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Abstract:
Synthetic biology, an emerging interdisciplinary field combining biology, engineering, and genomics, 
has led to transformative advances in genetic engineering. By enabling the design of novel biological 
systems and organisms, synthetic biology is revolutionizing personalized medicine. This paper 
examines how synthetic biology intersects with genomics to create more precise and individualized 
medical treatments. The ability to manipulate genomes at a granular level, coupled with advanced 
techniques such as CRISPR-Cas9 gene editing and genome synthesis, has provided powerful tools 
for developing personalized therapies. This review explores the applications of synthetic biology 
in personalized medicine, focusing on the creation of tailored treatments, gene therapies, synthetic 
vaccines, and diagnostic systems. We also address the ethical, regulatory, and safety concerns 
surrounding these technologies, as well as their future potential.
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Introduction
Personalized medicine is an evolving approach to 

healthcare that tailors medical decisions, practices, 
and treatments to the individual characteristics of 
each patient (1). Unlike the traditional “one-size-
fits-all” model, which assumes a universal treatment 
plan for all individuals, personalized medicine 
takes into account a wide array of factors unique 
to each patient. These include genetic makeup, 
environmental exposures, lifestyle choices, and 

even cultural background, all of which can influence 
how a patient responds to different therapies (2). By 
integrating these individual characteristics into the 
treatment process, personalized medicine aims to 
provide more effective, precise, and safer healthcare, 
improving outcomes while minimizing the risk of 
adverse effects (3).

The emergence of synthetic biology and 
genomics has significantly advanced the potential 
of personalized medicine, marking the beginning 
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of a new era in healthcare. Synthetic biology, 
which involves the design and construction of new 
biological parts, devices, and systems, is transforming 
the way we understand and treat disease (4). By 
enabling the manipulation of genetic material with 
unprecedented precision, synthetic biology offers 
innovative solutions to a range of medical challenges. 
It provides the tools to design tailored genetic 
systems that can address specific genetic mutations, 
which could lead to more effective treatments for 
genetic disorders. Additionally, synthetic biology 
has opened new possibilities in the development 
of personalized vaccines, which can be designed 
to target an individual’s specific immune responses 
(5). Furthermore, advancements in diagnostic 
technologies, fueled by the integration of genomics 
and synthetic biology, promise to offer more accurate 
and rapid methods for detecting diseases at their 
earliest stages (6).

The combination of genomics and synthetic 
biology is particularly transformative in the field of 
personalized medicine, allowing for highly targeted 
therapies that are customized to the molecular 
characteristics of each patient’s disease. For 
example, in oncology, genetic profiling of tumors 
can identify mutations and alterations specific to 
an individual’s cancer, enabling the development of 
targeted therapies that attack cancer cells without 
harming healthy tissue. Similarly, personalized 
immunotherapies, such as CAR-T cell therapy, are 
being developed to harness and enhance a patient’s 
immune system to specifically target and destroy 
cancer cells (7).

Despite the immense potential of personalized 
medicine, these advancements are not without their 
challenges. Ethical concerns surrounding privacy, 
genetic data sharing, and the accessibility of 
personalized treatments are critical issues that need to 
be addressed as these technologies continue to evolve 
(8). Additionally, the complexity of designing and 
implementing these advanced therapies in clinical 
settings presents logistical and regulatory hurdles 
that must be overcome to ensure that patients benefit 
from these innovations safely and equitably.

This paper explores how synthetic biology is 
revolutionizing personalized medicine by examining 
the technological advancements driving this 
transformation, the therapeutic applications that are 
already emerging, and the ethical considerations that 
accompany these groundbreaking developments. By 
delving into both the promise and the challenges of 
this new era in medicine, the paper aims to provide a 
comprehensive overview of how synthetic biology is 
reshaping the future of personalized healthcare.

Synthetic Biology and Personalized Medicine: A 
New Paradigm

The Role of Synthetic Biology in Personalized 
Medicine

Synthetic biology has introduced a transformative 
paradigm in medicine, often referred to as 
“programmable biology,” where biological systems 
and genetic material are engineered and reprogrammed 
to serve specific therapeutic purposes. This capability 
represents a profound shift in the way diseases are 
understood and treated, as it enables the creation of 
highly customized therapies that are tailored to the 
individual genetic and molecular makeup of each 
patient. By manipulating biological systems at the 
genetic level, synthetic biology empowers clinicians 
and researchers to address the underlying causes of 
disease rather than merely treating symptoms.

