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ABSTRACT

Precision medicine transforms healthcare by tailoring treatment methods to individual patient characteristics. Clustered Regularly Interspaced
Short Palindromic Repeats associated protein 9 (CRISPR-Cas9) gene editing serves as the primary technological force enabling effective targeted
alterations of specific genetic information.

This analysis provides a clear overview of how CRISPR-Cas9 technologies enhance drug distribution systems and pharmacologic process
management. The combination of CRISPR-Cas9 technology with gene therapy and targeted drug delivery systems leads to improvements in
therapeutic effectiveness.

CRISPR-Cas9 technology delivers three distinct functional abilities to the medical field including drug target detection along with enhanced targeted
delivery mechanisms and gene-edited pharmacokinetic management. The CRISPR-Cas9 system creates advancements in precision medicine
development. The analysis explores new drug delivery techniques alongside CRISPR-Cas9 role in medication transport systems and biochemical
processing mechanisms.

Modern drug delivery systems developed from CRISPR-Cas9 technology and biopharmaceuticals will build the next generation of precision
medicines. Through its ability to regulate drug activation and bioavailability the CRISPR-Cas9 system plans to revolutionize future medicine supply
networks.
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INTRODUCTION

The next evolution of modern medicine, precision medicine, has
transformed the world of healthcare, pivoting the paradigm toward
bespoke treatments tailored to an individual patient’s genetic,
environmental, and lifestyle factors [1]. Such paradigm-shifting,
tournament work is now possible owing to recent advances in
genomics, bioinformatics, and molecular biology that enable
researchers to challenge mechanisms of disease at an unparalleled
scale [2]. Among these breakthrough technologies, CRISPR-Cas9
technology has been one of the most powerful tools for precise gene
editing, offering new avenues in disease therapy, targeted drug
delivery and pharmacokinetic optimization [3]. As a protective
immune mechanism in bacteria and archaea, Clustered Regularly
Interspaced Short Palindromic Repeats-associated protein 9
(CRISPR-Cas9) has been repurposed as a highly sophisticated gene-
editing platform that enables targeted modification. Since its first
use in genome editing in 2013, CRISPR-Cas9 technology has
revolutionized diverse fields, such as genetic disorder therapy in
oncology, regenerative medicine and drug development [4-6].
Among the interesting applications of CRISPR-Cas9 technology is its
introduction into targeted drug delivery systems [7]. A field that has
long faced challenges such as low bioavailability, systemic toxicity
and off-target effects [8]. Conventional drug delivery methods result
in low drug distribution, rapid metabolism, adverse side effects, and
restricted therapeutic efficacy. CRISPR- Cas9 gene-directed drug
delivery can overcome these limitations by enabling precise control
over drug activation, targeted release and improved absorption and
metabolism, ultimately improving pharmacokinetics. In addition to
enhancing drug delivery, CRISPR-Cas9-mediated pharmacokinetic
modifications also have considerable ramifications for drug
metabolism, absorption and systemic circulation [9-11]. Researchers
are highly interested in how CRISPR-Cas9 technology can be
deployed to modulate driver metabolic pathways and transport
mechanisms that influence drug bioavailability [12]. For example,

gene-editing techniques use CRISPR-Cas9 systems to cleave genes
encoding drug-metabolizing enzymes such as protein kinases and
enzyme families [13] and drug transporters (i. e., by CRISPR-Cas9
gene editing, researchers are working toward creating personalized
pharmacotherapy strategies that can increase drug efficacy,
decrease adverse reactions and restore drug resistance
mechanisms) [14]. The application of CRISPR-Cas9 in
pharmacokinetic and biopharmaceutical applications is fraught with
several challenges, such as off-target modifications, immune
activation, ethical concerns and regulatory issues [15, 16]. The
specificity and safety of CRISPR-Cas9-mediated gene editing are
current topics of interest. Researchers are continuously refining
techniques such as base editing, prime editing, and epigenetically
designed genome editing [17-19]. Furthermore, the optimization of
efficient and safe delivery methods is crucial for the success of
CRISPR-Cas9-based therapies because the ability to target specific
cells and tissues and avoid immune clearance is key to the clinical
reality [20, 21].

This review provides a critical overview of the dynamic roles of
CRISPR-Cas9 technology in drug delivery and pharmacokinetics and
its importance in gene-targeted drug delivery, drug absorption,
metabolism, and drug distribution. Also demonstrated how
CRISPR-Cas9 mediated therapies revolutionize the oncological
management of rare inherited diseases and regenerative therapy. By
combining the disciplines of biopharmaceutics and gene editing,
CRISPR-Cas9 can redesign drug delivery frameworks, leading to
next-generation precision medicine strategies that achieve improved
drug responses and few side effects.

A comprehensive literature search is conducted using PubMed,
ScienceDirect, Scopus and Web of Science databases to develop this
review. A mixture of keywords and MeSH phrases, including
“CRISPR-Cas9,” “Gene Therapy,” “Drug Targeting,”
“Pharmacokinetics,” “Clinical Trials,” “Cas9 Diagnostics,” and
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“Biopharmaceutical Applications,” were used to narrow down the
search to publications published between 2021 and 2025. The
addition of Boolean operations such as and or enhanced the search
functionality. Full-text reviews were conducted on selected
publications, and the relevance of articles was assessed by
examining their title and abstracts. The minimum criteria for
inclusion were peer-reviewed original scientific publications, clinical
trial results, and high-impact evaluations of CRISPR-Cas9
applications in medicine.

