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Abstract: Global medical shortages encompassing essential pharmaceuticals, medical devices, vaccines, and
regenerative healthcare products represent a persistent and multifaceted public health crisis, exacerbated by supply
chain disruptions, population aging, geopolitical instability, and pandemics such as COVID-19. These shortages
compromise disease treatment and prevention, amplify healthcare costs, and widen global health inequities, with
low- and middle-income countries (LMICs) bearing the brunt of the impact. Synthetic biology, an interdisciplinary
field that integrates engineering principles with molecular biology, genetics, systems biology, and computational
science, has emerged as a transformative tool to mitigate medical resource scarcity. By enabling the rational design,
engineering, and scalable production of biological systems and products, synthetic biology offers sustainable, cost-
effective, and flexible solutions to address unmet healthcare needs. This comprehensive literature review synthesizes
the current state of synthetic biology applications in combating medical shortages, including the bio-manufacturing
of drugs and vaccines, engineering of medical devices and bioengineered tissues, and development of personalized
healthcare technologies. We further discuss the technical, regulatory, ethical, and economic challenges hindering the
translation of synthetic biology innovations from the lab to global clinical practice, and propose actionable strategies
including cross-sector collaboration, international partnerships, infrastructure investment, and policy support to
accelerate the adoption of these technologies. Finally, we outline future directions for synthetic biology research,
emphasizing its potential to advance global health equity and build a more resilient healthcare supply chain for
future public health emergencies.

Keywords: Synthetic biology; medical shortages; bio-manufacturing; healthcare supply chain; global health equity;
vaccine development; regenerative medicine; personalized medicine.

1. INTRODUCTION
1.1 The Global Crisis of Medical Shortages: Scope and Consequences

Medical shortages are defined as the inadequate supply or unequal access to life-sustaining healthcare resources, including
antibiotics, chronic disease medications, vaccines, diagnostic tools, critical care equipment, and transplantable organs
(Robinson et al., 2019; Zhang & Cheng, 2023). This crisis is not limited to LMICs; high-income countries (HICs) also face
recurrent shortages of essential drugs (e.g., benzathine penicillin, insulin) and medical devices, driven by concentrated
production, supply chain fragility, and surges in demand (Liu & Zhang, 2020; Morris & Davidson, 2023). The consequences
of medical shortages are far-reaching and multifaceted, impacting individual health outcomes, healthcare systems, and
global public health security:
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Impaired disease control and increased mortality: Vaccine shortages during infectious disease outbreaks (e.g.,
influenza, COVID-19) delay mass immunization, accelerating pathogen spread and increasing morbidity among
vulnerable populations (elderly, children, immunocompromised individuals) (Tan & Lam, 2022; Dong & Xie, 2021).
Antibiotic scarcity compromises the treatment of common bacterial infections, drives the emergence and spread of
antimicrobial resistance (AMR), and limits care for conditions such as rheumatic heart disease and syphilis
(Bhattacharya & Roy, 2020; Wu & Zhang, 2020). Shortages of chronic disease medications lead to disease progression,
relapse, and increased risk of life-threatening complications (Robinson et al., 2019).

Overburdened healthcare systems and rising costs: Scarcity of medical resources forces clinicians to adopt expensive
alternative treatments, while supply chain bottlenecks inflate the prices of critical drugs and equipment (Zhang & Cheng,
2023; Nguyen & Ho, 2022). This imposes significant economic burdens on healthcare systems and patients, with
vulnerable groups often unable to access necessary care due to cost barriers (Chen & Zhang, 2022). Additionally,
medical shortages increase workloads for healthcare workers, leading to burnout and a decline in the quality and
efficiency of clinical services .

Widening global health inequities: In times of scarcity, medical resources are disproportionately allocated to HICs or
privileged populations within countries, exacerbating health disparities (Xu & Li, 2021; Chen & Zhang, 2022). LMICs,
in particular, face barriers to importing essential medicines and equipment due to geopolitical trade restrictions,
economic instability, and limited local production capacity (Nguyen & Ho, 2022; Hu & Zhang, 2020).

1.2 Drivers of Medical Shortages

The root causes of global medical shortages are interconnected and dynamic, shaped by structural, demographic, and
geopolitical factors (Zhang & Cheng, 2023; Morris & Davidson, 2023):

1.

