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SHORT SUMMARY

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 (Al) 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 Al, 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, 4
the technologies themselves are often deployed in the
Low- and Middle-Income Countries (LMICs), solicitating
the focus of this framework.

EU bio-based
iIndustries account
for 2.7 trillion

and 8.5%0 of the
workforce

Designed under the visionary of UNESCOs International
Basic Sciences Programme, the Engineering

Biology Curriculum Framework equips learners with
interdisciplinary skills in biodesign, biomanufacturing,
bioinformatics, and Al-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.

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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Engineering Biology - Curriculum Framework

Foreword

One of the main drivers of the 4th Industrial Revolution is the accelerated advancesin 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 challenges®.

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 Al-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 valorisation? 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.

1 Nature Communication. (2022) 13:3516
2 Nature Communication. (2025) 16:3538
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Acronyms and Abbreviations

Al Artificial Intelligence
AMR  Antimicrobial Resistance
ASR  Ancestral Sequence Reconstruction
BCG  Bio-Circular-Green (Economy) Model
CAD  Computer-Aided Design
CRISPR  Clustered Regularly Interspaced Short Palindromic Repeats
DBTL  Design-Build-Test-Learn
DNA  Deoxyribonucleic Acid
ELMs  Engineered Living Materials
ELSI  Ethical, Legal, and Societal Issues
FBA  Flux Balance Analysis
iPSCs  Induced Pluripotent Stem Cells
LMICs  Low- and Middle-Income Countries
ML  Machine Learning
NGS  Next-Generation Sequencing
ODEs  Ordinary Differential Equations
PCA  Principal Component Analysis
PCR  Polymerase Chain Reaction
RNA  Ribonucleic Acid
SDGs  Sustainable Development Goals
STEM  Science, Technology, Engineering, and Mathematics
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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

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
productsand 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 Stdphane
Leduc (1853-1939), a French biochemist first used biologie
synth@tique in 1910, in his book Th@orie physico-chimique
de la vie et g@n@drations spontan@es and then again in
1912 in La Biologie synth@tique. 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
analysistoanotherround of design, iterativelyimproving the
system. The cycle incorporates many different capabilities
and disciplines including gene editing, modelling and Al
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 all* . Additional descriptions of each discipline were
provided in the Glossary of Terms..

3 Research and analysis Report. Engineering Biology Aspirations. April 2025. UK Government Office for Science.
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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.* ® 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 ® 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 sufficient®. 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 community’. 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 Asilomar®,
Modern biotechnology, has transformed how mankind
perceives biological systems equivalent to how Artificial
Intelligence (Al) 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.

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
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Application-specific innovations

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
conversion®. Engineering Biology is being marketed as
a method of bioremediation for making or digesting
plastics in a carbon-negative manner®. 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 issues'. 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/metalloids'2. 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 health®.

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 (Al) 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 Al, 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

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)
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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 DeepMinds
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
proteins 3D conformation from its amino acid sequence
alone 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

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 lights. 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 $1%. Other
technological developments are also implanting these low-
cost scientific and educational instruments and reagents,
e.g. establishment of Africa Open Science Hardware (OSH)Y’
and Reclone: Reagent Collaboration Network® 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.

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/
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Biosafety and biosecurity

Engineering biology applications may challenge current
risk assessment and oversight processes established by
domestic and international frameworks, including the
Convention on Biological Diversity®®. The current state of
biosafety and biosecurity standards related to environmental
biotechnology both overlaps with and leaves gaps in relation
to other regulations®. 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).

Strain development
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might unintentionally spread through the native microbiome
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Figure 2 Strategies for biosafety and biocontainment in environmental biotechnology? * NXPO

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

20 Beeckman, D. S. A. &R delsheim, 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)
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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 Al, 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

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 issue?,

Biotechnology s growing complexity makesit 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 codes® 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
Al, 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 biotechnology?. Figure 3 is an
overarching chart from the report.

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

23Sabary, 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).

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

10 27

Short
(2020-30)

Medium
(2030-40)

Time horizon

41

Other?

Modify human biology
Il Modify animal, plant, microbe biology
H Apply insights from biological data

Long
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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
andreduce CO emissions by 3—1kg per kilogram of product,
compared to fossil-based counterparts®. While biofuels have
received policy attention through government quotas and
mandates, the broader environmental value of bio-based
chemicals and materials has often been overlooked®.
Beyond manufacturing, microorganisms play vital roles in
carbon and nutrient cycling, ecosystem health, agriculture,
and food security roles that remain underappreciated in
national policy frameworks®.

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
underexplored®, 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 2,

25 Ray Weiss and Ronald Prinn. Quantifying greenhouse-gas emissions at atmospheric measurements: a critical reality check for climate legislation.

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.

27 Ricardo Cavicchioli et al. Scientists warning to humanity: microorganisms and climate change. Nature Reviews Microbiology volume 17,

pages569 586 (2019)

28 Onyeaka, H. & Ekwebelem, O. C. A review of recent advances in engineering bacteria for enhanced CO2 capture and utilization. Int. J. Environ. Sci.

Technol. 20, 4635 4648 (2023).

29 J. Symons et al. Engineering biology and climate change mitigation: Policy considerations. Nature Communications volume 15: 2669 (2024).
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Table 1 illustrates EngBios potential climate mitigation contribution? ® NXPO



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)®. U.S. bio-based manufacturing
supports 4 million jobs and $370 billion in value, while
Indias bioeconomy passed $4 billion in 2013. Brazils
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
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Publicawareness,however, lagsfarbehind. 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 appreciated®. Gaining public trust
in engineering biology will require scientists and engineers
to improve how they communicate, using accessible and
relatable language®.

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.

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
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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.

SinceEngineeringBiologywasbroadlydefinedasanumbrella
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. EBRCs 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. ** ® 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 European Union
House Executive Order

The Bioeconomy Research and Development Act of 2021 EUSynBioS Initiative

represents a landmark policy framework in the US, designed

to strengthen the nation s leadership in bio-based industries  1h€ European SyntheticBiology Society (EUSynBioS)is
and accelerate the translation of Engineering Biology a grassroots initiative that connects scientists, policymakers,
innovations into marketable products. It aligns with White ~ and industry experts across Europe to promote Engineering
House strategies, such as Executive Order 14081, which Biology. It focuses on networking and collaboration among
calls for advancing biotechnology innovation to strengthen ~ EUropean researchers through conference and workshops
US supply chains and address global challenges, including ~ Organization. It also focuses on policy advocacy and
climate change, health security, and sustainability. The act ~€ducational programs through various events across the
was part of a broader White House initiative to promote  continent. EUSynBioS plays a key role in shaping EU policies
biotechnology and biomanufacturing as strategic priorities N Engineering Biology by advocating for sustainable and
for national security, economic growth, and sustainability.  "esPonsible practices.

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 USs broader bioeconomy goals by promoting

biotechnology-driven economic growth.
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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 Biolnnovation Institute (BIl), 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 Al 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.

Biolnnovation Institute (BII)

The Biolnnovation Institute (BIl), established by the Novo
Nordisk Foundation in Copenhagen, is an international
incubatorthatsupportslife sciencestartupswithastrongfocus
on engineering biology, biotherapeutics, and health tech. Bl
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, BIl nurtures a vibrant ecosystem
where researchers and founders can develop solutions in
areas such as microbial production platforms, cell-based
ther