Unveiling the potential of CRISPR-Cas9 in precision medicine

Precision medicine is a rapidly evolving paradigm in healthcare that
aims to customize therapy for specific individuals or subpopulations
according to lifestyle, environment, and genetic variables. Precision
medicine uses cutting-edge technologies to unravel the biological
underpinnings of illnesses and provide customized therapies that
are more effective and have fewer adverse effects [22]. CRISPR-Cas9
(fig. 1), which were initially identified as adaptive immune defences
in bacteria and archaea have evolved into highly potent genome-
editing tools. CRISPR-Cas9 recognizes a protospacer adjacent motif
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(PAM) and generates one double-strand break (DSB), which is then
repaired through Non-Homologous End Joining (NHE]) or
Homology-Directed Repair (HDR) (fig. 2). The biological signal
generated by PAM is preserved for future use. The system facilitates
highly targeted genetic modifications, leading to significant
advancements in biomedical research and gene therapy [23]. Since
their first adoption in 2013, the capacity to accurately target, edit,
and repair genomic material across various species has been
determined. This innovation relies on an endonuclease enzyme,
typically CRISPR-Cas9 Cas9, in conjunction with Single Guide RNA
(sgRNA) to recognize and modify certain (DNA) sequences precisely
[24]. The key part of the system’s operation is the use of
CRISPR-Cas9 arrays, which are composed of conserved DNA repeats
spaced by variable spacer sequences. Space sequences in a specific
order develop according to previous interactions, and contact with
foreign genetic materials increases the probability of identification
and inactivation of foreign DNA. This approach enables researchers
to perform targeted genetic modifications and replicate the high
specificity and efficiency of their application in various research and
clinical applications [25-27].

The CRISPR-Cas9 Genetic Scissors
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Fig. 1: CRISPR-Cas9 genetic scissors: CRISPR-Cas9 system uses sgRNA-fusion of crRNA and tracrRNA, directs CRISPR-Cas9 to specific
DNA. Cas9 binds to the target site adjacent to the PAM-for CRISPR-Cas9 recognition and cutting introduce DSB
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Fig. 2: Mechanism of genome editing tools: CRISPR-Cas9 guided by a sgRNA, binds to a target DNA sequence adjacent to a PAM and
introduces a DSB. The DSB can be repaired by two main pathways: non-homologous end joining (NHE]) an error-prone DNA repair
pathway that can cause gene disruption and Homology-Directed Repair (HDR) a precise repair mechanism used to insert or correct gene
sequences using a homologous template
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CRISPR-Cas9 and its role in precision medicine

Therapeutic use: CRISPR-Cas9 provides for the creation of novel
cancers, inherited disorders, and infectious diseases. CRISPR-Cas9
technology provides a cure for previously incurable diseases by
correcting disease-causing mutations or eliminating lethal genes.
CRISPR-Cas9 technology provides possible treatments for cancer,
inherited disorders, and infectious diseases in novel and
unprecedented ways. The deletion of disease-causing mutations or
the silencing of lethal genes may lead to once-incurable disorders
[28]. For example, CRISPR-Cas9 can be used in oncology to improve
immune cell therapy (Chimeric Antigen Receptor T (CAR-T) cells),
treat tumour driver mutations, and bypass drug resistance
mechanisms [29]. Gene-editing approaches focusing on underlying
genetic defects have been recognized as promising treatments for
inherited disorders, including sickle cell anaemia and cystic fibrosis
[30].

Biomarker discovery and drug development

The advent of gene-editing technology that functions at the
molecular level has truly revolutionized and practically
reengineered the entire drug discovery process both deeply and
broadly. Such highly effective tools enable researchers to model
disease with high efficiency, which makes it easier to identify
potential targets for therapies and enables the intelligent design of
therapies that act specifically. CRISPR-Cas9 has also assisted
researchers in the discovery of biomarkers for predicting both
therapeutic response and a person’s susceptibility to disease [31,
32]. Advances in preventive medicine: CRISPR-Cas9 is making
preventive medicine a reality by enabling the identification of
genetic susceptibility to disease beforehand. Precision medicine can
apply targeted preventive interventions by identifying vulnerable
individuals, lowering the prevalence of illness, and enhancing long-
term health outcomes. CRISPR-Cas9 applications are expected to
transform precision medicine as research advances, with
innovations leading to advanced therapeutic efficiency,
personalization, and accessibility [33, 34].

Enhancing therapeutic efficacy through gene-directed drug
delivery

Gene-directed drug delivery is a novel approach that enhances
therapeutic efficacy by leveraging endogenous biological processes
to produce and regulate therapeutic proteins. This novel technique
targets and treats an extensive range of diseases with better results
than those obtained from conventional drug delivery. Integrating
CRISPR-Cas9 and other gene-editing techniques with targeted drug
delivery systems could lead to genetic modifications while
optimizing the delivery of therapeutic agents directly to affected
cells [35-37]. Gene therapy is more advanced than drug delivery; it
enables the patient’s cells to synthesize therapeutic proteins and
therefore does not require repeated external dosing. This outcome
not only promises to improve patient complaints with treatment but
also represents a potential transformative therapy for rare genetic
diseases and commonly acquired disorders such as cancer and
cardiovascular diseases [38, 39]. CRISPR-Cas9 technology leads to
gene editing by allowing precise changes to genes that are
associated with several diseases. CRISPR-Cas9 can be formulated
with viral vectors in which viruses such as adenoviruses guarantee
targeted delivery of gene-editing tools to affected cells. The
advantages of adenoviruses are their ability to infect non-dividing
cells and their relatively easy large-scale production, which makes
them potent vectors for in vivo applications. This strategic
combination provides site-specific correction of genetic defects
along with simultaneous therapeutic delivery of proteins that have
localized and systemic therapeutic functions [40]. Moreover,
liposomes, which are nonviral delivery systems, have been shown to
be potent mediators that improve the specificity and safety of gene-
targeted therapies [41]. Lipid nanoparticles (LNPs) serve as
encapsulants for CRISPR-Cas9 components, enabling them to
deliver targeted delivery to specific tissues, reduce off-target effects
and improve gene-editing specificity [42]. This is precisely in line
with the development of advanced technologies for gene delivery
and the regulation of gene expression, which is essential for diseases
where the modulation of genes is essential [43]. The current and
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future uses of CRISPR-Cas9 gene editing with gene therapy are
highly promising and diverse. The effectiveness of gene therapy is
highly improved by increasing the ability to target site-specific
genetic defects through CRISPR-Cas9. The potential for correcting
mutations in the genome via CRISPR-Cas9 could provide a new
scope for treating inherited disorders such as sickle cell disease and
muscular dystrophy [44].

