
Perspective https://doi.org/10.1038/s41467-025-58492-0

Engineering biology applications for
environmental solutions: potential and
challenges

David J. Lea-Smith 1,14 , Francis Hassard 2,14, Frederic Coulon 2,
Natalie Partridge 3, Louise Horsfall 4, Kyle D. J. Parker 4,
Robert D. J. Smith 4, Ronan R. McCarthy 5, Boyd McKew6, Tony Gutierrez 7,
Vinod Kumar2, Gabriella Dotro2, Zhugen Yang 2, EBIC partners8* &
Natalio Krasnogor 3,9

Engineering biology applies synthetic biology to address global environmental
challenges like bioremediation, biosequestration, pollutant monitoring, and
resource recovery. This perspective outlines innovations in engineering biol-
ogy, its integrationwith other technologies (e.g., nanotechnology, IoT, AI), and
commercial ventures leveraging these advancements. We also discuss com-
mercialisation and scaling challenges, biosafety and biosecurity considera-
tions including biocontainment strategies, social and political dimensions, and
governance issues that must be addressed for successful real-world imple-
mentation. Finally, we highlight future perspectives and propose strategies to
overcome existing hurdles, aiming to accelerate the adoption of engineering
biology for environmental solutions.

Addressing environmental challenges arising from growing,
increasingly industrialised global populations and urbanisation will
rely on various technologies, including engineering biology. Engi-
neering biology is applicable to the detection and degradation of
pollutants, greenhouse gas sequestration, and conversion of waste
streams, especially recalcitrant and non-biodegradable ones, to
value-added product generation and replacement of fossil fuel-
derived production with biological alternatives1. The UK government
defines engineering biology as ‘the design, scaling, and commercia-
lisation of biology-derived products and services that can transform
sectors or produce existing products more sustainably’ and has
designated the field as one of five critical technologies2. Engineering
biology is sometimes synonymous with synthetic biology or biolo-
gical engineering, although in this case, the goal is to take synthetic
biology concepts and translate them into practical solutions to
address real-world issues and markets and, at the same time, create
value chains out of them. Combined private and public investment in

the synthetic biology sector totalled US$16.35 billion in 2023, with
the market size expected to reach approximately US$148 billion
by 20333.

This article focuses on the potential applications, considerations
and challenges of utilising and engineering microbes for environ-
mental applications, which we term environmental biotechnology. We
do not focus on the synthetic biology tools, except where they impact
environmental implementation, biocontainment, biosafety, or reg-
ulatory requirements. There are significant obstacles that need to be
overcome to fully realise the potential of environmental
biotechnology4. Scaling-up these engineered systems and their digital
twins to real-world applications needs better understanding to bridge
the gap between lab conditions and complex environments5,6. Devel-
oping suitable standards7 and addressing ethical, regulatory, and
societal dimensions, play significant roles in deploying synthetic biol-
ogy applications8. These considerations will be discussed in greater
detail in the following sections with relevant examples provided.
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Application-specific innovations and challenges
Engineering biology relies on a range of technologies, including syn-
thetic biology tools for rapid plasmid assembly and precise chromo-
somal modification, which can be upscaled via automation8 (Fig. 1). A
recent report from Barclays listed 379 active engineering biology
companies in the UK, but few focus on environmental solutions.
Supplementary Data 1 lists some companies working in engineering
biology and/or bioremediation9,10. Companies can be grouped by
environmental application and the shared challenges and opportu-
nities this presents.

Companies convert greenhouse gases into valuable compounds
using phototrophic organisms such as cyanobacteria, algae, or plants
(e.g., CyanoCapture, Biorizon Biotech, Algenol, Cemvita Factory,
Checkerspot, Aequor) or metabolically engineered heterotrophic
bacteria (Lanzatech, Mango Materials, Newlight Technologies).
Income is derived from carbon permits and the final product. Carbon
permit and/or Emission Trading Schemes (ETS) prices vary between
countries and over time (i.e., since 2022, from 50 to 100 euros per
tonne in the EU), with global revenues reachingUS$104 billion in 2023.
However, at theseprices,most incomewill have to be derived from the
final product. Over 50 products, mainly low-value ones like bioplastics
and biofuels, have been generated from gaseous feedstocks. This
greenhouse gas-based production can partially replace fossil-based
manufacturing, mitigate climate change, and contribute to delivering
net-zero emissions11,12. However, commercial success is challenging
unless petroleum or carbon permit prices increase or higher-value
products are generated. Political challenges, like higher industry costs
and potential job losses, make increasing carbon permit prices

difficult. Greater parity for carbon permits and ETS between countries
may aid political implementation.

