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Engineering Biology Curriculum Framework 
equips learners with interdisciplinary skills

Engineering Biology�an emerging �eld at the nexus of biological sciences and 
engineering principles�stands at the forefront of the Fourth Industrial Revolution 
alongside Arti�cial Intelligence (AI) technologies. Job creation remains a strong policy 
driver. In the EU, for example, bio-based industries account for over �2.7 trillion in value 
in 2023 and 17.1 million jobs (roughly 8.5% of the workforce). This framework therefore 
responds to the global call for inclusive and responsible education in the interface of 
Engineering, Biology, and AI, by providing higher education institutions 
and their policy governance entities with a modular curriculum 
framework adaptable to diverse regional contexts. While many 
curricula emerge in the high-resource/high-income regions, 
the technologies themselves are often deployed in the 
Low- and Middle-Income Countries (LMICs), solicitating 
the focus of this framework. 

Designed under the visionary of UNESCO�s International 
Basic Sciences Programme, the Engineering 
Biology Curriculum Framework equips learners with 
interdisciplinary skills in biodesign, biomanufacturing, 
bioinformatics, and AI-driven biological engineering while 
embedding ethics, biosafety, and sustainability throughout its 
structure. Aligned with the United Nations Sustainable Development 
Goals (SDGs), this curriculum framework aims to trailblaze an educational platform to 
foster equitable, ethical, and sustainable education ensuring that every learner, regardless 
of geography, can contribute to a resilient and inclusive bioeconomy.

EU bio-based 
industries account

for �2.7 trillion
and 8.5% of the

workforce

S H O R T  S U M M A R Y

�Since wars begin in the minds of men and 
women, it is in the�minds of men and women 
that�the defences of�peace must�be constructed�
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Foreword

1	 Nature Communication. (2022) 13:3516

2	 Nature Communication. (2025) 16:3538

One of the main drivers of the 4th Industrial Revolution is the accelerated advances in the 
biological sciences, in particular the confluence between engineering, computer sciences 
and biology which is fuelling global economic growth in what is now established as the 
bioeconomy sector. Engineering biology or synthetic biology as it is often referred to has 
taken traditional concepts and research in biotechnology of the last three decades to 
another level. This was globally demonstrated during the COVID-19 pandemic when for 
the first time in human civilisation a silico-designed biological code was used to timely 
address human biological vulnerability en masse via an mRNA substrate in the vaccines 
that saved the lives of hundreds of millions of people around the World. It demonstrated 
the power of cyber-biological convergence in the age of engineering biology to address 
critical global societal challenges1. 

The significance of engineering biology, as an academic interdisciplinary subject as well 
as a multi-million research industry in both public and private sector organisations, has 
been highlighted on several occassions in the scientific board recommendations of 
UNESCO International Basic Science Programme (during its 12th and 13th sessions), and 
most recently in the report of the International Bioethics committee on the ethical issues 
related to the research, development and application of synthetic biology during  the  
32nd Ordinary   Session   of   the   IBC   and   the   14th Session of the Intergovernmental 
Bioethics Committee (IGBC) in September 2025, which urged UNESCO and its 
Member States, academic institutions, industry and civil  society  to,  independently  or  
collaboratively,  establish,  sustain,  and  develop comprehensive  education  programs  
in  synthetic  biology.  Recently, the IUCN policy �Motion 087� was also accepted for 
utilization of synthetic biology in relation to nature conservation.

Therefore, the present international framework on engineering biology for higher 
education aims to establish a modular curricula programme�from  foundational  and 
interdisciplinary concepts  through  broad  ethical frameworks, advanced  AI-driven  
design  and  biosafety-by-design  techniques. Ensuring continuous upskilling of university 
students, researchers, and practitioners at every career stage, by integrating learning 
science with cross-disciplinary ethics, policy and societal-impact training, will cultivate 
a knowledgeable global society and a competent workforce capable of responsibly 
navigating engineering biology�s evolving challenges and opportunities. 

Engineering biology is on the brink of transformative advances that promise to 
revolutionise environmental applications. Recent developments have been particularly 
promising in biosensing, bioremediation, bio-sequestration, pollution monitoring, 
and waste valorisation2. The UNESCO framework is therefore open to be customized 
to different sectors; environment, agriculture health, energy, manufactring, wherein 
biolgical materials are being used. It is hoped that universities and higher education 
institutes around the world who are embarking on desgining undergraduate or 
postgraduatre courses in engineering biology will benefit from this framework in their 
endevour towards equipping future generation workforce in a bioeconomy sector that 
is planteary sustainable and socially ethical.  

Engineering Biology - Curriculum Framework12

' NXPO
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Glossary of Terms
Subjects / Disciplines
Engineering Biology: an interdisciplinary field that 
applies engineering principles to understand, design, 
modify and control biological systems. The emphasis is on 
applying engineering methods (optimization, modeling, 
standardization) and scientific principles to achieve the 
desired outcome. 

Synthetic Biology: a precursor, narrower term of 
Engineering Biology which focuses on the design-build-
test-learn of modified or new biological systems. The 
biggest point is the ability to synthesize new biological 
systems using accumulated knowledge from multiple 
disciplines, especially Electrical Engineering principles.

Biological (Biomedical) Engineering: a relatively new 
engineering discipline that sparks a collaborative effort 
in medicine and engineering conventionally started as 
utilization of engineering principles to solve medical 
problems such as tissue and biomolecular engineering 
and biomechanics. Later term, biological engineering 
encompasses broad non-medical problems such as 
environmental issues and climate change problems.

Biotechnology: an application focus discipline that uses 
biological systems or derivatives to develop new products 
or technologies to serve specific applications.

Other subfields
Genetic Engineering: involves modifying the genetic 
material of organisms to achieve desired traits.

Metabolic Engineering: terms as modification of 
the metabolic pathways of organisms to increase the 
production of specific biochemicals.

Systems Biology: the study of acquiring and analysis 
of multisets of biological data, and modeling of complex 
biological systems to understand their behaviors and 
predict how they will respond to changes. 

Biomanufacturing/Biomaterials: the use of biological 
systems to produce commercial products, such as enzymes, 
biofuels, bioplastics, biochemicals or biomaterials.

Other highly relevant fields are Chemical Biology, 
Chemical Engineering and Biocatalysis. Artificial 
Intelligence (or Deep Learning), Bioinformatics.
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Background and Definitions

3	 Research and analysis Report. Engineering Biology Aspirations. April 2025. UK Government Office for Science.

Engineering Biology is the multidisciplinary area 
of science that combines principles from biology, 
engineering and computer science to design, construct 
and commercialize new or modified biology-derived 
products and services in areas such as medicine, agriculture, 
and environmental sustainability. Although �Engineering 
Biology� is a relatively new term, it is by no means a new 
study. We have been modifying biology for about 12,000 
years with farming, which has sought to continuously 
improve the effectiveness of crops and domesticated 
animals through selective breeding and currently could 
redesign biological components for novel purposes in 
the multidisciplinary field of biotechnology and synthetic 
biology. The industrial application of synthetic biology, 
in combination with rational engineering principles, to 
create new products brings us to the present day and the 
emergence of what we know as engineering biology. 

However, for the purpose of this review, it would be 
undermining not to mention that scientific terms often 
pass through series of permutations to what they denote. 
For example, the term �Biological Engineering� was first 
mentioned in a paper in the magazine Science in 1944 
by Hudson Hoagland in an article entitled Adventures 
in Biological Engineering which mainly focused on 
experimental biology. The term is currently synonymous 
with Synthetic Biology which in its own right has an 
intriguing history in the use of the term; wherein StØphane 
Leduc (1853-1939), a French biochemist first used �biologie 
synthØtique� in 1910, in his book ThØorie physico-chimique 
de la vie et gØnØrations spontanØes and then again in 
1912 in La Biologie synthØtique. Leduc asked an important 
question regarding synthetic biology, in this case: �Why is 
it less acceptable to seek how to make a cell than how to 
make a molecule?� 

Engineering Biology means designing and building a 
biological system, be it some sort of genetically engineered 
system, or cell, or biological process; testing it to see how 
well it works; and then feeding in the learnings from this 
analysis to another round of design, iteratively improving the 
system. The cycle incorporates many different capabilities 
and disciplines including gene editing, modelling and AI 
and machine learning � see Figure 1 for examples of key 
capabilities underpinning Engineering Biology. While the 
term sounds very close to that of Bioengineering and 
Biological Engineering, Engineering Biology is distinctive 
from the previous disciplines due to its broader scope 
beyond engineering specific part or machinery used in 
biology. Engineering biology encompasses the usage of 
engineering principles in any biological system, whether 
they are naturally occurring or engineered by humans. In 
fact, many examples of exciting and innovative research and 
development in this area contain no genetic manipulation 
at all3 . Additional descriptions of each discipline were 
provided in the Glossary of Terms..
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4	 Meng, F., Ellis, T. The second decade of synthetic biology: 2010�2020. Nat Commun 11, 5174 (2020). https://doi.org/10.1038/s41467-020-19092-2 
(Under a Creative Commons Attribution 4.0 International License)

5	 Hung-En Lai et al. Synthetic Biology and the United Nations. Trends in Biotechnology. Volume 37, Issue 11, November 2019, Pages 1146-1151

6	 https://www.cbd.int/synbio

7	 Paul Berg. Asilomar 1975: DNA modification secured. Nature volume 455, pages 290�291 (2008)

8	 Editor. Asilomar conference took courage and foresight � today, inclusivity would also be crucial. Nature. Vol 640. 10 April 2025

Figure 1. Figure shows the engineering cycle used in synthetic biology (centre) with cartoons illustrating some of the key 
technologies and ways of working that now help accelerate each phase of the cycle.4  ' NXPO

Engineering Biology or Synthetic biology falls within the 
scope of biotechnology as defined by the Convention on 
Biological Diversity, i.e. �... any technological application 
that uses biological systems, living organisms, or derivatives 
thereof, to make or modify products or processes for 
specific use�5. Furthermore, the potential impacts and 
oversight of engineering biology�s tools, technologies, and 
applications are topics of sustained international interest 
within the CBD process. Synthetic biology, a component of 
engineering biology, was introduced in the CBD in 2010 to 
examine whether the scope and definitions pertaining to 
biotechnologies in the CBD were sufficient6. This included 
the development of an operational definition of synthetic 
biology. Two protocols to the CBD, the Cartagena Protocol 
on Biosafety and the Nagoya Protocol on Access to Genetic 
Resources and the Fair and Equitable Sharing of Benefits 
Arising from their Utilization also address engineering 
biology. The Biological Weapons Convention (BWC) does 
include important prohibitions on the weaponization of 

biological processes, but further development may be 
needed to effectively manage the complexities of modern 
synthetic biology. It has been 50 years since the first meeting 
of Biological Weapons Convention, a month after a historical 
meeting at the Asilomar camp ground in 1975 where a 
moratorium to halt any DNA modification experiment was 
proposed to the scientific community7. Last year, in 2025, the 
engineering of DNA has been democratized much beyond 
expectation from that of 1975, leading to participation from 
low- and middle-income countries (LMICs) at Asilomar8. 
Modern biotechnology, has transformed how mankind 
perceives biological systems equivalent to how Artificial 
Intelligence (AI) challenges our definition of intelligence 
itself. Therefore, the global community must embrace the 
ongoing and upcoming transformations with the best 
educational platform accordingly. Furthermore, If there is 
one lesson from Asilomar, it is that scientists, policymakers 
and the global public need to be aware of the potential 
dangers posed by any knowledge. 
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Application-specific innovations 

9	  �Ennist, N.M., Wang, S., Kennedy, M.A. et al. De novo design of proteins housing excitonically coupled chlorophyll special pairs. Nat Chem Biol 20, 
906�915 (2024).