Exploring CRISPR-Cas9 applications in drug targeting and
absorption

Drugs can be targeted and absorbed with high accuracy via
CRISPR-Cas9 technology. It also allows the systematic identification
and confirmation of drug targets, particularly in the field of cancer.
To identify the essential genes necessary for cancer survival and
growth, scientists can use CRISPR-Cas9 screening to eliminate
cancer cell lines and identify undiscovered drug targets [45, 46]. For
example, the discovery of the P53 gene as a tumour suppressor has
made it easier to develop targeted therapies for numerous
malignancies [47]. Moreover, ATM, CDK8, and EZH2 were identified
as therapeutic targets in neuroblastoma via CRISPR-Cas9 knockout
screening, and they improved the effectiveness of drugs such as MEK
inhibitors, TOP2, and HDAC inhibitors [48]. Scientists are currently
investigating how CRISPR-Cas9 could be utilized to target and
absorb drugs. By using the CRISPR-Cas9 approach, scientists were
able to design cells that would absorb and process drugs more
efficiently, which in turn increased the effectiveness of the
therapeutic response. Moreover, CRISPR-Cas9 technology has been
used to develop targeted drug delivery systems that minimize the
adverse effects of achieving the desired drug effect by modulating
intestinal epithelial cells and increasing the uptake of drugs
associated with oral metabolic disorders [49]. For example, LNP
delivery systems have been designed to release CRISPR-Cas9
components directly into target cells, thus improving efficient
genome editing of the liver [50]. Another example involves the
release of chemotherapy drugs directly into breast cells via
CRISPR-Cas9 engineering, which results in minimal harm to healthy
tissues. The release of CRISPR-Cas9 through LNPs edited the TTR
gene, resulting in a reduction in disease-causing protein, is one of
the notable practical uses of this approach for editing transthyretin
amyloidosis via CRISPR-Cas9 and CasT [51].

Despite its immense potential, CRISPR-Cas9 faces several
challenges, including side effects caused by targeted reactions and
immune challenges. The safety and effectiveness of these systems
are constantly being improved by scientists. Changing gRNA and
base editors are the discoveries that aim to address these
shortcomings to improve gene editing accuracy. CRISPR-Cas9
technology is also used to fight drug resistance in cancer treatment
by targeting and eliminating genes that cause cancer cells to respond
to chemotherapy. Applications that involve therapeutic use in sickle
cell anaemia and beta-Thalassemia treatments also suggest the
transformative potential of CRISPR-Cas9 technology in precision
medicine. The clinical approval of Casgevy (exa-cel) to treat these
conditions highlights its ability to provide potential treatments for
genetic disorders [52, 53].

Transforming pharmacokinetics with advanced gene editing
tools

Gene editing tools, particularly CRISPR-Cas9, have transformed
pharmacokinetics into genetic modifications that directly affect drug
breakdown and distribution [54]. For example, CRISPR-Cas9 was
used to develop rat models with certain genes, such as Cyp, Abcbl,
and Oatplb2. These models are used to understand drug
breakdown, chemical toxicity, and carcinogenicity, providing a brief
understanding of Drug Metabolism and Pharmacokinetics (DMPK)
[55]. CRISPR-Cas9-based therapies are becoming pharmacokinetic
in clinical settings. Unlike conventional drugs that need repeated
doses, CRISPR-Cas9 therapy can result in permanent genetic
changes with a single dose; this approach focuses on rethinking
conventional pharmacokinetic models [56]. For example,
CRISPR-Cas9 is used in vivo to treat transthyretin amyloidosis,
which lowers the transthyretin protein in the blood and offers long-
term treatment from a single treatment [57]. Additionally, the
effectiveness and specificity of CRISPR-Cas9 based therapies are
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being enhanced by the development of delivery vectors. Novel
delivery technologies such as viral vectors and LNPs have enabled
the delivery of CRISPR-Cas9 components to certain tissues,
enhancing the therapeutic response and lowering off-target
consequences [58]. These innovations directly affect the
pharmacokinetics and bio-distribution of editing tools, making them
essential for the potent use of CRISPR-Cas9 in clinical contexts.
Furthermore, by facilitating precise genome modifications,
CRISPR-Cas9 has been applied to treat various ailments, such as
cancer and other metabolic disorders. This flexibility highlights
CRISPR-Cas9 technology’s wide range of possibilities for developing
innovative therapeutic approaches that can be modified to meet the
demands of specific patients, enhancing therapy safety and efficacy
[59, 60].

Synergy between CRISPR-Cas9 and biopharmaceutics for
precision therapy

The simultaneous application of biopharmaceutics and
CRISPR-Cas9 is transforming precision medicine. Precise genome
modifications have been rendered possible by CRISPR-Cas9,
particularly CRISPR-Cas9, which is used to treat numerous genetic
disorders. With the goal of optimizing CRISPR-Cas9-based therapies,
biopharmaceutics that focus on the development and administration
of biologically produced medications are essential [61].
CRISPR-Cas9 has been applied in cancer therapy to modify genes
involved in tumour development, providing information on tumour
biology and potent target therapy. Additionally, various cancer
models have been modified via CRISPR-Cas9-based technology,
which has enhanced the understanding of carcinogenesis and
simplified the development of targeted therapy [62]. Despite these
developments, drawbacks such as distribution, off-target effects, and
ethical issues exist. Ongoing research remains in progress to address
ethical issues concerning gene editing, provide a safer delivery
system, and improve the specificity and effectiveness of
CRISPR-Cas9 based systems. Precision therapy could yield targeted,
useful, and customized treatments for several diseases in the future
owing to the integration of CRISPR-Cas9 with biopharmaceutics [63,
64].