Companies using plant-derived sugars for the production of
industrial compounds (Genomatica), textiles (Modern Synthesis,
Solena Materials), pigments (Colorifix, Pili), or bioplastics (Danimer
Scientific, Genecis, Pond, Intropic Materials, EVA Biosystems, Biome
Bioplastics) competewith petroleum-derived products andwould also
benefit from these policies. One issue these companies face is com-
petition with food production and limited agricultural land, which
restricts the scaling up of commercially viable processes. For example,
Brazilian ethanol production from sugar cane has remained stable,
with minor increases primarily due to greater land usage linked to
deforestation13, which is spatially and environmentally unsustainable.
Lignocellulosic-based bioethanol production has been minimal but
could increase yields, with commercially viable production demon-
strated by Razien SA. Utilising lignocellulose biomass to produce
higher-value compounds, like food substitutes (e.g., Supplant, Novo-
nutrients), may be more economically viable and limit concerns about
food competition. Companies using engineered microbes to improve
soil quality, crop yields, and reduce fertiliser use (Pivot Bio, Pantego)
could help alleviate this issue.

The environmental remediation market is valued at approxi-
mately US$115 billion (Grand View Research), 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 environ-
mental pollutants such as PAHs (polycyclic aromatic hydrocarbons),

Fig. 1 | Overview of synthetic biology tools and techniques for environmental applications.
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PCBs (polychlorinated biphenyls), PFAS (Per- and polyfluoroalkyl
substances), plastics, pharmaceuticals, pesticides, and heavy metals/
metalloids. Many remediation companies (e.g., AST Environmental,
Probiosphere, Drylet, In-Situ Remediation Services, VHE, UK Reme-
diation, Veolia Remediation Services, Soilfix Ground Risk Solutions,
Sumas Remediation Service) offer bioremediation among their ser-
vices, and the market is forecast to be $17.8 billion by 2025 and
growing at a predicted rate of over 10% per year. Bioremediation
strategies include biostimulation of native microorganisms or plants
with the addition of nutrients, oxidants, electron donors/acceptors,
and biosurfactants, and controversially, the addition of microbes with
the genetic capacity to biodegrade target pollutants, which may have
limited effectivity compared to native communities14. There are few
commercial bioaugmentation products, which typically contain only
undisclosed and unmodified Class I organisms. Despitemuch research
interest since the 1980s15, and some successes in modifying bacteria
with enhanced biodegradation capacities16,17, there remain no com-
mercial applications of engineered microbes for bioremediation. This
can be attributed to difficulties in engineering microbes that can out-
compete native organisms while only targeting recalcitrant pollutants
representing a tiny fraction of the available organic carbon pool, as
well as a lack of field trials, regulatory hurdles, and safety and con-
tainment concerns about releasing GMOs.

Another avenue is to engineer microbes to produce products,
such as biosurfactants, that can be used in remediation. The global
biosurfactants market exceeded USD $1.5 billion in 2019 and is pro-
jected to grow at over 5.5% from 2020 to 202618 with multiple manu-
facturers, including Ecover, Jeneil Biotech, Evonik, and Biotensidon19.
The increasing global interest in biosurfactants is due to their low
toxicity, biodegradability, low environmental footprint, and impact20,
though they are typically more expensive than synthetic chemical
surfactants21. Household detergents are the largest applicationmarket,
followed by cosmetics and personal care, and the food industry19.
Whilst there are some remediation products that contain biosurfac-
tants for small-scale pollution bioremediation (e.g., Motivate Biosti-
mulant, Bio8 Industrial), the major challenge is upscaling production
to replace for example, the chemical surfactants used within oil spill
dispersants, while keeping costs low. Production of biosurfactants at
scale remains challenging even with improved production strategies19

and engineering biology approaches22–24.