10	 Aminian-Dehkordi, J., et al., �Synthetic biology tools for environmental protection,� Biotechnology Advances (2023)

11	 https://www.nympheproject.eu/

12	 �David J. Lea-Smith et al. Engineering Biology Applications for Environmental Solutions: Potential and Challenges. Nature Communication 2025, 
Vol16: 3538

13	 �Christopher A. Voigt. Synthetic biology 2020�2030: six commercially-available products that are changing our world. Nature Communications 
volume 11, 6379 (2020)

While genetic modification is a major tool in Engineering 
Biology, not all Engineering Biology involves genetic 
modification. The field also includes non-genetic 
techniques, such as bioprocess engineering, to manipulate 
and optimize biological systems via processes such as 
fermentation, without altering the genetic makeup of 
the organisms involved. In 2024, artificial photosynthetic 
systems offered hope for new solar-to-fuel energy 
conversion9. Engineering Biology is being marketed as 
a method of �bioremediation� for making or digesting 
plastics in a carbon-negative manner10. To further leverage 
the bioremediation applications of Engineering Biology, 
the Nymphe project sponsored by the European Union is 
actively working on deploying the emerging technology to 
solve this global issues11. The environmental remediation 
market is valued at approximately US$115 billion,with 
many companies offering a wide range of in-situ or ex-
situ remediation strategies, including physical, chemical, 
and biological remediation of soils, water (e.g., Microvi), 
brownfield sites or industrial wastes. Growth is driven by 
increasing regulatory frameworks and policies to reduce 
environmental pollutants such as PAHs (polycyclic aromatic 
hydrocarbons), PCBs (polychlorinated biphenyls), PFAS (Per- 
and polyfluoroalkyl substances), plastics, pharmaceuticals, 
pesticides, and heavy metals/metalloids12. Another way 
is to engineer microbes to produce products, such as 
biosurfactants, that can be used in remediation. However, 

to date, no commercialization of these products has been 
achieved due to technical and regulatory challenges to 
do with use of GMOs in the environment. Other products 
include a yeast engineered to produce meaty flavours to aid 
taste in plant- based burgers (promising 90% reductions in 
land use and green-house gases), thin films for electronics 
from molecules produced from engineered organisms, and 
engineered bacteria for nitrogen fixing in soils to reduce 
chemical fertilizers and to improve soil health13 .

To support the materialization of these innovations, frontier 
infrastructure is necessary.. The Global Biofoundry Alliance 
(GBA) is the ongoing international initiative that focuses 
on infrastructure development and innovation enabling 
resource and knowledge sharing by various institutional 
leaders in the Engineering Biology field. Facilitation 
of infrastructure development not only enables the 
bioremediation and bioproduction approaches but can 
also establish an engineering route to acquire biological 
systems for specific goals in other fields. Standardized 
systems assure the drug discovery process especially in the 
BUILD and TEST pipeline.. Lastly, integration of emerging 
technologies, e.g. Large-Language Model Artificial 
Intelligence, also opens the door to a new paradigm of 
biological modelling by empowering the in-silico test both 
in terms of speed and quality. The following section will 
dive deeper into the technology integration aspect.

Integration with emerging technologies
The integration of engineering biology with emerging 
technologies such as Artificial Intelligence (AI) and 
biomolecular design is ushering in a new era of innovation 
at the intersection of life sciences and computational 
technologies. By combining the precision of synthetic 
biology with the predictive power of AI, researchers can 
rapidly design and optimize functional biomolecules�

such as proteins, nucleic acids, and polysaccharides�for 
targeted functions in medicine, materials science, and 
environmental sustainability.

Machine learning techniques enable the analysis of large-
scale experimental datasets, such as gene expression 
profiles and metabolic fluxes, to uncover complex patterns 
and forecast system behaviors. By training deep learning 
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models on extensive genotype�phenotype data leading 
into sophisticated genome-scale model and genomic 
languages, researchers can accurately predict the effects of 
genetic modifications, including gene knockouts and point 
mutations. These predictive models are instrumental in 
rational organism design, helping to reduce trial-and-error 
experimentation and enabling the creation of novel genetic 
circuits, metabolic pathways, and synthetic organisms with 
targeted traits.

Recent developments in deep learning have significantly 
advanced the ability to predict protein structures with a 
level of accuracy comparable to traditional experimental 
methods. A leading example is Google DeepMind�s 
AlphaFold, which has been cited in the context of the 
2024 Nobel Prize in Chemistry. Utilizing publicly available 
datasets of protein sequences and their experimentally 
determined structures, AlphaFold can reliably predict a 
protein�s 3D conformation from its amino acid sequence 
alone14. Its latest version, AlphaFold 3  further expands 
these capabilities by modeling interactions between 
proteins and other biomolecules such as DNA and RNA. 
These breakthroughs offer a major advantage, as traditional 
structural biology techniques are often labor-intensive, 
time-consuming, and costly�factors that have long posed 
challenges to innovation in biotechnology. 

One notable application of this convergence is in the 
sustainable production of biopolymers, such as plastics 
and resins, using engineered microorganisms. Synthetic 
metabolic pathways have been introduced into microbial 
hosts like bacteria and yeast, enabling the conversion 
of renewable inputs�such as plant oils and sugars�
into monomers that serve as the building blocks for 
biodegradable polymers. Another exciting application of 
synthetic biology is the development of novel materials with 

14  Abramson, J., Adler, J., Dunger, J. et al. Accurate structure prediction of biomolecular interactions with AlphaFold 3. Nature 630, 493�500 (2024).

15	 �Sheryl Li Yan Lim et al. Mammalian synthetic gene circuits for biopharmaceutical development & manufacture. npj Systems Biology and Applications 
volume 12, (2026)

16	 Cybulski JS, Clements J, Prakash M (2014). «Foldscope: origami-based paper microscope». PLOS ONE. 9 (6) e98781

17 https://www.africaosh.com/

18	 https://reclone.org/

unique properties. Researchers are using synthetic biology 
to create materials that can self-assemble, self-repair, or 
respond to external stimuli. For example, scientists have 
engineered bacteria to produce biofilms that can be used 
as living materials for applications such as water filtration. 
Synthetic Biology also enables the production of smart 
materials that can sense and respond to their environment. 
Researchers have developed synthetic gene circuits that 
can be integrated into materials, such as hydrogels or 
fabrics, to create sensors that can detect specific molecules 
or changes in pH, temperature, or light15. These responsive 
materials have potential applications in areas such as drug 
delivery, wound healing, and environmental monitoring. 
This multidisciplinary convergence not only streamlines the 
discovery process but also opens new pathways for creating 
intelligent, bio-based solutions to some of the world�s most 
pressing challenges.

Finally, the attempt to make frontier technology more 
accessible also brings about the novel philosophy of 
frugal science and citizen scientists where technology is 
not limited to high resource communities and exclusive 
to conventional higher education training. For instance, 
Foldscope, a scientific instrument invented with both 
utility and affordability in mind led to magnification of 
biological entities in-field at a the cost as low as $116. Other 
technological developments are also implanting these low-
cost scientific and educational instruments and reagents, 
e.g. establishment of Africa Open Science Hardware (OSH)17 
and Reclone: Reagent Collaboration Network18. These 
accessible technologies contributed to advancement in 
scientific research through positive feedback loop and 
will continue to reform emerging scientific fields such as. 
Engineering Biology.
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Biosafety and biosecurity 

19	 CBD Technical Series No. 100, Synthetic Biology, April 2022 

20	 Beeckman, D. S. A. & Rüdelsheim, P. Biosafety and biosecurity in containment: a regulatory overview. Front. Bioeng. Biotechnol. 8, 650 (2020).

21	 �Lea-Smith, et al. (2025). Engineering Biology Applications for Environmental Solutions: Potential and Challenges. Nature Communications, 16, Article 
3538. https://doi.org/10.1038/s41467-025-58492-0 (under a Creative Commons Attribution 4.0 International License)

Engineering biology applications may challenge current 
risk assessment and oversight processes established by 
domestic and international frameworks, including the 
Convention on Biological Diversity19. The current state of 
biosafety and biosecurity standards related to environmental 
biotechnology both overlaps with and leaves gaps in relation 
to other regulations20. Well-established guidelines exist for 
traditional biotechnological applications (contained use). For 
most application types, the risk assessment for genetically 
modified or edited organisms will account for the nature 
of the intended modification and will assess the relative 
risk to the environment, and animal or human health (e.g., 
hazards, severity, likelihoods, etc.). Containment level (BSL1 
to BSL4), safeguards, control measures, and assignment 
of GM Activity Class require consideration. However, as we 
venture into more advanced areas like synthetic biology and 
gene editing, existing frameworks often fall short, especially 
when considering the potential of these technologies to 
bring solutions that may require deliberate release Important 
technical challenges remain in terms of containment 
strategies and procedures and control measures (Fig. 2). 

An engineered organism that might be released into the 
environment accidentally, maliciously or with positive intent 
may bring risks that need to be managed. These include (a) 
the potential of the engineered organisms to �out-fitness� 
the native microbiome, (b) that the engineered organisms 
might not perform as intended with a phenotype that, while 
optimal to the target environment, might be detrimental in 
a different one, (c) that a trait of the engineered organism 
might unintentionally spread through the native microbiome 
by, e.g., horizontal gene transfer

Through a similar lens of biosafety and biosecurity, the 
concerns on ethical and responsible research practice should 
also be incorporated into all engineering biology products 
and processes. Failure to properly address the ethical prong 
could end up as a public distrust to upcoming innovations. 
Therefore, the bioethics of engineered biological systems 
will serve as a safeguarding procedure not only at the macro-
scale, e.g. regional and national, but also to individuals and 
end-users as stakeholders of the global community.
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Figure 2 Strategies for biosafety and biocontainment in environmental biotechnology21 ' NXPO
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Recognizing these profound risks, many countries have 
enacted targeted legislation on biosafety standards. While 
regulations might be capable of managing the specific risks 
within a national context, they do not cover the potential 
harm that synthetic biology may trigger globally. Regulatory 
framework is also limited by the uncertainties inherent 
to rapidly evolving synthetic biology research, and overly 
regulated rubrics could adversely limit innovative creations. 
Existing international frameworks may not be fully equipped 
to address the evolving risks. As biotechnology becomes more 
data-driven and amalgamates with automation and AI, it will 
be necessary to review through intergovernmental organs 
such as UNESCO Intergovernmental Bioethics Committee and 
International Bioethics Committee mechanisms to ensure the  
safeguarding of biological data, privacy and IP. An ongoing 
effort to safely deploy engineered biological systems in the 
open environment takes a great leap. UNESCO 2025 report 
on ethical issues related to the research, development and 

22	 Matthew Cobb. Money and murder: the dark side of the Asilomar meeting on recombinant DNA. Essay. Nature, Vol 638, 20 February 2025

23	Sabary, O., Kiah, H. M., Siegel, P. H. & Yaakobi, E. Survey for a decade of coding for DNA storage. IEEE T Mol. Biol. Mult. 10, 253�271 (2024).

24	The Bio Revolution Innovations; transforming economies, societies, and our lives. McKinsey Global Institute 2020

application of synthetic biology and the Biotechnology 
Beyond Conventional Containment topic at the Spirit of 
Asilomar meeting in February 2025 will play an important part 
in creating consensus around this issue22.