Optimizing drug distribution and efficacy via CRISPR-Cas9
systems

The application of CRISPR-Cas9 systems in the optimization of drug
distribution and effectiveness represents a major breakthrough in
the medical field, providing precise gene editing capabilities that
enhance therapeutic responses. By encouraging targeted
modifications within the gene, CRISPR-Cas9, which consists of Cas9
nuclease and sgRNA, makes it simple to generate customized
medications. CRISPR-Cas9 based systems significantly accelerate
the process of identifying and validating valuable targets for drug
development, revealing reliable biomarkers, and encouraging the
development of innovative therapies [65-67]. Researchers should
ensure the use of therapeutic compounds, discover novel drug
targets, and generate attainable disease models by permitting
precise gene editing. A viable gene editing process depends on the
effective release of CRISPR-Cas9 compounds into targeted cells [68].

There have been several proposals to improve the delivery of
medication. LNPs promote the cellular uptake of CRISPR-Cas9
components while decreasing immunogenicity. Recently, LNPs have
been optimized for tissue-specific gene-editing applications due to
advances in selective organ targeting (SORT) [69]. Another method
involves electroporation, which briefly permeates cell membranes
and delivers CRISPR-Cas9 Ribonucleoproteins (RNPs) [70].
Additionally, because of their broad infectivity and low
immunogenicity, CRISPR-Cas9 components are often delivered to
specific cell types via a viral vector (i. e., optimal therapeutic impact
is achieved by using these delivery methods to ensure that
CRISPR-Cas9 components reach their intended targets within the
body) [71]. In addition to delivery, CRISPR-Cas9 systems are
essential for improving drug efficacy. Gene therapy is a crucial tool
that facilitates the direct correction of genetic mutations, potentially
providing new avenues for treating inherited diseases. Blood
disorders such as sickle cell disease and beta-thalassemia can be
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treated with gene-editing therapies that modify patient cells to
produce healthy red blood cells. By selectively altering genes,
CRISPR-Cas9 facilitates target validation and identification of crucial
drug targets involved in disease mechanisms. Moreover, the
presence of particular mutations allows scientists to investigate
drug resistance mechanisms, which could lead to more efficient
therapies [72, 73].

A new era of drug delivery: integrating CRISPR-Cas9 in
biopharmaceutical development

The development of CRISPR-Cas9-based technologies has led to an
entirely new age of biopharmaceutical research, especially drug
delivery. This gene-editing technology promises improved accuracy
and effective treatment by editing genetic components with
previously unimaginable efficiencies. CRISPR-Cas9-based
technologies facilitate easier identification and confirmation of
target drugs. By identifying disease pathways, scientists are able to
identify new therapeutic molecules through the use of base gene
modifications, gene knockdowns, and knock-ins [74]. The duration
required to introduce innovative medicine to the market is reduced
by the possibility of editing genes effectively, which is aiding
biopharmaceutical research and development. CRISPR-Cas9 based
technology has various effects on medicine delivery, one of which
involves the possibility of using curative elements to target expected
genetic locations [75]. Although gene editing is a highly compressed
process, CRISPR-Cas9 technologies may amplify therapeutic effects
while reducing off-target effects. This technology is most effective in
the treatment of infectious infections, tumours, and gene-related
problems [76]. Reliable delivery systems are the most important
factor in the successful application of CRISPR-Cas9 drugs. The
efficacy and safety of CRISPR-Cas9 based drugs have been greatly
enhanced by the development of lipid-based carrier viral vectors
and nanoparticle-mediated delivery. To increase the bioavailability
of gene-editing components and their stability and specificity, new
delivery systems are necessary [77]. Some CRISPR-Cas9 based
drugs are in clinical trials, and their potential in therapeutic
applications is indicated. For example, Casgevy (exa-cel) is a CRISPR-
based therapy that edits individual hematopoietic stem cells that are
approved specifically for the treatment of sickle cell disease, and
beta-thalassemia. =~ CRISPR-Cas9 based HIV and cancer
immunotherapy are promising areas in which rapid response
therapy has emerged [78]. Although it has tremendous potential,
CRISPR-Cas9 technology has several limitations, such as immune
responses, potential off-target effects and ethical issues. More
research is needed to enhance the specificity and safety of
CRISPR-Cas9 based drugs. As delivery technologies and gene-
editing machinery advance, the use of CRISPR-Cas9 technology for
therapeutic applications will expand. This will allow the
development of highly effective treatments [79].

Gene editing in pharmacokinetics: Redefining drug targeting
strategies

The pharma industry is using gene editing, an emerging technology
that greatly improves the processes of absorption, distribution,
metabolism, and excretion. This is particularly notable. This will
transform drug-targeting strategies by creating new avenues to
increase therapeutic effectiveness, individualize drugs, and reduce
adverse effects. Advanced tools that encompass transcription
activator-like effector nucleases (TALENs) (fig. 3), zinc finger
nucleases (ZFNs) (fig. 3), and CRISPR-Cas9 (fig. 3) improve specific
gene alterations that impact drug delivery and metabolism. Although
all these three tools reply on engineered nucleases, they vary
significance in ease of design, targeting range, delivery potential, and
clinical applications, which is explained in (table 1). CRISPR-Cas9 is
particularly appealing due to its ease and flexibility for use in
various laboratories for research and medical applications.
However, TALENs and ZFNs are still of considerable use when more
specificity or PAM-independent cleavage is required. Altogether,
these platforms comprise a rather flexible set of tools for therapeutic
genome editing. This will transform drug-targeting strategies by
creating new avenues to increase therapeutic -effectiveness,
individualize drugs, and reduce adverse effects [80].
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Transcription activator-like
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Fig. 3: Genome-editing tools: transcription activator-like effector nucleases (TALEN), zinc finger nucleases (ZFN) and CRISPR-Cas9