Supply chain fragility: Global healthcare supply chains are highly centralized, with production of most essential drugs
and medical devices concentrated in a small number of countries (e.g., China, India, the United States) (Liu & Zhang,
2020; Parker & Smith, 2023). This concentration makes supply chains vulnerable to local disruptions, including natural
disasters, pandemics, and trade wars, which disrupt raw material sourcing, manufacturing, and international
transportation (Dong & Xie, 2021; Zhang & Cheng, 2023). Logistic challenges such as port congestion, shipping delays,
and rising transportation costs further compound supply chain inefficiencies (Nguyen & Ho, 2022).

Demographic shifts: Global population growth and rapid aging have increased demand for chronic disease medications,
long-term care resources, and geriatric medical equipment, straining healthcare supply systems(Parker & Smith, 2023) .
The rising prevalence of non-communicable diseases (NCDs) (e.g., diabetes, cardiovascular disease) has further
amplified the need for specialized pharmaceuticals and diagnostic tools (Hu & Zhang, 2020).

Geopolitical and economic instability: Trade restrictions, sanctions, and geopolitical tensions disrupt cross-border
medical supply flows, while economic instability in LMICs limits investment in local healthcare production and import
capacity (Nguyen & Ho, 2022; Chen & Zhang, 2022). Conflicts and humanitarian crises further destroy healthcare
infrastructure and disrupt access to medical resources (Xu & Li, 2021).

Pandemics and public health emergencies: Global health crises such as the COVID-19 pandemic trigger an
unprecedented surge in demand for personal protective equipment (PPE), ventilators, test reagents, and antiviral drugs,
far exceeding normal supply levels (Dong & Xie, 2021; Tan & Lam, 2022). Panic buying and hoarding by individuals
and institutions further exacerbate shortages, while pandemic-related lockdowns disrupt manufacturing and logistics .

1.3 Synthetic Biology: An Interdisciplinary Solution for Global Healthcare

Synthetic biology is a rapidly evolving field that applies engineering design principles (standardization, modularity, iteration)
to biological systems, enabling the de novo design, construction, and optimization of biological parts, devices, and systems

with novel or enhanced functions (Tichy & Cerny, 2023; Parker & Smith, 2023). Unlike traditional biotechnology, which

relies on modifying naturally occurring organisms, synthetic biology focuses on the rational engineering of biology from

DNA sequences to entire cellular pathways using tools from genetics, molecular biology, systems biology, computational

science, and chemical engineering (Smith & Johnson, 2022; Wang & Zhang, 2023).
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The core strength of synthetic biology in addressing medical shortages lies in its flexibility, scalability, and sustainability:
it enables the production of medical products from low-cost, renewable feedstocks, reduces dependence on limited natural
sources (e.g., plant or animal-derived drugs), and allows for rapid adaptation to changing healthcare needs (e.g., emerging
pathogens, new disease variants) (Liu & Zhang, 2020; Wang & Zhang, 2021). This review focuses on how synthetic biology
is transforming the production of pharmaceuticals, vaccines, medical devices, and regenerative healthcare products, and
how it can build a more resilient and equitable global healthcare supply chain.

2. CORE SYNTHETIC BIOLOGY TECHNOLOGIES FOR HEALTHCARE APPLICATIONS

Synthetic biology’s impact on healthcare is underpinned by a suite of foundational technologies that enable the precise
manipulation and engineering of biological systems. These technologies have been refined over the past two decades, with
advances in gene editing, synthetic gene synthesis, and metabolic engineering driving their translation to clinical and
industrial applications (Tichy & Cerny, 2023; Bai & Tan, 2023).

2.1 Gene Editing: Precise Modification of Genomic DNA

CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR-associated) systems most notably
CRISPR-Cas9 have revolutionized gene editing, offering a fast, cost-effective, and highly precise tool to add, delete, or
modify genes in prokaryotic and eukaryotic organisms (Yang et al., 2022; Tichy & Cerny, 2023). The CRISPR-Cas9 system
uses a guide RNA (gRNA) to target specific DNA sequences, with the Cas9 nuclease inducing double-strand breaks that
are repaired by the cell’s endogenous repair machinery (homologous recombination or non-homologous end joining),
enabling site-specific genomic modification (Bai & Tan, 2023).

In healthcare, CRISPR-based gene editing is critical for: (1) engineering microbial and mammalian cell lines for the
production of biopharmaceuticals (e.g., monoclonal antibodies, insulin) (Smith & Johnson, 2022); (2) developing gene and
cell therapies for genetic diseases and cancer (Zhu & Choi, 2023; Wang & Zhang, 2023); (3) designing rapid vaccine
candidates for emerging pathogens by modifying antigen-encoding genes (Yang et al., 2022; Tan & Lam, 2022); and (4)
engineering microorganisms to produce novel antibiotics and anti-AMR compounds (Wu & Zhang, 2020; Bhattacharya &
Roy, 2020). Beyond CRISPR-Cas9, next-generation gene editing tools (e.g., base editors, prime editors) offer even greater
precision, reducing off-target effects and expanding the scope of genomic engineering for healthcare applications (Tichy &
Cerny, 2023).

