

Frangoul et al. (2021); NCT03655678;
NCT03745287

2018 Prime Editing David Liu and Doudna’s labs develop prime editing, a versatile genome editing
technique allowing precise insertion, deletion, and substitution

Lapinaite et al. (2020)

2019 In Vivo, CRISPR/Cas9 Editing in
Humans

Researchers in China report the use of CRISPR/Cas9 to edit genes within the
human body for the first time in clinical trials

Lu et al. (2020)

2020 Nobel Prize in Chemistry Awarded Jennifer Doudna and Emmanuelle Charpentier received the Nobel Prize in
Chemistry for the development of CRISPR/Cas9 genome editing

Westermann et al. (2021)

2021 Continued Clinical Trials and
Therapeutic Applications

Clinical trials and research continue, exploring CRISPR/Cas9’s potential in
treating various genetic and acquired diseases

Li et al. (2020); Liu et al. (2021a);
NCT03872479
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technique from the lab to the patient’s bedside. The accuracy and
effectiveness of CRISPR/Cas9-based therapeutics were improved as
scientists overcame problems including off-target effects and
delivery techniques (Rafii et al., 2022). Beginning in the early
2020s, the first in vivo human trials for genetic disorders were
underway, signaling a substantial advancement toward achieving the
therapeutic promise of this ground-breaking technique (Ho et al.,
2018). The history of CRISPR/Cas9’s development is a fascinating
story of scientific innovation, teamwork, and unrelenting pursuit
that has changed the therapeutic landscape and given rise to fresh
hope for the treatment of genetic illnesses that were once thought to
be incurable (Gostimskaya, 2022). The cumulative successes in the
CRISPR/Cas9 area are described in Table 1.

3 Need for biomaterials: advantages
over other delivery methods

The inadequacy of delivery approaches is by far the most
significant limitation to genetic engineering’s approaching
potential. Conventional viral delivery techniques based on
retroviruses or adenoviruses have such a significant transfection
efficiency, but their inherent cytotoxicity, particularly immune
response activation and viral DNA invasion into the recipient
chromosome, has limited their utilization (Dubey et al., 2022).
Virus vectors have become the usual strategy for in vivo delivery,
including gene augmentation and genome editing, as the number of
gene therapies in clinical trials expands. In vivo, testing of viral
vectors in disease models such as Duchenne muscular dystrophy,
hereditary tyrosinemia type I, and retinitis pigmentosa has shown to
be effective. While viral delivery has shown to be quite successful in
several carefully selected situations, the limitations of viral delivery
continue to be a major roadblock in the clinical translation of
various gene therapies (Bulcha et al., 2021).

Because an AAV’s maximum capacity is roughly 4.7 kb, the
physical capability of viral vectors is typically a stumbling block for
CRISPR delivery. As a result, multiple vectors are typically needed to
convey unique features. When specific targeting of an organ system
is required, tropism becomes a problem since a single serotypemight
target multiple physiological functions (Yin et al., 2017; Xu et al.,
2019b). Viral vectors also provide specific packaging concerns, such
as stabilization at the higher concentration levels necessary for
administration, preservation, and storage stability, as well as the
cold chain from manufacture to administration (with some of these
issues becoming more evident as product manufacturing scales up).
In addition, vector preparations differ from batch to batch
(Srivastava et al., 2021). Also, the viral capsid (the protein shell
encasing viral genetic material) and viral genome could perhaps
elicit simultaneous innate and adaptive immune responses, and
neutralizing antibodies from previous spontaneous viral
infections may exist (Mingozzi and High, 2017). Furthermore, for
some viral vectors, the uncontrolled integration of genomic material
or the ongoing expression of genome editors following payload
delivery might induce disruption of the host genome (Shirley et al.,
2020).

By overcoming any of the constraints of viral vectors, the
spectrum of possible gene treatments and their effectiveness and
safety might be considerably expanded. Furthermore, due to

variances in the quantity of DNA, each cell gets as well as cell-
to-cell variability in expression levels, controlling the overall dose of
Cas9 supplied to each target cell is extremely challenging
(Lundstrom, 2018). Gene therapy using synthetic and biological
materials as carriers offers an exciting approach that could solve
several of these concerns. Biomaterials have traditionally been
investigated for use in regenerative medicine administration,
despite their uptake into drug development being slower than
viral vectors (Figure 2) (Han et al., 2022a). However, given
recent success in employing nonviral platforms for vaccines and
rising pressures in biomanufacturing viral vectors to fulfill the
greater needs for regenerative medicine, current trends show a
revived interest in nonviral platforms (Ramamoorth and
Narvekar, 2015; Abdeen et al., 2021).

Biomaterials have garnered appeal as non-viral vectors in recent
years because of their flexibility, cytocompatibility, and increased
transfection effectiveness. Nanoparticles may now be further
modified to increase tissue selectivity and nuclear transport, and
capacity restrictions are no longer a concern. The capacity of
biomaterials to be tuned offers considerable opportunities for
enhancing CRISPR–Cas9 delivery for in vivo gene editing (Riley
and Vermerris, 2017). Biomaterials give a significant edge over
physical and viral delivery although they have nearly endless
customization opportunities. Different cell types and organ
systems will significantly require genome engineering procedures
customized to match the requirements of respective vasculature
(Mitragotri and Lahann, 2009).

3.1 Scaffold-based delivery systems

The development of innovative scaffold architectures and
scalable production methods is essential for the advancement of
biomedical applications. Biodegradable polymers, such as polylactic
acid (PLA), are often employed, however, the final scaffold qualities
may be customized depending on how these polymers are treated
and what modifiers are added during manufacturing (Song et al.,
2018). Even though it would be incredibly practical for patients and
physicians if patients’ damaged tissues or organs could be repaired
by a straightforward cell injection to a specified place, such
occurrences are rare. These conditions include hematopoietic
disorders, cardiovascular conditions characterized by capillary or
tiny blood arteries dysfunction, such as arterioles, illnesses brought
on by a deficiency in physiologically active chemicals, and sensory
loss (Ikada, 2006). Most large tissues and organs with distinctive
three-dimensional geometries will require aid during the cell-to-
organ development process. The support is referred to as an artificial
extracellular matrix, or a scaffold (Fuoco et al., 2016; Chooi et al.,
2021).

The CRISPR/Cas9 technology, which is versatile and easy to
use, can be employed to modify the genome in cell cultures.
Delivering the components for genome engineering, especially
the Cas9 protein and single-guide RNA (sgRNA), often involves
chromosomes, mRNA, or ribonucleoprotein (RNP) complexes.
Non-viral methods are especially promising since they overcome
the safety concerns presented by viral vectors (Yip, 2020).
Regional transport will be facilitated by scaffold-based genome
engineering element administration, and it may even result in the
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development of pharmacological properties that are co-delivered
by the same scaffold with other factors like geographic cues. This
will allow for cell destiny control for tissue regeneration (Howard
et al., 2008).

Researchers developed a scaffold-mediated Cas9 ribonucleoprotein
(RNP) delivery method to improve the effectiveness of genetic
manipulation in leukemia stem cells (LSCs) in the bone marrow.
The in-vivo interaction period of Cas9 RNP at the incision site was
considerably extended compared to that of free Cas9 RNP by
loading Cas9 RNP onto the surface of NF. Due to the direct
interaction between medications and cells and the high local
drug concentration that scaffold-mediated drug administration
offers, in vitro genetic modification efficiency is like bulk delivery
(Jang et al., 2006; Ho et al., 2021; Zhang et al., 2021a). The interface
between host cells and the delivery to target cells would be improved
by the surface-coating of the CRISPR/Cas9 complexes. In addition,
the complexes would remain at the site of injection for an extended
period owing to their adherence to the scaffolding as opposed to
slackening off complexes, resulting in a longer-lasting delivery of
CRISPR/Cas9 complexes (Wei et al., 2020; Zhang et al., 2021b).
Additionally, applying Cas9 RNP/nanoparticle complexes onto a
scaffold could shield them from proteolytic deterioration, sustaining
the complexes’ higher Cas9 RNP concentration for a longer
duration. Similar intracellular absorption and in vitro genome-

editing effectiveness were observed in Cas9 RNP-loaded NF as
well (Chen et al., 2019). For reliable local distribution of the
Cas9 RNP, its longer in vivo retention duration and lower
cytotoxicity would be advantageous.

3.2 Scaffold tree delivery

A cutting-edge technique for tissue engineering called scaffold
tree delivery integrates the application of scaffolds (biomaterials)
with CRISPR/Cas9 technology to administer genetic elements to
targeted cells in their natural environment. The CRISPR/
Cas9 method enables efficient genetic manipulation in the cells,
whereas the scaffold material offers a three-dimensional framework
that can assist in the development and differentiation of cells (Pal
et al., 2009; Ferracini et al., 2018). A scaffold substance that could
promote cellular proliferation and differentiation was created by
scientists to practice scaffold tree delivery for synthetic biology.
Afterward, researchers manipulated the genes of the cells using
CRISPR/Cas9 before being planted into the scaffold. This may entail
altering genes to encourage cell division, proliferation, or other
desirable characteristics for tissue regeneration (Krishna et al., 2016;
Abpeikar et al., 2022). After transformation, the cells are loaded onto
the biocompatible substance and implanted into the target tissue

FIGURE 2
An overview of the CRISPR/Cas9 payload’s genetic engineering processes, effective diagnostics methods, and in vivo delivery techniques used in
numerous types of medical treatment and medication delivery systems.

Frontiers in Chemistry frontiersin.org05

Dubey and Mostafavi 10.3389/fchem.2023.1259435

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1259435


location in vivo. As they develop and differentiate, cells on the
scaffold material release pharmacological components that
encourage tissue regeneration and repair. One of the key
advantages of scaffold tree management is the ability to
accurately control the behavior of the cells used in tissue
engineering (Chan and Leong, 2008; Dzobo et al., 2018).

Using CRISPR/Cas9 to modify certain genes, researchers can
boost cell activity to facilitate tissue regeneration and repair. The
ability to administer genetic materials in vivo is yet another benefit of
scaffold tree delivery. In other words, the scaffold material can be
surgically placed into the desired tissue location, where it can release
therapeutic elements over time (Hsu et al., 2014; Hazafa et al., 2020).
The intriguing new method of scaffold tree delivery for tissue
engineering combines the advantages of scaffold materials with
the accuracy of CRISPR/Cas9 gene editing. The technique will
probably be used in novel ways throughout time to develop
functioning tissues and organs for a variety of purposes (Chooi
et al., 2021).

It has been suggested that using the gene that codes for a growth
factor to target cells is an effective way to enable constant
interpretation and release of the growth factor in the host tissue
forum and prevent complications with expression levels that can
arise during the challenging process of formulation and the brief
half-life after discharge in the biological fluids when growth factor-
releasing scaffolds are used (Yun et al., 2010; Robubi et al., 2014).
Transfecting seeded cells and expressing the growth factor to
encourage the morphogenesis of specific cells to produce the
desired tissue, the genetic material is continuously delivered via
polymeric scaffolds, either as bare DNA or in the form of polyplexes
(Hwang et al., 2010; Muzzio et al., 2021).