In personalized medicine, the concept of tailoring 
treatment to an individual’s unique genetic profile 
is becoming increasingly important. Traditional 
medical approaches often rely on generalized 
treatments that target broad mechanisms of disease, 
which may not be equally effective for all patients. 
In contrast, synthetic biology allows for the precise 
engineering of genetic circuits, biosensors, and gene-
editing technologies to directly address the specific 
genetic mutations and molecular pathways driving 
a patient’s disease. This results in therapies that are 
not only more effective but also carry fewer risks of 
adverse effects, as they can be fine-tuned to target the 
disease at its molecular source. The ability to design 
and deploy personalized treatments offers a profound 
advantage, particularly in fields like oncology, 
genetic disorders, and immunology, where individual 
patient responses can vary widely.

As a key enabler of personalized medicine, 
synthetic biology facilitates the creation of patient-
specific therapies that provide more accurate, safer, 
and potentially curative options. The intersection 
of synthetic biology with genomics, bioinformatics, 
and advanced diagnostics is unlocking new avenues 
for treating diseases that were previously considered 
intractable or difficult to manage, further advancing 
the shift toward precision medicine.

Key Technologies Driving Personalized Medicine
Several groundbreaking advancements in synthetic 

biology are revolutionizing the way personalized 
medicine is conceptualized and delivered. These 
technologies allow for the precise manipulation 
of genetic material, enabling the development of 
highly personalized treatments that are tailored to the 
genetic and molecular profiles of individual patients. 
Key technologies driving this revolution include:

1. CRISPR-Cas9 and Genome Editing
The advent of CRISPR-Cas9 technology has 

marked a watershed moment in the field of genetics 
and personalized medicine. CRISPR-Cas9 allows for 
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precise, targeted editing of genes at specific locations 
in the genome, offering unprecedented accuracy and 
flexibility in correcting genetic mutations responsible 
for various diseases. This tool works by harnessing a 
naturally occurring bacterial defense mechanism to 
cut DNA at specific sites, which can then be modified 
or replaced to correct genetic defects.

For example, CRISPR has shown tremendous 
promise in treating genetic disorders like sickle 
cell anemia, where the underlying genetic mutation 
can be corrected in the patient’s cells, offering the 
potential for a permanent cure. This capability 
extends to a wide range of diseases caused by single-
gene mutations, such as cystic fibrosis and Duchenne 
muscular dystrophy, where personalized gene 
therapies could provide patients with individualized, 
life-changing treatment options. In the realm of 
cancer, CRISPR technology can be used to modify 
immune cells, enhancing their ability to target and 
destroy cancer cells more effectively, offering new 
prospects for personalized immunotherapies.

2. Gene Synthesis and Custom Pathways
Gene synthesis and the creation of custom 

metabolic pathways is another powerful tool 
enabled by synthetic biology. By synthesizing 
entire genes or creating new biochemical pathways 
from scratch, scientists can engineer biological 
systems that perform specific, therapeutic functions. 
These custom-designed pathways can be used to 
modify the metabolic processes within a patient’s 
cells, offering potential treatments for a variety of 
conditions, including metabolic diseases, cancer, and 
neurodegenerative disorders.

For instance, synthetic biologists can design 
therapeutic enzymes that replace faulty ones in 
patients with genetic metabolic disorders, or they 
can reprogram cells to produce beneficial molecules 
such as proteins or hormones that the body cannot 
produce on its own. Additionally, the ability to 
construct artificial biosynthetic pathways enables the 
creation of personalized treatments for diseases such 
as cancer, where novel pathways can be engineered 
to specifically target cancerous cells, minimizing 
harm to healthy tissues.

The combination of gene synthesis with advanced 
techniques in genome editing allows for the 
construction of personalized therapies that are 
tailored to the individual biochemical environment 
of each patient, improving both efficacy and safety.

3. Cellular and Gene Therapy
Gene therapy, driven by synthetic biology, is poised 

to become a cornerstone of personalized medicine. 
This approach involves introducing modified genes 
into a patient’s cells to correct genetic defects or to 
enable the body to produce therapeutic substances. 