2.2 Synthetic Gene Synthesis and Assembly

Synthetic gene synthesis is the de novo chemical construction of custom DNA sequences, from short oligonucleotides to
entire genes and gene circuits (Parker & Smith, 2023; Wang & Zhang, 2021). This technology enables the creation of novel
genetic elements that do not exist in nature, such as synthetic promoters, regulatory sequences, and genes encoding
modified proteins with enhanced functions (Smith & Johnson, 2022; Liu & Lee, 2021). Synthetic gene assembly (e.g.,
Gibson assembly, Golden Gate cloning) further allows the construction of complex gene circuits and synthetic genomes,
which are critical for engineering microbial cell factories and synthetic biological systems (Tichy & Cerny, 2023).

For medical applications, synthetic gene synthesis is indispensable for the rapid design and production of mMRNA vaccines
where synthetic mRNA sequences encoding pathogen antigens are synthesized and encapsulated for delivery (Yang et al.,
2022; Tan & Lam, 2022) and for engineering metabolic pathways in microorganisms to produce pharmaceutical compounds
(Liu & Zhang, 2020; Wang & Zhang, 2021). It also enables the development of personalized gene therapies, where synthetic
genes are designed to target patient-specific genetic mutations (Kwon & Kim, 2020; Wang & Zhang, 2023).

2.3 Metabolic Pathway Engineering

Metabolic engineering is the modification of cellular metabolic pathways to optimize the production of specific metabolites
(e.g., drugs, biofuels, amino acids) or to endow organisms with new metabolic capabilities (Park & Lee, 2020; Liu & Lee,
2021). This technology involves manipulating the genes encoding metabolic enzymes, regulating gene expression levels,
and optimizing metabolite flux within cells often using a combination of gene editing, synthetic gene synthesis, and systems
biology modeling (Smith & Johnson, 2022; Wang & Zhang, 2021).
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In healthcare, metabolic engineering is the cornerstone of microbial cell factory design, where bacteria (e.g., Escherichia
coli), yeast (e.g., Saccharomyces cerevisiae), and fungi are engineered to produce high-value pharmaceuticals and drug
precursors (Park & Lee, 2020; Zhao et al., 2021). Unlike traditional chemical synthesis which is often costly,
environmentally harmful, and reliant on rare raw materials metabolic engineering enables the production of drugs from
renewable carbon sources (e.g., glucose, lignocellulose) at scale (Liu & Zhang, 2020; Chen & Lee, 2022). Key examples
include the engineering of yeast to produce artemisinin (an antimalarial drug) and E. coli to produce paclitaxel (a cancer
chemotherapy drug) (Wang & Zhang, 2021; Chen & Lee, 2022).

2.4 Systems Biology and Computational Modeling

Systems biology provides a holistic framework for understanding biological systems as integrated networks (rather than
individual components), using mathematical modeling and computational tools to predict the behavior of complex gene
regulatory, protein-interaction, and metabolic networks (Tichy & Cerny, 2023; Smith & Johnson, 2022). This technology
is critical for synthetic biology, as it enables the rational design and optimization of biological systems before
experimental implementation, reducing trial-and-error and accelerating the development of engineered organisms (Parker
& Smith, 2023).

Computational modeling is used to predict the performance of synthetic gene circuits in microbial cell factories, optimize
metabolic flux for drug production, and simulate the interaction of engineered cells with the human body (e.g., in gene
therapy and regenerative medicine) (Tichy & Cerny, 2023; Amin & Lee, 2021). It also plays a key role in the rapid design
of vaccine candidates for emerging pathogens, where computational tools are used to predict antigen structure and optimize
gene sequences for high expression (Yang et al., 2022; Bai & Tan, 2023).

3. SYNTHETIC BIOLOGY APPLICATIONS TO ADDRESS KEY MEDICAL SHORTAGES

Synthetic biology has been successfully translated to a wide range of healthcare applications, addressing shortages in
pharmaceuticals, vaccines, medical devices, and regenerative healthcare products. Below, we synthesize the most impactful
and well-validated applications of the field, with a focus on scalable, sustainable, and global solutions.