In recombinant DNA technology, the effectiveness of delivering
Cas9: sgRNA complexes utilizing fiber scaffolds was investigated. To
validate the efficacy of the experimental scaffold’s genome editing,
researchers employed prototype cultured cells U2OS, which
contains individual clones of the enhanced fluorescent green
protein (EFGP) inserted into the genome (Chin et al., 2019). A
sgRNAwas created specifically to target this EGFP gene. They used a
bio-adhesive covering called poly-DOPA-melanin (pDOPA), which
was inspired by mussels, to make it easier for Cas9: sgRNA
complexes to adhere to the fiber scaffolds (Xie et al., 2012). They
show that effective genetic manipulation utilizing these scaffolds is
possible by inverse transfection. All such systems could make it
easier to translate genome editing in the future for applications like
tissue regeneration (Lawhorn et al., 2014; Iwasaki et al., 2020).

3.2.1 The potential of CRISPR/Cas9 in tissue
engineering

Using the precise genome editing that CRISPR/Cas9 technology
enables in cells used for tissue regeneration, tissue engineering has
the potential to undergo a revolution. Using biomaterials and cells,
tissue engineering aims to produce functioning tissues or organs that
may take the place of the body’s sick or damaged tissues (Armstrong
and Stevens, 2019). Getting a firm grip on the behavior of the cells
utilized in the regeneration process is one of the main difficulties in
tissue engineering. Scientists can accurately change DNA sequences
in cells using the potent genome editing technology CRISPR/Cas9
(Gopal et al., 2020). In tissue engineering cells, certain genes may be
altered using CRISPR/Cas9 to improve their capacity for

regeneration, encourage differentiation into cell types, and
optimize their behavior in response to signals. For instance,
CRISPR/Cas9 might be used to change the genes that regulate
stem cells’ differentiation and proliferation, which are frequently
employed in tissue engineering applications (Zhang et al., 2017;
Valenti et al., 2019). Scientists might influence the development of
stem cells into cell types, such as bone or cartilage cells, that may be
utilized to rebuild damaged tissues by manipulating the expression
of these genes. Moreover, CRISPR/Cas9 has the potential to alter
immune response-related genes, which could enhance the
compatibility of transplanted tissues with the recipient’s immune
system. This could lower the possibility of rejection and increase the
effectiveness of tissue engineering treatments over time (Clément
et al., 2017; Ryczek et al., 2021; Meissner et al., 2022).

Tissue engineering using CRISPR/Cas9 involves using genome
editing to modify the genetic makeup of cells used for tissue
regeneration. The goal is to enhance the regenerative potential of
these cells and optimize their behavior in response to specific signals.
One example of how CRISPR/Cas9 can be used in tissue engineering
is in the development of organoids, which are three-dimensional
structures that mimic the architecture and function of organs in the
body (Driehuis and Clevers, 2017; Rodríguez-Rodríguez et al., 2019).
By modifying specific genes in stem cells, researchers can direct their
differentiation into specific cell types that can be used to create
organoids that closely resemble real organs. In addition to organoid
development, CRISPR/Cas9 can also be used to modify genes
involved in immune responses. This could improve the
compatibility of transplanted tissues with the recipient’s immune
system, reducing the risk of rejection and improving the long-term
success of tissue engineering procedures (Yin et al., 2016; Lehmann
et al., 2019; Kim et al., 2020). CRISPR/Cas9 can also be used to
modify genes involved in wound healing, such as those that control
the migration and proliferation of cells. By enhancing the ability of
cells to regenerate damaged tissues, CRISPR/Cas9 could improve the
outcomes of tissue engineering procedures for injuries and diseases
(Grath and Dai, 2019; Srifa et al., 2020; Li et al., 2023a).

Using CRISPR/Cas9 to change certain genes or regulatory
components, it is possible to precisely design tissues. This can
lessen the possibility of negative effects while improving the
efficacy of created tissues. By altering the expression of genes
involved in angiogenesis, CRISPR/Cas9 has been utilized, for
instance, to create a functioning blood artery (Liu et al., 2019;
Uddin et al., 2020). With the introduction of disease-causing
mutations into cells, CRISPR/Cas9 may be used to simulate
illnesses in a lab setting. This can be utilized to research the
processes that underlie the development of diseases and to create
novel treatments. For instance, the modeling of Huntington’s
disease using CRISPR/Cas9 in stem cells has resulted in the
discovery of novel therapeutic targets (Cai et al., 2016; Cribbs
and Perera, 2017; Li et al., 2020). Gene-edited tissues may be
generated using CRISPR/Cas9 and exploited for drug testing or
transplantation. For instance, CRISPR/Cas9 was utilized to make
gene-edited liver tissue that might be used to study drug
metabolism and liver disease (Xu et al., 2020a). CRISPR/
Cas9 technology can be used to change the genomes of
immune and stem cells used in tissue engineering to improve
their therapeutic potential. For instance, T cells may be modified
using CRISPR/Cas9 to form chimeric antigen receptors (CARs),
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which can enhance their ability to detect and destroy cancer cells
(Gao et al., 2019; Kim et al., 2021). Overall, the potential of
CRISPR/Cas9 in tissue engineering is vast, and ongoing research
is likely to uncover new ways to harness this powerful technology
to create functional tissues and organs that can be used to treat a
wide range of diseases and injuries.

3.3 Delivery approaches for CRISPR/
Cas9 gene editing techniques

By enabling researchers to precisely alter an organism’s DNA,
CRISPR/Cas9 gene editing techniques have revolutionized
genetic engineering and biotechnology. An essential step in
gene editing is the introduction of CRISPR/Cas9 components
into target cells (Li et al., 2023b). The target cell type needed
editing efficiency, the likelihood of off-target effects, and whether
the editing is carried out in vitro or in vivo all play a role in
determining the delivery approach. To improve the accuracy and
effectiveness of CRISPR/Cas9 gene editing techniques,
researchers are always looking into and inventing new delivery
systems (Tycko et al., 2016; Naeem et al., 2020). There are several
approaches for delivering CRISPR/Cas9 systems, each with its
advantages and limitations.

i. Viral Vectors: Delivering CRISPR/Cas9 components is
frequently done via viral vectors. There are lentiviruses,
adenoviruses, and adeno-associated viruses (AAVs) among
them. These viruses contain the Cas9 gene and guide RNA
sequences that are designed to enter target cells (Asmamaw
Mengstie, 2022). Although viral vectors are effective in
delivering drugs to a variety of cell types, they may have
drawbacks such as immunogenicity, the possibility for
haphazard integration into the host genome, and a small
cargo capacity (Bulcha et al., 2021).

ii. Plasmid DNA Transfection: Cells can be transfected using
methods like electroporation or lipofection using plasmid
DNA carrying the Cas9 gene and guiding RNA sequences.
Plasmid-based delivery is easy and affordable, but it may not be
as successful as viral approaches, especially in non-dividing
cells (Chong et al., 2021).

iii. Ribonucleoprotein (RNP) Delivery: In this method, the
Cas9 protein and guide RNA are already put together and
are given to the cells as a ribonucleoprotein complex. Given
that the components of RNP delivery are ephemeral and not
incorporated into the genome, it provides great editing
efficiency and lowers off-target consequences. But to ensure
effective delivery, it must be optimized, and some cell types may
not respond as well (Jiang and Doudna, 2017; Zhang et al.,
2021c).

iv. Electroporation: To allow CRISPR/Cas9 components to enter
cells, electroporation entails delivering electrical pulses to
temporarily break apart the cell membrane (Sinclair et al.,
2023). Nucleic acids may be introduced into a variety of
cells, including those that are challenging to transfect, using
this standard technique. However various cell types need to be
optimized for electroporation since it might be hazardous to
them (Fus-Kujawa et al., 2021).

v. Lipid Nanoparticles (LNPs): To effectively transfer CRISPR/
Cas9 components into cells, lipid-based nanoparticles may be
loaded. LNPs may be made for certain cell types and are very
simple to develop. For in vivo delivery functions, are being
investigated (Jung et al., 2022).

vi. Protein Engineering: Cas9 proteins are being changed by
researchers to make them easier to distribute. For instance,
basic editors, high-fidelity Cas9, and smaller Cas9 variations
like Cas9 nickase may all be administered more effectively and
with fewer off-target consequences (Xu et al., 2019a).

vii. Cell-Penetrating Peptides (CPPs): CPPs are short peptides that
can make it easier for substances to enter cells. To increase their
absorption by cells, they can be combined with Cas9 or guide
RNAs (Zhang et al., 2021d).

viii. Microinjection: Direct insertion of CRISPR/Cas9 components
into cells is possible for some applications, such as editing
embryos, using microinjection. Specialized tools and
knowledge are needed for this technique (Khalil, 2020).

3.4 Biopolymer-based delivery system for
CRISPR/Cas9

Biopolymer-based delivery systems are a particular kind of
drug carrier technique that employs biodegradable polymers,
such as proteins, polysaccharides, and lipids, as carriers for
medications or beneficial substances. Because of these systems’
bioactivity, good biocompatibility, and capacity to target certain
cell types and tissues, interest in them has grown over the past few
years (Nitta and Numata, 2013; Gheorghita et al., 2021).
Secondary metabolites, proteins, nucleic acids, and vaccines
may all be delivered using biopolymer-based delivery methods,
as well as a variety of other medications and bioactive substances.
Moreover, they may be made to release the medicine or bioactive
substance gradually, enabling sustained release over a long period
(Hong et al., 2020; Moeini et al., 2022). Targeting certain tissues
and cells allows biopolymer-based delivery systems to increase
therapeutic effectiveness while minimizing negative effects.
Moreover, gene therapy, tissue engineering, and regenerative
medicine might all benefit from their use (Xia et al., 2021).
Some of the most used biopolymers in drug delivery systems
include chitosan, alginate, collagen, and gelatin. These
biopolymers can be modified to improve their physical and
chemical properties, such as their stability, solubility, and drug
release profile (Dumontel et al., 2023).

Although research on CRISPR/Cas9 delivery methods based
on biopolymers continues to be in its initial phases, there have
been a few encouraging findings. For instance, a paper that was
released described the creation of a CRISPR/Cas9 nanoparticle
delivery system based on chitosan. It was demonstrated that the
technique efficiently delivered the CRISPR/Cas9 components to
human lung cancer cells in vitro, leading to substantial gene
editing (Duan et al., 2021a; Nie et al., 2022). Another study
detailed the creation of a CRISPR/Cas9 delivery platform based
on silk fibroin. It was demonstrated that the method successfully
delivered the CRISPR/Cas9 elements to cells derived from human
breast cancer in vitro, leading to considerable genetic
manipulation (Kaushik et al., 2019; Baci et al., 2021).
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3.4.1 Chitosan
A cationic polymer derived from chitin called chitosan has

undergone substantial research as a drug carrier medium. It can
create microparticles, hydrogels, and nanoparticles that may be
utilized to deliver a range of medications, including proteins,
peptides, and DNA (Cheung et al., 2015). Delivery methods
based on chitosan have been utilized to treat infections,
inflammatory disorders, and cancer. For instance, curcumin, a
naturally occurring anti-cancer chemical, had its bioavailability
and anti-tumor activity increased by a chitosan-based
nanoparticle system (Huang et al., 2017). Because of their
mucoadhesive qualities and capacity to improve drug absorption,
chitosan-based delivery systems have shown promise in the
administration of many medications, including anti-cancer
therapies. Chitosan-based delivery systems for a variety of
medicines, including polypeptides, polymers, and polynucleotides,
have been created (Mohammed et al., 2017; Herdiana et al., 2021a).
The effective creation of chitosan-based nanocarriers for the
transport of capsaicin, an aqueous solubility anti-inflammatory
medication. Chitosan has also been explored for gene delivery,
with results demonstrating that it has a higher transfection
effectiveness than other delivery methods (Cao et al., 2019;
Herdiana et al., 2021b).

