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Abstract: Synthetic biology is a highly promising interdisciplinary field aimed at integrating knowledge and techniques from
various disciplines to achieve precise control and manipulation of biological systems. Since the discovery of DNA structure by
Watson and Crick in 1953, synthetic biology has undergone rapid development. During this time, synthetic biologists have
developed numerous tools and technologies to better understand biological systems and to develop new methods for constructing
and manipulating these systems. Initially, synthetic biology research was mainly focused on genetic engineering, with the
primary goal of inserting artificially synthesized DNA into biological systems to achieve specific functions. However, over time,
this field has become increasingly complex, and researchers have begun exploring broader issues, such as how to integrate
biological and non-biological systems and how to use these systems for medical and environmental applications. In recent years,
synthetic biology research has reached new heights, involving the construction of artificially synthesized genomes and cells, and
how to apply these systems to medical, energy, and environmental fields. These research achievements offer enormous potential
for treating diseases, reducing pollution, and producing clean energy. In addition, the development of synthetic biology also
involves artificial intelligence and machine learning, which can help accelerate the design and construction of biological systems,
thus speeding up the progress of synthetic biology. Although synthetic biology still faces many challenges, the development
prospects of this field are still very promising with the continuous advancement of technology. This article aims to provide an
overview of the development of synthetic biology, including its historical background, early development, technological
advances, applications, ethical and social impacts, and future directions, and explore the development process of synthetic
biology over the past 60 years.
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1. Introduction 2. Early Synthetic Biology (1960s-

Synthetic biology is a promising interdisciplinary 19905)
discipline that aims to integrate knowledge and technologies
from different fields to achieve precise control and £ .
modification of living systems. It combines theories and engineering
methods from multiple disciplines, including engineering, The origins of gene synthesis and genetic engineering
physics, chemistry and biology, with the aim of building became a key period in synthetic biology research from the
artificial biological systems to address the many challenges 1960s to the 1970s. in 1972, Paul Berg and Stanley Cohen and

2.1. Origins of gene synthesis and genetic

facing human society. Over the past few decades, the rapid ~ others successfully constructed the first generation of
development of synthetic biology has advanced human genetically engineered bacteria by inserting exogenous DNA
understanding of the nature of life and opened up many new into the chromosomes of bacteria [1]. This landmark
possibilities in areas such as biotechnology, healthcare and experiment not only pioneered synthetic biology, but also
environmental protection. revolutionized the field of genetic engineering.

Using engineering ideas and methods, synthetic biology is The development of gene synthesis and genetic
dedicated to the development of entirely new biological engineering has enabled the redesign, construction and
systems in which specific biological functions are integrated modification of the genetic information of organisms at the
for a variety of applications. Research in synthetic biology molecular level, thus opening up the possibility of synthetic
covers different levels from individual cells to whole life. This also provides tremendous opportunities and
ecosystems, including gene regulation, metabolic pathways, challenges for the development of the fields of biotechnology,
signaling, cellular interactions, ecological adaptation, and medicine and agriculture.

many other aspects. These studies are not only important for . . . .
theoretical research, but also provide new opportunities and 2.2. The main research directions of synthetic

challenges in the fields of biopharmaceuticals, industrial biology in the early period

production, and environmental management. From the 1970s to the 1980s, the research directions of

The purpose of this paper i_S to putlipe the development of synthetic biology were mainly focused on the following areas.
synthetic biology, including its historical background, early

development, technological advances, applications, ethical
and social implications, and future directions, and to explore
the development of synthetic biology in the past 60 years.

2.2.1. The development and application of recombinant
DNA technology
Recombinant DNA technology (rDNA technology) is one
of the core technologies of synthetic biology. By performing
operations such as shearing, ligation and transfer of DNA
sequences, researchers can construct new DNA molecules and
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insert them into cells. The advent of this technology has
provided a solid foundation for fields such as genetic
engineering and gene therapy [2].

2.2.2. Experiments for the synthesis of peptides and
proteins
Experiments for synthesizing peptides and proteins were
also one of the important research directions of early synthetic
biology. Scientists constructed peptides and proteins by
chemical synthesis and used them in fields such as drug
development and biological research. Their development has
provided new avenues for biopharmaceuticals and new means
for researchers to probe deeply into the structure and function
of proteins [3].
2.2.3. Research on gene regulation and signal
transduction
Gene regulation and signal transduction is another
important direction of synthetic biology research. Through
the study of gene regulatory networks and signaling pathways,
researchers have gained insight into the nature and laws of
living systems and provided new ways to control and exploit
the phenomenon of life [4].