3.1 Bio-Manufacturing of Essential Pharmaceuticals: Reducing Dependence on Natural and Chemical Synthesis

The global shortage of essential pharmaceuticals including antibiotics, antimalarials, cancer drugs, and chronic disease
medications stems in large part from the limitations of traditional production methods (Liu & Zhang, 2020; Zhao et al.,
2021). Many drugs are derived from rare natural sources (e.g., plants, marine organisms) or produced via complex chemical
synthesis, which is costly, low-yield, and difficult to scale (Wang & Zhang, 2021; Chen & Lee, 2022). Synthetic biology
addresses these limitations by engineering microbial cell factories bacteria, yeast, and fungi that are modified to produce
high-value pharmaceuticals at scale, from low-cost and renewable feedstocks.

3.1.1 Antimicrobials and Anti-AMR Compounds

Antibiotic shortages and the global AMR crisis represent a major public health threat, with few new antibiotics in the drug
development pipeline (Wu & Zhang, 2020; Bhattacharya & Roy, 2020). Synthetic biology is transforming antibiotic
production by: (1) engineering microorganisms to produce existing antibiotics (e.g., penicillin, vancomycin) with higher
yields and lower costs (Zhao et al., 2021); (2) designing novel synthetic antibiotics by modifying natural antimicrobial
pathways (Bhattacharya & Roy, 2020); and (3) engineering bacteria to produce anti-AMR compounds (e.g., bacteriocins,
phage proteins) that target drug-resistant pathogens (Wu & Zhang, 2020). For example, metabolic engineering of
Streptomyces (the natural producer of many antibiotics) has increased the yield of erythromycin and tetracycline by over
100-fold, making large-scale production more feasible (Zhao et al., 2021).

3.1.2 Small-Molecule Drugs and Biologics

Synthetic biology has revolutionized the production of both small-molecule drugs and biologics (e.g., insulin, monoclonal
antibodies), the latter of which are among the most widely used and costly pharmaceuticals globally (Smith & Johnson,
2022; Morris & Davidson, 2023).

e Insulin: The first biologic produced via genetic engineering, insulin is now manufactured at scale by engineering E. coli
and S. cerevisiae to express the human insulin gene (Smith & Johnson, 2022) . Synthetic biology has further optimized
insulin production by modifying microbial metabolic pathways to increase yield and reduce purification costs (Zhao et
al., 2021).
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e Monoclonal antibodies (mAbs): mAbs are critical for the treatment of cancer, autoimmune diseases, and infectious
diseases, but their production in Chinese Hamster Ovary (CHO) cells is costly and time-consuming (Smith & Johnson,
2022). Synthetic biology tools including CRISPR gene editing and metabolic engineering are used to optimize CHO cell
lines for higher mAb yield, improve protein folding, and reduce production costs (Morris & Davidson, 2023).
Additionally, researchers are engineering yeast and bacteria to produce mAbs, which could further scale production and
lower costs (Liu & Lee, 2021).

e Plant-derived drugs: Many life-saving drugs (e.g., artemisinin, paclitaxel) are derived from plants with slow growth
rates and low natural yields, leading to supply shortages (Wang & Zhang, 2021; Chen & Lee, 2022). Synthetic biology
has solved this problem by engineering yeast to produce artemisinin precursors (a breakthrough by Amyris Inc.) and E.
coli to produce paclitaxel, enabling large-scale, year-round production of these drugs at a fraction of the cost of natural
extraction (Liu & Zhang, 2020; Wang & Zhang, 2021).

3.2 Rapid and Scalable Vaccine Development: Addressing Pandemics and Emerging Infectious Diseases

Vaccine shortages are a recurring issue during infectious disease outbreaks, as traditional vaccine production methods (e.g.,
egg-based production for influenza vaccines) are slow, inflexible, and difficult to scale (Tan & Lam, 2022; Yang et al.,
2022). Synthetic biology has emerged as a game-changer for vaccine development, enabling the rapid design, production,
and optimization of vaccine candidates for emerging pathogens—most notably during the COVID-19 pandemic, where
synthetic biology-driven mRNA vaccines were developed and authorized for use in less than a year (Dong & Xie, 2021;
Bai & Tan, 2023).