Nucleic acids and other medicinal compounds, including those,
have been thoroughly explored for use as delivery systems using
chitosan. Delivering CRISPR/Cas9 gene editing tools is one of the
chitosan’s most intriguing uses (Caprifico et al., 2022). With the use
of the potent gene-editing tool CRISPR/Cas9, genes in the genome
may be precisely targeted and altered. Nevertheless, because the

CRISPR/Cas9 components are bulky and negatively charged, they
have a difficult time crossing the cell membrane, making their
distribution into target cells a significant barrier (Qiao et al.,
2019; Khademi et al., 2022). It has been demonstrated that
chitosan-based delivery methods may successfully overcome this
obstacle and distribute CRISPR/Cas9 into target cells (Wilbie et al.,
2019).

Chitosan is often utilized as a cationic polymer to bind with the
negatively charged CRISPR/Cas9 components in chitosan-based
CRISPR/Cas9 delivery systems, which mainly include the
creation of nanoparticles. Cells may quickly absorb the resultant
nanoparticles and transfer them to the nucleus, where the CRISPR/
Cas9 components can carry out their gene-editing task (Givens et al.,
2018; Zhang et al., 2018; Rouatbi et al., 2022). The CRISPR/
Cas9 combination was loaded with CsNPs by researchers to treat
pulmonary arterial hypertension (PAH). The bone morphogenic
protein receptor II (BMPR2) gene was proposed as the key gene
implicated. BMPR2 displays functional alterations or decreased
expression, which causes lung cells to proliferate less and
undergo more apoptosis (Figure 3A). As a result, fibroblasts were
used for the CRISPR/Cas9 transfection for altering BMPR2. The
findings suggested that utilizing pure CsNPs for transfection of cells
resulted in a considerable reduction in BMPR2 mRNA expression
and an increase in cell proliferation. Site-specific and regulated
distribution might be enabled accessible by encapsulating the
surface of PLGA NPs with chitosan in order to enhance
electrostatic attraction with the negatively charged membranes of
the cells (Figure 3B). Additionally, using the CRISPR/Cas9 plasmid
distribution technique for addressing the human embryonic kidney

FIGURE 3
Chitosan-based tactics with immaculate backbone. (A) Using pristine CsNPs, fibroblasts were transfected to treat pulmonary arterial hypertension.
The major gene, BMPR2, which is implicated in the condition, had its mRNA expression reduced as a consequence. (B) PLGA NPs complexed with
CRISPR/Cas9 are coated with chitosan, and HEK-293 cells transfected with these particles revealed reduced GFP nuclear expression. (C) Chitosan is
employed as a coating material for alginate nanoparticles that have been combined with CRISPR/Cas9. After the protein corona formed, treatment
of cancer cells revealed an improved transfection capacity because the plasmid was protected from enzymatic destruction (Adapted fromCaprifico et al.,
2022).
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cell line (HEK-293), the replication of green fluorescent protein
(GFP) was 80% suppressed. Even though the formation of protein
corona was induced because the size of NCs increased by 1.3-fold
and their transfection ability by about 20% in several cancer cell
lines, the coating of AGNPs with Cs conferred a higher protection of
the plasmid in the presence of serum proteins (Figure 3C). This was
because the coating protected the plasmid from enzymatic
degradation. (Tuder et al., 2009; Caprifico et al., 2022; Kabwe
et al., 2022).

Numerous studies have shown that CRISPR/Cas9 delivery
methods based on chitosan are efficient in a variety of cell types
and animal models. For instance, chitosan nanoparticles may
effectively transfer CRISPR/Cas9 to human lung cancer cells,
which resulted in a substantial decrease in cancer cell viability
(Xu et al., 2021; Huang et al., 2022a). Several formulations and
preparation techniques have been used to create chitosan-based
delivery systems for CRISPR/Cas9. One method uses chitosan
nanoparticles, which may be created by ionic gelation,
polyelectrolyte complexation, or coacervation techniques. To
increase these nanoparticles’ stability, cellular absorption, and
gene editing effectiveness, targeted ligands, and surface
modifications can be added (Vauthier et al., 2013; Ghadi et al.,
2014). Chitosan hydrogels or films, which may be loaded with
CRISPR/Cas9 components and delivered directly to target tissues
or cells, are a different strategy. These formulations can enhance the
bioavailability and retention of the gene editing components and
offer a prolonged release of those components (Mahmudi et al.,
2022).

3.4.2 Alginate
Another biopolymer that has been extensively employed in drug

delivery applications is alginate. Drugs including antibiotics, anti-
inflammatories, and growth hormones have all been delivered using
hydrogels made of alginate. Applications for tissue engineering, such
as the regeneration of bone and cartilage, have also made use of
alginate-based systems (Lee and Mooney, 2012; Abourehab et al.,
2022). There have been many studies on the use of alginate-based
delivery techniques in biochemical regeneration and cellular
encapsulation. Alginate has also been used to administer
medications, and the results point to a delayed drug release and
greater therapeutic efficacy (Zhang et al., 2021a). Alginate-based
delivery systems for a range of pharmaceuticals, including proteins,
peptides, and small molecules, have been developed. Making
hydrogels with an alginate base that work well to deliver insulin
continuously (Li and Mooney, 2016; Tomić et al., 2023).

These methods are being investigated for a variety of applications,
such as skin regeneration, cancer treatment, and genetic editing. To
enclose and distribute CRISPR/Cas9 components, such as plasmid
DNA or ribonucleoproteins (RNPs), to target cells, alginate-based
delivery approaches have been utilized (Wang et al., 2022).
According to one study, the delivery of CRISPR/Cas9 RNPs to lung
cancer patient cells via an alginate-based delivery method led to precise
genetic alterations. An alginate-based polymer may be able to carry
CRISPR/Cas9 RNPs to a murine model’s retina, enabling precise
genetic manipulation and a possible cure for retinal illnesses,
according to another study. Target cells may be effectively supplied
utilizing alginate-based nanoparticles and CRISPR/Cas9 (Burnight
et al., 2018; Behr et al., 2021; Caprifico et al., 2022).

The research discovered that the CRISPR/Cas9 system could
be adequately delivered to targeted in vitro cultivating cells using
alginate nanoparticles that were loaded with the Cas9 protein and
sgRNA (single guide RNA) (Wan and Ping, 2021). In research
that has been released, scientists have demonstrated that alginate
hydrogels can increase the efficacy of CRISPR/
Cas9 administration by halting the degradation of
Cas9 protein and sgRNA by restriction enzymes in plasma.
For specific applications, CRISPR/Cas9 delivery on alginate
may be tailored (Guo et al., 2018; Farheen et al., 2022). In a
study, researchers modified the alginate nanoparticles’ surface
using a “click” chemical technique to better target and distribute
CRISPR/Cas9 to certain cell types. Investigations on CRISPR/
Cas9 delivery utilizing alginate have been conducted on animals
(Alallam et al., 2020). In a recent study, it was shown that alginate
nanoparticles loaded with the Cas9 protein and sgRNA could
effectively transport the CRISPR/Cas9 system to target cells in
the lungs of mice (Kim et al., 2020). Overall, these investigations
indicate that alginate-based delivery methods may be useful for
CRISPR/Cas9 gene editing applications, but more study is
required to tailor the delivery system for uses and assess its
effectiveness and safety in vivo.

3.4.3 Collagen
A natural protein called collagen is present in large amounts

in the extracellular environment of several tissues, including
cartilage, skin, and bone. Because of its biological properties
and capacity to promote tissue repair and cell proliferation, it has
been utilized in the creation of systems for delivering drugs. Small
compounds, peptides, and growth factors have all been delivered
using collagen-based methods (Gelse et al., 2003; Dong and Lv,
2016; Naomi et al., 2021). Collagen-based delivery methods have
been employed by investigators to successfully deliver CRISPR/
Cas9 to target cells in vitro and in vivo. In one research, CRISPR/
Cas9 was successfully delivered via a collagen-based delivery
method to treat mice with Duchenne muscular dystrophy
(Sharma et al., 2021; Javaid et al., 2022). Another research
demonstrates that CRISPR/Cas9 may be delivered to neuronal
cells via a collagen-based delivery method, possibly leading to
novel treatment options for neurological illnesses (Abdelnour
et al., 2021). Collagen-based delivery methods have also
demonstrated potential in lowering CRISPR/Cas9 off-target
effects, a significant problem in gene therapy. The
development of collagen-based delivery methods for the
effective and targeted administration of CRISPR/Cas9 to target
cells still faces obstacles (Maeder and Gersbach, 2016; Li et al.,
2022a).

In an investigation, researchers have developed a collagen-based
hydrogel that may deliver CRISPR/Cas9 to the brain to treat
neurological problems. Another study increased the efficiency of
gene editing and improved the targeting of CRISPR/Cas9 to specific
liver cells while reducing off-target effects by using a growth factor
delivery technique. To treat skin diseases, CRISPR/Cas9 has also
been administered via collagen-based delivery systems (Cota-
Coronado et al., 2019; Zhou et al., 2022). In a scientific report,
epidermolysis bullosa, a hereditary skin condition, was successfully
treated using a hydrogel made of collagen that was utilized to
transport CRISPR/Cas9 to skin cells. Xenografts made from
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biallelic corrected induced pluripotent stem cell (iPSC)-derived
recessive dystrophic epidermolysis bullosa (RDEB), keratinocytes
(KCs) and fibroblasts (FBs) were immunofluorescently labeled for
C7, epidermal development markers such keratin 14, keratin 10,
loricrin, filaggrin, and vimentin, and they were compared to iPSC-
derived xenografts made from WT and mutant cells 2 months after
grafting (Figures 4A, B). The fact that the xenografts from iPSCs that
had their genes corrected generated C7 and looked exactly like WT
skin suggests that the iPSC-derived iKCs and iFBs had their protein
functionality recovered. The COL7A1 mutation in exon 19 was
corrected in 10% of the selected clones by biallelic correction and in
40% of the clones through monoallelic correction. About 80% of the
selected clones showed Cas9 activity. The hereditary mutation
(c.2470insG) in exon 19 of COL7A1 was corrected by 58%
biallelic and 42% monoallelic correction, whereas the
heterozygous mutation (c.2470insG/c.3948insT) in exons 19 and
32 of COL7A1 was corrected by 19% biallelic and 48% monoallelic
correction, respectively (Figure 4C). (Jacków et al., 2019). The
effectiveness and security of CRISPR/Cas9 gene editing might be
enhanced by collagen-based delivery methods, and current research
in this area is expected to result in future developments (Prodinger
et al., 2019; du Rand et al., 2022; Wu et al., 2017). Collagen-based
therapeutic approaches must nevertheless be improved to distribute
CRISPR/Cas9 precisely and effectively to target cells. In conclusion,
collagen-based CRISPR/Cas9 delivery systems represent a
fascinating and promising area of research with potential
applications in the treatment of several inherited disorders (Kang
et al., 2022).