Integration with other technologies
Integrating synthetic biology with nanotechnology, the Internet of
Things (IoT), and artificial intelligence (AI) enhances deployment of
engineering biology for environmental applications25 (Fig. 2). Syn-
thetic biosensors, including cell-based and cell-free devices26, can
detect a wide range of target molecules such as pollutants, heavy
metals and biomarkers with high precision and reliability. These
biosensors are usually low cost, easy to use and can operate in
remote or resource-limited settings, making them ideal for inte-
gration into environmental monitoring systems via IoT and AI. The
synergy between synthetic biology and the IoT is transforming
environmental monitoring. IoT devices with sensors and sensor
network can track environmental conditions in real-time, triggering
genetically engineered microbes to respond to detected pollutants
by activating specific metabolic pathways. This adaptive response is
useful in dynamic environments where rapid changes in conditions,
such as fluctuating pollutant levels, could require a directed
response or action. For instance, microbes could increase the pro-
duction of enzymes to degrade toxins, signal for remediation mea-
sures, or adjust their activity to optimise pollutant removal27. AI
could complement this by analysing vast amounts of environmental
data to predict the behaviour of bioengineered organisms under a
variety of conditions, enabling the optimisation of their functions in
complex ecosystems. This application is particularly relevant in

tasks such as biodegradation and carbon capture, where tailored
organism functions could significantly increase efficiency28,29.

Furthermore, the integration of synthetic biology with robotics
has led to automated bioreactors thatmaintain optimal conditions for
engineered organisms. These robotic systems regulate factors such as
temperature, pH and nutrient flows, ensuring consistent growth and
activity levels. Automation also streamlines sampling and testing
processes, enabling continuous monitoring crucial for large-scale
applications30. The convergence of synthetic biology with cyber-
physical systems, including digital twins, opens new frontiers in
environmental management31. Interconnecting these systems via the
IoT enables the collection of real-time, geographically spread data on
environmental parameters, which AI can utilise to predict environ-
mental trends and adjust the behaviour of bioengineered organisms
accordingly. Additionally, geospatial technologies combined with
synthetic biology enhance multi-scale spatial management of bio-
technological interventions. Unmanned aerial vehicles, equipped with
enhanced biosensors could be applied to identify areas heavily
impacted by pollutants, guiding targeted deployment of genetically
engineered plants or microbes where they are most effective32. Cloud
computing and cloud laboratories manage the vast data generated
from synthetic biology applications, allowing refinement of design and
deployment strategies to ensure effectiveness and safety at large
scales33. Bio-cyber factories are integrated systems combining biolo-
gical production with cyber-physical components, allowing for
decentralised and automated bio-manufacturing processes. They uti-
lise real-time data and computational models to optimise biological
production, potentially contributing to decentralised bio-production
and addressing rural-urban migration and gender inequality24.

Finally, hybrid engineered living materials (HELM) is an emerging
field that blends living organisms, typically microorganisms, with inert
substrates to forge materials with enhanced and novel functionalities.
This innovative approach leverages the principles of synthetic biology
to imbue these composites with capabilities such as in-situ sensing and
the bioremediation of pollutants, including heavy metal ions34. Addi-
tionally, HELM has facilitated the development of biocomposite ther-
moplastic polyurethanes. These materials were embedded with
Bacillus subtilis spores genetically tailored through both adaptive
laboratory evolution and synthetic biology techniques. Such engi-
neering allows these spores to withstand the high temperatures
required for polyurethane production and includes a fluorescent
reporter to monitor spore germination35. This integration of living
materials into syntheticmatrices represents a significant advancement
in materials science, combining biological functionality with tradi-
tional engineering materials to address environmental challenges36.

Commercialisation and scale-up of engineering
biology
Commercialisation of engineering biology has proven challenging,
partly because it is a relatively new suite of technologies. A relevant
comparison iswith solar, wind, and nuclear energy, whichhaddecades
of public and private investment in fundamental sciences and trans-
lation to practical solutions before full deployment. That sustained
investment moved upwards the technological readiness level of the
science & technology behind those disciplines. Careful resource
investment works and delivers results to society. Therefore, engi-
neering biology would benefit from sustained investment to demon-
strate application at scale. Another factor that could improve
commercialisation is standardising legislation between major markets
on what types of engineered organisms can be deployed. This is
especially critical if organisms are to be released in open
environments37. Achieving commercial success is harder for technol-
ogies limited to certain countries. The regulatory distinction is an
arbitrary one and should not be focused on how the organism was
made but rather onwhat it does. For example, there is no fundamental
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distinction between amarkerless engineered organism if it ismodified
via CRISPR or using selectablemarkers like sacB. Given the scale of our
environmental challenges, this regulatory distinction could hamper
environmental protection by fostering inactivity.