Biotechnology�s growing complexity makes it hard to create 
universal standards, specifically universal biocontainment 
standards. Scalable solutions across laboratory, pilot, and 
industrial scales would be necessary for biocontainment to 
become a viable strategy. To help bridge this gap, a more 
pragmatic approach has been suggested built around 
traceability of genomic bar- codes, DNA-based error-
correcting codes23 emerging within the field of DNA data 
storage and nucleic acids-focused cryptography, that are 
supported with existing technologies accessible to most 
laboratories and industries, can provide sufficient assurance 
to scientists, industry, regulators and the public at large. 

Three pillars of Engineering biology impact 
Engineering biology exemplifies a transformative approach 
to addressing global challenges across three key pillars: 
economic growth, environmental sustainability, and social 
benefit . Advances in engineering biology are driving 
new bio-based industries and fostering innovation-led 
economic development. Environmentally, engineered 
biological systems contribute to cleaner manufacturing, 
renewable materials, and carbon reduction strategies 
aligned with global climate goals. Socially, engineering 
biology contributes to significant job creation. Together, 
these contributions position engineering biology as a 
cornerstone of sustainable and inclusive development in 
the 21st century.

1. Economic Dimension

A new wave of innovation is being unleashed through 
the convergence of biological science, decades in the 
making, with fast-evolving digital technologies including 
AI, automation, and high-performance computing. This 
convergence is expected to reshape key sectors of the 
economy�from healthcare and agriculture to materials 
and energy . For biotechnology to become a foundation 
of this future, it must demonstrate clear and lasting 
economic value.

Evidence to support this is emerging. One influential 
study by the McKinsey Global Institute (2020) assessed 
the potential contributions of what it termed the �bio-
revolution.� It projected multi-trillion-dollar economic 
impacts across several industries, based on current and 
emerging applications of biotechnology24.  Figure 3 is an 
overarching chart from the report.
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Applications based on insights from biological data make up
the biggest share of economic impact created in the short term.

Sized applications by Technology Platform (partial estimate) %; $ trillion
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Philosophical Transaction of the Royal Society A. 28 May 2011

26	 �J. Philp. Balancing the bioeconomy: supporting biofuels and bio-based materials in public policy. Energy and Environmental Sciences (2015) Issue 11.
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pages569�586 (2019)
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Technol. 20, 4635�4648 (2023).
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Figure 3. Estimated economic impact of the bio-revolution in the near, medium and long term. Sized applications by technology platform 
(partial estimate). Exhibit from �The Bio Revolution: Innovations transforming economies, societies, and our lives,� May 2020, McKinsey 
Global Institute, www.mckinsey.com/mgi. Copyright (c) 2026 McKinsey & Company. All rights reserved. Reprinted by permission.

2. Environmental Dimension

A large body of life cycle analysis (LCA) research highlights 
the environmental benefits of bio-based alternatives. For 
instance, Weiss et al. (2011) reviewed 44 LCA studies covering 
60 bio-based materials and found that, on average, such 
materials save 55 – 34 megajoules of non-renewable energy 
and reduce CO� emissions by 3 – 1 kg per kilogram of product, 
compared to fossil-based counterparts25. While biofuels have 
received policy attention through government quotas and 
mandates, the broader environmental value of bio-based 
chemicals and materials has often been overlooked26. 
Beyond manufacturing, microorganisms play vital roles in 
carbon and nutrient cycling, ecosystem health, agriculture, 
and food security�roles that remain underappreciated in 
national policy frameworks27.

Engineering biology could significantly support climate 
mitigation. For example, it enables the production of next-
generation biofuels aligned with IPCC decarbonization 
models. More radically, engineered microbes and 
plants might support �negative emissions� by capturing 
atmospheric CO� directly. This kind of innovation�direct 
air capture through biological routes�could complement 
or enhance carbon mitigation strategies that are still 
underexplored28. Table 1 below illustrates Engineering 
Biology potential climate mitigation contribution by 
mapping some of its potential applications against 
significant mitigation challenges characterized by the 
IPCC�29.
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Replace fossil fuels
in transport

Substitutes for emissions-
intensive products

Sequester or mitigate
in environment

Reduce emissions from 
production processes: 
industry, construction

and agriculture

Biofuel from 
agricultural biomass or 
atmospheric/oceanic CO�

Electricity storage/rewired 
carbon �xation: 
Electromicrobial production 
(EMP) that combines 
engineered biological and 
electronic components might 
convert CO� into high-density, 
non-volatile fuels or energy 
storage polymers.

Engineered E. coli directly 
uses carbon dioxide (CO�) to 
produce biofuels, bypassing 
photosynthesis in the 
production of biofuels (e.g. 
Ginkgo Bioworks).

Hydrogen

Dark fermentation processes 
produce hydrogen from 
biomass using engineered 
microbial consortia.

Industrial processes:

Absorb CO� waste streams 
and sequestration or 
conversion to useful 
by-products e.g., ethanol or 
sequestration.

Animal proteins: 
Biofermentation: Synthetic 
animal proteins (displacing 
CH�), meat and milk.

Fertilisers: 

Cultivation or engineering 
of nitrogen-�xing microbes 
(or plants/biofertilisation) 
is already at early-stage 
commercialisation.

Chemical manufacturing:

Building metabolic pathways 
in microbes for Hydrogen 
production which is not 
dependent on fossil fuel 
feedstock.

Sequester or mitigate 
carbon/GHGs in 
environment:

Engineering crop root 
systems for enhanced 
carbon sequestration 
Increased production 
of suberin�a lipo 
biopolymer complex 
biopolymer; Microbes 
transforming organic 
carbon into stable 
carbonates.

Direct air capture 
carbon/non-carbon GHGs.

Construction/Materials:

Cement/concrete: 
Biomineralisation via 
application of bacteria 
during the preparation of 
mortar or concrete�leading 
to reduced carbon emissions 
and longer-lasting, 
self-repairing concrete.

Agriculture: 

N�O and MMO-transformed 
plants capable of reducing 
emissions (or drawing down 
atmospheric) 
N�O and methane CH�.

Low-methane rice. Rice 
varieties that do not require 
irrigation, with altered 
methane/carbon �uxes, or 
increased yield.

Table 1 illustrates EngBio�s potential climate mitigation contribution29 ' NXPO
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3. Social Dimension

Rapid advancements in engineering biology raise 
important governance and public trust questions. In 
some countries, biotechnology regulation is already in 
place, with some experts arguing that these are adequate. 
Others caution that current frameworks may be outdated, 
particularly given the rise of community-based, non-
traditional innovators in the field. The concern is not 
only about technical oversight but also about fostering 
trust and accountability in the governance of engineered 
organisms.

Instead of viewing diverse innovation communities 
as a regulatory challenge, they could be seen as an 
opportunity to co-create flexible, trusted standards. 
Tools such as regulatory sandboxes and internationally 
agreed technical standards could complement national 
regulation, especially in areas like component design, 
system assembly, and quality control.

At the same time, job creation remains a strong policy 
driver. In the EU, bio-based industries account for over 
�2.7 trillion in value in 2023 and 17.1 million jobs (roughly 
8.5% of the workforce)30. U.S. bio-based manufacturing 
supports 4 million jobs and $370 billion in value, while 
India�s bioeconomy passed $4 billion in 2013. Brazil�s 
sugarcane sector alone accounted for 2% of its GDP and 
4.5 million jobs in 2012.

30 https://ec.europa.eu/commission/presscorner/detail/en/ip_25_2819

31	 �Commission presents new Bioeconomy Strategy to drive green growth, competitiveness and resilience across Europe, European Commission Press  
Release, Nov 26, 2025 [https://ec.europa.eu/commission/presscorner/detail/en/ip_25_2819]

32	 Aguilar A, Patermann C. Biodiplomacy, the new frontier for bioeconomy. N Biotechnol. 2020 Nov 25;59:20-25

Public awareness, however, lags far behind. While the public 
is attuned to sectors like healthcare, energy, and climate 
change, the central role of microbiology in sustaining life 
systems�what Timmis et al. (2019) call �microbiology 
literacy��is not widely appreciated31. Gaining public trust 
in engineering biology will require scientists and engineers 
to improve how they communicate, using accessible and 
relatable language32.

McKinsey (2020) estimates that nearly 70% of the potential 
impact of the bio-revolution depends on public, regulatory, 
and consumer acceptance. That makes communication a 
critical skill for future engineering biologists�alongside 
scientific and technical expertise.

A robust talent pipeline�from school to advanced 
training�will be essential. Interdisciplinary curricula, 
well-resourced universities, and strong R&D funding will 
enable the field to grow. Mechanisms that help translate 
research into real-world applications are also vital. 
Without a strong knowledge base and trained workforce, 
progress in engineering biology will stall. These needs are 
echoed across major foresight and strategy papers, which 
consistently call for expanded investment in training and 
innovation ecosystems.
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Representative National Initiatives relevant to 
Engineering Biology

United States

Engineering Biology Research 
Consortium (EBRC)

The Engineering Biology Research Consortium (EBRC) is 
one of the first international organizations behind the 
Engineering Biology paradigm shift, partnering with 
academic institutions, industry members, and government 
institutions. EBRC also hosted the Student and Postdocs 
Association (SPA) which fosters new initiatives developed 
by younger scientists.

Since Engineering Biology was broadly defined as an umbrella 
term, all engineering and scientific principles applied to 
biological systems are relevant to some extent, making the 
knowledge established by other disciplines repurposable 
as practices in Engineering Biology. Throughout the 
plethora of engineering practices, an inaugural roadmap 
by the Engineering Biology Research Consortium 
(EBRC) serves as a thorough starting point for Engineering 
Biology stakeholders and incoming enthusiasts to explore 
the field in the mid-2010s. EBRC is an international-facing 
organization based in the US founded in 2016 right after 

the conclusion of SynBERC (Synthetic Biology Engineering 
Research Center) project which laid groundwork on parts 
and systems standardization for synthetic biologists and 
genetic engineers. Outstanding establishments during the 
SynBERC collaboration are standard parts and assembly 
strategies for biological circuitry now available through 
iGEM and BioBrick foundations.

As for the scope of Engineering Biology research, one seminal 
document from EBRC is the technical roadmap which focuses 
on connecting the research landscape from the state-of-
the-art to the upcoming future technologies. EBRC�s first 
roadmap, published in 2019, categorized the Engineering 
Biology core concept into 4 themes and 5 application impact 
sectors. The technical themes are 1)� Engineering DNA, 
2)�Biomolecular Engineering, 3)�Host Engineering, and
4) Data Science while application sectors are 1) Industrial
Biotechnology, 2) Health & Medicine, 3) Food &
Agriculture, 4)� Environmental Biotechnology, and
5) Energy. The following EBRC technical roadmaps involve
both academic-oriented topics (Microbiome Engineering,
Engineering Biology and Materials Science, Climate and
Sustainability, and Space Health) and public-facing topics
(e.g. Enabling Defense Applications, Metrics and Technical
Standards, and Synthetic DNA Screening).
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Figure 4. A schematic representation of the deconstruction framework from the work of Ashty Group at NorthWesetern University 
(USA): biotechnologies can be deconstructed along scales to identify biological phenomena that are important to the technology at 
each scale, understand the principles by which these phenomena work at that scale, and identify the important interfaces between 
scales where engineering challenges often arise. Deconstructing technologies along scales allows multidisciplinary concepts to be 
mapped and applied at individual scales (annotated) and allows new technologies to be reconstructed by combining elements and 
applying concepts at each scale. 33  ' NXPO

33	 �Karim, A.S., Brown, D.M., Archuleta, C.M. et al. Deconstructing synthetic biology across scales: a conceptual approach for training synthetic biologists. 
Nat Commun 15, 5425 (2024). https://doi.org/10.1038/s41467-024-49626-x (under a Creative Commons Attribution 4.0 International License)
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Key Initiatives and Frameworks developed at EBRC are based on four categories:

�	 Roadmapping: EBRC developed a comprehensive roadmap that outlines core areas of Engineering Biology 
research and emerging topics including microbiome engineering, biomaterials, climate & sustainability, 
technical standards, and space health. The roadmap identifies research gaps, technological challenges, and 
potential societal impacts, guiding future investments for US funding agency and policy makers.