3.4.4 Gelatin
Gelatin is a protein made from collagen that has been employed

in tissue engineering and medication delivery. Proteins, peptides,
and medicines have all been delivered using gelatin-based delivery
methods. They have also been employed in the creation of scaffolds
for tissue engineering, such as those used to regenerate cartilage and
skin. (Thein-Han et al., 2009; Afewerki et al., 2018). Gelatin may be
used to administer a wide range of drugs, including proteins,
peptides, and small compounds. The efficient synthesis of
gelatin-based solid lipid nanoparticles for the delivery of the
widely used chemotherapy drug paclitaxel (Ma et al., 2020; Wong
et al., 2020).

To cure Duchenne muscular dystrophy in a mouse model,
CRISPR/Cas9 has been delivered via gelatin nanoparticles, which
has improved muscle function and raised dystrophin expression.
The key enzyme neuronal nitric oxide synthase (nNOS), which is a
part of the dystrophin-glycoprotein complex that regulates muscle
function, was able to localize to the sarcolemmal region as a result of
the induction of dystrophin expression (Figure 5). The detected
dystrophin levels within muscles remained sustained, leading to
notable gains in specific force-producing ability as well as protection
from contraction-induced damage (Bengtsson et al., 2017).

Gelatin hydrogels were used as a delivery mechanism to target
the carcinogenic KRAS gene by CRISPR/Cas9 in pancreatic cancer
cells in vitro, which led to the reduction of cell proliferation and
colony formation (Kim et al., 2018). Improved airway epithelial
function and a decrease in bacterial load were the results of
delivering CRISPR/Cas9 via gelatin-based nano complexes in a

FIGURE 4
Functional validation of gene-corrected iPSC-derived FBs and HSEs from RDEB patients. (A) Histologically, 3D HSEs made from iPSC-derived KCs
and FBs from gene-corrected RDEB patients are equivalent to those made using iPSC WT KCs/FBs, 2 months after grafting. Epidermal and dermal
morphology were both normal, as shown by H&E staining. Immunofluorescence (IF) labeling (green signal), using the LH7.2 antibody, is used to show
C7 deposition 2 months after grafting. On correction, mutant, and WT xenografts, further IF staining for keratin 14 and keratin 10 as well as loricrin,
filaggrin, and vimentin was carried out. (B) Two months after grafting, transmission electron microscopy was used to examine positive iPSC WT KCs/FBs
skin grafts, negative homozygous mutant COL7A1-RDEB skin grafts, COL7A1-RDEB gene-corrected KCs/FBs skin grafts, and gene-corrected RDEB skin
grafts. (C) Sanger sequencing verifiedmultiple genotypes in COL7A1-RDEB homozygousmutant iPSCs from designated colonies. (Adapted from Jacków
et al., 2019).
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pig model of cystic fibrosis. To deliver CRISPR/Cas9 to glioblastoma
cells in vitro, gelatin nanoparticles functionalized with tumor-
targeting peptides have been created. This reduces cell survival
and promotes tumor development (Zhou et al., 2019; Piotrowski-
Daspit et al., 2022).

Gelatin-based delivery systems for CRISPR/Cas gene editing
have become a viable tool for therapeutic uses because of their
biomedical applications, good biocompatibility, and capacity to
incorporate and preserve genetic information (Xu et al., 2020b).
Gelatin nanoparticles equipped with Cas9 protein and guide RNA
were shown to effectively transfer the elements to human embryonic
kidney cells (HEK293T) and trigger gene editing, demonstrating the
higher effectiveness with which gelatin nanoparticles can deliver
CRISPR/Cas components to target cells (Rouet et al., 2018; Andrée
et al., 2022).

It has been demonstrated that gelatin hydrogels can boost the
long-term stability of the Cas9 protein and guide RNA by protecting
it from nuclease degradation. Substantial levels of synthetic biology
were also maintained by the gelatin hydrogels in HEK293T cells,
demonstrating that gelatin hydrogels may improve the toughness
and stop CRISPR/Cas components from deteriorating (Kim and Liu,
2019; Boucard et al., 2022; Li et al., 2022b). Another study created
gelatin-based microcapsules that could deliver the Cas9 protein and
RNA guide to certain mice organs, including the hepatic and
pulmonary. Given how effectively the microparticles edited the
genes in these tissues, gelatin-based microparticles might also
successfully transport CRISPR/Cas components to specific tissues
in vivo (Wang et al., 2016; Sahu et al., 2019). According to different
research, gelatin-based nanoparticles have been created that can be

tailored to deliver CRISPR/Cas to certain cells. Gelatin-based
nanoparticles may be designed to target certain cells for CRISPR/
Cas delivery, according to the investigators’ in vitro and in vivo
experiments showing the nanoparticles could effectively carry
Cas9 protein and guide RNA to cancer cells (Naeem et al., 2021;
Xu et al., 2021; Saw et al., 2022).

3.4.5 Silk protein
Because of its physiological differences, high functional

properties, and capacity to create hydrogels, silk protein,
generated from the silkworm, has been explored as a way of
delivering pharmaceuticals (Huang et al., 2018). Silk-based
distribution techniques have been developed for a variety of
medications, including proteins, peptides, and small compounds.
Silk-based hydrogels are being developed for the prolonged release
of bone morphogenetic protein-2, a growth factor that stimulates
bone repair (Yucel et al., 2014; Nguyen et al., 2019).

It has been demonstrated that silk fibroin nanoparticles
effectively transport CRISPR/Cas9 to human glioblastoma cells
and human embryonic kidney cells (HEK293T) (U87). The
research established both biocompatibility and lack of toxicity of
the silk fibroin nanoparticles in the cells. Gene editing was also
demonstrated to be successful when CRISPR/Cas9 was supplied
using silk fibroin nanoparticles (Zhao et al., 2015). In a different
scenario, silk nanoparticles were used to administer CRISPR/
Cas9 for genome - editing in the retina. Silk nanoparticles,
according to the study’s findings, may effectively transport
CRISPR/Cas9 to retinal pigment epithelium (RPE) cells both
in vitro and in vivo. The research demonstrated that the silk

FIGURE 5
The localization of nNOS to the sarcolemma by dystrophin correction by CRISPR/Cas9 enhancesmuscular performance. (A) IM-treated and control
muscles were immunofluorescent stained for nNOS, laminin, and dystrophin. (B) Specific force producing capacities of treated mdx4cv mouse TA
muscles following IM transduction with each vector SaCas9/5,253, SpCas9/5,253, and SpCas9/53 as well as of untreated age-matched WT and mdx4cv
muscles. (C) Resistance to damage caused by eccentric contraction, determined by evaluating contractile function in the moments before
lengthening alterations during maximal force generation in the TA muscles of naive versus IM-treated mdx4cv mice SaCas95253, SpCas9/5,253, and
SpCas9/53. (Adapted from Bengtsson et al., 2017, under the terms of the Creative Commons CC BY license).
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nanoparticles were biocompatible and had no adverse effects on the
cells (Salman et al., 2022). A hydrogel based on silk fibroin was
created recently for the delivery of CRISPR/Cas9 for cartilage gene
editing. The scientists discovered that the silk fibroin-based hydrogel
could effectively transport CRISPR/Cas9 to the chondrocyte cells
both in vitro and in vivo. The research revealed that the hydrogel
made of silk fibroin was biocompatible and had no harmful effects
on the cells (Yu et al., 2023a).

A study showed that silk fibroin nanoparticles may successfully
edit genes in vitro and in vivo by effectively delivering CRISPR/
Cas9 complexes into cells. In a different study, silk-based nano
complexes were developed for the delivery of the CRISPR/
Cas9 ribonucleoprotein (RNP) into cells. The authors established
in vitro and in vivo effective gene editing with little off-target side
effects (Wei et al., 2014). In the current research, a peptide was used
to functionalize silk fibroin nanoparticles to improve their uptake by
cells and endosomal escape. The authors successfully delivered
CRISPR/Cas9 RNP into cells and successfully carried out both
in vitro and in vivo genome engineering experiments (Esser et al.,
2021; Pirota et al., 2023). The most recent developments in silk-
based gene editing delivery technologies, including CRISPR/Cas9,
were detailed in a review paper. The biodegradability, adjustable
mechanical characteristics, and biocompatibility of silk fibroin were
emphasized by scientists as advantages for gene transfer (Kochhar
et al., 2021).

3.4.6 Hyaluronic acid
Targeted medication delivery to cancer cells that overexpress

hyaluronan receptors has been accomplished using hyaluronic acid-
based delivery systems. It has been demonstrated that hyaluronic
acid nanoparticles improve the effectiveness of anticancer
medications like paclitaxel and doxorubicin (Maruyama, 2011;
Lee et al., 2020). Sustained-release medication delivery systems
have been created using cellulose derivatives such as
methylcellulose and hydroxypropyl methylcellulose. With better
drug release profiles and fewer side effects, these devices have
been employed to administer medications including diclofenac
and metformin (Hoare and Kohane, 2008; Wadher et al., 2011;
Roy et al., 2013).

The CRISPR/Cas delivery mechanism hyaluronic acid (HA) has
lately gained popularity. HA, a natively abundant glycoprotein
found in the extracellular matrix of many tissues, is safe and
well-tolerated in humans (Kelkar et al., 2016). In addition, HA is
a top choice for the targeted delivery of CRISPR/Cas to cancerous
cells because of its high affinity for CD44, a cell surface receptor that
is upregulated in many cancerous cells (Wang and Jia, 2016; Xu and
Li, 2020). The efficacy of HA-based delivery methods for CRISPR/
Cas has been shown in numerous investigations. One research, for
instance, delivered CRISPR/Cas9 to ovarian cancer cells both in vitro
and in vivo using HA nanoparticles, which significantly inhibited
tumor development (Vaghari-Tabari et al., 2022). Another study
successfully achieved effective gene editing and the activation of
death by delivering CRISPR/Cas9 to human lung cancer cells in vitro
using HA-coated polymeric nanoparticles (Fang et al., 2022).