The rise of gene therapy has been particularly 
transformative in the treatment of inherited genetic 
disorders, where traditional methods of treatment 
were either insufficient or non-existent.

Autologous stem cell therapy, for example, is 
being employed in personalized cancer treatment. 
In this method, a patient’s stem cells are harvested, 
genetically modified, and reintroduced into their 
body to target specific diseases, such as cancer. In the 
case of personalized cancer immunotherapy, immune 
cells, such as T cells, are engineered to recognize 
and attack cancer cells more effectively. The result 
is a highly personalized treatment that harnesses the 
body’s immune system to fight the disease, offering 
the potential for more effective and durable responses 
compared to traditional treatments like chemotherapy 
or radiation.

Gene therapies are also being developed for rare 
genetic diseases, such as spinal muscular atrophy (9), 
where the delivery of a functional copy of a missing 
or defective gene can dramatically improve patient 
outcomes. The use of viral vectors or CRISPR-
based techniques to deliver gene therapies is rapidly 
advancing, enabling more targeted and efficient 
treatments with reduced side effects.

4. Synthetic Biology-Driven Diagnostics
Effective personalized medicine relies not only 

on precise treatments but also on equally precise 
diagnostics. The ability to accurately diagnose 
diseases based on an individual’s unique genetic and 
molecular profile is essential for tailoring therapies 
that are most likely to be effective. Synthetic biology 
plays a crucial role in the development of highly 
sensitive diagnostic tools that can identify specific 
genetic markers, proteins, or other biomarkers 
associated with particular diseases (10).

Innovative biosensors, developed using synthetic 
biology techniques, can detect and measure minute 
levels of disease markers in a patient’s body. These 
tools have the potential to identify diseases at their 
earliest stages, enabling early intervention and better 
outcomes. Additionally, synthetic biology-driven 
diagnostics can be used to monitor how a patient 
is responding to personalized therapy, allowing for 
real-time adjustments to the treatment plan based on 
the patient’s response (11). This level of precision 
in monitoring and diagnosing disease is a key 
component of personalized medicine, ensuring that 
therapies remain tailored and optimized throughout 
the course of treatment (12).

Moreover, synthetic biology is enabling the 
development of portable and cost-effective diagnostic 
platforms, which could make personalized medicine 
more accessible to patients in low-resource settings. 
These advances may bring personalized healthcare to 
a broader population, making it more inclusive and 

Chehelgerdi M, Chehelgerdi M, Khorramian-Ghahfarokhi M, Shafieizadeh M, Mahmoudi E, Eskandari F, et al. Comprehensive review of CRISPR-based gene editing: mechanisms, challenges, and applications in cancer therapy. Molecular Cancer. 2024;23(1):9.
Strianese O, Rizzo F, Ciccarelli M, Galasso G, D'Agostino Y, Salvati A, et al. Precision and Personalized Medicine: How Genomic Approach Improves the Management of Cardiovascular and Neurodegenerative Disease. Genes. 2020;11(7).
Wang C, Zeng H-S, Liu K-X, Lin Y-N, Yang H, Xie X-Y, et al. Biosensor-based therapy powered by synthetic biology. Smart Materials in Medicine. 2023;4:212-24.
Puccetti M, Pariano M, Schoubben A, Giovagnoli S, Ricci M. Biologics, theranostics, and personalized medicine in drug delivery systems. Pharmacological Research. 2024;201:107086.
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equitable (13).

These technological advancements in synthetic 
biology are ushering in a new era of personalized 
medicine, providing innovative tools to tailor 
treatments and diagnostics to the individual genetic 
and molecular profile of each patient. As these 
technologies continue to evolve, they hold the 
promise of revolutionizing the way diseases are 
treated, offering more effective, safer, and customized 
healthcare solutions that address the unique needs of 
every patient (14).