Downstream processing, encompassing the separation and pur-
ification of the desired product from the culture medium, poses sig-
nificant challenges at scale38. Steps such as centrifugation, filtration,
and chromatography must be optimised to maintain high yield and
purity while managing increased material volumes. How well genetic
constructs persist during scale-up is another vital consideration.
Engineered strains should display genetic stability and perform under
industrial conditions, ensuring desired traits are maintained over
extended production cycles and larger volumes39. Contamination
control becomes more challenging as the scale increases. Imple-
menting effective sterilisation procedures and designing bioreactors
to minimise contamination risks are essential for maintaining axenic
cultures, thereby ensuring the competitiveness and productivity of
engineered strains40. Scaling-up and integrating Engineering Biology
technologies into real-world settings also requires practitioner
knowledge, which should be accessed at the conceptualisation and
design phases so that it can shape decision-making from the outset.
Progressing the field is therefore reliant on learning from past pitfalls,
assessing why specific processes were unsuccessful or not commer-
cially viable, which are often unreported by companies. Disclosure of
data, including scaled-up outcomes post-IP protection, is crucial and
arguably should be mandatory for entities receiving government
funding. While privately funded companies may hesitate to publish,
sharing such information could be beneficial, particularly for scaling
processes optimised in the laboratory. Despite potential risks of
unauthorised technology use, this transparency allows scrutiny by the

scientific community, leveraging peer review as expert consultation.
Suggestions from such scrutiny could enhance processes, potentially
minimising investor losses on non-viable technologies or enhancing
commercial prospects for viable ones.Moreover, this approachcan aid
in retaining top research talent motivated by scientific publication,
akin to the successful model pioneered by Genentech41.

Economic viability is crucial for scale-up, requiring process opti-
misation to reduce costs associated with energy, raw materials, and
labour while maximising yield and productivity. Economic modelling
can improve cost-efficiency predictions. Regulatory compliance is
essential, ensuring processesmeet standards for environmental safety,
product quality, and operational practices. Achieving compliance is
critical for market approval and the commercial success of the bio-
technology solution42. Beyond the bioreactor, deploying synthetic
biology in environments where engineered organisms face competi-
tion requires additional consideration. In such systems, engineered
microbes must maintain their functional roles amidst native microbial
communities. Strategies include developing synthetic microbial con-
sortia to outcompete natural populations, designing genetic con-
structs that enhance resilience and adaptability, and incorporating
mechanisms for dynamic interaction with the environment43. For
instance, engineered microbes might be programmed to switch
metabolic pathways in response to environmental signals,maintaining
activity under fluctuating conditions. Genetic stability of strains is less
important for biosensors and bioremediation utilised once or over
short periods of time and could even be advantageous. For example,
multiple studies have successfully usedmicrobial consortia specialised
for hydrocarbon degradation to bioremediate contaminated soil44,
and it is unlikely that such organisms persist in a hydrocarbon-
deficient environment. Bioremediation of sites polluted with heavy

Fig. 2 | Integration of synthetic biology with emerging technologies for enhanced environmental monitoring and remediation.
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metals or PFAS can restore habitats, facilitate the return of native
species, and improve ecosystem health45. Other challenges and
opportunities in applied syntheticbiology are discussed inHanson and
de Lorenzo, 202346.

Biosafety and biosecurity
Engineering processes for genetically modified microorganisms and
their use in environmental biotechnology must be safe and trust-
worthy. Deploying engineered microbes in the environment needs
thorough ecological risk assessments to prevent adverse effects on
biodiversity. Strategies that enhance microbial efficiency must be
balanced with safeguards to avoid unintended ecological con-
sequences, such as disrupting native microbial communities or
affecting higher trophic levels. The UK has strict legislation controlling
the deliberate releaseof geneticallymodified organisms (GMOs). Since
2011, only three consents forGMO release have been granted, with two
pending. In the US, three agencies are responsible for regulating
GMOs, the Food and Drug Administration, the Department of Agri-
culture, and the Environmental Protection Agency. It is likely that any
microbes utilised for environmental solutions would be regulated by
the latter two. In the European Union, the regulatory framework for
GMOs is undergoing revisions to account for new genomic techniques
(NGTs). The European Commission is considering updates that may
differentiate between organisms produced by conventional genetic
modification and those developed through precise gene-editing
methods, potentially easing restrictions for certain environmental
biotechnology applications.