�	 Security: One unique point of EBRC which outshines its prevalent organization, SynBERC, is its expanded 
focus on biosecurity. Security working group of EBRC has provided numerous programs led by faculty and SPA 
members, e.g. Malice Analysis: a workshop for dual uses training for biological parts and products. This training 
was also provided to participants of Gogec virtual competition.

�	 Policy & International Engagement: This working group focuses on international collaboration through 
various events being a binational gathering, e.g. US-U partnership, or multi-national meeting such as 
Engineering Biology Global Forum happened every 2 years since 2021. This international engagement 
emphasizes the potential collaboration across nations and regions.

�	 Education: EBRC has supported various programs focusing on Engineering Biology education at multiple 
levels. EBRC focuses on mentorship between students and professionals, internships with collaborative industry 
partners, and outreach programs to a broader audience. SPA also conducted various training programs e.g. 
Grad school panels for Future SPA and podcast program � EBRC In Translation � where stakeholders in 
Engineering Biology were invited to provide unique perspectives on various topics.

EBRC plays a key role in shaping US national strategies for Engineering Biology, providing scientific expertise and 
policy recommendations to policymakers. Its roadmaps, white papers, and other deliverables serve as models for 
other countries developing their bioeconomy strategies from an independent organization. By fostering public-
private partnerships, EBRC strengthens the US�s position as a global leader in Engineering Biology innovation.

The US Bioeconomy Act and White 
House Executive Order

The Bioeconomy Research and Development Act of 2021 
represents a landmark policy framework in the US, designed 
to strengthen the nation�s leadership in bio-based industries 
and accelerate the translation of Engineering Biology 
innovations into marketable products. It aligns with White 
House strategies, such as Executive Order 14081, which 
calls for advancing biotechnology innovation to strengthen 
US supply chains and address global challenges, including 
climate change, health security, and sustainability. The act 
was part of a broader White House initiative to promote 
biotechnology and biomanufacturing as strategic priorities 
for national security, economic growth, and sustainability. 
The bioeconomy act and executive order focuses on 
research and development investments, infrastructure and 
workforce development, and collaboration between public 
and private sectors. The Bioeconomy Act complements 
the US�s broader bioeconomy goals by promoting 
biotechnology-driven economic growth.

European Union

EUSynBioS Initiative

The European Synthetic Biology Society (EUSynBioS) is 
a grassroots initiative that connects scientists, policymakers, 
and industry experts across Europe to promote Engineering 
Biology. It focuses on networking and collaboration among 
European researchers through conference and workshops 
organization. It also focuses on policy advocacy and 
educational programs through various events across the 
continent. EUSynBioS plays a key role in shaping EU policies 
on Engineering Biology by advocating for sustainable and 
responsible practices.
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IBISBA

The IBISBA (Industrial Biotechnology Innovation 
and Synthetic Biology Accelerator) is a pan-
European research infrastructure that supports industrial 
biotechnology and synthetic biology innovations by 
providing access to state-of-the-art facilities and expertise. 
It offers a network of advanced biomanufacturing facilities, 
helping researchers and industry partners scale up bio-
based processes. The initiative bridges academia and 
industry, ensuring the translation of synthetic biology 
research into industrial applications. It also promotes green 
biotechnologies and circular bioeconomy goals. Its focus 
aligns with the need for bioeconomy-driven curriculum 
development.

Denmark

Novo Nordisk Foundation

The Novo Nordisk Foundation is one of the world�s largest 
philanthropic organizations supporting life sciences and 
health research. The foundation, linked with the company 
Novo Nordisk, has a strong emphasis on advancing 
synthetic biology and engineering biology in Denmark 
and globally. Through strategic investments in centers like 
DTU Biosustain and the BioInnovation Institute (BII), the 
foundation drives innovation in metabolic engineering, 
biomanufacturing, and health biotechnology. It funds 
interdisciplinary research, infrastructure, and education 
initiatives that bridge academia and industry, fostering 
entrepreneurship, technology translation, and global 
collaboration in engineering biology.

DTU Biosustain

The Novo Nordisk Foundation Center for 
Biosustainability (DTU Biosustain) is a leading 
European research center focused on synthetic biology and 
metabolic engineering to develop sustainable industrial 
biotechnology solutions. They focus on all angles of 
biotechnological research including engineered microbes 
for sustainable chemical and pharmaceutical production. 
Machine learning and AI to optimize synthetic biology 
workflows are also emphasized with training programs 
from diverse groups of students and professionals in 
industrial synthetic biology with emphasis on technology-
driven education and industry collaboration.

BioInnovation Institute (BII)

The BioInnovation Institute (BII), established by the Novo 
Nordisk Foundation in Copenhagen, is an international 
incubator that supports life science startups with a strong focus 
on engineering biology, biotherapeutics, and health tech. BII 
provides funding, lab facilities, mentorship, and acceleration 
programs to help translate cutting-edge synthetic biology 
and biotechnology research into commercially viable 
solutions. With emphasis on entrepreneurship and cross-
disciplinary innovation, BII nurtures a vibrant ecosystem 
where researchers and founders can develop solutions in 
areas such as microbial production platforms, cell-based 
therapies, and molecular design.

France
France has taken strategic steps to position itself as a 
competitive force in industrial biotechnology and synthetic 
biology as part of its broader national bioeconomy and 
innovation strategy. France Bioeconomy Strategy (StratØgie 
BioØconomie pour la France) was initially released in 2017 
and revised in 2021 that direct the national investment in 
sustainable, circular, and innovation-driven bioeconomy. 
The French government supports Engineering Biology 
through national research programs, industrial development 
initiatives, and integration with European Union strategies 
(e.g., Horizon Europe). Engineering Biology in France is 
largely anchored within the life sciences and sustainability 
goals of the national Green Industrialization Strategy, with 
cross-cutting integration into health, agriculture, and 
environmental resilience.

France recognizes synthetic biology as a key enabling 
technology to support the transition to a bio-based 
economy, reduce dependency on fossil fuels, and ensure 
food and pharmaceutical security. Major efforts are 
coordinated through national research institutes like 
INRAE, CEA, CNRS, and through industrial partnerships with 
companies such as METABOLIX EXPLORER and EUROLYSINE, 
the latter being Europe�s only producer of fermentation-
derived amino acids for animal feed.
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South Korea

South Korea, officially the Republic of Korea, has launched 
a nationwide Engineering Biology initiative to promote 
biotechnology innovation, bioeconomy growth, and 
global competitiveness. The initiative is part of the Korean 
Bioeconomy Strategy, introduced in 2021, which prioritizes 
biomanufacturing, synthetic biology, and biosecurity. The 
Korean government is allocating KRW 2 trillion (~USD 
1.5 billion) over five years to boost biomanufacturing 
infrastructure and support biotech startups. They also establish 
National Biotech Clusters to expand biotech innovation 
hubs and foster academic-industry collaborations. With its 
advance infrastructure and dedicated focus in Engineering 
Biology, the new school focusing on Engineering Biology 
was recently founded at KAIST to strengthen the talent 
pipeline. Recently in 2025, Korea�s National Assembly passed 
the �Synthetic Biology Promotion Act�, marking one of the 
first laws globally focusing solely on synthetic biology. It is 
evident that South Korea aims to position itself as a global 
bioeconomy leader by enhancing biotechnology research 
and development capacity and promoting cross-border 
collaborations in this area.

Japan

Japan has established a robust national framework to 
advance engineering biology with a strong emphasis on 
biomanufacturing as a core enabler of its bioeconomy. 
Since the launch of its Bioeconomy Strategy in 2019, and 
most recently updated in 2024 by the Cabinet Office35, 
Japan has clearly identified biomanufacturing as a key 
technological pillar. The strategy outlines a vision to leverage 
biotechnology and biological systems for sustainable 
production, industrial innovation, and carbon recycling. 
This national agenda reflects Japan�s commitment to 
transforming its economy into a �bioeconomy society� 
by applying advances in synthetic biology, metabolic 
engineering, and genome technologies to real-world 
industrial and environmental challenges.

35	Bioeconomy Strategy June 3, 2024 Integrated Innovation Strategy  Promotion Council Decision

36	Promotion of Carbon Recycling Using CO2 from Biomanufacturing Technology as a Direct Raw Material, NEDO Green Innovation Fund Projects 
[https://green-innovation.nedo.go.jp/en/project/bio-manufacturing-technology/]

37	https://www.jst.go.jp/gtex/en/field/bio.html

In alignment with this strategic vision, major Japanese 
ministries such as METI (Ministry of Economy, Trade and 
Industry) and MEXT (Ministry of Education, Culture, Sports, 
Science and Technology) are implementing R&D programs 
through their affiliated agencies NEDO36 and JST37, 
focusing on next-generation bio-based manufacturing 
technologies. Key initiatives include i) Carbon Recycling 
Biomanufacturing Technology, ii) Bio-based Production, and 
iii) Green Technologies. These national-level programs are 
complemented by human resource development efforts, 
including recurrent education for working professionals 
and graduate-level training programs. 

Singapore

Singapore�s National Research Foundation (NRF) established 
the National Synthetic Biology Task Force to position the 
country as a global leader in engineering biology. The 
nation hosts several internationally recognized research 
programs, including the Synthetic Biology for Clinical 
and Technological Innovation (SynCTI) at the National 
University of Singapore (NUS) and the Singapore Institute 
of Food and Biotechnology Innovation (SIFBI) at the Agency 
for Science, Technology and Research (A*STAR). Building 
on these efforts, the NRF supported the establishment 
of the National Centre for Engineering Biology (NCEB) as 
a nationwide initiative to consolidate existing research 
capabilities and outcomes, and to advance technologies 
and solutions that will strengthen Singapore�s bioeconomy. 
Bridging academia and industry, the Singapore Consortium 
for Synthetic Biology (SINERGY), a national platform 
funded by the NRF, promotes research collaboration 
and commercialization in synthetic biology. SINERGY 
facilitates joint projects between academic institutions 
and biotechnology companies, accelerates technology 
translation, and supports skills training and curriculum 
development to prepare a future-ready workforce in 
engineering biology.
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Policy brief By Dr Fernán Federici, Millennium 
Institute for Integrative Biology (iBio), Chile

38 https://repository.rice.edu/communities/4825def5-159e-4969-ae67-b2faf0c3b83d  

39 Global Open Genetical Engineering Competition, https://www.gogecconference.org/

40 https://synbiobr.org/

41 https://igem.org/

42 https://biobuilder.org/

43 https://www.facebook.com/tecnoxlatam/?locale=es_LA

44 PØrez Ortega, R. Scientists in Latin America struggle to get key chemicals and other reagents for experiments. A group has begun to help. AAAS 
Articles DO Group (2024). doi:10.1126/science.zeje4i8

45 https://www.addgene.org/FreeGenes_Project/

46 https://reclone.org/

47 https://openhardware.science/

48 https://oercommons.org/

49 Zimmerman, E. H., Johnson, A., Elcock, L., George, D., Kiattisewee, C., Lardner, C., Palmer, X.-L., Seah, A., & Silberg, J. (2025). 5.3 Broadening Science 
Education within Existing Structures. Rice University. https://doi.org/10.25611/V3GE-GX89

A growing bioeconomy has placed biological engineering 
at the forefront of international priorities, including in Latin 
American countries. However, its development in Low and 
Middle-Income Countries (LMIC) is largely hampered by 
an asymmetric distribution of technological capacities and 
R&D infrastructure.  As highlighted by the Spirit of Asilomar 
conference38, the implications of engineering biology are 
far-reaching and its impact needs to be assessed. Engaging 
LMICs in the early stages of the growing field will allow these 
communities to better address the opportunities, risks and 
challenges of engineering biology. 