As a potential CRISPR/Cas delivery method, HA-based
hydrogels have also been examined in other investigations. One
experiment, for instance, used a hydrogel based on HA to deliver
CRISPR/Cas9 to mice’s retinas while preventing retinal

degeneration (Yang et al., 2021). A system of hyaluronic acid-
based nanoparticles was used in one study to deliver CRISPR/
Cas9 to cancer cells. The researchers showed that the
CRISPR/Cas9 system could be effectively delivered to cancer cells
in vitro using hyaluronic acid-based nanoparticles, resulting in
precise gene editing and the induction of death (Liang et al.,
2015; Qiu et al., 2016; Lin et al., 2022).

Another study administered CRISPR/Cas9 to treat osteoarthritis
using a hyaluronic acid hydrogel. The research showed that the
CRISPR/Cas9 system could be successfully introduced into
mesenchymal stem cells in vitro via the hydrogel, resulting in
gene editing and cartilage regeneration (Figure 6) (Mehta et al.,
2021; Kim and Guilak, 2022). A recent study demonstrated how to
deliver CRISPR/Cas13a to the SARS-CoV-2 RNA using hyaluronic
acid-based nanoparticles. The researchers showed that the CRISPR/
Cas13a system could be successfully introduced into SARS-CoV-2-
infected cells in vitro through hyaluronic acid-based nanoparticles,
resulting in precise RNA cleavage and inhibition of viral growth
(Chen et al., 2022; Deol et al., 2022).

3.4.7 Lactose-derived branched cationic
biopolymer

Branched cationic biopolymers generated from lactose are
one class of biopolymers that have demonstrated potential as
CRISPR/Cas9 delivery vehicles. These biopolymers are created
from the disaccharide lactose, which is found in large quantities
in milk (Qi et al., 2020). The positive charge and cationic nature
of the lactose-derived biopolymers enable them to associate with
negatively charged nucleic acids like DNA and RNA. These
biopolymers’ branching structure offers the CRISPR/
Cas9 complex several locations for attachment, enhancing
delivery effectiveness. The lactose-derived biopolymers are also
safe for in vivo applications since they are biocompatible and
biodegradable (Moradali and Rehm, 2020; Xavier et al., 2021;
Shtykalova et al., 2023).

Highly branched-charged biomaterials generated from lactose
have recently been investigated as possible CRISPR/Cas9 delivery
systems. Researchers demonstrated how lactose-derived branching
cationic biopolymers may effectively carry CRISPR/Cas9 into cells,
leading to considerable gene editing (Zhuo et al., 2021). Its
effectiveness was ascribed by the researchers to the biopolymer’s
capacity to create stable nanoparticles that can enter cell membranes
(Sundar et al., 2010). Researchers examined the biocompatibility and
toxicity of lactose-derived branched cationic biopolymers in vitro
and in vivo in another investigation. The biopolymer was found to be
non-toxic and did not cause any major inflammatory reaction,
indicating that it might be a safe and effective CRISPR/
Cas9 delivery vehicle (Rouatbi et al., 2022).

In a published paper, researchers showed how targeting
receptors may be incorporated into lactose-derived branching
cationic biopolymers to specifically transport CRISPR/Cas9 to
cancer cells. The researchers’ in vitro and in vivo tests revealed
extensive use of genetic engineering strategies and tumor growth
inhibition (Kong et al., 2021; Chakraborty and Sarkar, 2022). In a
thorough study that has been published, researchers asserted the
potential of lactose-derived branched cationic biopolymers as
CRISPR/Cas9 delivery vehicles for therapeutic purposes. The
scientists talked about the biocompatibility, non-toxicity,
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targeting, and ability of the biopolymer to avoid issues with CRISPR/
Cas9 distribution in vivo (Jie et al., 2021).

Several studies have concentrated on creating biopolymer-based
CRISPR/Cas9 delivery systems as a potential replacement for viral
vectors, which have drawbacks and safety issues. A lactose-derived
branching cationic biopolymer known as lactose-grafted
polyethyleneimine (Lac-PEI) is one intriguing possibility (Li
et al., 2018; Iqbal et al., 2023). Target cells can effectively receive
CRISPR/Cas9 plasmids using Lac-PEI. Researchers demonstrated in
a study that Lac-PEI-mediated CRISPR/Cas9 delivery caused a
considerable suppression of the target gene in human lung
cancer A549 cells and human embryonic kidney (HEK293T) cells
(Ryu et al., 2018).

According to a study, targeting peptide-coated Lac-PEI
nanoparticles may effectively deliver CRISPR/Cas9 to breast
cancer cells both in vitro and in vivo. Lac-PEI can be changed to
increase delivery effectiveness and lessen toxicity (Nie et al., 2022).
Researchers transformed Lac-PEI in a study that was published with
the addition of a zwitterionic polymer, which increased the
effectiveness of its gene transport and decreased both in vitro
and in vivo cytotoxicity (Liu et al., 2022a). Multicarrier gene
editing is now possible with Lac-PEI, wherein the researchers
created a Lac-PEI-based CRISPR/Cas9 system in a study that
allowed three genes to be edited in HEK293T cells
simultaneously (Rohiwal et al., 2020). Furthermore, the
development of more efficient and secure genome editing
therapeutics shows promise with the use of lactose-derived
branched cationic biopolymers for CRISPR/Cas9 delivery. To
completely describe their features, enhance the effectiveness of
their distribution, and improve their usage in therapeutic
interventions, more study is required.

3.4.8 Polyhydroxyalkanoates
Bacteria that experience inconsistent reproduction synthesize

polyhydroxyalkanoates (PHA), a class of organic, biodegradable
polyesters that operate as internal carbon- and energy-storing
components. They have greater biodegradability, biocompatibility,
and the capability to produce harmless byproducts, making them
suitable replacements for implantable devices such as sutures, repair
patches, slings, orthopedic pins, scaffold, stents, and adherence
barriers (Lee, 1996; Guzik, 2021). Despite their great features as
indicated above, unmodified PHAs are inappropriate for use in
many biological applications due to the presence of large aggregates,
which leads to poor biomechanical properties, poor thermodynamic
stability, excessive hydrophobicity, and a sluggish disintegration rate
(Ray and Kalia, 2017; Riaz et al., 2021). PHAs’ intrinsic
hydrophobicity hinders them from being employed in biomedical
applications as many biomedical devices require greater
hydrophilicity (Pulingam et al., 2022).

PHAs are now being researched for their effectiveness as a
CRISPR/Cas-based biomedical research framework. The
CRISPR/Cas system is a potent genomic tool that enables
precise editing of DNA sequences but getting it to cells
correctly and effectively is still a big barrier (Jacinto et al.,
2020). For instance, positively charged amino acids and
negatively charged carboxyl groups can facilitate cell uptake of
the CRISPR/Cas system. PHAs can encapsulate these functional
groups and may also be modified to decay at predetermined rates,
which is essential for managing the duration of CRISPR/Cas
activity (Imamoğlu et al., 2022; Liu et al., 2022b).

It has been demonstrated that PHA-based nanoparticles may
successfully distribute CRISPR/Cas systems in vitro and in vivo. One
research, for instance, showed that Cas9 and sgRNA-loaded poly (3-

FIGURE 6
Diagrammatic description of hyaluronic acid-mediated CRISPR/Cas9 for osteoarthritis-affected joint and cartilage healing (Adapted from Liu et al.,
2021a under the open access Creative Commons Attribution (CC BY) license).
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hydroxybutyrate-co-3-hydroxy hexanoate) (PHBHHx)
nanoparticles could effectively transport the CRISPR/Cas system
to tumor cells in vitro and a mouse tumor model (Kılıçay et al., 2011;
Chang et al., 2014). PHA scaffolds can also be used to distribute
CRISPR/Cas systems locally. According to the study, gene
modification was readily achieved in a bone-deficient mice model
employing poly (3-hydroxybutyrate-co-3-hydroxy valerate)
(PHBV) scaffolds loaded with Cas9 and sgRNA (Lv et al., 2015;
Qin et al., 2018). Some traits can be included in PHAs to increase
their potency as CRISPR-Cas delivery vehicles. For example, PHA
nanoparticles may be functionalized with targeting ligands to
improve their selectivity for specific cell types. A targeting
peptide was added to PHA nanoparticles in a recently published
study to enable the delivery of Cas9 protein and guide RNA to
mouse liver cells in a targeted manner (Shrivastav et al., 2013;
Prakash et al., 2022). PHAs may be used with other materials to
create blended packaging solutions that have additional advantages.
For instance, researchers have developed PHA-based hydrogels
(embedding the Cas9 protein and guide RNA) that may be
injected at a target site for permanent and precise genetic editing.
Researchers developed a PHA-based hydrogel that, when implanted
at the site of the tumor in mice, significantly inhibited the growth of
tumors (Liu et al., 2021b).

PHAs have the potential to be used as a CRISPR/Cas delivery
method, according to one published research, wherein to improve
cellular absorption, the researchers created a PHA-based
nanoparticle that was functionalized with amino groups. The
CRISPR/Cas system was also included in the nanoparticle, and
its capacity to trigger gene editing in human cells was examined.
The outcomes demonstrated that the PHA-based nanoparticle
efficiently and effectively introduced the CRISPR/Cas system into
the cells and triggered gene editing (Allemailem et al., 2022; Xi et al.,
2022). It is now possible to regulate the expression of endogenous or
heterologous genes via the advent of transcriptional and/or
configurable hereditary circuits, such as T7 polymerase-based
expression vectors, programmable T7-based polymeric
transposable elements, the RiboTite system, vector technology,
and CRISPR-Cas tools. CRISPR/Cas9 has also been successfully
used to change many genes simultaneously. CRISPR interference
effectively directs metabolic flow toward PHA synthesis (Lv et al.,
2015; Chen and Jiang, 2018).

In research, CRISPR/Cas9 ribonucleoprotein (RNP) complexes
were shown to be transported into human cells using PHA
nanoparticles. The study found that PHA nanoparticles
effectively activate targeted gene editing and transport CRISPR/
Cas9 RNP complexes in primary T cells and neurons (Cheng et al.,
2022). Researchers also considered PHA-based nanomaterials for
the in vivo delivery of CRISPR/Cas9 plasmids. The researchers
successfully carried CRISPR/Cas9 plasmids to target cells and
started gene editing in a mouse model using PHA nanoparticles.
In addition to being studied as a delivery method for CRISPR-Cas
systems, PHAs are also being investigated as a scaffold material for
those systems (Zhang et al., 2022). In a different study, scientists
demonstrated how to use a scaffold made of PHA and CRISPR/
Cas9 plasmids to treat bone defects. The researchers found that the
PHA-based scaffold could effectively distribute the CRISPR/
Cas9 plasmids and promote bone regeneration in a rat model
(Liu et al., 2023).

3.4.9 Exosomes
Exosomes are extracellular vesicles that may be separated from a

variety of physiological fluids, including blood, urine, and saliva.
They are released by practically all cell types. They are rapidly being
researched for their prospective use as drug carriers for
pharmacological medicines, including CRISPR/Cas gene editing
tools. They play a significant part in signaling pathways (Muthu
et al., 2021; Rajput et al., 2022). Potential therapeutic uses for
exosome-based CRISPR/Cas delivery include the treatment of
cancer, genetic abnormalities, and viral infections. According to
researchers, for instance, exosomes can carry siRNA to cancer cells
and prevent the development of tumors in mice; Cas9 protein and
sgRNA to cure Duchenne muscular dystrophy in a mouse model
(Kooijmans, et al., 2013; Ahmadi et al., 2023).