2.3. Key figures of early synthetic biology and
their contributions

In the development of early synthetic biology, Paul Berg,
Herbert Boyer and Stanley Cohen were among the key figures
whose contributions laid the foundation for the rapid
development of the field.

2.3.1. Paul Berg

Paul Berg is considered to be one of the founding fathers
of synthetic biology. He was one of the first scientists to
successfully implement the technique of DNA recombination,
which laid a solid foundation for the development of genetic
engineering and synthetic biology. In the 1960s, Berg used
restriction endonucleases and DNA ligases to create the first
genetically recombinant DNA molecule by joining two pieces
of DNA from different sources together [1]. This achievement
allowed the creation of entirely new genomes by combining
DNA sequences from different species, thus altering the
genetic characteristics of organisms.

2.3.2. Herbert Boyer

Herbert Boyer is another one of the important founders of
synthetic biology. Together with Stanley Cohen, he worked
on recombinant genetic techniques and applied this
technology to the construction of biomolecules with new
functions. This research opened a new chapter in genetic
engineering and synthetic biology.

2.3.3. Stanley Cohen

Stanley Cohen is also one of the important founders of
synthetic biology. Together with Herbert Boyer, he worked on
recombinant gene technology and applied this technology to
the construction of biomolecules with new functions. Cohen
also developed a gene transfer technique, called
"transformation", which plays an important role in the
introduction of DNA into cells [6]. The results of Cohen and
Boyer laid the foundation for the development of genetic
engineering and synthetic biology.

2.3.4. Research by other early synthetic biologists

In addition to the three key figures mentioned above, other
early synthetic biologists made many important contributions.
For example, Joseph Lederberg and Edward Tatum
discovered the phenomenon of bacterial gene transfer [7],
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which provided an important theoretical basis for later genetic
engineering and synthetic biology. In addition, David Blair
and Allen Oppenheim also made important contributions in
early synthetic biology [8].

Overall, the research in early synthetic biology laid the
foundation for modern biotechnology and had a great impact
in the fields of medicine, agriculture, and the environment.

3. Modern Synthetic Biology (2000 to
present)

3.1. Convergence of systems biology and
synthetic biology

Before 2000, research in synthetic biology was mainly
focused on constructing gene networks and exploring the
regulation of gene expression. And since 2000, with the
development of technology and the intersection of disciplines,
synthetic biology has further expanded into a kind of
interdisciplinary research field, combining basic biology,
engineering and computer science, and becoming a frontier
area for constructing novel biological systems and exploring
biology.

During this period, advances in synthetic biology have
intertwined with developments in systems biology, resulting
in new research directions and approaches, and successful
applications have been achieved in many fields. Typical
applications include: Synthetic biological systems: The
combination of systems biology and synthetic biology has
provided a way to artificially construct biological systems, i.e.,
to design and construct artificial biological systems using
known metabolic pathways and reaction pathways to achieve
specific biological functions. For example, researchers have
used synthetic biology techniques to construct an artificial
synthetic biological system that can synthesize high value-
added compounds such as butene and butadiene from simple
substances such as methane and carbon dioxide [9-11].
Network controller design: synthetic biology techniques can
be used to design and construct gene networks with specific
functions, while systems biology techniques can be used to
study the mechanisms by which these networks operate. By
systematically studying the structural and dynamic properties
of these gene networks, efficient network controllers can be
designed to achieve precise control of biological processes.
For example, researchers have used this approach to design a
gene network that can precisely control the metabolic
pathways of brewer's yeast, thus enabling the regulation of
ethanol production [12-13]. Metabolic engineering: the
combination of synthetic biology and systems biology can
also be used to achieve the reconfiguration and optimization
of metabolic pathways. Synthetic biology techniques can be
used to construct and optimize metabolic pathways, while
systems biology techniques can be used to analyze the
structural and dynamic properties of metabolic networks to
achieve fine regulation of metabolic pathways. For example,
researchers have used this approach to achieve optimization
of the ethanol metabolic pathway in brewer's yeast, resulting
in a nearly 10-fold increase in ethanol production [14-16].