Table 1: Comparative analysis of gene-editing tools (CRISPR-Cas9 TALENSs, and ZFNs)

Feature CRISPR-Cas9 TALENs ZFNs

Ease of design Simple (requires gRNA) Moderate (custom protein per target) Complex (modular protein domains)
Targeting flexibility High (PAM-dependent) Very high (no strict motif needed) Moderate

Editing efficiency High Moderate to high Moderate

Specificity Improved with high-fidelity Cas9 High High

Off-target effects Possible; mitigated with variants Low Low

Delivery methods Viral/non-viral (LNPs, AAVs, etc.) Mainly viral vectors Mainly viral vectors

Clinical trials (as of 2025) Dozens (e. g, Casgevy, EDIT-101) Few (e. g, sickle cell trials) Very limited

Cost and scalability Low-cost, scalable Labor-intensive Labor-intensive

Gene editing has a significant effect on drug metabolism by
optimizing therapeutic efficacy and customizing treatment to avoid
adverse effects. For example, it enables one to modify drug
metabolism and transport genes to improve pharmacokinetics for
individualized therapy. Cytochrome P450 (CYP) enzymes play large
roles in the activity level and half-life of products. Gene editing of the
genes encoding P450 enzymes allows the design of slow or fast drug
processing [81]. Similarly, gene editing via the CRISPR-Cas9
platform may knock out cytochrome P450 2D6 (CYP2D6), a gene
editing drug transporter, to increase drug amounts in target tissues
or accelerate clearance. Knockout of the ATP-binding cassette sub-
family b member (ABCB1) Multidrug Resistance Protein 1 (MDR1)
gene encoding P-glycoprotein (P-gp) enhances the efficacy of
chemotherapy in drug-resistant cancers [82]. Investigations of gene-
editing approaches have included lipid metabolism for drug
distribution enhancement. They demonstrated that CRISPR-Cas9
based Solute Carrier Organic Anion Transporter Family Member 1B1
(SLCO1B1) gene editing enhanced statin uptake, reducing the
variability in cholesterol-lowering effects [83]. These treatments
increase drug bioavailability and therapeutic efficiency. Prodrugs
can be thought of as drugs that are converted by enzymes into their
active forms. This process can be either enhanced or diminished
through gene expression via gene editing. For example, by modifying
carboxylesterase 1 (CES1), irinotecan bioactivation was improved,
which was then expected to provide greater therapeutic benefits
[84]. Similar studies have been carried out on the DPYD gene to
determine ways to reduce serious toxicity in patients receiving
fluoropyrimidine-based chemotherapy. The most recent report by
described the use of CRISPR-Cas9 technology to restore mutations

in the DPYD gene as a means of lowering the side effects of cancer
therapy and improving treatment outcomes. Owing to their
potential, such mechanisms increase pharmacological efficacy while
simultaneously targeting off effects. The challenge posed by adverse
effects on drug metabolism presents a further challenge. Hence, off-
target effects can provoke unforeseen changes in drug metabolism,
which emphasizes a very stringent validation process. The
regulatory framework should incorporate safety and efficacy within
the mandate of ethics to govern its systematic application[85,86].
Recently described the ethical implications of germline editing of
drug metabolism genes, thereby substantiating the extreme need for
the stringent regulation of inflammation before its clinical
application. With the advent of innovative strategies for gene
editing, pharmacokinetics has begun to usher in personalized
therapeutics that focus precisely on individual genetic attributes. In
directing pharmacological selection via predictive modelling
applications, the incorporation of Artificial Intelligence (AI) might
offer services. Thus, gene therapy strategies for pharmacokinetic
disorders could offer potential therapeutic avenues, indicating hope
in precision medicine [87].

Advancing drug delivery mechanisms with CRISPR-Cas9
technology

Delivery of CRISPR-Cas9 modules is a major determinant of genome
editing application efficiency and safety. Several delivery vehicles
are widely used, including viral vectors like adeno-associated
viruses (AAVs) and lentiviruses, and non-viral systems such as LNPs.
Each system has unique properties regarding delivery efficacy,
immunogenicity, and cargo capacity [88]. AAVs are preferred for
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gene therapy as they are weakly immunogenic and support long-
term, stable gene expression. Even with these advantages, AAVs
possess a limited payload capacity of around 4.7 kilobases (kb),
which restricts the size of the genes that can be delivered. Further,
their native tropism is predominantly liver-specific, and it is difficult
to redirect this to other tissues for gene delivery, hence restricting
their application to certain therapeutic use. Lentiviral vectors have
an advantage in gene therapy as they can be packed with higher
genetic constructs and can integrate into the host genome stably,
with therapeutic gene expression being maintained for longer
periods. The integration, though, is dangerous through pathways
like insertional mutagenesis, leading to disruption of essential genes
and risk of oncogenesis, making safety a concern. Choosing the most
suitable vector for gene therapy involves considering the benefits
and drawbacks to achieve therapeutic advantages while minimizing
harm to the patient [89]. Non-viral delivery technologies have come
into focus over the last decade with the possibility of advantages
over conventional viral vectors, especially in gene therapy and
mRNA delivery. Among them, LNPs are one of the front-line
technologies. One of the latest developments in the area is the
creation of selective organ targeting LNPs (SORT-LNPs), which are
specially designed to allow the targeted and transient delivery of
therapeutic compounds to specific organs or tissues [90]. SORT-
LNPs are designed to be tailored on different parameters, such as
lipid composition, size, and surface characteristics, which make
them efficient for targeting a specific cell type. Targeting not only
increases the efficacy of the delivered payload but also minimizes
off-target effects to a great extent, avoiding unwanted side effects in
off-target organs. Optimized nanoparticles also minimize immune
responses, thus improving the overall safety profile. This specificity
in targeting lies at the core of the development of personalized
medicine, with treatments being made specifically to suit each
patient. CRISPR-Cas9 delivery is problematic in light of the potential
for drug delivery in the future due to innovation. Epidemiologic
studies indicate that the use of gene-editing technologies that
involve both base and prime editing results in more precise genetic
modifications with fewer harmful side effects [91].