The development of technologies for precise genetic modifica-
tion of plants allowed for the passing of the Genetic Technology
(PrecisionBreeding) Act in theUK in2023, similar to legislation already
in place in Argentina, the US, Australia and Japan. The act distinguishes
GM from precision breeding in that the former may include genetic
changes that could not have occurred naturally through traditional
breeding. As such, the act covers precision-bredplants andmayextend
to animals engineeredwith gene-editing techniques. The availability of
similar technology for microbes means such acts should be extended
to cover the use in environmental biotechnology. Controlled envir-
onmental release of microbes engineered with antibiotic resistance
genes is highly unlikely, as these may transfer to pathogenic species.
However, technologies to precisely gene edit microbes mean it is
possible to produce strains containing no additional foreign DNA.
Selectable markers, including sacB, allow removal of antibiotic resis-
tance genes. Increasing application of CRISPR-Cas to a broader range
of microbes, coupled with Directed Accelerated Revision Technology,
opens new opportunities and challenges for environmental synthetic
biology biosafety and biosecurity47–49.

The current state of biosafety andbiosecurity standards related to
environmental biotechnology both overlaps with and leaves gaps in
relation to other regulations50. 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 mod-
ification andwill assess the relative risk to the environment, and animal
or human health (e.g., hazards, severity, likelihoods, etc.). Contain-
ment level (BSL1 to BSL4), safeguards, control measures, and assign-
ment 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 con-
sidering thepotential of these technologies to bring solutions thatmay
require deliberate release.

Important technical challenges remain in terms of containment
strategies and procedures and control measures (Fig. 3). An engi-
neered organism that might be released into the environment acci-
dentally, 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 engi-
neered 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., hor-
izontal gene transfer. To address these risks, biocontainment strate-
gies have been proposed to improve biosafety of microorganisms51.
There are three main routes to genetically encoded biocontainment,
meaning modified organisms are intrinsically bio-contained rather
than physically contained within flasks, reactors, or other facilities.
These strategies are sometimes referred to as genetic firewalls. One
could bio-contain at the DNA replication level by modifying the DNA
replication machinery of the organism to include some level of auxo-
trophy for some essential compound(s), which could be natural or
new-to-nature nucleotides, or via the development and dependence
on entirely orthogonal DNA replication enzymes or synthetic amino
acids. At the transcriptional level, biocontainment strategies could
involve synthetic gene circuits, orthogonal RNA polymerase-promoter
pairs, and other regulatory interventions. At the translation level,
strategies can focus on auxotrophy for natural amino acids, non-
canonical amino acids and modified ribosomes52. Although research
on the use of non-canonical nucleotides and non-canonical amino
acids is growing, there aremany open questions and unexplored areas
of potential synergy with biosecurity and biosafety. At the time of
writing, there are many non-canonical nucleotides known, but only a
few have been explicitly used as biosafety or biosecurity tools to
enhance biocontainment and genetic firewalls53. An overview of dif-
ferent potential biocontainment approaches is available through
resources like the Biocontainment Finder (https://standardsinsynbio.
eu/biocontainment-finder/) which catalogues various strategies and
their effectiveness.