3.2. Development of DNA synthesis, assembly
and editing technologies
One of the important technological advances in synthetic
biology is the development of DNA synthesis, assembly and

editing technologies. The advent of PCR-based DNA
synthesis techniques has made it possible to synthesize longer



DNA sequences in a short time [17]. In addition, DNA
assembly based on PCR technology allows the assembly of
multiple DNA fragments into larger DNA sequences [18], and
this technology facilitates the construction of synthetic
biological systems. There are many typical applications, such
as microbial routes and dual enzymatic methods for
ergothioneine, an important alkaloid with a wide range of
medicinal uses. The biosynthetic routes of ergothioneine are

divided into two main types: microbial routes and plant routes.

The microbial route refers to the biosynthesis of
ergothioneine using microorganisms (e.g. fungi). The main
features of this route are high production efficiency, short
production cycle and easy control of production conditions.
Specifically, the route consists of the following steps: cloning
and expression of ergothioneine genes: scientists have cloned
relevant genes, including L-tyrosine decarboxylase and
tyrosol dehydrogenase, through the study of ergothioneine
biosynthesis pathway. These genes, when expressed in
microorganisms, can catalyze the production of ergothioneine
by substrates. Optimization of metabolic pathways: In order
to improve production efficiency and yield, scientists have
optimized the metabolic pathways of microorganisms. These
optimizations include increasing substrate supply, regulating
metabolic pathways, etc. Extraction and purification of
ergothioneine: The produced ergothioneine needs to be
extracted and purified. These steps include microbial culture,
cell rupture, extraction, distillation, etc. Compared to the plant
route, the microbial route is a more feasible method for the
production of ergothioneine because of its low production
cost, high yield, and easy control of the process conditions
[19-20]. Alternatively, the biosynthesis of ergothioneine can
be performed by a dual enzyme method. This method refers
to the conversion of the substrate to ergothioneine through the
tandem catalysis of two enzymes. Specifically, this method
includes the catalysis of two enzymes, L-tyrosine
decarboxylase and tyrosol dehydrogenase. Compared with
the microbial route, the dual enzyme method has the
advantages of mild reaction conditions and simple operation,
but the production efficiency is low and requires a large
amount of enzyme catalysts and substrates. Recently, the gene
editing technology of CRISPR-Cas system has likewise
become a powerful tool in synthetic biology to precisely edit
target sequences in the genome and has been widely used in
many fields [21].

3.3. New application areas of synthetic biology

3.3.1. Application of metabolic engineering and
biotransformation

Metabolic engineering and biotransformation has become
a hot area in synthetic biology. Using synthetic biology
approaches, metabolic pathways can be reconstructed and
enzyme catalysis can be optimized to produce many novel
biological compounds and drugs. Amyris is a biotechnology
company that uses synthetic biology to produce a variety of
high value-added products. Among them is squalane, a high-
end oil used in skin care and cosmetics, which is widely used
for moisturizing and softening the skin. Traditionally,
squalane is mainly extracted from shark livers, which not only
causes ecological damage to sharks, but also makes squalane
expensive. Therefore, Amyris has developed a new method
for the production of squalane, called the "squalane route"
[22]. The production process of this route is based on
synthetic biology techniques, using non-pathogenic yeast
(Saccharomyces cerevisiae) to convert glucose to farnesene,
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which is subsequently converted to squalane. This process not
only avoids the dependence on sharks, but also enables the
large-scale production of high-quality squalane, thus reducing
production costs. In addition to squalane, Amyris has
produced a variety of other high value-added chemicals and
biofuels through this route, which are used in a wide range of
applications such as fragrances, pharmaceuticals, paints and
coatings. This route has proven its feasibility and
sustainability in practice and has become one of the
representatives of new biotechnologies. On the other hand,
researchers have succeeded in producing paclitaxel
precursors, an important anti-cancer drug, in yields of up to
600 mg/L using synthetic biology. In addition, synthetic
biology offers new ways to produce environmentally friendly
biodiesel and chemicals [24-25].