Innovations in drug transport and metabolism through
CRISPR-Cas9 systems

Through precise gene modifications, CRISPR-Cas9 systems have
revolutionized drug transport and metabolism research, allowing
pharmacokinetic control by altering the ADME functions. Through
its ability to target specific drug transporters and metabolic
enzymes, CRISPR-Cas9 technology develops personalized
pharmacotherapies and enhances drug effectiveness with reduced
adverse effects [92]. Table 2 summarizes the key applications of
CRISPR-Cas9 in drug delivery, while table 3 highlights the gene
targets and their implications in pharmacokinetics.

CRISPR-Cas9 in drug transport

Medical science identifies drug transporters from solute carrier (SLC)
and ATP-binding cassette (ABC) families as essential determinants of
drug tissue distribution and bioavailability. Through CRISPR-Cas9
techniques, scientists generate therapeutic benefits by controlling the
expression and functions of these transporters. A noteworthy example
shows how the SLCO1B1 genetic elements control the development of
hepatic organic anion-transporting polypeptide 1 B1 (OATP1B1).
Through its regulatory function, Statin transporters control the
cellular penetration of medication types such as simvastatin and
atorvastatin. A CRISPR-Cas9 system enhances statin uptake and
minimizes myopathy risk when it targets the PDZ-domain scaffolding
protein to increase SLCO1B1 ¢.521T>C transporter entry points for
cell membranes.

The P-gp cancer resistance transporter activity is disrupted through
CRISPR-Cas9 knockout of ABCB1 in oncology-driven tissues, making
cells unable to expel chemotherapeutic drugs, including doxorubicin
and paclitaxel. Drug retention increases in cancer cells, leading to
better treatment response. The sustained therapeutic effect becomes
limited by alternate transporter expression, such as ABCG2 (BCRP),
so multi-layered gene editing approaches targeting numerous
resistance pathways become essential for achieving durable
therapeutic responses [93].
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CRISPR-Cas9 in drug metabolism

Drug metabolism primarily depends on the CYP enzyme superfamily
because these enzymes control drug clearance and systemic exposure.
CRISPR-Cas9 technology enables exact adjustments of these enzymes,
providing a better therapeutic prognosis. One key enzyme, CYP2D6,
leads opioid and antidepressant, and beta-blocker metabolism, yet
demonstrates extensive natural variability because of inherited
polymorphisms in genes. CRISPR-Cas9 disruption of ultrarapid drug
metabolizer genes prevents dangerous accumulation of metabolites,
and CRISPR activation in poor metabolizers properly controls drug
absorption rates. The modifications in this method target heme-
binding domains and promoter elements as treatments for enzymatic
problems. Through CRISPR-Cas9 manipulation of pregnane X receptor
response elements, regulatory regions, transplant medicine scientists
now possess control over tacrolimus metabolism by Cytochrome P450
3A4 (CYP3A4). The expression changes in enzyme patterns induced by
CRISPR-Cas9 result in intractable metabolic outcomes from
cytochrome P450 3A5 (CYP3A5) and UDP-glucuronosyltransferases
and  sulfotransferases, raising concerns about optimal
immunosuppressant  concentrations  [94]. Research  teams
implementing CRISPR methods have discovered ways to reduce
Cytochrome P450 1A2 (CYP1A2) metabolic function, which helps
control negative reactions to stimulants in sensitive patients who do
not tolerate these drugs well. Correcting CYP1A2 requires special
treatment because this enzyme works on key medications like
clozapine, resulting in drug safety challenges. Urgent implementation
of systems biology models and metabolic pathway simulations is
necessary because of the complex requirements for designing
CRISPR-Cas9 based interventions. Future research should concentrate
on implementing base editing or prime editing techniques that
prevent DNA double-strand breaks in gene editing methods. Safe gene
expression modification tools derived from epigenomic editing appear
to present DNA-sequence-independent solutions. Real-time drug
metabolism control based on patient physiological states becomes
possible through CRISPR-Cas9 technology we target area may alter
additional genes that regulate pharmacokinetic processes, thus
affecting drug safety outcomes. The functional similarity among
members of enzyme families and transporters undermines targeted
genomic modifications, making it necessary to use multiple genetic
targets instead of single-gene edits. The deployment of CRISPR-Cas9
components requires improvement for efficiency and tissue-targeted
delivery, specifically in liver and intestinal tissue. The ongoing
development of ethical frameworks matches the evolution of
regulatory standards regarding gene modifications to germline cells
and somatic cell edits for non-fatal human conditions [95].