Applications of Synthetic Biology in Personalized 
Medicine
Gene Therapy and Editing

Gene therapy is a cornerstone of personalized 
medicine, and synthetic biology plays a pivotal 
role in its development. In traditional gene therapy, 
genes are introduced into a patient’s cells to correct 
genetic defects or treat diseases (15). Synthetic 
biology enables the engineering of precise gene-
editing tools, such as CRISPR, that can target 
specific genes and correct mutations with higher 
efficiency and accuracy. For instance, sickle cell 
disease is caused by a mutation in the hemoglobin 
gene (16). Using CRISPR-Cas9, scientists can edit 
the genome of hematopoietic stem cells, enabling the 
correction of the mutation in a patient’s blood cells. 
This can potentially cure the patient by restoring 
normal hemoglobin function (17). Such gene-editing 
technologies are central to developing individualized 
treatments for genetic diseases, where the patient’s 
specific genetic defects can be addressed. Another 
example is cystic fibrosis, which results from 
mutations in the CFTR gene (18). Synthetic biology 
techniques, including gene delivery systems, could 
be used to deliver a healthy version of the CFTR gene 
to lung cells, providing personalized treatments for 
affected individuals (19).

Personalized Cancer Therapy
Synthetic biology holds immense promise in the 

treatment of cancer. Personalized cancer therapies 
are designed based on the unique genetic makeup of a 
patient’s tumor. Unlike traditional cancer treatments, 
which are based on general protocols, personalized 
therapies focus on the specific mutations and 
molecular markers present in the patient’s cancer 
cells (20).

One approach involves CAR-T (Chimeric Antigen 
Receptor T-cell) therapy, where a patient’s T-cells 
are genetically engineered to target cancer cells. 
Synthetic biology tools are used to design the 
receptors on T-cells that recognize and bind to tumor-
specific antigens (21). This allows for a personalized 
approach, as the therapy is customized to the specific 

cancer type and tumor characteristics of each patient. 
Additionally, synthetic biology is used to engineer 
microbes that can target and destroy cancer cells (22). 
For instance, synthetic bacteria can be programmed 
to recognize cancerous cells and deliver therapeutic 
payloads, such as toxins or immune-stimulating 
compounds, directly to the tumor site. This precision 
medicine approach reduces the risk of damage to 
healthy tissues, a common side effect of traditional 
cancer treatments (23).

Personalized Vaccines
Vaccines are typically designed to elicit a broad 

immune response. However, personalized vaccines 
are tailored to an individual’s genetic profile, 
enhancing their effectiveness (24). Synthetic biology 
can be employed to design synthetic vaccines based 
on the specific viral or bacterial strains that a person 
is most likely to encounter, taking into account their 
genetic makeup and immune system response (25).

Personalized cancer vaccines are another area 
of active research. These vaccines are tailored to 
target specific mutations or antigens expressed 
by an individual’s cancer cells. Synthetic biology 
allows for the design of synthetic peptides or genetic 
materials that can stimulate an immune response 
against these tumor-specific markers. For instance, a 
synthetic vaccine could be designed for a patient with 
melanoma, targeting the specific mutations found in 
their cancer cells (26).

Personalized Diagnostic Systems
Accurate and early diagnosis is critical for the 

success of personalized medicine. Synthetic biology 
enables the development of highly sensitive and 
specific diagnostic tools, such as biosensors and 
genetic tests, that can detect disease markers at the 
molecular level (11). These tools can be tailored to an 
individual’s unique genetic profile, providing more 
accurate diagnoses and guiding treatment decisions 
(27). For example, gene expression profiling can be 
used to identify biomarkers that are associated with 
specific diseases. These biomarkers can be used to 
develop diagnostic tests that can detect the presence 
of disease before symptoms arise, allowing for early 
intervention and personalized treatment (28, 29).

Synthetic Biology and Microbiome Engineering
The human microbiome— the trillions of 

microorganisms living in and on our bodies— 
plays a significant role in health and disease. 
Synthetic biology offers the potential to engineer 
the microbiome to benefit personalized medicine 
(30). By modifying the genetic makeup of microbial 
communities, researchers can develop personalized 
treatments that influence the microbiome in ways that 
improve health outcomes (31).

