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Introduction

Synthetic biology is revolutionizing the field of antimicrobial development by of-
fering novel and sophisticated strategies to combat bacterial infections. This in-
terdisciplinary field harnesses the principles of engineering and biology to design
and construct new biological parts, devices, and systems, or to re-design existing,
natural biological systems for useful purposes.

One of the most promising avenues involves the engineering of microbes to serve
as living factories for the production of therapeutic molecules. These engineered
microorganisms can be designed to synthesize complex antimicrobial compounds
that are difficult or impossible to produce through traditional chemical synthesis,
thereby expanding the arsenal of available treatments.

Furthermore, synthetic biology is enabling the precise development of phage ther-
apy, a therapeutic approach that utilizes bacteriophages – viruses that specifi-
cally infect bacteria – to target and eliminate pathogenic strains. By engineering
phages, researchers can enhance their lytic activity, broaden their host range, or
even equip them with payloads to directly kill bacteria or deliver other therapeutic
agents.

The creation of new antimicrobial peptides (AMPs) through techniques like di-
rected evolution and computational design represents another significant contribu-
tion of synthetic biology. These engineered AMPs can be optimized for enhanced
efficacy against drug-resistant bacteria, improved stability, and reduced toxicity
compared to their naturally occurring counterparts.

CRISPR-based antimicrobial strategies are emerging as a powerful new paradigm.
These methods leverage the precision of CRISPR-Cas systems to target and dis-
rupt essential genes in pathogenic bacteria, leading to their elimination. This
highly specific approach offers the potential to overcome the limitations of broad-
spectrum antibiotics.

Metabolic engineering of microbial hosts is a key application of synthetic biology
for the production of both existing and novel antimicrobials. By rewiring metabolic
pathways in organisms like bacteria and yeast, researchers can create efficient
and scalable systems for synthesizing valuable antimicrobial compounds.

Synthetic biology also facilitates the engineering of probiotics to act as therapeutic
agents. These modified commensal bacteria can be designed to sense the pres-
ence of pathogens, produce antimicrobial substances locally, or modulate the host
immune response, offering targeted treatment strategies.

An advanced goal in synthetic biology is the creation of artificial or minimal cells
endowed with tailored antimicrobial functions. These cell-like structures can be
designed to encapsulate and deliver antimicrobial agents or to perform specific
tasks to combat infections, representing a futuristic approach to therapy.

Foundational synthetic biology tools, such as advanced DNA synthesis and as-
sembly techniques, are indispensable for the rapid construction and optimization
of novel antimicrobial molecules. These technologies enable the efficient proto-
typing and refinement of compounds with unique mechanisms of action.

Synthetic biology is also at the forefront of developing smart antimicrobial deliv-
ery systems. These systems are designed to sense the presence of pathogens
and release antimicrobials in a controlled, targeted manner, thereby maximizing
efficacy and minimizing off-target effects, which is crucial for combating infections
effectively [1] [2] [3] [4] [5] [6] [7] [8] [9] [10].

Description

Synthetic biology is fundamentally reshaping the landscape of antimicrobial dis-
covery and deployment by providing innovative tools and methodologies to ad-
dress the escalating threat of infectious diseases. The engineering of microor-
ganisms to serve as sophisticated factories for producing therapeutic molecules is
a cornerstone of this revolution, enabling the synthesis of complex antimicrobial
compounds that are otherwise challenging to access through conventional means
[1].

The strategic modification of bacteriophages represents a potent application of
synthetic biology in combating bacterial infections. By precisely altering the ge-
netic makeup of these viruses, their lytic activity can be amplified, their specificity
towards particular bacterial strains can be enhanced, and they can be engineered
to deliver antimicrobial payloads, offering a highly targeted alternative to traditional
antibiotics [2].

The development of novel antimicrobial peptides (AMPs) through synthetic biology,
particularly via directed evolution and sophisticated computational design, holds
immense promise. This approach focuses on creating AMPs with superior efficacy
against resistant bacterial strains and improved stability, thereby overcoming the
limitations often associated with naturally occurring AMPs [3].

CRISPR-based antimicrobial strategies are emerging as a groundbreaking devel-
opment, leveraging the unparalleled precision of CRISPR-Cas gene-editing sys-
tems. These systems can be employed to directly target and eliminate pathogenic
bacteria or to disrupt essential virulence factors, thereby introducing a novel
paradigm in antimicrobial intervention [4].

Metabolic engineering of microbial hosts is a critical synthetic biology application
for the production of existing or novel antimicrobials. This involves meticulously
rewiring metabolic pathways within bacteria and yeast to achieve efficient syn-
thesis of complex natural products possessing antimicrobial properties, with the
potential for large-scale production [5].

Synthetic biology offers a powerful platform for engineering probiotics to function
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as therapeutic agents. This involves modifying commensal bacteria to express an-
timicrobial compounds or to sense and respond to pathogens, thereby providing a
localized and targeted treatment strategy within the host environment [6].

The creation of artificial cells or minimal cells engineered with tailored antimicro-
bial functions represents an advanced objective within synthetic biology. This re-
search explores the design of cell-like structures capable of encapsulating and de-
livering antimicrobial agents or performing specific tasks to combat infections [7].

Fundamental synthetic biology tools, such as sophisticated DNA synthesis and
assembly techniques, are crucial for the construction of novel antimicrobial
molecules. These foundational technologies facilitate the rapid prototyping and
subsequent optimization of antimicrobial compounds that exhibit unique modes of
action [8].

The development of smart antimicrobial delivery systems, guided by synthetic biol-
ogy principles, is an active and dynamic area of research. This involves designing
systems that can detect the presence of pathogens and release antimicrobials in a
precisely controlled manner, thereby minimizing off-target effects and maximizing
therapeutic efficacy [9].

Synthetic biology provides a versatile platform for generating novel strategies to
overcome antimicrobial resistance. This includes the design of molecules that
specifically inhibit resistance mechanisms, re-sensitize bacteria to existing antibi-
otics, or establish entirely new pathways to combat resistant strains, offering a
multi-pronged approach to this critical challenge [10].

Conclusion

Synthetic biology is advancing antimicrobial development through diverse strate-
gies. These include engineering microbes for therapeutic molecule production,
developing precise phage therapy, and designing novel antimicrobial peptides via
directed evolution. CRISPR-based systems offer targeted bacterial elimination,
while metabolic engineering enables efficient antimicrobial synthesis. Engineered
probiotics and artificial cells are being explored for localized and advanced thera-
peutic delivery. Foundational tools like DNA synthesis are crucial for rapid proto-
typing of new compounds. Smart delivery systems aim for controlled antimicrobial
release. Overall, synthetic biology provides a platform to overcome antimicrobial
resistance by developing new molecules and strategies.
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