Strategies to mitigate off-target effects

Off-target activity is a major problem in CRISPR-Cas9 based genome
editing since off-target genomic modifications may lead to genotoxicity
or unintended phenotypes. To address this problem, some strategies
have been established to enhance targeting specificity. High-fidelity Cas9
variants, including eSpCas9, SpCas9-HF1, and HypaCas9, have
engineered mutations that minimize non-specific DNA binding without
compromising efficient on-target cleavage. Base editing and prime
editing allow for accurate nucleotide conversions without inducing
double-strand breaks, minimizing the risks of off-target effects. Base
editors use catalytically dead CRISPR-Cas9 proteins fused with
deaminase enzymes to edit single DNA bases. Prime editors utilize a
reverse transcriptase fused with a Cas9 nickase, directed by a prime
editing guide RNA (pegRNA), which enables flexible and accurate
sequence editing. These advancements represent significant progress in
improving safety profiles of genome editing Additionally,
complementary off-target discovery platforms like guide with synthetic
biological approaches that employ biosensors and regulatory circuits.
What results from these latest advancements will lead to a new era
based on precision pharmacology through genome engineering [96].

Limitations and future directions

Numerous difficulties persist which hinder the implementation of
CRISPR-Cas9 technology for drug transport and metabolism
applications. Genome modifications made outside th-seq, Digenome-
seq, and CIRCLE-seq allow for the verification and optimization of
CRISPR-Cas9 constructs intended for therapeutic applications.
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Table 2: Applications of CRISPR-Cas9 in drug delivery

Application Example Mechanism Clinical status Reference
Cancer therapy CRISPR-engineered CAR-T cells for CRISPR edits immune cells to Phase /11 [97]
leukemia and lymphoma enhance tumour targeting
Genetic disorder CRISPR-based therapy for sickle cell Corrects genetic mutations to Phase II [98]
treatment disease and f-thalassemia restore normal function
Metabolic disorders CYP2D6 and CYP3A4 gene editing for Modifies genes regulating drug Preclinical [99]
personalized pharmacokinetics metabolism to optimize dosing
Overcoming drug ABCB1 (MDR1) gene knockout to enhance Knocks out genes responsible for Preclinical [100]
resistance chemotherapy efficacy drug resistance in cancer cells
Enhanced drug SLCO1B1 gene editing to enhance Modifies transporter proteins to Preclinical [101]
absorption statin uptake improve bioavailability
Targeted drug Lipid nanoparticle (LNP)-mediated CRISPR ~ CRISPR-loaded nanoparticles direct Preclinical [102]
delivery therapy for liver diseases drugs to specific tissues
Infectious disease CRISPR-based antiviral therapies for HIV CRISPR targets and destroys viral or Preclinical [103]
treatment and hepatitis B bacterial genomes
Prodrug activation CES1 gene editing for irinotecan activation Enhances enzyme activity to Preclinical [104]
in colorectal cancer optimize drug conversion
Table 3: CRISPR-Cas9 in pharmacokinetics-gene targets and its therapeutic applications
Gene Function CRISPR-based Therapeutic application Clinical Reference
targeted modification status
CYP2D6 Metabolizes antidepressants Gene editing to control Personalized dosing for Preclinical [105]
and Opioids metabolism rate psychiatric and pain medications
ABCB1 (P- Efflux transporter for Knockout to prevent drug Enhances chemotherapy efficacy Preclinical [106]
gp) chemotherapy drugs resistance in resistant tumors
SLCO1B1 Regulates statin uptake Enhances transporter Reduces variability in cholesterol- Preclinical [107]
expression lowering drug response
DPYD Metabolizes Gene correction to reduce Prevents adverse effects in cancer Preclinical [108]
Fluoropyrimidine toxicity patients
chemotherapy drugs
CES1 Activates prodrugs like Modulation for enhanced Improves chemotherapy response  Preclinical [109]
irinotecan drug activation in colorectal cancer
CYP3A4 Metabolizes Gene editing to regulate Optimizes dosing in organ Preclinical [110]
immunosuppressants and metabolism transplants and cancer therapy
anticancer drugs
NAT2 Acetylation of drugs affecting  Modification to balance Reduces drug toxicity in Preclinical [111]
metabolism acetylation rates treatments like tuberculosis
GSTP1 Detoxifies chemotherapy Knockout to reduce drug Enhances efficacy of Preclinical [112]
drugs like cisplatin resistance chemotherapy in lung and ovarian
cancers
UGT1A1 Glucuronidation ofirinotecan =~ Modulation to regulate Minimizes side effects of Preclinical [113]
and bilirubin metabolism enzyme levels irinotecan in cancer treatment
SLC22A1 Organic cation transporter Upregulation to enhance Improves efficacy of metformin in Preclinical [114]
(0CT1) for metformin and anticancer  drug uptake diabetes management
drugs
CYP2C19 Metabolizes proton pump Correction to optimize drug ~ Prevents treatment failures in Preclinical [115]
inhibitors, antidepressants, metabolism patients with genetic variants
and clopidogrel
HMGCR Key enzyme in cholesterol Gene silencing for Alternative therapy for Preclinical [116]
synthesis (statin target) cholesterol reduction hypercholesterolemia
OATP1B1 Liver uptake transporters Modifications to improve Optimizes dosing of statins and Preclinical [117]
and affecting drug clearance hepatic drug uptake anticancer agents
OATP1B3
PEPT1 Peptide transporter in the Enhanced expression to Increases bioavailability of Preclinical [118]
(SLC15A1) intestine improve oral drug peptide-based medications
absorption
MDR1 Multidrug resistance protein Knockout to prevent drug Overcomes chemotherapy Preclinical [119]
(ABCB1) affecting chemotherapy efflux resistance in cancers like breast
drugs and colorectal
BCRP Efflux transporter affecting Inhibition to increase Enhances effectiveness of tyrosine  Preclinical [120]
(ABCG2) cancer drug retention intracellular drug kinase inhibitors in cancer therapy
concentration
SULT1A1 Sulfotransferase enzyme Modulation to enhance drug  Optimizes metabolism of anti- Preclinical [121]

involved in drug metabolism

activation

inflammatory and anticancer drugs

Clinical translation and ongoing trials

To enhance the practical applicability of the CRISPR-Cas9-based
system in treatment, it is essential to accentuate the clinical trials