Synthetic biology enables three key vaccine development approaches, all of which address supply chain limitations:

1. mRNA vaccines: Synthetic gene synthesis is used to design and produce mRNA sequences encoding pathogen antigens
(e.g., the SARS-CoV-2 spike protein), which are then encapsulated in lipid nanoparticles for delivery (Yang et al., 2022;
Tan & Lam, 2022). mRNA vaccine production is highly scalable, does not require live pathogens, and can be rapidly
modified to target new variants (e.g., Omicron) by synthesizing new mRNA sequences (Bai & Tan, 2023). This
flexibility makes mRNA vaccines ideal for addressing pandemic and epidemic vaccine shortages.

2. Subunit vaccines: Synthetic biology is used to engineer microorganisms (e.g., yeast, E. coli) or cell lines to produce
recombinant antigenic proteins of pathogens, which are purified and used as subunit vaccines (Tan & Lam, 2022) . For
example, the hepatitis B vaccine is produced by engineering yeast to express the hepatitis B surface antigen, a method
that is more scalable and cost-effective than traditional methods .

3. Viral vector vaccines: CRISPR gene editing and synthetic gene synthesis are used to modify viral vectors (e.g.,
adenoviruses) to express pathogen antigens, creating safe and effective viral vector vaccines (Yang et al., 2022; Bai &
Tan, 2023). These vaccines can be produced at scale in mammalian cell lines and have been used to address COVID-19
and Ebola vaccine shortages (Dong & Xie, 2021).

Beyond pandemic response, synthetic biology is enabling the development of multivalent vaccines vaccines that target
multiple pathogens (e.g., influenza, RSV, COVID-19) by engineering synthetic gene circuits to express multiple antigenic
proteins (Tan & Lam, 2022; Bai & Tan, 2023). This reduces the need for multiple vaccine doses and eases pressure on
healthcare supply chains.

3.3 Bio-Engineering of Medical Devices and Personalized Implants

Shortages of medical devices including diagnostic tools, prosthetics, and implants—are particularly acute in LMICs, where
access to low-cost, high-quality devices is limited by import barriers and lack of local production (Fernandez & Gomez,
2023; Liu & Zhang, 2021). Synthetic biology is transforming medical device development by enabling the production of
bio-based, biocompatible, and personalized medical devices that are low-cost, scalable, and tailored to patient needs.

3.3.1 Synthetic Biology-Driven Diagnostic Tools

Rapid and accurate diagnostic tools are critical for disease detection and control, but shortages of molecular diagnostics
(e.g., PCR tests, antigen tests) during pandemics and outbreaks compromise public health responses (Dong & Xie, 2021;
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Fernandez & Gdémez, 2023). Synthetic biology is used to engineer biosensors genetically modified microorganisms (e.g.,
bacteria, yeast) or cell-based sensors that detect specific disease biomarkers (e.g., pathogens, abnormal metabolites) with
high sensitivity and selectivity (Wang & Zhang, 2023). These biosensors are low-cost to produce, do not require specialized
equipment, and can be deployed in resource-limited settings (Chen & Zhang, 2022). For example, engineered E. coli can
detect the presence of cholera toxin in water or bodily fluids, providing a rapid diagnostic for cholera outbreaks (Fernandez
& Gomez, 2023).

3.3.2 Personalized Prosthetics and Implants

Traditional medical implants (e.g., artificial joints, prosthetic limbs) are often made of non-biocompatible materials (e.g.,
metal, plastic), leading to rejection and poor integration with the human body (Liu & Zhang, 2021; Fernandez & Gémez,
2023). Synthetic biology addresses this by engineering bio-based materials e.g., recombinant proteins, biopolymers, and
extracellular matrices (ECMs) that are biocompatible, biodegradable, and tailored to patient anatomy (Fernandez & Gémez,
2023; Lee & Park, 2022). For example, genetically engineered cells are used to produce collagen and elastin, which are
used to fabricate personalized skin grafts and cartilage implants (Amin & Lee, 2021; Lee & Park, 2022). 3D bioprinting
combined with synthetic biology further enables the production of personalized prosthetics and implants, where bio-inks
(engineered cells and bio-based materials) are printed into patient-specific structures (Chen & Lee, 2023) .

3.4 Regenerative Medicine: Addressing Organ and Tissue Shortages

The global shortage of transplantable organs is a critical healthcare crisis, with millions of patients waiting for life-saving
transplants and a mortality rate of 10-20% per year on waiting lists (Wu & Liu, 2021; Chen & Lee, 2023). Synthetic biology,
in combination with tissue engineering and 3D bioprinting, is emerging as a transformative solution for regenerative
medicine, enabling the engineering of bioengineered tissues and organs for transplantation, as well as the development of
cell-based therapies for tissue repair (Amin & Lee, 2021; Lee & Park, 2022).