In Latin America, a series of initiatives such as Gogec39, Synbio 
Brasil40, iGEM41, BioBuilder42 and TECNOx43 have played a key 
role in introducing students (and academics) to synthetic 
biology. Despite this progress, bioengineering training in 
Latin America still remains limited by a series of barriers to 
access tools and technical documentation. The high cost 
of laboratory equipment and its maintenance makes them 
a scarce resource in universities. Access to the reagents is 
limited in Latin America due to the high cost of reagents that 
are imported from the north under expensive cold-chain 
logistics that are also prone to delays44. This centralized model 
creates global supply chain dependencies for Latin American 
countries, reducing their ability to exercise sovereignty over 
the application. 

Enabling the local production and reproducibility of both 
biological reagents and hardware could be a key enabler 
for building capacity in bioengineering in Latin America. 
For instance, the Open Bioeconomy Lab, FreeGenes45 and 
the Reagent Collaboration Network (Reclone)46, has taken 
initial steps by sharing an Open DNA Collections over 500 

researchers in approximately 50 countries globally to allow 
the local production of key reagents. Initiatives such as 
reGOSH and the Gathering for Open Science Hardware 
(GOSH)47 are facilitating the local production of open-
source hardware. Open source mini-labs can be employed 
to transform learning experiences that traditionally use 
proprietary devices as �black boxes�. The use of open-source 
hardware can also trigger collaborations with emerging 
open hardware companies, such as IORodeo, GaudiLabs and 
IOWlabs. Open Educational Resources (OER)48 for training 
can thus be composed of locally produced biological 
reagents, open-source hardware, free software and open 
access documentation. These OER can be designed to be 
reproducible and adapted to local supplies.  

This proposal on open innovation models would also 
require nurturing future generations by including the 
concept in scientific education. Open-source technologies 
are able to capture how individual contributions map onto 
collective efforts, and can serve as a guide for rethinking 
how intellectual property is managed within universities and 
redefining intellectual property to accommodate collective 
more collaborative dynamics and freedom to operate. Open 
collaboration among students can also foster more effective 
learning as demonstrated by almost two decades of iGEM 
competition. International organizations like UNESCO are 
increasingly advocating for inclusive and equitable models 
of knowledge production. These resources can also include 
knowledge and guidelines to develop interdisciplinary skills 
needed to effectively engage in policy-making, regulatory 
committees and other advising roles49.
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Policy brief By Geoffrey Otim, Founder & CEO, 
SynBio Africa

Fostering Engineering Biology in 
Africa 

Engineering Biology provides a timely opportunity for 
scientific advancement and sustainable development. 
Its introduction in African academic institutions remains 
in its infancy, largely constrained by uneven investment, 
regulatory ambiguity, and insufficient local expertise. 

Nevertheless, Africa possesses a wealth of unique 
advantages that can be leveraged to build a globally 
competitive Engineering Biology ecosystem as one of 
the most biodiverse regions in the world. Africa�s youth 
population presents another significant advantage. Over 
60% of Africa�s population is under the age of 25, and 
interest in STEM education is growing rapidly. Initiatives 
like iGEM teams in Uganda, Ghana, and Egypt highlight 
this grassroots momentum. SynBio Africa, a community-
building organization founded in 2018, has harnessed 
this youthful energy to grow into a network of over 400 
members from 30+ African countries. SynBio Africa has 
provided access to frontier tools and global expertise. Pan-
African initiatives by SynBio Africa like ASSB and WiSBA are 
fostering inclusive, interdisciplinary, and gender-sensitive 
capacity building. Research exchange program like 
SynBREA, a collaborative initiative between SynBio Africa 
and Northwestern University, have allowed African students 
to gain hands-on experience in international laboratories. 
A powerful case study is the evolving role of SynBio Africa 
in advancing Engineering Biology across the continent, 
including hosting annual Synthetic Biology, AI, and 
Biosecurity Conference series (SBA 1.0, SBA 2.0, SBA 3.0 and 
SBA 4.0). It also established SynCell Africa initiative, focused 
on using engineered synthetic cells for addressing sickle 
cell disease. The success of these initiatives demonstrates 
the feasibility of world-class synthetic biology initiatives 
in low-resource environments when supported. One of 
SynBio Africa�s most visionary goals is the establishment 
of a Center of Excellence in Synthetic Biology, based in 
Uganda to act as a regional anchor for research, training, 
entrepreneurship, and policy coordination. It will embed 
One Health principles, recognizing the interdependence of 
human, animal, and environmental health. 

To successfully mainstream Engineering Biology in 
Africa, educational institutions must adopt flexible and 
modular curricula. These modules should cover synthetic 
biology principles, CRISPR and genome engineering, 
bioprocessing, computational modeling, and bioethics. 
Hands-on training is vital and can be supplemented 
through low-cost laboratory kits, mobile learning tools, 
and open-source platforms like Benchling or SnapGene. 
Universities should invest in the upskilling of lecturers 
and technical staff through faculty exchange programs 
and short-term sabbaticals with global synthetic biology 
centers. Collaborative curriculum development and co-
teaching arrangements with institutions already leading in 
Engineering Biology can rapidly accelerate local capabilities. 
International events such as SynBioBeta, iGEM, and EBRC 
meetings offer platforms for exposure, collaboration, and 
benchmarking.

Finally, Engineering Biology education must embed 
innovation and entrepreneurship. Students should be 
trained to translate it into practical solutions. Courses 
in technology commercialization, bio-manufacturing, 
regulatory science, and business model design can help 
students bring their ideas to market. Africa�s growing 
network of biotech hubs, accelerators, and innovation labs 
can provide the incubation and funding support to turn 
student projects into viable enterprises
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Policy brief By Prof Yin Li, Institute of Microbiology, 
Chinese Academy of Sciences, China

Engineering Biology in China 

China stands at the vanguard of a transformative global 
bio-revolution. Driven by coherent national strategies and 
unprecedented investment, the nation has cultivated world-
class innovation ecosystems like Beijing, Shanghai, and 
Shenzhen. These hubs exemplify technological ambition, 
housing automated biofoundries capable of printing genetic 
circuits and engineering enzymes/strains, industrial-scale 
fermentation complexes producing million metric tons 
of bio-based products, and global pioneers such as BGI�s 
genomic sequencing empire and WuXi AppTec�s integrated 
drug development platforms. This concentration of capability 
has propelled China to global leadership in synthetic biology 
patent filings and positioned it at the forefront of CAR-T cell 
immunotherapies and AI-driven biodesign. 

The geographical distribution of innovation resources reflects 
China�s strategic approach to technological development. 
While Beijing�s Zhongguancun hosts the National Center 
for Nanoscience and Technology�s bio-nano fusion labs, 
Shanghai�s Zhangjiang Pharma Valley concentrates 
multinational R&D centers alongside academic powerhouses 
like ShanghaiTech University. Meanwhile, Suzhou�s BioBay 
has evolved into Asia�s largest cell therapy industrial base. 
Cloud-based biofoundry platforms enable researchers 
nationwide to remotely access robotic strain engineering 
workflows. Expanded high-performance computing nodes 
now process complex metabolic models for extremophilic 
microorganisms. 

China�s competitive positioning rests upon three mutually 
reinforcing pillars of strength. Foremost is manufacturing 
scalability - an industrial translation engine unrivaled in 
speed and volume. This capability manifests in facilities like 
AHB�s 30,000-ton L-alanine plant in Hebei. 

Complementing industrial prowess is China�s distinctive data-
AI convergence. The longitudinal health data on citizens, 
combined with BGI�s sequencing of millions genomes 
through the China National GeneBank, creates unparalleled 
datasets for target discovery. These resources synergize 
with AI capabilities demonstrated by Shanghai-based 
MoleculeMind�s enzyme optimization platform. Beijing�s 
Deepwise and Shenzhen�s MindRank AI similarly accelerate 
antibody design. 

Underpinning these advantages is sustained policy 
commitment. The 14th Five-Year Plan for Bioeconomy 
Development allocates significant investment into 
biotechnology. Venture capital follows strategically, with 
Qiming Venture Partners and Sequoia China funding 
over dozens of startups. Dedicated bioclusters such as 
Guangzhou�s Bio-Island integrate these resources through 
one-stop regulatory guidance, increasing the pre-tax 
deduction, and shared GMP pilot plants. 

Collaborative ecosystems are emerging through mission-
oriented consortia. The National Innovation Center for 
Synthetic Biology coordinates dozens of universities and 
enterprises in developing AI-driven biomanufacturing 
platforms. Its IP-sharing framework has accelerated 
commercialization of a variety of microbial cell factories in 
the last 10 years. 

Talent ecosystem reshapes human capital development. 
Leading universities now offer interdisciplinary degrees fusing 
synthetic biology with computational engineering. Adaptive 
governance mechanisms evolve alongside technological 
frontiers. In recent years, China has optimized the approval 
process for cell and gene therapies. China�s Biosecurity Law 
establishes tiered risk frameworks for engineered organisms. 

China�s engineering biology ascendancy represents a 
deliberate synthesis of manufacturing prowess, data 
resources, and governance innovation. As coastal biofoundries 
and inland computational centers increasingly interoperate 
through digital networks, the nation demonstrates how 
geographical diversity can strengthen rather than fragment 
technological capability. This convergence positions 
China to transcend incremental advancement and instead 
define emerging bio-industrial paradigms. By leveraging 
engineering biology to simultaneously address healthcare 
accessibility, decarbonization imperatives, and food security 
challenges, China pioneers solutions with both domestic 
impact and global relevance. The forthcoming phase will 
likely see Chinese bio-manufacturing standards influence 
international regulatory frameworks, while its AI-biology 
fusion platforms set new benchmarks for R&D efficiency. 
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Representative Curricula with relevance to 
Engineering Biology 
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Multidisciplinary education for 
Engineering Biology

The challenge of multi- and interdisciplinary education 
Interdisciplinarity implies a problem-solving function not 
necessarily implicit to multi-disciplinarity A useful distinction 
was made by Boix Mansilla et al. (2000) who framed 
interdisciplinarity as the capacity to integrate knowledge 
and modes of thinking in two or more disciplines50. To 
equip engineering biology students with problem-solving 
capability implies the need for both. This, in fact, challenges 
the teachers as much as the students: traditional scientific 
education and training has remained divided by disciplines 
such as microbiology, chemistry and computing. 

The long-standing conundrum of multi- and interdisciplinary 
education is the need for both breadth and depth. Training 
in sustainability itself needs multi- and interdisciplinarity 
as some of the depth skills needed are systems thinking, 
strategic planning, and evaluating environmental, social 
and economic performance. This educational conundrum 
for sustainability51 is the same for industrial biotechnology 
and engineering biology: how to make the interdisciplinary 
approach not only substantive, but also practical for early-
career scientists. 