If CRISPR/Cas is administered via exosomes, gene therapy might
undergo a radical transformation. By separating exosomes from diverse
sources, including cells generated by patients, CRISPR/Cas components
may be produced and directed toward specific genes or mutations
connected to certain diseases (Zhu et al., 2023). Studies have
demonstrated promising results for the delivery of CRISPR/Cas for the
treatment of several diseases, including cancer and genetic disorders.
Exosome-mediated CRISPR/Cas delivery is superior to other delivery
methods, including viral vectors and lipid-based transfection. This is
owing to exosomes’ capacity to identify certain tissues and shield the
payload fromdestruction by proteolytic enzymes (McAndrews et al., 2021;
Wan et al., 2022). CRISPR/Cas administration through exosomes has been
utilized successfully in experimental animals to cure hereditary mutations.
In a mouse model of Duchenne muscular dystrophy, for example,
exosomes containing CRISPR/Cas were capable of targeting muscle
fibers and fixing the dystrophin mutated gene, resulting in enhanced
neuromuscular activity (Erkut and Yokota, 2022; Zhang et al., 2023).

Several studies have shown that exosomes may successfully
transport CRISPR/Cas components, such as sgRNA and
Cas9 protein, to target cells in vitro and in vivo. For example,
researchers discovered that exosomes generated by dendritic cells
may transport siRNA to T cells and reduce the expression of a
target gene (Haney et al., 2015). Similarly, researchers also
demonstrated that exosomes may transport Cas9 protein and
sgRNA to target cells and produce targeted genome editing (Chen
et al., 2019). By directing the distribution of the CRISPR/Cas
components to particular cell types and preventing off-target effects,
exosomes can increase the precision and safety of CRISPR/Cas gene
editing. For instance, research has shown that mesenchymal stem cell-
derived exosomes may carry siRNA to breast cancer cells specifically
and decrease the expression of a target gene (Lamichhane et al., 2016).
Similar to this, another research showed that exosomes may cause
targeted genome editing by only delivering Cas9 protein and sgRNA to
pancreatic beta cells while having no negative effects on the function of
other cell types (Chen et al., 2021). When KPC689 cells were treated
with exosomes containing the KrasG12D sgRNA1 and KrasG12D
sgRNA2 but not with exosomes containing the vector control or
untreated cells, the T7/Surveyor test revealed indications of effective
gene editing (Figure 7) (McAndrews et al., 2021).

In the context of research on infectious diseases, exosome-based
CRISPR/Cas9 delivery has been suggested as a potential strategy for
producing innovative therapies for viral infections including HIV
and hepatitis B. For instance, a 2018 study discovered that exosomes
containing CRISPR/Cas9 may target and harm HIV proviral DNA
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in vitro, decreasing the virus’ ability to produce genetic material
(Dubey et al., 2022; Mazurov et al., 2023). Like this, exosome-based
CRISPR/Cas9 delivery was shown to effectively target the hepatitis B
virus (HBV) genome in vitro and in vivo, leading to a reduction in
viral replication and gene expression (Martinez et al., 2022).
Moreover, tissue engineering applications using exosome-based
CRISPR/Cas9 dissemination have been studied, notably in the
context of regenerative medicine. For instance, exosomes
containing CRISPR/Cas9 were able to accurately target and
modify the genes governing osteogenic differentiation in human
mesenchymal stem cells, improving bone creation in vivo (Guo and
Huang, 2022) Like this, it was demonstrated that exosomal delivery
of CRISPR/Cas9 enhanced the capacity of human umbilical vein

endothelial cells to produce angiogenic factors, suggesting the
possibility of their use in tissue engineering and wound healing
(Liu et al., 2021c; Zhao et al., 2023).

3.4.10 Liposomes
Lipid bilayers in the liquid phase comprise the globular entities

known as liposomes. Since both nucleic acids and biological
membranes have negative charges, nucleic acids cannot pass
through the membrane owing to the attraction between both
(Yip, 2020). In this regard, positively charged liposomes encase
negatively charged nucleic acids, making it easier for the complexes
to pass cell membranes and enter cells. DNA, mRNA (Cas9 and
sgRNA), or protein can all be used to deliver the CRISPR/

FIGURE 7
Exosome-mediated delivery of CRISPR/Cas9 disrupts oncogenic KrasG12D in vitro and inhibits proliferation. (A) Epifluorescence microscopy
imaging was used to evaluate the transfection efficiency of lipofectamine 2000 by using GFP/Cas9 vector control (PX458) plasmid. (B)Quantitative PCR
was used to evaluate mRNA expression levels of Cas9. (C) Western blot for KrasG12D, pERK1/2, total ERK1/2, and β-actin of KPC689 cells following
treatment with exosomes containing CRISPR/Cas9 plasmid DNA. (D) Knockdown of mutant Kras signaling at the protein level was confirmed via
Western blot for KrasG12D and its downstream effector pERK1/2. (E) KPC689 cells were treated with exosomes carrying CRISPR/Cas9 plasmid DNA for
72 h, and cell survival and proliferation rates were assessed using the MTT test. (Adapted from McAndrews et al., 2021).
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Cas9 system (RNP) (Pensado et al., 2014). The spherical liposomes,
made of a lipid bilayer, may store both hydrophilic and hydrophobic
medications. Polymeric nanoparticles, made of natural or synthetic
polymers, can be engineered to release medications in response to
various stimuli, such as pH or temperature changes. Viral shape and
functionality can be mimicked by protein-based nanoparticles, such
as virus-like particles (VLPs), which are made of proteins (Sun et al.,
2014; Bulbake et al., 2017; Nsairat et al., 2022).

A mouse model of Duchenne muscular dystrophy (DMD) was
employed in a study to deliver CRISPR Cas9 to the dystrophin gene
using liposomes. The scientists demonstrated that the liposome-
delivered CRISPR Cas9 could correct the dystrophin gene mutation
and enhance mouse muscle function (McGreevy et al., 2015).
According to a different study, CRISPR Cas9 was delivered using
liposomes to target the β-catenin gene in colorectal cancer cells. The
scientists proved that CRISPR Cas9 administered by liposomes

might stop tumor development both in vitro and in vivo (Chen
et al., 2017; Jubair et al., 2021).

A mouse model of hypercholesterolemia was employed in
another work to deliver CRISPR Cas9 to the PCSK9 gene via
liposomes. The scientists demonstrated that the liposome-
delivered CRISPR Cas9 could drastically lower the mice’s blood
cholesterol levels (Ding et al., 2014; Chadwick andMusunuru, 2017).
In a mouse model of acute myeloid leukemia (AML), liposomes were
employed to carry CRISPR Cas9 to target the CXCR4 gene in a
recent study. The scientists demonstrated that CRISPR
Cas9 supplied by liposomes might cause apoptosis in AML cells
and dramatically increase the longevity of the mice (Hou et al., 2015;
Freen-van Heeren, 2022; Li et al., 2022c).

Although animals retained their percentages of gene-modified cells
across time (Figure 8A), the CRISPR-modified cells in the hu-PBMC
NSG mouse model were well tolerated. Additionally, X4-tropic HIV-1

FIGURE 8
CCR5 and CXCR4-CRISPR deletion CD4+ T cell biodistribution in Hu-PBMC murine tissues (A) Human PBMCs combined with CRISPR-modified or
unmodified CD4+ T cells were injected into NSG mice. All of the animals from each group’s entire PBMCs, spleens, lungs, and bone marrow were
collected, and cells were examined using a flow cytometer. (B,C)Utilizing CXCR4CRISPR-modified or unmodified cells (control), flow cytometry study of
human CD3+ T lymphocytes in mice whole blood following transplantation. (D) Using flow cytometry, CXCR4 surface expression was examined in
Jurkat cells that had either been transduced with the CXCR4 CRISPR or control vector. (Adapted from Li et al., 2022a).
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resistance in CXCR4-CRISPR humanized mice led to selective
enrichment of CD4+ T cells in spleen tissue compared to non-
CRISPR animals. Despite the fact that CRISPR-mediated disruption
of CXCR4 was effective in lowering viremia and safeguarding CD4+

T cells in vivo (Figures 8B, C), researchers noticed the numbers of
R5X4-CRISPR-modified CD4+ T cells were much lower than
unmodified controls in the bone marrow. To halt Jurkat CD4+

T cells from expressing CXCR4 on their surface, researchers first
tested the efficiency of various sgRNAs for each target through
lentiviral vectors. Flow cytometry analysis revealed a significant
reduction in surface CXCR4 expression, with 15.4% CXCR4+ cells
transduced with CXCR4-CRISPR compared to 99.3% CXCR4+ cells in
control-CRISPR cells (Figure 8D).

According to a scientific report, liposomes successfully delivered
CRISPR/Cas9 to mice’s livers. The Cas9 mRNA and guide RNA
(gRNA) targeting the PCSK9 gene were delivered by the
investigators using a lipid nanoparticle (LNP) formulation. When
contrasted with the control group, they discovered that the mice
treated had much lower levels of PCSK9 protein and LDL
cholesterol (Chadwick et al., 2017; Carreras et al., 2019). In another
work, mRNA, and gRNA for Cas9 were delivered to primary human
T cells using a dual-lipid nanoparticles method. In addition to effective
gene editing, proliferation and differentiation, good cell vitality, and
reduced toxicity were all noted by the researchers. Using the same
deliverymethod, they also showed effective deletion of the target gene in
vivo (Rosenblum et al., 2020; Han et al., 2022b).

Investigators designed a liposomal delivery mechanism in a
study that targets the oncogenic Bcl-2 in leukemia cells using
Cas9 and sgRNA. The technique was discovered to effectively
transport Cas9/sgRNA and cause apoptosis in the leukemia cells,
pointing to its potential as a leukemia treatment method (Li et al.,
2020). A lipid nanoparticle-based delivery method for Cas9 mRNA
and sgRNA targeting Angptl3 in mice was created by researchers in
a different study. The technique was discovered to effectively carry
the gene editing apparatus to the liver, leading to a reduction in
Angptl3 expression and an improvement in the mice’s lipid
metabolism (Qiu et al., 2021; Syaharani et al., 2021).

Another subject that has been studied is CRISPR/Cas9 delivery using
cationic liposomes. In a recently published work, bio-reducible cationic
lipids nanoparticles (CLN) were developed for the delivery of Cas9 and
sgRNA (Li et al., 2019). Targeted mutagenesis knockout and correction
were observed in vitro and in vivo, and this was due to the efficient
transport of the gene editing machinery to cells via the bCLN. The
administration of CRISPR/Cas9 using liposomes for cancer therapy has
also been studied. (Zuris et al., 2015). The oncogene KRAS in pancreatic
cancer cells was targeted using a liposomal delivery system developed by
researchers for Cas9 and sgRNA. The system’s ability to deliver gene
editing tools and cause cancer cells to die suggests that it may be useful as
a pancreatic cancer therapy strategy (Won et al., 2021; Katti et al., 2022).