3.3.2. Research on synthetic cells and biosensors

Important progress has also been made in the study of
synthetic cells and biosensors. By constructing synthetic cells,
researchers can deeply explore various biological processes
within cells and provide new ideas for future cell engineering
and medical research. For example, synthetic cells can be
used to produce drugs and biochemicals, as well as to detect
pollutants and chemicals in the environment. In addition,
biosensors are new types of sensors constructed by combining
biology, physics, chemistry, and other disciplines, using the
properties of organisms that respond to chemical, physical,
and biological factors in the environment. Such sensors have
the advantages of high sensitivity, high selectivity, and fast
response, and can be applied to environmental monitoring,
biomedicine, and other fields [26-27].

3.3.3. Development of novel biomaterials and bioenergy

Synthetic biology also provides new ideas and methods for
the development of novel biomaterials and bioenergy [28-29].
Novel biomaterials with special properties can be constructed
using synthetic biology methods, for example, by changing
the protein structure, materials with self-healing ability can be
made [28]. In addition, synthetic biology provides new ideas
and methods for the development of bioenergy, for example,
biomass can be converted into renewable fuels by
constructing new microorganisms or optimizing microbial
metabolic pathways [29-30].

Currently, synthetic biology has been widely applied in
many fields and is continuously developing. In the future, the
development of synthetic biology will face more challenges
and opportunities, for example, how to better control and
manage complex biological systems and how to cope with the
spatial and temporal dynamics of biological systems.
Therefore, future research in synthetic biology will focus
more on interdisciplinary integration and innovation to build
more efficient, intelligent and controllable biological systems
and provide new technologies and solutions for the
sustainable development of human society.

3.3.4. Novel chemical synthesis

In the field of chemical synthesis, synthetic biology
provides us with a green, efficient and environmentally
friendly method of biosynthesis, i.e., using microorganisms or
cell factories to synthesize chemicals through metabolic
pathways. For example, a novel enzymatic route for
pentanediol, an important organic chemical raw material
widely used in polyester, polyurethane, solvents, etc.
Traditional methods of pentanediol synthesis often require the
use of high temperature, high pressure, and toxic chemicals,
which not only cause serious environmental pollution, but



also make it difficult to control the quality of the products.
Compared with this, the synthesis of pentanediol using
synthetic biology technology can not only avoid the above
disadvantages, but also be more environmentally friendly,
efficient and controllable. In the enzymatic route of
pentanediol, substrate dehydrogenase and reductase are the
key catalytic enzymes. By genetically engineering and
optimizing the substrate dehydrogenase and reductase, the
catalytic efficiency, stability and selectivity of the enzymes
can be improved, thus enhancing the yield and quality of
pentanediol. In addition, the metabolic pathways of
microorganisms can be optimized by means of systems
biology and metabolic engineering to improve substrate
utilization and further increase the yield of pentanediol [23].
In the future, with the continuous development and
improvement of synthetic biology technology, the production
efficiency and controllability of novel chemicals will
continue to improve, providing better options for industrial
production and environmental protection, and various
innovative applications and research directions will continue
to emerge in the field of novel chemical synthesis.

4. Ethical and Social Implications of
Synthetic Biology

Synthetic biology is an emerging discipline full of
challenges and opportunities. In addition to technical
challenges, the development of synthetic biology involves a
range of ethical and societal issues, including potential
dangers and safety concerns, intellectual property rights and
commercialization, social and cultural implications, and
policy and regulatory developments. These issues need to be
carefully considered and explored in order to ensure that the
development and application of synthetic biology can better
benefit human society.

4.1. Potential dangers and safety issues of
synthetic biology

The application of synthetic biology technology may bring
potential dangers, such as synthesizing pathogens or harmful
organisms, or releasing harmful substances into the
environment. These may pose hazards to humans, animals,
and the environment, and therefore, safety measures such as
appropriate biosafety laboratories must be established to
ensure that research and applications of synthetic biology do
not pose potential threats to humans and the environment.

In addition, the rapid technological development of
synthetic biology makes it difficult to assess the risk of its
application, and therefore there is a need to strengthen the
related risk assessment and management. At the same time, a
global regulatory system and norms need to be established to
ensure the safety and sustainability of synthetic biology.