Marques L, Costa B, Pereira M, Silva A, Santos J, Saldanha L, et al. Advancing Precision Medicine: A Review of Innovative In Silico Approaches for Drug Development, Clinical Pharmacology and Personalized Healthcare. Pharmaceutics [Internet]. 2024; 16(3).
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For example, the microbiome is known to affect 
drug metabolism, immune responses, and disease 
susceptibility. Synthetic biology can be used to 
design engineered microbes that produce therapeutic 
molecules or regulate the immune system. These 
engineered microbes could be delivered as probiotics 
to restore balance to the microbiome in individuals 
with specific health conditions, such as inflammatory 
bowel disease or metabolic disorders (32).

Challenges and Ethical Considerations in 
Personalized Medicine

While the integration of synthetic biology into 
personalized medicine holds tremendous promise, 
there are still several significant challenges that need 
to be addressed (33). These challenges encompass 
both technical and ethical issues, each of which plays 
a crucial role in the future development, accessibility, 
and societal acceptance of these advanced therapies 
(34). Overcoming these barriers is essential for 
ensuring that the full potential of personalized 
medicine can be realized in a safe, ethical, and 
equitable manner.

Technical Challenges
One of the primary technical hurdles is the 

complexity of designing and delivering gene 
therapies effectively. Gene therapies require precise 
modification of an individual’s genetic material, and 
achieving this with a high degree of accuracy remains 
a challenging task (35). Technologies like CRISPR-
Cas9 have shown remarkable potential in editing 
genes, but there are still concerns regarding off-target 
effects, where unintended parts of the genome may 
be altered, leading to unintended consequences (36). 
Moreover, ensuring the safe and efficient delivery of 
gene-editing tools to the right cells in the body is a 
critical challenge, as current delivery systems, such 
as viral vectors, can be inefficient and may trigger 
immune responses. Overcoming these technical 
limitations is crucial for advancing the field of 
gene therapy and ensuring its success in clinical 
applications (37).

Another challenge lies in the scalability and 
production of personalized therapies. As treatments 
are tailored to individual patients, the process of 
developing and manufacturing these therapies 
becomes highly individualized, which can make 
it difficult to produce them in large quantities (38). 
The high degree of customization required for each 
patient increases the time and cost involved in the 
development of treatments, raising concerns about 
the overall feasibility of delivering personalized 
medicine on a large scale (1).

Safety Concerns
Safety remains one of the most significant concerns 

in the use of synthetic biology in personalized 
medicine. Gene-editing technologies, such as 
CRISPR, present unique risks, particularly when it 
comes to editing the human genome (39). Unintended 
genetic changes or “off-target” effects could have 
serious health consequences, including the potential 
to activate cancer-causing genes or disrupt essential 
cellular functions. Although improvements in gene-
editing technologies are reducing the risk of such 
unintended effects, further research and safeguards 
are required to ensure the long-term safety of these 
therapies (40).

Another safety concern is the use of synthetic 
microorganisms or engineered microbes in therapeutic 
applications. While genetically engineered bacteria 
or viruses may be used to deliver drugs or genes to 
specific areas of the body, there is the risk that these 
organisms may behave unpredictably, causing harm 
to the patient or triggering immune reactions (41). 
Rigorous testing and monitoring protocols must be 
established to ensure that these engineered organisms 
are safe and do not pose unforeseen risks (42).

Accessibility and Cost
The high cost of personalized therapies presents 

another challenge. Many of the cutting-edge 
treatments made possible by synthetic biology, such 
as gene therapies, are expensive to develop, produce, 
and administer (43). These costs are often passed on 
to patients, making access to personalized medicine 
a significant issue for many individuals, particularly 
those in low- and middle-income countries (44). The 
affordability of these therapies is a major concern, 
as the potential benefits of personalized treatments 
may be out of reach for large segments of the global 
population (45).

In addition to cost, there are also concerns about 
the availability of specialized infrastructure and 
expertise required to deliver these therapies. For 
example, gene therapies often require sophisticated 
diagnostic tools and facilities capable of monitoring 
patient responses to treatment (46). The lack of such 
resources in resource-poor settings could exacerbate 
existing healthcare disparities, leaving certain 
populations without access to potentially life-saving 
treatments.