Key synthetic biology-driven regenerative medicine technologies include:

1. 3D bioprinting of tissues and organs: Synthetic biology is used to engineer patient-derived stem cells (e.g., induced
pluripotent stem cells, iPSCs) with enhanced regenerative capabilities, which are then combined with bio-based scaffolds
to print complex tissues (e.g., skin, liver, heart) (Amin & Lee, 2021; Chen & Lee, 2023). Bio-printed skin grafts are
already in clinical use for the treatment of burns and chronic wounds, addressing shortages of donor skin ( Lee & Park,
2022).

2. Decellularization and recellularization: Animal organs (e.g., pig kidneys, hearts) are decellularized to remove immune
cells, leaving a natural ECM scaffold that retains the organ’s architecture ( Wu & Liu, 2021). Synthetic biology is used
to engineer patient-specific cells (e.g., kidney epithelial cells, cardiomyocytes) that are seeded onto the scaffold, where
they grow and integrate to form a functional, patient-matched organ (Chen & Lee, 2023; Wu & Liu, 2021). This approach
reduces the risk of organ rejection and addresses the shortage of human donor organs.

3. Organ-on-a-chip devices: These miniature devices integrate microfluidics, cell culture, and synthetic biology to
replicate the function of human organs (e.g., liver, lung, heart) (; Amin & Lee, 2021). While not intended for
transplantation, organ-on-a-chip devices address shortages of preclinical testing models, enabling the rapid screening of
drugs and the study of disease mechanism sultimately accelerating the development of new pharmaceuticals and
reducing drug development costs (Parker & Smith, 2023).

4. CHALLENGES AND LIMITATIONS OF SYNTHETIC BIOLOGY IN ADDRESSING MEDICAL
SHORTAGES

Despite its transformative potential, synthetic biology faces significant technical, regulatory, ethical, and economic
challenges that hinder its translation from the laboratory to global clinical practice particularly in LMICs (Liu & Zhang,
2020; Chen & Zhang, 2022). These challenges must be addressed to fully realize the field’s potential to mitigate medical
shortages and advance global health equity.
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4.1 Technical Challenges

1.

Scalability: Many synthetic biology innovations work well in laboratory-scale experiments but face significant barriers
to large-scale industrial production (Morris & Davidson, 2023; Parker & Smith, 2023). Biological systems are inherently
complex and dynamic, and engineered microorganisms often exhibit reduced performance (e.g., lower yield, slower
growth) at scale due to environmental stress, metabolic burden, and genetic instability (Zhao et al., 2021; Liu & Lee,
2021). Additionally, the lack of standardized biomanufacturing processes and specialized equipment (e.g., bioreactors,
purification systems) limits scalability (Morris & Davidson, 2023).

Genetic stability: Engineered microorganisms and cell lines often lose synthetic genes or gene circuits over time,
reducing production efficiency and product consistency (Smith & Johnson, 2022; Zhao et al., 2021). This genetic
instability is a major barrier to long-term, large-scale production of biopharmaceuticals and other medical products (Liu
& Lee, 2021).

Limited understanding of biological systems: Despite advances in systems biology, our understanding of complex
biological networks (e.g., microbial metabolism, human cell signaling) remains incomplete (Tichy & Cerny, 2023;
Parker & Smith, 2023). This limits the rational design of synthetic biological systems, leading to trial-and-error
experimentation and slower development timelines (Smith & Johnson, 2022).

4.2 Regulatory and Ethical Barriers

1.

Lack of global regulatory frameworks: Synthetic biology products including engineered microorganisms,
biopharmaceuticals, and bioengineered tissues are subject to complex and varying regulatory requirements across
countries (Parker & Smith, 2023; Chen & Zhang, 2022). HICs have well-established regulatory systems for
biotechnology products, but LMICs often lack the capacity to regulate and approve synthetic biology innovations,
limiting their access to these technologies (Xu & Li, 2021; Chen & Zhang, 2022). Additionally, there is a lack of global
harmonization of regulatory standards, which disrupts cross-border trade of synthetic biology-derived medical products
(Nguyen & Ho, 2022).

Safety and ethical concerns: The engineering of synthetic organisms and gene-edited products raises safety concerns,
including the potential for genetically modified organisms (GMQOs) to escape into the environment and disrupt natural
ecosystems, or for gene-edited cells to cause off-target effects in humans (Tichy & Cerny, 2023; Bhattacharya & Roy,
2020). Ethical concerns include the perception of “playing God” with biological systems, the potential for synthetic
biology to be misused for bioterrorism (e.g., engineering harmful pathogens), and the equity of access to synthetic
biology innovations (Wang & Zhang, 2023; Chen & Zhang, 2022). These concerns have led to public skepticism and
slow regulatory approval of synthetic biology products in some regions (Parker & Smith, 2023).