Multiple agency funding for projects that span disciplines 
are needed (National Academies of Sciences, Engineering, 
and Medicine, 2020). Life sciences industry-wide issues Life 
sciences PhD-level education remains focused on training 
for academic careers (American Society for Microbiology, 
2013). In the Nature PhD survey of 2017, nearly 75% of 
(general PhD student) respondents said that they would 
like a job in academia as an option upon graduation52. In 
the quest for breadth, in multidisciplinary education, depth 
may become too diluted. This could certainly be cause for 
concern in engineering degrees if the certification bodies 
such as the Institution of Chemical Engineers found too 
little depth to certify engineers and courses.  The burden 

of learning required to become familiar, if not expert, in 
various different disciplines may be too great, which could 
be especially true within the time limitations of Master 
programmes. The flexibility is greater within undergraduate 
degrees; nevertheless, careful attention would have to be 
given to curriculum design to prevent overload, with the 
attendant problem of student drop-out. Regarding this 
latter point, it is worth remembering that the drop-out 
rates in STEM subjects (science, technology, engineering 
and mathematics) are already alarming53. 

AI tools are reshaping education and training, making 
advanced engineering biology knowledge and techniques 
more accessible. The use of LLMs to simplify content, develop 
personalised curricula, answer student questions, and help 
draft reports is already common. AI and automation tools 
are also changing laboratories and shifting the skills needed 
by researchers. In foundational research laboratories, there 
is an increasing shift from using bioinformatics solely in the 
latter stages of research to analyse results to incorporating 
it in early experiment stages to design protocols and 
components. This is changing the skills that needed 
by scientists, requiring further multidisciplinarity. In the 
private sector, software engineers and life scientists often 
work hand-in-hand to develop computational tools for 
engineering biology, fostering a culture of recombination. 
Whether new AI tools in synthetic biology will overall lower 
barriers of entry or increase them is unclear, and the impact 
will likely be different for general purpose technologies and 
specialised tools. Publicly available large language models 
can quickly mine and analyse research papers to summarise 
their insights and respond to user questions, which could 
make scientific information more widely accessible to 
broader audiences. AI biodesign tools, on the other hand, 
may still require advanced training to operate and especially 
to harness the intelligence they produce (e.g. to set up the 
experimental conditions to produce a chemical of interest).
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Examples of Higher Education 
Curricula in Relevance of Engineering 
Biology 

In this chapter, representative curricula relevant to 
Engineering Biology are listed as references for further 
curriculum design. It is important to note that there are 
only a few programs at this moment that delegate their 
focus to the broad engineering biology field or have the 
terminology in the degree name. Furthermore, most of the 
curriculum listed in this chapter came from high-resource 
countries who are leaders in the research and development 
of the field. Trainings at low-resource countries are not 
broadly available and thus emphasize the importance of 
this curriculum framework which focuses on the Low- and 
Middle-Income Countries ecosystems.

Department of Genetic Engineering, 
A Roadmap � MIT

The recent report in 2025 proposed that a distinct cross-
cutting discipline integrating biology, mathematical 
modelling, and engineering to �design life� can enable 
its own academic department naming �Department of 
Genetic Engineering�, with comparison to the emergence 
of Chemical Engineering and Biological Engineering in 
the 20th century. The focus of genetic engineering should 
span biomanufacturing, defense, agriculture, materials, 
energy, in addition to that of biomedicine, a relatively 
conventional application. While this proposal is calling for 
an establishment of a four-year undergraduate program, 
it narrates a lot of higher education focus in the proposal 
including that of global analysis of the existing programs: 
90 curricula across 60 universities. While this proposal is not 
the direct equivalent of the Engineering Biology curriculum 
framework, it is worth noting as the first cutting-edge 
proposal for a relevant establishment in the field.

Graduate degree Curriculum

Master�s Program in Engineering Biology at 
KAIST, South Korea

KAIST�s Master�s in Engineering Biology, started in 2025, is 
designed to cultivate researchers and innovators in synthetic 
biology, metabolic engineering, and systems biotechnology. 
Given KAIST�s strong portfolio in the field especially in 

systems metabolic engineering, they firmly represent the 
very first program in Asia with Engineering Biology in their 
degree name. The program integrates core biology, chemical 
engineering, and computational science, with a focus on 
designing and constructing biological systems for practical 
applications. Students typically complete foundational 
coursework in synthetic biology, bioinformatics, molecular 
biology, and biochemical engineering, followed by 
specialized modules in metabolic pathway design, chassis 
development, and biofoundry technologies.

Research opportunities are central to the program, with 
students expected to participate in lab rotations in their 
first semester before joining a lab for their thesis. KAIST 
emphasizes translational research and collaboration with 
the industrial sector through its Bio-Foundry Center and 
links to South Korea�s biotech ecosystem. Projects may 
include developing microbial platforms for bioplastics or 
engineering cell factories for pharmaceuticals. The program 
is designed to be completed in two years, concluding with 
a thesis defense and often a publication-quality research 
project. This program is the best fit to this curriculum 
framework in term of program timeline.

Master�s Program in Engineering Biology in 
the UK (EPSRC & BBSRC CDT)

This UK-wide program, led by the Engineering and Physical 
Sciences Research Council (EPSRC) and Biotechnology and 
Biological Sciences Research Council (BBSRC), is offered 
across a consortium of universities (e.g., Oxford, Imperial, 
Manchester). The four-year Integrated PhD and Master�s 
program begins with a one-year MRes that introduces key 
engineering biology principles and techniques, including 
gene circuit design, synthetic genomics, and machine 
learning for biological systems.

The MRes phase emphasizes multidisciplinary training, 
with hands-on projects and short lab rotations. Students 
gain exposure to key platforms such as biofoundries, 
computational modeling environments, and high-
throughput screening tools. Following this, students 
continue into a three-year PhD research phase under a 
chosen supervisor. Research areas span from biomaterials 
and biosensors to synthetic cells and bio-manufacturing. 
The program fosters strong links with industry and 
government, supporting the translation of academic 
findings into real-world biotech solutions.
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University of Edinburgh � MSc in Synthetic 
Biology and Biotechnology

Offers a one-year taught Master�s program through the 
School of Biological Sciences, focusing on molecular 
biotechnology, genetic circuit design, and microbial 
engineering. The program combines theoretical 
foundations in systems and synthetic biology with hands-
on training in lab techniques, computational modeling, and 
industrial applications. Students engage in interdisciplinary 
projects and have access to the Centre for Synthetic and 
Systems Biology (SynthSys), which supports advanced 
research in biosensors, metabolic pathways, and bio-
manufacturing. Graduates often continue into PhDs or 
biotech industry roles.

Systems, Synthetic, and Physical Biology 
(SSPB) PhD Program at Rice University

SSPB is a PhD program focused on training scientists in the 
design and analysis of biological systems through a systems 
and synthetic biology lens. It is one of the first PhD program 
to include Synthetic Biology, a very close term to Engineering 
Biology, to their degree name. The program blends biology, 
physics, engineering, and computational science, preparing 
students for research careers in academia or biotech.

Students begin with an intensive first-year core curriculum 
covering systems biology, synthetic gene networks, 
biophysics, and bioengineering. Lab rotations in the first 
year lead to selection of a thesis advisor. Research topics 
include metabolic pathway optimization, microbial 
consortia engineering, synthetic developmental systems, 
and biosensing platforms. Students are embedded within 
the Rice Center for Synthetic Biology, offering exposure to 
interdisciplinary collaboration and entrepreneurship. The 
program typically takes 5�6 years and emphasizes both 
foundational science and translational applications.

Modules as Part of Graduate Degree 
(Non-Degree Granting)

Engineering Biology Module at NUS, 
Singapore

As part of NUS�s Life Sciences and Engineering curriculum, 
several synthetic biology modules are offered that 
provide focused overviews of synthetic biology principles, 
biodesign methodologies, laboratory techniques, and 
applications across environmental, medical, and industrial 
biotechnology. These courses include lectures, case studies, 
laboratory experiments, and mini-projects to familiarize 

students with tools such as CRISPR, metabolic modeling, 
and biosensor development. Emphasis is placed on 
interdisciplinary collaboration and responsible innovation, 
including considerations of bioethics and biosafety. 
These modules are integrated into broader MSc- or PhD-
level coursework, equipping students with foundational 
synthetic biology skills applicable to both research and 
industry settings.

Integrated Graduate Program in Physical 
and Engineering Biology (PEB) at Yale 
University, US

The PEB program at Yale is a multidisciplinary graduate 
training track that complements a student�s primary PhD 
department (e.g., Molecular Biology, Physics, Engineering). 
It is not a standalone degree but offers a unique curriculum 
emphasizing quantitative biology, systems-level analysis, 
and engineering approaches to biological questions. 
Students engage in core modules like quantitative 
imaging, computational modeling, and synthetic biology 
design labs. The program promotes collaboration across 
departments and includes a first-year summer bootcamp, 
coursework, and a teaching practicum. Students often work 
on projects like constructing gene circuits or analyzing cell 
behavior using physical modeling. PEB graduates are well-
prepared for research at the interface of biology, physics, 
and engineering.

Examples of Undergraduate Track

Undergraduate Track at Princeton 
University, US

Princeton offers an integrated undergraduate track in 
Quantitative and Computational Biology (QCB), with a 
concentration in Synthetic Biology available through electives 
and research mentorship. Students begin with foundational 
coursework in molecular biology, physics, and programming, 
progressing into courses on biological circuits, systems 
biology, and biotechnology. Research is a strong component 
of the program, with opportunities to work in labs focused 
on CRISPR technologies, synthetic gene networks, and 
cellular engineering. Capstone projects and thesis work often 
involve engineering microbes for environmental sensing or 
bioproduction. The program also incorporates ethics, policy, 
and design thinking in biotechnology, preparing students for 
graduate study or careers in bioengineering.
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University of California, Davis � B.S. in 
Systems & Synthetic Biology

Launched in Fall 2022, this Bachelor of Science program 
offers a comprehensive education in both systems biology 
and synthetic biology. Students begin with foundational 
courses in chemistry, biology, physics, and mathematics, 
along with an introduction to computing for biologists. 
As they progress, they delve into advanced topics such as 
systems theory, computational modeling, and biological 
engineering. The curriculum emphasizes integrative, 
computational, and quantitative approaches to solving 
biological problems and engineering new biological 
outcomes.

Collections of Relevant Centers 
within Academic Institutions

Engineering Biology Research Center 
(EGBRC) at Kobe University 

EGBRC stands as Japan�s premier institution dedicated 
to advancing the interdisciplinary field of engineering 
biology. The center�s mission is to foster innovation at the 
intersection of biology, engineering, and digital technology, 
aiming to address global challenges such as sustainability 
and carbon neutrality. It partners with the graduate 
program at Kobe University to train the workforce toward 
Japan�s bioeconomy goal. 

Boston University Synthetic Biology & 
Biotechnology (SB2) Predoctoral Training 
Program 

While not a standalone degree, BU�s SB2 program is 
a pioneering training initiative in synthetic biology. It 
addresses the need for a comprehensive, sustainable 
curriculum to train the next generation of synthetic 
biologists. The program emphasizes interdisciplinary 
practices, integrating biology with engineering principles 
to prepare students for advancements in biotechnology, 
agriculture, medicine, and more. 