Ethical Considerations
Alongside the technical and logistical challenges, 

several ethical issues must be addressed as synthetic 
biology is integrated into personalized medicine. 
These ethical concerns are pivotal in guiding the 
development, regulation, and public acceptance of 
new treatments (47). Some of the key ethical issues 
include:

Genetic Privacy and Data Security

Dou J, Bennett MR. Synthetic Biology and the Gut Microbiome. Biotechnology journal. 2018;13(5):e1700159.
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The use of genetic data is at the core of personalized 
medicine, as treatments are increasingly based 
on an individual’s genetic makeup. However, the 
collection, storage, and sharing of such sensitive 
information raise significant privacy concerns 
(48). Genetic data can reveal deeply personal 
information about an individual’s health, ancestry, 
and predisposition to various diseases, making it a 
potential target for misuse. Ensuring that individuals’ 
genetic data is protected from unauthorized access, 
hacking, or exploitation is critical to maintaining 
trust in personalized medicine (49). Strong data 
protection laws, as well as secure storage and 
encryption technologies, are essential to safeguard 
genetic information (50).

Additionally, there are concerns about how genetic 
data might be used by third parties, such as insurance 
companies or employers, which could potentially lead 
to discrimination based on genetic predispositions. 
Ethical guidelines and legal frameworks must be 
established to ensure that individuals’ genetic data 
is used responsibly and for the benefit of patients, 
without infringing upon their privacy or rights (51).

Equity and Access
One of the most pressing ethical concerns in 

personalized medicine is ensuring that these 
advanced therapies are accessible to all, regardless 
of socioeconomic status or geographic location (52). 
The high cost of personalized treatments poses a 
significant barrier to access, and there is the risk that 
only wealthier individuals or those living in developed 
countries will benefit from these innovations (53). In 
a world where healthcare disparities already exist, 
the advent of personalized medicine could exacerbate 
inequities if not carefully managed.

There is a critical need for policies that ensure 
equal access to personalized treatments across 
all populations. This includes addressing the 
affordability of therapies, as well as improving 
healthcare infrastructure in underserved areas (54). 
Efforts must be made to ensure that personalized 
medicine is not a privilege for the few but a benefit 
for all, with equitable distribution of these therapies 
across diverse social, economic, and geographical 
groups (55).

Regulation of Gene Editing
The ability to edit the human genome using 

technologies like CRISPR-Cas9 presents both 
immense opportunities and significant risks. While 
gene editing holds the potential to cure genetic 
diseases and improve patient outcomes, it also raises 
concerns about unintended consequences and the 
ethical implications of altering the human germline 
(the genetic material passed on to future generations)
(56). The modification of the human genome could 

have long-lasting effects, not only on the individual 
receiving treatment but also on their descendants (9).

As gene-editing technologies continue to evolve, 
regulatory frameworks must be established to ensure 
that they are used responsibly. These regulations 
must include guidelines for conducting research, 
clinical trials, and therapeutic applications, as well 
as oversight mechanisms to monitor the long-term 
effects of gene editing. International consensus on 
the ethical boundaries of gene editing will be crucial 
in preventing misuse or overly permissive policies 
that could lead to harmful genetic modifications (57).

Designer Babies
One of the most controversial ethical concerns 

related to gene editing is the potential for creating 
“designer babies.” This term refers to the possibility 
of editing human embryos to select desirable traits, 
such as intelligence, physical appearance, or disease 
resistance. While the technology to edit embryos 
exists, the ethical questions surrounding this practice 
are profound (58). Many worry about the social and 
moral implications of allowing parents or clinicians to 
decide on genetic traits for their children, potentially 
leading to a form of genetic elitism or discrimination 
(59). The idea of creating “designer babies” raises 
concerns about the ethics of genetic enhancement, 
as well as the potential for societal pressures to 
influence genetic choices. 

Conclusion
Synthetic biology is transforming personalized 

medicine, enabling highly targeted treatments tailored 
to individual genetic, molecular, and environmental 
factors. Technologies like CRISPR-Cas9 and gene 
synthesis offer the potential for more effective 
therapies with fewer side effects, revolutionizing 
the treatment of genetic disorders and cancers. 
However, challenges such as technical complexities, 
safety concerns, high costs, and ethical issues around 
genetic privacy, access, and enhancement remain. 
To fully realize its potential, ongoing research, 
regulatory frameworks, and a commitment to 
equity are essential. With these efforts, personalized 
medicine can become widely accessible, improving 
patient outcomes and advancing global health.
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