4.3 Economic and Financial Constraints

1.

High R&D costs: The development of synthetic biology innovations including gene editing tools, microbial cell
factories, and bioengineered tissues requires substantial investment in research, development, and specialized equipment
(Morris & Davidson, 2023; Liu & Zhang, 2020). This high cost limits the participation of small and medium-sized
enterprises (SMEs) and academic institutions in synthetic biology research, and concentrates innovation in a small
number of large pharmaceutical and biotech companies (Parker & Smith, 2023).

Infrastructure deficits: Biomanufacturing of synthetic biology-derived medical products requires specialized
infrastructure (e.g., bioreactor facilities, synthetic biology research labs, purification systems), which is lacking in most
LMICs (Chen & Zhang, 2022; Xu & Li, 2021). Building this infrastructure requires significant capital investment, which
is often unavailable in resource-limited settings (Nguyen & Ho, 2022).

Limited market incentives: Many essential drugs and medical products for LMICs (e.g., antimalarials, antibiotics for
tropical diseases) are “neglected” by the pharmaceutical industry due to low profit margins (Xu & Li, 2021; Chen &
Zhang, 2022). This lack of market incentives limits investment in synthetic biology-driven production of these products,
perpetuating shortages in LMICs (Wang & Zhang, 2021).
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5. STRATEGIES TO ACCELERATE SYNTHETIC BIOLOGY FOR GLOBAL MEDICAL SUPPLY
RESILIENCE

To overcome the challenges outlined above and fully leverage synthetic biology to address medical shortages, a multi-
stakeholder, global approach is required. Below, we propose actionable strategies to accelerate the translation, adoption,
and equitable distribution of synthetic biology innovations for healthcare.

5.1 Foster Cross-Sector Collaboration and Public-Private Partnerships (PPPs)

Collaboration between academic institutions, the private sector, governments, and global health organizations is critical to
drive synthetic biology research and translation (Zhang & Cheng, 2023; Morris & Davidson, 2023). Academic institutions
provide foundational scientific knowledge and research capabilities, the private sector offers industrial expertise, funding,
and scalability, and governments provide policy support and regulatory guidance (Parker & Smith, 2023; Nguyen & Ho,
2022). PPPs such as the Bill & Melinda Gates Foundation’s collaboration with Amyris Inc. to scale artemisinin production
have proven successful in translating synthetic biology innovations to LMICs (Wang & Zhang, 2021; Xu & Li, 2021).
These partnerships should prioritize the development of low-cost, scalable synthetic biology solutions for neglected diseases
and essential medical products (Chen & Zhang, 2022).

5.2 Strengthen International Cooperation and Global Health Equity

Global medical shortages are a transnational problem that requires international cooperation (Nguyen & Ho, 2022; Chen &
Zhang, 2022). High-income countries should share synthetic biology technologies, research data, and technical expertise
with LMICs, and support the building of local biomanufacturing capacity (Xu & Li, 2021; Wang & Zhang, 2021). Global
health organizations such as the World Health Organization (WHO), UNICEF, and Gavi, the Vaccine Alliance should play
a central role in coordinating international synthetic biology research for global health, and in ensuring that synthetic
biology-derived medical products are accessible and affordable in LMICs (Dong & Xie, 2021; Tan & Lam, 2022).
Additionally, global harmonization of regulatory standards for synthetic biology products will reduce trade barriers and
enable the cross-border distribution of essential medical resources (Parker & Smith, 2023).

5.3 Invest in Biomanufacturing Infrastructure and Capacity Building

Adequate biomanufacturing infrastructure is essential for scaling synthetic biology-derived medical products (Morris &
Davidson, 2023; Chen & Zhang, 2022). Governments and global health funders should invest in building synthetic biology
research labs and biomanufacturing facilities in LMICs, and in training local scientists and engineers in synthetic biology
and biomanufacturing (Xu & Li, 2021; Nguyen & Ho, 2022). This “local production” model will reduce LMIC dependence
on imported medical products and build resilience in local healthcare supply chains (Chen & Zhang, 2022; Wang & Zhang,
2021). Additionally, investment in standardized biomanufacturing processes and open-source synthetic biology tools (e.g.,
CRISPR kits, synthetic gene synthesis platforms) will lower the barrier to entry for researchers and SMEs (Parker & Smith,
2023).