currently afoot, which truly depict the advancement of therapy-
oriented concerning the disease. For example, the Casgevy (exa-cel),
developed by Vertex Pharmaceuticals and CRISPR-Cas9
Therapeutics, was approved in the UK and the US for sickle cell
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disease and beta thalassemia, the first CRISPR-Cas-based drug
approval. The trial NCT04853576 is on the use of CRISPR-Cas9
editing of haemopoietic stem cells for fetal haemoglobin reactivation
in SCD patients [122]. Also, under the registration number
NCT03872479, EDIT-101 addresses Leber Congenital Amaurosis 10
(LCA10) through the subretinal injection, making it the first
CRISPR-Cas9 trial on human eyes in the field of ophthalmology
[123]. In cancer therapy, NCT04278590 is an allogeneic
CRISPR-Cas9 edited CAR T cell therapy called CTX110 for B cell
malignancy [124]. NTLA-2002, the in vivo CRISPR-Cas9 gene
therapy for HAE, demonstrated a 95% reduction of HAE attacks in
the first stage of the clinical trial [125]. Furthermore, Excision Bio
Therapeutics’ EBT-101 uses a CRISPR-Cas9 based excision strategy
to try to eliminate HIV [126]. Regional safety concerns play a crucial
role in carrying these treatments from the lab to the patient’s
bedside. Gene-editing medications were regulated by the U. S. Food
and Drug Administration (FDA) and the European Medicines Agency
(EMA) and classified as advanced therapy medicinal products
(ATMPs). These treatments must strictly adhere to Good
Manufacturing Practices (GMPs). Treatments should also include
long-term follow-up for patients, which may extend up to 15 y in
some cases. Lastly, accurate preclinical validation, an Investigational
New Drug (IND) application, and compliance with International
regulations are required before any trials can begin. In EU member
states, national bioethics committees can influence the approval for
trials, especially for first-in-human studies. The EMA excludes
germline editing and requires environmental risk assessments for
gene-editing products that meet the criteria for being classified as
genetically modified organisms. To maintain compliance, uphold
ethical integrity, and foster consumer trust, researchers and
developers must strategically navigate these region-specific
frameworks.

The growing number of CRISPR-Cas9 based clinical studies
demonstrates significant progress in integrating gene-editing
therapies into standard medical practices despite existing regulatory
challenges. The beneficial and secure use of CRISPR-Cas9
technology in precision medicine requires the alignment of global
regulations and the establishment of clear ethical guidelines as the
field advances [127].

CRISPR-Cas9 based diagnostics: emerging tools for precision
medicine

The CRISPR-Cas9 technology has over the years been applied to
enhance diagnosis related techniques. The following are some of the
recent tools in the CRISPR-Cas9 system; Specific High-sensitivity
Enzymatic Reporter (SHERLOCK) and DNA Endonuclease Targeted
CRISPR-Cas9 Trans Reporter (DETECTR) are among the widely
used platforms that base the activity of CRISPR associated protein
13 (Casl3) and CRISPR-Cas9 associated protein 12 (Cas12)
collateral respectively. They can detect viral and bacterial antigens
for clinical and field diagnostic purposes, as well as tumour-specific
genes. Specific high-sensitivity enzymatic reporter unlocking
(SHERLOCK) is used to identify RNA present in pathogens like SARS-
CoV-2 and can also be used to detect some STDs like chlamydia and
gonorrhoea. Also, there are over-the-counter CRISPR-Cas9
diagnostic kits in clinical development to achieve the goal of
widespread use and monitoring in nonclinical applications. Cas12a-
based DNA Endonuclease Targeted CRISPR-Cas9 trans reporter
(DETECTR) has successfully detected other DNA viruses, including
HPV, and has the possibility of application in cervical cancer
screenings. They provide results within one hour, do not need many
instruments, and can be used at the point of care. Apart from
infectious diseases, CRISPR-Cas9 is further used in diagnostics,
detecting circulating tumor nucleic acids for early cancer diagnosis
through liquid biopsy. Modern bioengineering has advanced to
include microfluidics, wearable sensors, and paper-based assays,
making these technologies suitable for low-resource environments.
They also have the capability for personalized drug tracking to
evaluate pharmacogenomics signatures and therapeutic outcomes at
an individual level. Altogether, SHERLOCK, DNA Endonuclease
Targeted CRISPR-Cas9 Trans Reporter (DETECTR), and similar
systems based on the CRISPR-Cas9 technology are already an
emerging field in precision medicine. They are fast, accurate, and
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deployable in the field, making them valuable supplements to
CRISPR-Cas9 therapeutics for customizing treatment plans and
improving patient lives [128-130].

CONCLUSION

CRISPR-Cas9 technology has revolutionized drug delivery and
pharmacokinetics, enabling gene-editing activity to target specific
sites with a greater therapeutic effect. With the capacity to activate
drugs at target sites, and maximize metabolism, and bioavailability,
CRISPR-Cas9-based methods tend to displace conventional drug
delivery systems. Through specific targeting genes in metabolism
(CYP2D6, CYP3A4), transport (ABCB1, SLCO1B1), and activation
(CES1), CRISPR-Cas9 has rendered it possible to precisely handle
pharmacokinetic applications. Application in gene modification,
CAR-T cell therapy, and LNP administration has improved cancer, §3-
thalassemia, and sickle cell disease treatment approaches. Enhanced
tissue-specific targeting, less toxicity, and increased absorption have
resulted from integration with biopharmaceutical techniques.
Despite limitations which include adverse reactions and off-target
modifications, constant improvements in delivery techniques and
editing precision are advancing CRISPR-Cas9-based
pharmacotherapy further into clinical practice and enhancing this
technique as an integral component of future precision medicine.
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