MIT Synthetic Biology Center 

Offers leading-edge research and graduate programs in 
synthetic biology through departments like Biological 
Engineering and the Media Lab. Focus areas include living 
therapeutics, biocomputation, and chassis development. 

Harvard University Wyss Institute for 
Biologically Inspired Engineering

Hosts postdoctoral and research fellowships across 
bioinspired design, living materials, and synthetic organoids. 
Not a degree-granting program but closely affiliated 
with Harvard�s SEAS and Medical School. Research areas 
include synthetic morphogenesis, cell programming, and 
therapeutic gene circuits. Known for translational research, 
high-impact publications, and startup incubation.

Imperial College London Centre for 
Synthetic Biology

Home to one of the UK�s leading synthetic biology research 
hubs, offering graduate degrees including MRes and PhD 
programs through the Department of Bioengineering. 
Research focuses on genetic circuit design, synthetic microbial 
communities, and industrial bioproduction. Known for its 
dedicated London Biofoundry, UK SynBioCDT partnership, 
and strong emphasis on responsible innovation and public 
engagement.

University of Manchester Manchester 
Synthetic Biology Research Centre

Offers interdisciplinary graduate training through the 
Manchester Institute of Biotechnology (MIB) and hosts 
the SYNBIOCHEM center, focusing on fine chemical and 
pharmaceutical biosynthesis. Research includes synthetic 
metabolic pathways, bio-based materials, and scalable 
bio-manufacturing. Collaborative PhD opportunities 
available through the UKRI-funded SynBioCDT and Future 
Biomanufacturing Research Hub.

Technical University of Denmark (DTU) � 
DTU Biosustain & DTU Bioengineering

Graduate education in synthetic and engineering biology is 
embedded within interdisciplinary PhD and MSc programs 
offered by DTU Bioengineering and DTU Biosustain (The 
Novo Nordisk Foundation Center for Biosustainability). 
Focus areas include metabolic engineering, cell factory 
design, synthetic regulatory systems, and bioproduction 
of chemicals, pharmaceuticals, and food ingredients. DTU 
Biosustain houses advanced biofoundry and automation 
platforms, supports industrial-academic collaborations, 
and emphasizes computational-experimental integration 
through AI-guided strain design and genome-scale 
modeling.
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Northwestern University Center for 
Synthetic Biology

Interdisciplinary PhD programs and undergraduate research 
focused on microbial engineering, synthetic genomics, and 
bioethics. Known for collaborative engineering-biology 
interface training.

University of Washington Center for Synthetic Biology

Offers graduate training through the MolES Institute and 
focuses on engineering biology research within the Center 
for Synthetic Biology. Strong in enzyme design, microbial 
chassis engineering, and digital-biological data system 
integration.

Rice University (Center for Synthetic 
Biology)

Hosts the SSPB PhD program and supports research in synthetic 
ecosystems, computational modeling, and biological control 
systems. Focuses on innovation and translational science.

University of Delaware (Center for Plastics 
Innovation & Delaware Biotechnology 
Institute)

Home to programs in bioengineering and sustainable 
synthetic biology, with emphasis on metabolic engineering, 
circular bioeconomy, and materials from biology.

University of California, Berkeley Innovative 
Genomics Institute (IGI)

Hosting the legacy of SynBERC (Synthetic Biology Engineering 
Research Center), the institute research focuses on CRISPR 
systems, metabolic rewiring, and biological system design. They 
exhibit cross-program collaboration across bioengineering, 
chemistry, and plant sciences.

ETH Zurich Department of Biosystems 
Science and Engineering (D-BSSE)

Offers graduate and doctoral programs in synthetic biology, 
systems biology, and computational biology through 
interdisciplinary institutes. Research includes synthetic 
developmental biology, programmable cells, and automated 
lab platforms. Known for integrating engineering design 
principles with data-driven biology and pioneering work on 
synthetic ecosystems and digital twins of cells.

Princeton University � Omenn-Darling 
Bioengineering Institute

Supports interdisciplinary research and graduate training 
in bioengineering, including synthetic biology, systems 
biology, and molecular programming. While Princeton 
does not currently offer a standalone degree in synthetic 
or engineering biology, the institute connects faculty and 
students across engineering, chemistry, and molecular 
biology. Research themes include synthetic gene networks, 
biomolecular computation, cellular decision-making, and 
engineering living systems. Students can pursue these 
interests through PhD programs in Chemical and Biological 
Engineering, Molecular Biology, or Quantitative and 
Computational Biology.

Challenges and Opportunities

Challenges and Gaps present in 
Low- and Middle-Income Countries

Despite the global advancements in Engineering Biology, 
developing countries or Low- and Middle-Income Countries, 
often face significant barriers in biotechnology education and 
research capacity. Existing curriculum frameworks in leading 
nations (e.g., the US, UK, and EU countries) are developed 
in the context of well-established infrastructures, advanced 
research facilities in the region, and streamlined public-
private partnerships. In contrast, developing countries often 
lack access to cutting-edge tools, computational resources, 

and industry collaborations, limiting their ability to keep 
pace with global innovations. Conventional Engineering 
programs lack sufficient exposure to biology while life 
sciences programs are behind in data integration and high-
throughput methodology. In addition to curriculum gaps, 
hands-on exposure are also limited within the LMICs where 
only a few programs are capable of offering real-world 
biomanufacturing equipment and engineering biology 
toolkits. Interdisciplinary mentorship is also extremely limited 
within the training in low-resource environments. Pertinent 
to infrastructure and tools, there are limited numbers of 
emerging biofoundries, and high-performance computing 
infrastructure for systems biology modeling. 
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The existing Global Biofoundry Alliance [ref] showcase that 
LMICs were hardly present. These gaps not only hinder 
the quality of education and research but also discourage 
public-private collaboration and foreign investment in 
bio-based innovation in developing countries or Low- and 
Middle- Income countries. Additionally, policy, governance, 
and biotechnology regulations still remain challenged. 
Biotechnology regulations in developed countries are either 
fragmented, outdated, or narrowly focused on specific 
national interest such as agriculture. Biosafety and biosecurity 
regulations are inconsistently enforced and rarely address 
emerging risks from advanced biotechnologies. Intellectual 
property regimes are not well adapted to support innovation 
in this sector, and public engagement is limited. This 
regulatory challenges discourages international partnerships 
and reduces the willingness of local institutions to engage in 
ambitious Engineering Biology initiatives.

Opportunities present in Low- and 
Middle-Income Countries

Engineering biology presents transformative opportunities 
for developing countries in achieving many aspects of 
Sustainable Development Goal (SDGs), the global values 
which are prominent in LMICs. For instance, Engineering 
Biology can well serve SDG 2: Zero Hunger purpose 
by enhancing agricultural productivity, resilience, and 
sustainability. Through techniques such as synthetic biology 
and genome editing, crops can be engineered to resist pests, 
tolerate drought, and yield more nutritious food, even under 
challenging environmental conditions. This is particularly 
vital for regions facing soil degradation, erratic rainfall, or 
limited access to arable land. Additionally, bioengineered 
microbial fertilizers and biopesticides reduce dependence 
on costly chemical inputs, making farming more affordable 
and eco-friendly. Specific examples of how engineering 
biology can help reduce post-harvest loss in developing 
countries include Genetically engineered Bt cowpea in 
Nigeria, which reduces post-harvest losses and decreases 
the need for chemical pesticides, improving storage life 
and food safety for smallholder farmers. These innovations, 
when supported by inclusive policies and capacity-building 
initiatives, can empower smallholder farmers, improve food 
security, and foster local bioeconomy in developing nations. 
Engineering biology also offer opportunities for developing 
countries to achieve SDG 3: Good Health and Well-being and 
SDG 12: Responsible Consumption and Production through 

the development of technology locally including CRISPR-
based diagnostic and environmental-frienly productions in 
the Global South countries. 

The curriculum framework aims to bridge this gap by framing 
different aspects of higher education based on knowledge-
based and practice-based modules. The framework stands as 
a reference guideline that can be adapted to i) develop a 
new curriculum focusing training on Engineering Biology 
with available resources and expertise, ii) restructure 
an existing curriculum into Engineering Biology focus 
program, or iii) incorporate Engineering Biology 
aspect as a track into the established interdisciplinary 
program. The curriculum designer can choose to focus on 
equipping students and trainees with Engineering Biology 
knowledge or also emphasize incorporation of practical 
skills relevant to emerging industry in the field. Therefore, 
hands-on training in biology and engineering techniques 
can be inserted with awareness of available resources in the 
region. At the same time, this framework will emphasize the 
creation of open-source educational resources and cloud-
based training platforms, enabling students in developing 
countries to access state-of-the-art training, regardless of 
their geographical location. 

Furthermore, training in biosecurity, bioethics, and regulatory 
frameworks will be included to ensure that graduates are 
prepared to navigate the policy and governance landscape 
upon completion of the educational program. These aspects 
are often underemphasized in low- and middle-income 
regions despite sometimes having rich natural resources 
for technological deployment. By embedding these 
competencies into the Engineering Biology curriculum, the 
region will be equipped with proper human capital ready to 
contribute toward the development of global bioeconomy. 

Technical and Pedagogical 
Approaches

To effectively design the curriculum that matches 
recent technical development and keep awareness of 
available resources, the framework will adopt a modular 
and interdisciplinary approach that balances technical 
knowledge with practical application that can be tuned for 
effective adaptation in the institutional context.

On the technical side, the curriculum will cover core areas of 
Engineering Biology and emerging topics, including:
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Thailand as a representative context to 
implement curriculum

Context of this Framework: Using 
Thailand as Model

This Curriculum Framework is designed to support 
countries or regions for their development of new 
Engineering Biology curriculum, focusing on the higher 
education setting. Hence, we sought to use Thailand as 
a center for narrative due to its unique role in the frontier 
research in Engineering Biology from the Low- and Middle-
Income countries region with dedicated policy on building 
bioeconomy in the past decades. Specific points on why 
Thailand serves as a good model for curricula development 
were listed below and some should be overlapping with 
other countries with lower access to resources, inclusive to 
the Global South.

1. Thailand�s Strategic Position in 
Southeast Asia

Thailand serves as a hub in Southeast Asia, both 
geographically and economically, making it a good 
representation region for the Engineering Biology 
Curriculum Framework development. As a key member 
of the Association of Southeast Asian Nations (ASEAN), 
Thailand is well-positioned to influence and collaborate 
with neighboring countries in advancing biotechnology 
and bioeconomy efforts. With a population of over 70 
million and diverse manufacturing sectors from agriculture, 
chemical industry, to advanced healthcare services, Thailand 
offers a substantial market and workforce for biotechnology 
innovations development and deployment. The curriculum 
framework in context of Thailand can effectively reach 
and influence surrounding nations in Southeast Asia 
immediately. At the same time, several challenges present 
in the region make it appropriate for identifying pain points 
that can be applied to other countries of similar situation.

2. Thailand�s Bioeconomy Vision and 
National Strategy

In the past decade, Thailand has made significant strides 
in bioeconomy development fitting for the context 
of the curriculum framework development [ref]. The 
government�s Bio-Circular-Green (BCG) economic model 
was adopted as a national agenda in 2021, aims to leverage 

biotechnology and biomanufacturing to drive sustainable 
economic growth. It was later introduced to APEC 
community in 2022. Engineering Biology plays a crucial 
role in realizing the BCG vision by enabling bio-based 
industries, green manufacturing, and sustainable biological 
recycling/upcycling toward circular economy. With active 
route established by the local government, the curriculum 
framework can align with national priorities and facilitate 
the implementation of new curriculum.