3.5 Nanobiotechnology-based delivery
systems for CRISPR/Cas9 delivery in gene
therapy and infectious diseases
management

The CRISPR/Cas system has become a strong candidate for the
development of future-oriented antimicrobial medications to treat

infectious diseases, notably the ones brought on by antimicrobial
resistance (AMR) microbes, as a result of its remarkable efficacy of
RNA-guided nucleic acid destruction (Duan et al., 2021b; Getahun
et al., 2022). Furthermore, the CRISPR/Cas system’s various
adaptability permits it to accurately eradicate a particular bacteria
isolate species from among an extensive community, enabling
CRISPR/Cas bacteriocins to alter the structure of a diverse
bacterial species (Shabbir et al., 2019). Due to this, CRISPR/Cas
antimicrobial compounds are especially beneficial for treating
diseases in complex endogenous microbiological associations,
such as the gut microbiome (Gholizadeh et al., 2020).

Targeting microorganisms that are highly pathogenic and/or
resistant to antibiotics is a therapeutic advantage of CRISPR
technology (Palacios Araya et al., 2021). Because they can
eliminate bacteria depending on their sequence, CRISPR-
mediated antimicrobials have a clear advantage over existing
antimicrobial techniques. This might be helpful in circumstances
when only a few bacteria from a genus need to be removed, which is
challenging to perform with present methods (Gholizadeh et al.,
2020; Uribe et al., 2021). It clarifies the fundamental host-microbe
connections, advances in quick and accurate diagnostic techniques,
and enhances measures for the prevention and treatment of
infectious illnesses (Caliendo et al., 2013).

The emergence of more harmful and aggressive bacterial strains
is significantly aided by the transfer of virulence and drug resistance
by foreign DNA. It has been demonstrated that CRISPR/Cas systems
cause toxicity and antimicrobial resistance in plasmids and phages
(Tao et al., 2022). For medical therapy to be most effective and for
the appropriate creation of tailored treatments and vaccines,
strategies to understand the microorganisms (bacteria, fungi, and
viruses) that cause human infection are required. This is done by
reporting the gene and protein that contributes to biological
pathogens in CRISPR/Cas9-based gene editing using a variety of
pathogens (Sydnor and Perl, 2011; Binnie et al., 2021). A tabular
summarization of the diseases with their associated genes and
clinical trials is described in Table 2.

Gene therapy medications differ in drug transport and gene
knockdown efficacy in distinct cell lines targeting different genes
depending on their physical characteristics and mode of action (Pan
et al., 2021). As a result, it’s important to pick gene therapy
medications that are appropriate for particular cell lines and
target genes. Compared to other gene medications, the CRISPR/
Cas9 technology can achieve gene deletion without any mRNA
background by removing the target gene’s DNA molecules, whereas
other gene drugs can only target mRNA molecules and intervene at
the RNA level with unknown consequences (El-Kenawy et al., 2019;
Abdelnour et al., 2021).

The ability to alter the genome is becoming more and more
accessible thanks to recent developments in CRISPR, TALEN, and
ZFN technologies, which are being widely used in biomedical
studies, pharmaceutical development, and therapeutic gene
therapy (Yin et al., 2017). Considering that less than 5% of rare
medical conditions have access to efficient therapies, this is
significant in terms of personalized medicine. More than
3,000 human genes have been linked to Mendelian disorders.
Many of these uncommon disorders can now be cured because
of developments in genome manipulation (Goetz and Schork, 2018;
Šimić, 2019). But for genome-editing technologies to successfully
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target and infiltrate targeted organs and cells, whilst simultaneously
avoiding toxicities, safe and reliable administration is still required
(Mitchell et al., 2021).

The promise of CRISPR/Cas9 delivery methods based on
nanobiotechnology in diverse gene therapy applications has
recently been shown in research. In a mouse model of hereditary
tyrosinemia type 1, researchers demonstrated the effective transport
of CRISPR/Cas9 to the liver using lipid-based nanoparticles. The
scientists demonstrated how effectively the lipid nanoparticles
carried CRISPR/Cas9 to the liver, leading to a substantial
decrease in the concentrations of deleterious byproducts (Alves-
Bezerra et al., 2019; Huang et al., 2022b; Xu et al., 2022).
Corresponding to this, researchers also reported the application
of PLGA nanoparticles to deliver CRISPR/Cas9 to cancer cells with
precision in vitro. The researchers demonstrated how CRISPR/
Cas9 was successfully administered to cancer cells using PLGA
nanoparticles, which also significantly increased the amount of
cellular apoptosis (Rezvantalab et al., 2018; Nie et al., 2022).

Pluripotent stem cells (IPSCs) generated from patients with
Duchenne muscular dystrophy (DMD) have been altered and
corrected to correct various DMD mutations. Researchers developed
the CRISPR/Cas9 method, which is employed to fix 60% of the severe
readings in the coding abnormalities of DMD individuals, to repair the
~700 kb mutant segment using non-homologous end joining (NHEJ)
(Danisovic et al., 2018; Min et al., 2019). This approach is the most
recent DMD deletion strategy based on the biggest segment mended by
NHEJ using CRISPR/Cas9. Cardiomyocytes and skeletal muscles
produced from IPSC cell clones using the aforementioned gene

editing technique exhibit dystrophin transcription and functioning,
thereby enhancing the integrity of the membrane and the complexity of
glycoproteins, according to in vivo investigations in mice (Young et al.,
2016; Pan et al., 2021).

Exosome RNPs, a brand-new approach to gene editing delivery,
were developed by Wan et al. In mouse models, they cured
hepatocellular cancer, chronic liver fibrosis, and severe liver
injury. They electroporated Cas9 and sgRNA targeting KAT5,
p53, and cyclin E1, and enhanced the regulation of apoptosis
into exosomes produced by the LX-2 cell line. They discovered
that RNPs exhibited an increased medicinal impact when delivered
in EVs as opposed to RNPs alone and that the exosomes’ capacity to
target liver cells improved tissue selectivity. This study demonstrated
that exosomes from LX-2 cell lines might be used in liver tumor
therapies (Ding et al., 2021; Wan et al., 2022; Sahel et al., 2023).

As young rodents synthesize mutant peptides with an intrinsic
expression comparable to PARK17, Ishizu and colleagues, employed
Vps35 D620N knock-in mice to study the physiological relevance of
PARK17 in vivo. The mouse PARK17 gene’s exon 15 is removed
using the CRISPR/Cas9 method. Significantly lowering dopamine
production from the substantia nigra in the midbrain, has a specific
impact on lessening Parkinson’s Disease symptoms (Ishizu et al.,
2016). A novel CRISPR/Cas9 gene editing system was developed by
Merienne and colleagues. It contains gRNA addressing the HTT
gene (sgHTT) and gRNA targeting the Cas9 gene (sgCas9), allowing
the technique to delete the Cas9 gene via sgCas9 whilst deleting the
HTT gene. This method can decrease the expression of mHTT while
considerably reducing the off-target impact (Merienne et al., 2017).

TABLE 2 Diseases and their associated genes in the CRISPR/Cas 9 therapeutic approach.

Disease Gene
Target

CRISPR/
Cas9 Approach

Outcome Clinical Stage/Trial Reference

β-Thalassemia HBB Ex vivo editing of patient’s
cells

Increased hemoglobin
production

CTX001 by CRISPR
Therapeutics and Vertex
Pharmaceuticals (Phase 1/2)

Frangoul et al. (2021);
NCT03655678

Sickle Cell Anemia HBB Ex vivo editing of patient’s
cells

Increased hemoglobin
production

CTX001 by CRISPR
Therapeutics and Vertex
Pharmaceuticals (Phase 1/2)

Frangoul et al. (2021);
NCT03745287

Leber Congenital Amaurosis CEP290 In vivo delivery to retinal
cells

Improved vision EDIT-101 by Editas Medicine
and Allergan (Phase 1/2)

Leroy et al. (2021);
NCT03872479

Usher Syndrome USH2A In vivo delivery to retinal
cells

Improved vision EDIT-101 by Editas Medicine
and Allergan (Phase 1/2)

Whatley et al. (2020);
NCT03780257

Hereditary Transthyretin
Amyloidosis

TTR In vivo delivery to liver cells Reduced amyloid
deposition

NTLA-2001 by Intellia
Therapeutics (Phase 1)

Gillmore et al. (2021);
NCT04601051

Duchenne Muscular
Dystrophy

DMD In vivo/ex vivo delivery to
muscle cells

Restored dystrophin
expression

SRP-9001 by Sarepta
Therapeutics (Phase 1/2)

Mendell et al. (2023);
NCT05096221

Cystic Fibrosis CFTR In vivo delivery to lung cells Restored CFTR
function

VX-814 by Vertex
Pharmaceuticals (Phase 2)

Dumas et al. (2021);
NCT04167345

HIV Infection CCR5 Ex vivo editing of patient’s
cells

Reduced HIV viral load adenovirus-associated virus
vector serotype 9 (AAV9) (EBT-
101) by Excision
BioTherapeutics

Freen-van Heeren (2022);
NCT05144386; NCT05143307

Autosomal Dominant
Hyper-cholesterolemia

PCSK9 In vivo delivery to liver cells Reduced LDL
cholesterol levels

NTLA-2002 by Intellia
Therapeutics (Preclinical)

Sufian and Ilies. (2023)

Duchenne Muscular
Dystrophy

DMD, PF Intravenous Infusion Dystrophin expression
& distribution

PF-06939926 gene therapy by
Pfizer (Phase 1/Phase 3)

Deng et al. (2022)
NCT03362502; NCT04281485
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By modifying LNPs and incorporating phenylboronic acid
(PBA) into the cationic lipid PBA-BADP, researchers reported
creating a cell-selective CRISPR/Cas9 genome-altering delivery
mechanism that focuses on malignant tumor cells that excessively
express sialic acid (SA) via the interface PBA/SA association (Tang
et al., 2019). Such LNPs can target malignant cells with high
specificity while delivering the tumor suppressor p53 mRNA to
stop the growth of those cells dramatically. PBA-BADP/Cas9 mRNA
LNPs were delivered specifically and were more effective in
suppressing the expression of genes in HeLa cancer cells than in
non-malignant cells. These results demonstrated the development of
an innovative lipid nanocarrier for tumor-targeted gene therapy
(Rosenblum et al., 2020; Zhang et al., 2021b).

To administer CRISPR/Cas9-mediated gene therapies to treat
non-small-cell lung cancer (NSCLC),Wang and colleagues created a
multifunctional nonviral vector. Investigators added protamine
sulfate to the Cas9/sgMTH1 plasmid to give it a negative charge
before coating it with cationic liposomes (Wang et al., 2022). To
improve longevity in circulatory and tumor selectivity, DSPE-PEG-
hyaluronic acid (HA) was added to the liposomes. To enable
regional administration of CRISPR/Cas9-based gene therapy,
LNP delivery mechanisms can be altered. Lung cancer can be
effectively treated with a dry powder formulation of LNP-
embedded microparticles equipped with the CRISPR/Cas9 gene
therapy tool when administered locally (Balon et al., 2022;
Carneiro et al., 2023).