5.4 Develop Supportive Policy and Regulatory Frameworks

Governments play a critical role in creating a conducive environment for synthetic biology innovation (Zhang & Cheng,
2023; Morris & Davidson, 2023). Key policy actions include: (1) providing research grants, tax incentives, and funding for
synthetic biology research focused on medical shortages; (2) developing clear, science-based regulatory frameworks for
synthetic biology products that balance safety with innovation; (3) establishing intellectual property (IP) policies that
promote the sharing of synthetic biology technologies for global health (e.g., compulsory licensing for essential drugs); and
(4) supporting public education and engagement to address ethical concerns and build public trust in synthetic biology
(Parker & Smith, 2023; Chen & Zhang, 2022). For LMICs, capacity building for regulatory agencies is essential to ensure
that synthetic biology products can be approved and deployed locally (Xu & Li, 2021).

5.5 Prioritize Research on Scalability and Affordability

Synthetic biology research should prioritize scalability and affordability to address medical shortages in global settings
(Liu & Zhang, 2020; Zhao et al., 2021). This includes research on improving the genetic stability of engineered
microorganisms, optimizing biomanufacturing processes for low-cost production, and developing open-source synthetic
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biology tools that can be deployed in resource-limited settings (Smith & Johnson, 2022; Liu & Lee, 2021). Additionally,
research should focus on developing synthetic biology solutions for neglected diseases and LMIC-specific healthcare needs
(e.g., malaria, tuberculosis, childhood diarrhea), which are often overlooked by the private sector (Xu & Li, 2021; Wang &
Zhang, 2021).

6. CONCLUSION AND FUTURE DIRECTIONS

Synthetic biology has emerged as a transformative and indispensable tool for addressing global medical shortages, offering
sustainable, scalable, and flexible solutions to produce essential pharmaceuticals, vaccines, medical devices, and
regenerative healthcare products. From the rapid development of mRNA vaccines during the COVID-19 pandemic to the
engineering of microbial cell factories for artemisinin and insulin production, synthetic biology has already demonstrated
its ability to build resilience in the global healthcare supply chain and advance global health equity. As the field continues
to evolve with advances in gene editing, synthetic gene synthesis, and metabolic engineering its potential to address unmet
healthcare needs will only grow.

However, realizing this potential requires addressing significant technical, regulatory, ethical, and economic challenges.
Cross-sector collaboration, international partnerships, infrastructure investment, and supportive policy frameworks are
essential to accelerate the translation of synthetic biology innovations from the lab to global clinical practice, and to ensure
that these technologies are accessible and affordable in LMICs. Additionally, synthetic biology research must prioritize
scalability, affordability, and global health equity, with a focus on developing solutions for neglected diseases and essential
medical products.

Looking to the future, several exciting directions for synthetic biology research will further advance its impact on global
healthcare:

1. Next-generation microbial cell factories: Engineering of synthetic microbial consortia (communities of engineered
microorganisms) to produce complex pharmaceuticals and medical products, which single organisms cannot synthesize
efficiently (Liu & Lee, 2021; Wang & Zhang, 2021).

2. RNA-based therapeutics and vaccines: Expansion of synthetic biology-driven RNA technologies to develop novel
MRNA, siRNA, and CRISPR-based therapeutics for genetic diseases, cancer, and infectious diseases (Yang et al., 2022;
Bai & Tan, 2023).

3. Fully bioengineered organs: Advancements in 3D bioprinting and synthetic biology to produce fully functional,
transplantable human organs (e.g., kidneys, hearts), which will solve the global organ shortage crisis (Wu & Liu, 2021,
Chen & Lee, 2023).

4. Al-driven synthetic biology: Integration of artificial intelligence (Al) and machine learning with synthetic biology to
design and optimize biological systems at scale, reducing trial-and-error and accelerating innovation (Tichy & Cerny,
2023; Parker & Smith, 2023).

5. Point-of-care synthetic biology: Development of low-cost, portable synthetic biology-based diagnostic and treatment
tools that can be deployed in resource-limited settings, addressing shortages of clinical care in remote areas (Fernandez
& Gomez, 2023; Chen & Zhang, 2022).

In summary, synthetic biology is not just a scientific discipline—it is a global health tool that has the potential to transform
how we produce, distribute, and access medical resources. By investing in synthetic biology research, building global
partnerships, and prioritizing health equity, we can leverage this field to end global medical shortages and build a more
resilient, equitable, and sustainable healthcare system for all.
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