4.2. Ethical and social issues of synthetic
biology

The rapid development and application of synthetic
biology has also raised a series of ethical and social issues.
Among the major issues are intellectual property rights and
commercialization. With the commercialization and
industrialization of synthetic biology technologies, the
associated intellectual property rights and business models
have become the focus of discussion among researchers and
companies. A portion of the population is concerned that
competing intellectual property rights and business models
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may result in some research results not being adequately
shared and utilized, thus hindering the development and
application of synthetic biology.

In addition, the development of synthetic biology may also
have social and cultural implications, such as changes to the
environment, food, and medicine, and may also cause ethical,
cultural, and religious controversies. For example, synthetic
biology may be used to produce large quantities of human
tissues and organs, which is promising for the medical field,
but also raises some moral and ethical concerns. In addition,
some are concerned that synthetic biology technologies may
be used for military purposes, leading to a new arms race and
the threat of weaponization.

4.3. Policy and Regulatory Developments

Policy and regulation play a crucial role in the development
and application of synthetic biology. The international
community needs to develop appropriate policies and
regulations to ensure the safety and sustainability of synthetic
biology and to facilitate its development and application.
Some of the key issues include.

4.3.1. Policy and regulation of synthetic biology by the
international community

Currently, the international community has begun to
explore the policy and regulation of synthetic biology. For
example, countries such as the European Union, the United
States, and Japan have established relevant regulations and
regulatory mechanisms to ensure the safety and sustainability
of synthetic biology. In addition, some international
organizations, such as the United Nations Environment
Programme and the Convention on Biological Diversity, have
also begun to pay attention to the impacts and potential threats
of synthetic biology and actively carry out related work.

4.3.2. Self-regulation and Ethical Standards for Synthetic
Biology Researchers

In addition to policy and regulation, self-regulation and
ethical standards for synthetic biology researchers are also
important. Synthetic biology researchers and institutions need
to establish their own ethical and moral standards to ensure
that their research and applications do not pose potential harm
to humans and the environment. In addition, researchers and
institutions need to actively communicate with the public and
policy makers about the direction and scope of applications
of synthetic biology in order to promote its sustainable
development.

Overall, synthetic biology is a rapidly developing and
emerging field with promising technologies and potential
applications. However, at the same time, its potential dangers
and safety issues, as well as its ethical, social, and cultural
implications, need to be carefully explored. To ensure the
safety and sustainability of synthetic biology, relevant
policies and regulations need to be strengthened, and self-
regulation and ethical standards need to be established for its
sustainable development and application.

5. Future Development of Synthetic
Biology

5.1. Future application areas of synthetic
biology
Synthetic biology is a rapidly developing emerging
discipline, and its future development has a broad prospect
and great potential. In the future, the technological



development trends of synthetic biology mainly include

Synthetic genome and whole cell simulation

With the continuous development of gene synthesis and
assembly technologies, people can construct and modify
cellular genomes more freely. Whole-cell simulation, on the
other hand, can help people better understand and predict
cellular behavior and responses. The combination of these
technologies will make the study of synthetic biology more
efficient and accurate.

Biointelligent Systems and Biocomputing

Bio-intelligent systems and biocomputing are another
important development in synthetic biology. By building
biological systems with intelligent properties, one can achieve
more efficient and accurate biological reactions and
production processes. In addition, biocomputing can also help
people better understand and model the behavior and
properties of living systems.

Bioengineering and Manufacturing

Bioengineering and manufacturing is one of the most
widely used areas of synthetic biology. In the future, as
biosynthesis and manufacturing technologies continue to
develop, humans will be able to produce a variety of
biological products, including pharmaceuticals, chemicals,
and fuels, more efficiently.

Future applications of synthetic biology include

Medical and biomedical research

The application of synthetic biology in medical and
biomedical research is very promising. Through synthetic
genomic and cellular engineering techniques, people can
achieve more efficient and precise diagnosis and treatment of
diseases.

Industrial and Environmental Protection

Synthetic biology also has a wide range of promising
applications in the fields of industry and environmental
protection. For example, biosynthesis technologies can lead
to more environmentally friendly and sustainable processes
for the production of chemicals and materials.

Agriculture and food production

In agriculture and food production, synthetic biology can
help people achieve more efficient and sustainable crop and
food production to meet the needs of the growing global
population.

5.2. Challenges and opportunities for the
development of synthetic biology

There are both opportunities and challenges for the future
development of synthetic biology. Some of the key issues
include.