To modify the activity of glucagon-like peptide 1 for the
treatment of type 2 diabetes mellitus (T2DM), researchers
produced lecithin nano liposomal particles complexing sgRNA
sequences, particularly for dipeptidyl peptidase-4 gene/
Cas9 protein. SNU398 human liver cancer cells were used for
in vitro research on the complex, while T2DM db/db mice were
used for in vivo research (Cho et al., 2019). It was discovered that
in vitro genome editing has a 31% and 39% in vivo effectiveness with
little off-target consequences. By utilizing lipid nanoparticles as
carriers, researchers showed that >97% of the target protein
(transthyretin) was knocked down and they increased the
longevity of genome editing to at least 12 months. The scientists
showed that in contrast to viral vectors, multi-dosing using lipid
nanoparticles is feasible to generate the best gene editing results
(Finn et al., 2018; Gillmore et al., 2021; Taha et al., 2022).

4 Challenges and future prospects

The convergence of nanotechnology, biomaterials, and
personalized medicine offers an opportunity to progress within
both fields. Although nanoparticles are presently being assessed
in unspecified patient groups, the implementation of biomaterials
tailored to particular populations of patients could provide
opportunities for the rapid translational application of a variety
of nanomaterials (Salata, 2004; De Matteis et al., 2018). The
effectiveness of personalized medicine, on the other hand, is
dependent on firmly categorized clinical populations, and the
utilization of nanoparticles to enhance the absorption throughout
diverse physiological barriers may enhance the beneficial effects of
precision medications, permitting additional individuals to be
encompassed in the stratified population as well as expanding the

possibility of a positive transformation to the center (Seyhan and
Carini, 2019; Mitchell et al., 2021; Alghamdi et al., 2022; Joseph et al.,
2023). Even though this technology has shown significant promise
in diagnoses and other site-specific functions, several problems such
as its immunogenicity, off-target site delivery techniques, and
cytotoxicity must be resolved before it can be employed for in
vivo gene therapy on humans (Figure 9) (Rasul et al., 2022). While
this strategy has several advantages and prospects, it has certain
challenges that need to be addressed for successful implementation.

4.1 Challenges

1. Off-Target Effects: Cas9 has been shown in several studies to
attach to unexpected genomic locations for cleavage, a process
known as off-target effects. Off-target CRISPR/Cas-mediated
genome treatment would severely limit its utility since it
might induce genetic instability and raise the risk of certain
illnesses by adding undesired mutations in non-target regions.
CRISPR/Cas9 gene editing has the potential to cause off-target
effects, which are unexpected changes in the genome (Zhang
et al., 2015; Dubey et al., 2022; Guo et al., 2023). By enhancing the
specificity and precision of CRISPR/Cas9 delivery, biomaterials
should be engineered to reduce off-target effects. This might
include improving the design of the biomaterials or using
improved CRISPR/Cas9 variants with increased selectivity
(Feng et al., 2022; Iqbal et al., 2023).

2. Efficient Delivery: The successful delivery of particular cells,
tissues, and organs for precise genome editing using CRISPR/
Cas components is still a key barrier in gene therapy (Zou et al.,
2022). High delivery efficiency must be attained to provide
successful gene editing results. To comprehend the negative
impacts of viral vectors, care should be taken while choosing
the type of delivery vector. Getting CRISPR/Cas9 components to
the target cells or tissues efficiently is one of the main problems.
Biomaterials must be designed to effectively encapsulate and
protect the CRISPR/Cas9 components during delivery, and also
promote their efficient release and internalization into the target
cells (Ramamoorth and Narvekar, 2015; Maeder and Gersbach,
2016; Asmamaw Mengstie, 2022).

3. Immunogenicity and Biocompatibility: To reduce negative
immune reactions and increase their safety profile, CRISPR/
Cas9 delivery biomaterials should be biocompatible and non-
immunogenic. It is critical to carefully investigate the
biocompatibility of the biomaterials and determine whether
their usage may cause immunological responses,
inflammation, or cytotoxicity (Behr et al., 2021; Dubey et al.,
2022; Han et al., 2022a).

4. Targeting Specific Cell Types: For gene editing, biomaterials
should be able to target just certain cell types or tissues. This
necessitates the creation of targeting techniques that allow
biomaterials to detect and attach to target cells with precision
while minimizing off-target effects. To accomplish cell-specific
targeting, particular ligands or antibodies can be added to the
biomaterials (Deng et al., 2021; Zhuo et al., 2021).

5. Stability and Controlled Release: During storage and transit,
biomaterials should retain their stability and safeguard the
CRISPR/Cas9 components. For long-lasting gene editing
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effects, the regulated release of the CRISPR/Cas9 components
from the biomaterials at the target region is crucial. It might be
difficult to get the biomaterials to release kinetically and steadily
in the right manner (Xu et al., 2020a; Huang et al., 2022a).

6. Scalability and Manufacturing: For clinical translation, it is
crucial to develop scalable and reproducible manufacturing
processes for biomaterials-mediated CRISPR/Cas9 delivery
systems. Manufacturing considerations, such as scalability,
cost-effectiveness, and quality control, need to be addressed to
ensure consistent and reliable production of biomaterials
(Abdeen and Saha, 2017; Abdeen et al., 2021).

7. Regulatory and Ethical Considerations: The administration of
CRISPR/Cas9 through biomaterials raises legal and ethical
concerns. Regulatory bodies need to conduct thorough safety
analyses and compile supporting evidence before approving the
use of biomaterials in clinical applications. It’s crucial to
thoroughly examine the moral dilemmas related to using gene
editing technologies on individuals (Ayanoğlu et al., 2020;
Kalidasan and Theva Das, 2021).

4.2 Future directions

1. Enhanced Delivery Efficiency: By shielding the genetic material
from deterioration, encouraging cellular uptake, and aiding
endosomal escape, biomaterials can increase the delivery
effectiveness of CRISPR/Cas9 systems. To increase the
effectiveness and specificity of CRISPR/Cas9 delivery, a variety
of biomaterial-based delivery systems, including nanoparticles,

liposomes, and hydrogels, have been investigated (Vargason
et al., 2021; Bhattacharjee et al., 2022).

2. Tissue-Specific Targeting: The range of organs and cell types that
genome-editing medicines can target will increase with the
development of biomaterials that can distribute CRISPR
components selectively. Currently, systemic distribution of
LNPs to target hepatocytes in the liver is the most
sophisticated method, although other studies have
documented LNP delivery to non-hepatic organs such as the
endothelium and immune cells (Swetha et al., 2023; Xu and Xia,
2023). Biomaterials can enhance the delivery efficiency of
CRISPR/Cas9 systems by protecting the genetic material from
degradation, promoting cellular absorption, and assisting
endosomal escape. Numerous biomaterial-based delivery
technologies, like hydrogels, nanoparticles, and liposomes,
have been studied to improve the efficacy and specificity of
CRISPR/Cas9 delivery (Ma and Mumper, 2013; Kim et al., 2020).

3. Long-Term Gene Editing: To offer overtime genetic modification
and therapeutic advantages, biomaterials can allow the
continuous release of CRISPR/Cas9 elements. Hydrogels or
polymeric nanoparticles are examples of biodegradable
biomaterials that may be made to release CRISPR/
Cas9 components over a prolonged period to ensure
continuous gene editing and therapeutic results (Hirakawa
et al., 2020; Yang et al., 2023).

4. Immune Response Modulation: Gene-editing treatments can be
made safer and less immunogenic by using biomaterials to
modify the immune response to CRISPR/Cas9 delivery.
Biomaterials can be modified on the surface and made with

FIGURE 9
Challenges associated with CRISPR/Cas9 delivery and strategies to overcome them. (Adapted from Rasul et al., 2022, under a Creative Commons
Attribution 4.0 International License).
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immunomodulatory substances to reduce immune cell activation
and avoid unfavorable immunological reactions (Crudele and
Chamberlin, 2018; Ewaisha and Anderson, 2023).

5. Clinical Translation: The delivery of CRISPR/Cas9 using
biomaterials has a lot of potential for therapeutic use in the
future. The creation of risk-free and efficient gene-editing
medicines is being facilitated by developments in biomaterial
design, formulation optimization, and safety evaluations.
Preclinical research in animal models has shown encouraging
findings, suggesting the possibility of clinical use in the future
(Bashor et al., 2022; Yu et al., 2023b).

5 Conclusion

Delivering CRISPR/Cas9 using biomaterials has the potential to
be a game-changing method for gene therapy for the treatment of
infectious illnesses. With enhanced safety profiles, this cutting-edge
technology combines the special benefits of CRISPR/Cas9 with
biomaterials to provide accurate, efficient gene editing
capabilities. To successfully distribute CRISPR/Cas9 components
to the target cells and tissues during gene therapy, biomaterials play
a crucial role in protecting the components (Foley et al., 2022).
Encapsulating the genome-editing mechanism into biocompatible
materials such as nanoparticles of lipids or viral vectors protects it
from immunological processes and deterioration, improving its
longevity and effectiveness. Investigators may build specialized
systems for administration to address unique issues linked with
certain genetic illnesses by using the plasticity of biomaterials,
opening the door for individualized and optimal therapeutics
(Musielak et al., 2022; Parambi et al., 2022).

Another potential method for battling viral illnesses is CRISPR/
Cas9 delivery using biomaterials. Infectious agents may be rendered
non-viable or less pathogenic by the targeted modification of the
pathogen’s genomes using CRISPR/Cas9, greatly minimizing their
influence on the wellbeing of humans (Dubey et al., 2022; Javed et al.,
2023). Biomaterials enable efficient site-specific modification of
genes by delivering CRISPR/Cas9 technology directly to infected
cells while reducing the impact of off-target genes. This strategy may
completely alter how viruses, bacteria, and other infectious agents
are treated, paving the way for the creation of brand-new, more
effective antiviral and antimicrobial treatments (Huang et al., 2023).

Nevertheless, given its enormous promise, CRISPR/
Cas9 delivery via biomaterials has several difficulties that need to
be resolved before it can be extensively used in clinical settings.

Optimization of delivery effectiveness, reducing off-target effects,
assuring long-term safety, and creating scalable and affordable
production techniques for clinical-grade biomaterials and
CRISPR/Cas9 components are some of the challenges involved.
To successfully transfer this technology from the lab to the clinic,
comprehensive preliminary and pre-clinical research and thorough
safety evaluations are required (Liu et al., 2021d).

Finally, the delivery of CRISPR/Cas9 using biomaterials is a
revolutionary development in the treatment of infectious diseases
and gene therapy. Through the development of focused, accurate,
and safe gene editing techniques, the combination of biomaterials
and CRISPR/Cas9 has the potential to change medicine by tackling a
variety of genetic illnesses and infectious diseases. As this field of
study develops, CRISPR/Cas9 delivery via biomaterials may turn out
to be a revolutionary therapeutic platform, opening up fresh
opportunities for enhancing the wellbeing of humans and their
quality of life.
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