3. Existing Scientific and Educational 
Infrastructure

Thailand has a well-established scientific infrastructure 
that can support the curriculum framework. The Thailand 
Synthetic Biology Consortium recently found in 2021 
serves as a bridge for partnership between public-
private-academia. Several universities and institutes offer 
life sciences and biotechnology programs, including 
higher education level, providing a strong foundation for 
initiating Engineering Biology curriculum. By leveraging 
these existing resources and partnership, the curriculum 
framework can be integrated with local/national academic 
programs and foster interdisciplinary collaboration among 
Thai institutions and in nearby countries.

4. Regional Biodiversity and 
Agricultural Potential

Tropical climate in Thailand provides rich biodiversity and 
agricultural strength, advantageous for biotechnological 
applications. With over 30% of its labor force in agriculture, 
the country presents opportunities for Engineering Biology 
to develop and implement technologies surrounding 
food and bio-based manufacturing. By including Thailand-
specific case studies and challenges in the curriculum 
framework, students will gain hands-on experience in 
applying Engineering Biology to address real-world 
agricultural and environmental issues. It is important to note 
that the deployment of Engineering Biology technology in 
Southeast Asia is still under-implemented and less widely 
recognized by the general public. Therefore, advancing 
education and engagement with local stakeholders will 
greatly benefit the community beyond the borders of any 
individual country.
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5. Thailand as a Model for Low- and 
Middle-Income Countries

As a middle-income country, Thailand faces challenges 
common to many nations in the Global South, such as 
resource constraints, talent retention, and scaling biotech 
innovations. By focusing the curriculum framework on 
Thailand, the program can be adapted to other countries 
with similar developmental trajectories. Additionally, 
Thailand�s bioeconomy policy experience, including 
regulatory reforms and public-private partnerships, offers 
valuable insights for other countries aiming to develop their 
bio-innovation ecosystems. The curriculum framework, 
therefore, has the potential to become a replicable model 
for many other countries, especially in Southeast Asia.

Beyond Southeast-Asia or other Asian LMICs, it is also 
applicable to apply the framework developed for Thailand 
to that of other Global South countries in other regions. 
In Chapter 4, Exemplary Curricula were narrated for 
Uganda, representative of Africa, and Chile, representative 
of South America, in addition to that of Thailand. Despite 
being located further from each other and possessing their 
own unique cultures, the general aspect of the curriculum 
can be transferred, especially for their shared tropical 
climate. At the same time, unique potentials of each 
region can also be leveraged; accordingly, Medical hub for 
Thailand,  Nature conservation for Uganda, and Climate 
focus for Chile.
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Knowledge-based Modules
This section serves as a collection of Engineering Biology 
knowledge repertoire organized into different topics as 
�Modules� which can be i) used to construct a new course 
as is; ii) expanded into detailed coursework; or iii) mixed into 
a new course based on institutional calendar and instructors� 
expertise. A new Engineering Biology curriculum can be 
designed for either 2-semester or 3-quarter systems using 
provided modules in this knowledge-based technical section. 

To be cognizant of diverse school sizes across multinational 
settings and broad training backgrounds of instructors 
within an umbrella discipline like Engineering Biology, 
the modules set-up serves as a malleable framework for 
optimization. The topic-based module guidelines are 
modular and independent of credit systems necessary 
for degree requirements. Any institution adopting this 
guideline for designing a new higher education curriculum 
will be equipped with technical guidelines while free of 
bureaucratic regulation which is oftentimes difficult to port 
from one region/country to another.

Essential Topics for Engineering 
Biology Curriculum

Essential Topics are key modules necessary for 
understanding the development of novel Engineering 
Biology technologies. Each module will consist of multiple 
topics to be considered for course design. Here, diverse 
topics are categorized into Responsibility, Biology, 
Engineering, and Frontier-Technology supermodules. For 
an effective curriculum, 50% of essential topics modules�
or their subsets�are encouraged to be provided within the 
graduate degree course selections. At least two essential 
topics of each supermodule should be provided as a core 
course or integrated into other courses to ensure students� 
broad understanding of Engineering Biology concepts, 
Frontier of technological advancement, and Responsible 
research conduct post-graduation. Particularly for the 
Responsibility supermodule, this curriculum framework 
encourages that selected modules of this section are 
incorporated into every course in the curriculum either 
as a standalone lecture, accompanying case studies, or as 
reading materials alongside the core technical contents.

A list of Essential Topics modules is outlined below 
with categorization into Responsibility, Biology, 
Engineering, and Frontier-Technology supermodules. 
Suggested contents of each module to be covered 
are provided which can be used as a starting point for 
instructors to design course syllabi.

It is important that incorporation of computational 
approach into each module is encouraged especially when 
they can be linked to Practical Modules. The modelling 
section, Design-Build-Test-Learn concept, and AI/ML focus 
modules are also increasingly accessible with emergence of 
powerful small computers and cloud computing systems. 
On the other hand, this strategy is especially useful in the 
low-resource settings to bypass some existing infrastructure 
barriers. For instance, SynBio4ALL Africa has been operating 
an online lecture plus pilot experimental process where 
significant portion of participants use mobile phones 
throughout the course, avoiding the necessity of bigger 
personal computers and scientific apparatus.

Note that some suggested contents may require extensive 
resources inappropriate to that of LMICs setting. Sections 
with expensive set-up will be marked as �High-Resource�. 
Accordingly, content with outstanding applications in the 
LMICs will be marked as �Low-Resource�.
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Practical modules

Lab Train Research Internship

Figure 15: Structure of the Three Training Tracks � Lab, Research, and Internship. ' NXPO

Practical modules are key elements to novel curriculum 
especially in the age of AI and automation which 
necessitate unique learning outcome beyond knowledge 
gain. Therefore, several routes to establish practical training 
are necessary. In this curriculum framework, three instances 
of practical training tracks are encouraged as part of the 
courses or as a dedicated training course. 

Three practical training tracks are

1.	 Laboratory and technical skills training

2.	 Project-based research based on given problem 
statements

3.	 Internship program with partnership outside 
academic institutions  

Out of these three tracks, the laboratory training for 
technical skills is the most straightforward as they can be 
constructed on top of the knowledge-based module and 
dedicated certain class time for practical training. Some 
lab practicals are listed below based on knowledge-based 
essential modules.

On the other hand, project-based training and internship 
programs require thorough planning both within and outside 
the institutions. Examples are also provided for each track.

Laboratory and Technical Skill Track

Holistic Approach to Synthetic 
Biology

Lab Practical: Basic Molecular Cloning
Students will perform a simple molecular cloning 
experiment by inserting a gene of interest into a plasmid 

vector. They will use restriction enzymes to digest both 
the plasmid and the gene, followed by ligation to create 
recombinant DNA. Transformation into bacterial cells will 
be followed by antibiotic selection to identify successful 
clones. Students will verify the presence of the insert using 
PCR and gel electrophoresis. This hands-on exercise will 
familiarize them with cloning vectors, genetic selection 
techniques, PCR, and DNA analysis, demonstrating the 
core principles of molecular cloning and its applications in 
synthetic biology.

Lab Practical: DNA assembly reactions

Students can perform a DNA assembly reaction (Gibson, 
Golden Gate, etc.) and transform the assembled products 
into E. coli. While successful assembly can be verified via gel 
electrophoresis, the instructors can consider using visible 
gene products such as chromoproteins or fluorescent 
proteins as a part of their DNA assembly, so students can 
see successful assembly in cells (i.e. via production of 
bacterial colonies containing the right color) 

Lab practical: CRISPR for gene editing and 
detection

Students can learn how to design guide RNAs for commonly 
used CRISPR-Cas systems (Cas9, Cas12, Cas13). Lab activities 
can involve testing such designs in E. coli, where students 
can compare gene editing activities of their different 
designs. For gene insertion, a comparison of Cas9-mediated 
insertion vs Prime editing could illustrate different design 
principles, off-target effects, and editing efficiencies of 
different methods. See further reading at [CRISPRpedia - 
Innovative Genomics Institute (IGI)]

' Freepik ' Freepik' NXPO
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Internship Program Track 

The internship program is not common in the engineering 
biology field due to the nature of the research which 
requires longer training time. With that, the curriculum 
designers need to put extra work into coordinating with 
other companies or institutions to enable these internship 
opportunities for students in the program. Internship-style 
training is encouraged to give trainees exposure to a real 
working environment in the field which cannot be learned 
in the regular academic set-up. The timing of internship can 
be adjusted based on organizational preferences. However, 
the longer internship time, at least 2-3 months long, will be 
more beneficial over the short ones due to conventionally 
steep learning curve in engineering biology practice. Of 
note, internship training at the private company or even 
a start-up can put students into the working environment 
prior to joining the job market and most of the time even 
increase their potential as a candidate. If an industry job is not 
students� career path, interning at the research institution 
such as national laboratories or research institutes can 
also provide experience in the research and development 
sector or even government-related tasks not available in the 
classroom. While the internship can be pursued alone by 
individual student, it is also plausible to conduct a capstone 
project style for an agile student working group (less than 
6 members). This small team practice will be an important 
steppingstone especially for students with interest in 
entrepreneurial space. Furthermore, the internship should 
not be limited to only technical STEM training. Training for 
policy and governance section is also meaningful especially 
in the community where these frontier technologies are 
relatively new. Workforce in non-STEM tracks are necessary 
comparable to highly technical human resource. While this 
Internship Program Track is beneficial for such Graduate 
Degree Curricula, it should be applicable to specialized 
undergraduate program track as well. See Chapter 5 for 
further elaboration.

Scenario: Three-Month Internship at a Synthetic 
Biology Start-Up Focused on Biomanufacturing of 
Sustainable Fragrances

During the summer of their master�s degree, a group of 
Engineering Biology students is matched with a growing 
synthetic biology start-up that engineers� microbial 
platforms to produce sustainable fragrance molecules, 
replacing petrochemical or animal-derived sources in the 
flavor and fragrance industry. The internship is coordinated 
by the university�s engineering biology program office, 

which has built a partnership pipeline with emerging 
biotech companies. The selected students undergo a 
short pre-internship bootcamp to prepare for industry-
standard lab protocols, regulatory expectations, and project 
documentation practices.

During their three-month full-time internship, students are 
integrated directly into project teams. One student joins 
the Strain Engineering Team, working on optimizing 
yeast chassis for higher product titers using iterative rounds 
of CRISPR editing and metabolic flux balancing through 
plasmid DNA design and genome editing campaigns. 
Another is embedded in the Analytical Chemistry 
Team, developing LC-MS workflows to quantify product 
yield and detect byproducts. A third intern supports the 
Automation and Data Engineering Team, helping 
build data pipelines and dashboard tools that analyze real-
time fermentation results from bioreactors. Each intern is 
paired with a company mentor and attends biweekly R&D 
meetings. They contribute to actual company milestones, 
such as strain validation before scale-up or QC development 
for downstream processing. They also attend training on 
intellectual property management, quality control, and 
GMP readiness, which are rarely covered in academic 
environments.

Midway through, interns participate in a company-wide 
design sprint, pitching ideas for improving productivity or 
sustainability in their workflows. By the end, they produce 
a technical report and give a presentation to both the 
company and university partners, reflecting on what they 
learned and how it fits their future goals. One student 
decides to pursue a career in industrial strain engineering, 
while another becomes interested in regulatory policy for 
biotech and later interns with a national biosafety authority. 
In this scenario, the internship doesn�t just enhance 
technical competency�it also deepens the students� 
understanding of team-based R&D, business timelines, and 
the market impact of engineered biology.
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