5.2.1. Scientific and technical challenges

There are still some technical limitations in synthetic
biology. Chief among these is how to precisely design and
construct synthetic biological systems to achieve the desired
results. At present, the technology of synthetic biology still
suffers from certain errors and uncertainties, and needs to be
continuously improved and optimized.

In addition, synthetic biology also faces some technical
challenges, such as how to achieve efficient genome editing
and synthesis, how to achieve high-throughput genome
sequencing and data analysis, and so on. Solving these
technical challenges requires not only the efforts of technical
staff, but also the support and input from various parties.

In addition to technical challenges, synthetic biology also
faces a number of scientific challenges. For example, how to
deeply understand the nature and laws of living systems, and
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how to accurately model and predict the behavior of
biological systems. These scientific challenges require
interdisciplinary collaboration and joint efforts to solve.

5.2.2. Social and policy challenges

With the continuous development of synthetic biology
technology, related social and policy issues have emerged. On
the one hand, the public is not well informed about synthetic
biology and is prone to panic and concern, thus creating
barriers to the diffusion and application of the technology. On
the other hand, the lack of unified planning and regulation of
synthetic biology among some countries and organizations
has led to restrictions on the application and development of
the technology in different fields. At the same time, there are
also some ethical and moral issues, such as respect for life and
human gene editing, which need sufficient attention and
discussion.

5.2.3. Market and commercial opportunities

The development of synthetic biology also brings great
opportunities for the market and business. On the one hand,
the technological application of synthetic biology can help
companies improve production efficiency and product quality,
reduce costs and increase competitiveness. On the other hand,
the technological application of synthetic biology can also
help companies develop new products, open up new markets
and expand their business fields. At the same time, as the
technology further matures and is applied, more innovative
enterprises and business models will emerge to promote the
rapid promotion and implementation of the technology.

In general, synthetic biology, as an emerging
interdisciplinary  discipline, has great potential for
development and broad application prospects. However, there
are also ethical, social and policy challenges, which need to
be widely emphasized and discussed.

6. Conclusion

6.1. Review of the development of synthetic
biology

Synthetic biology, as an emerging discipline, has had a
short but turbulent history of development. Since its rise in
the early 2000s, it has been developing rapidly in recent years,
attracting the participation of a large number of research
institutions and enterprises, and has become another
technology and discipline field that has overturned traditional
human perceptions after computer science, information
technology and biotechnology.

6.2. Current status and future development
prospects of synthetic biology

In just a few decades, synthetic biology has achieved a
leapfrog development from basic research to application
development, promoting the development of life science,
engineering, information science and other multidisciplinary
fields, and becoming an important part of the scientific and
technological revolution in the new era. In the future, with the
continuous innovation of technology and the expansion of
application fields, synthetic biology will continue to play an
important role in medicine, industry, agriculture,
environmental protection and other fields, bringing more
benefits to human production and health.



6.3. The importance and impact of synthetic
biology on society and ecosystem

6.3.1. Synthetic biology's contribution to scientific and
technological progress

The rapid development of synthetic biology has promoted
the cross-fertilization of many fields, such as life science,
computer science, physics, and chemistry, and has facilitated
the progress of science and technology. Synthetic biology has
provided us with new perspectives and tools to deeply
understand the nature and laws of living systems, as well as
new ideas and methods to solve more scientific and social
problems.

6.3.2. Impact of synthetic biology on economic and
industrial development

The rapid development of synthetic biology has led to the
emergence of many new industries and technologies, such as
synthetic biology drugs, biomanufacturing, and bioenergy.
The development of synthetic biology also provides more
economic growth points and innovation drivers for the
sustainable development of society.

6.3.3. Challenges and opportunities of synthetic biology
for human and ecological environment

The rapid development of synthetic biology has also
brought some new challenges and opportunities. The
application of synthetic biology technology needs to take into
account the safety and interests of human and ecological
environment, and needs to follow scientific, ethical and moral
standards. At the same time, synthetic biology also provides
new opportunities and solutions to many problems facing
humans and the ecological environment.

In conclusion, synthetic biology is a rapidly evolving
discipline that provides us with many new opportunities and
challenges. We expect that synthetic biology will continue to
develop at a high rate in the future, providing us with more
real-world solutions to problems and a deeper understanding
of basic research in biology.
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