It is now commonly accepted that genetically encoded bio-
containment escape rates must remain below 10−8 and ideally much
lower to be of practical relevance54. Escape rates refer to the prob-
ability or frequency at which a GMO might escape its intended con-
tainmentmeasures,more precisely, the likelihood of a single organism
escaping containment per generation (or per replication event).
Reported escape rates are based on laboratory-scale experiments with
limited cell numbers. Scaling up to industrial volumes introduces
additional variables and uncertainties. Therefore, while current data
suggest low escape rates, these figures may not directly extrapolate to
large-scale applications, highlighting the need for further research.
Several studies have reported, using various approaches (e.g., ortho-
gonal gene circuits, pH-sensitive kill switches, and engineered auxo-
trophy), lower escape rates, which via a combined strategy reached
10−12 for E. coli55. Escape rates of 10−13 by developing an auxotrophic
system in which E. coli required inorganic phosphate to be exogen-
ously supplied56 and 10−6 to 10−11 in Saccharomyces cerevisiae, via a
layered biocontainment strategy, have been achieved57. Arnolds et al.
argued that existing laboratory demonstrators of biocontainment
might still be inadequate for realistic industrial-scale bioproduction,
let alone environmental release58. Laboratory and pilot scales range
from 0.5 to 10 and 50 to 200 L, respectively, while industrial-scale
ranges from 500 to 5000 L. Therefore, a fed-batchbioreactor reaching
cell densities of 1010 cells/L with a 1000 L capacity would have at any
one time, 1013 cells and hence one could expect escape rates of 10x,
with x > 1, cells per generation.Much larger facilities arebeing built; for
example, Samsung Biologics will have a biomanufacturing capacity of
784,000 L, rendering existing proof-of-concept genetically encoded
biocontainment strategies potentially insufficient. Moreover, fully
recoded genomes, i.e., genomes that had certain codons eliminated
from the translationmachinery, reassigned to a different amino acid or
to the ‘stop’ instruction, which could in principle provide lower escape
rates for biocontainment, remain expensive, time-intensive, and
impractical for most applications.
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Notwithstanding recent progress and theoretical work59,60 on
“ecological firewalls” in which ecological networks and species diver-
sity act as a containmentmechanism, it remains uncertain whether any
individual measure or combination thereof can achieve failproof
genetic firewalls ensuring zero propagation of recombinant DNA or
strains. Given the inherent limitations of genetically encoded con-
tainment strategies and the arguments to deploy engineered biologi-
cal systems in open environments, a complementary approach to
containment that emphasises traceability is also being pursued. Tra-
ceability is facilitated by unique identifiers stably integrated into
genomic regions. Wang and Zhang recommends61, as complementary
strategies to biocontainment, the utilisation of genomic barcodes or
watermarks62. The European Food Safety Authority (EFSA) scientific
committee has recommended that engineered microbes be
barcoded63. In the absence of genomic barcodes, tracking engineered
biological assets requires full genome sequencing and analysis with
sophisticated machine learning tools64, usually trained on proprietary
data sets, to ascertain the origin of an engineered organism or of a
recombinant gene sequence. This shift is facilitated through use of
unique identifiers stably integrated into permissive genomic regions.
Furthermore, very recent advances have enabled the traceability of
horizontal gene transfer events via barcoded ribozymes that are
inserted into mobile genetic elements such as plasmids or
transposons65. The absence of a streamlined system to pre-emptively
identify the provenance of bioassets or their key biosafety attributes,
e.g., Generally Recognised As Safe (GRAS) and Qualified Presumption
of Safety, propensity for horizontal gene transfer both as recipient or
donor, etc66, hinders the scalability of engineering biology and
increases the potential for error. This challenge may limit the growth
and acceptance of bio-based products in themarket or release into the

environment. Therefore, we have argued4 that physically linking
engineered strains to their digital twins via genomic barcodes would
enhance transparency, collaboration, and traceability of biological
assets67, while contributing to more clarity and friction reduction on
the route to securing regulatory approvals66.

In any case, given the current state-of-the-art on environmental
biotechnology we have identified the following governance
challenges:
a. Technological complexity: Biotechnology’s growing complexity

makes it hard to create universal standards, specifically universal
biocontainment standards. Scalable solutions across laboratory,
pilot, and industrial scaleswouldbenecessary forbiocontainment
to become a viable strategy. To help bridge this gap, a more
pragmatic approach built around traceability of genomic bar-
codes, DNA-based error-correcting codes68 emerging within the
field of DNA data storage and nucleic acids-focused
cryptography69, 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.

b. Global Consistency: Different nations maintain distinct regula-
tions and standards, complicating the regulatory landscape for
global biotechnology firms and academics alike. Biosafety and
biosecurity matters must be dealt with in a more integrated and
seamless manner than currently practiced.

c. Data Privacy, Security and IP rights: As biotechnology becomes
more data-driven and amalgamates with automation and AI, it will
further accelerate and hence, safeguarding biological data,
privacy and IP are a significant concern.

Fig. 3 | Strategies for biosafety and biocontainment in environmental biotechnology.
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Thus, a more dynamic, adaptable approach to biosafety and
biosecurity for environmental biotechnology built around screening
for sequences of concern (SoC) and complementary approaches of
biocontainment (for prevention of harm) and traceability via, e.g.,
genomic barcoding and cryptographic schemes (for identification,
liability and IP protection) is needed, ideally, with the development
of suitable supporting standards, metrics, and informatics infra-
structure. Moreover, the potential use of adversarial generative AI in,
e.g., the retrobiosynthesis of enzymatic pathways for toxins70, the
design of non-homology detectable AMR and, more generally, the
detection of engineered modifications whether malicious or not,
necessitates urgent and vigorous research as well as international
coordination. A recent example of effective international coopera-
tion and rapid coordination in this area is the establishment of the
USA-UK biosecurity dialogue71 and their alignment of UK72 and USA73

DNA synthesis biosecurity screening guidelines for SoCs, which will
apply to all providers, intermediaries, and end users of synthetic
nucleotide sequences. There are auspicious first steps in this direc-
tion, e.g., the International Biosecurity and Biosafety Initiative for
Science (IBBIS) provides the open-source common mechanism74,
while SecureDNA75 and open and verifiable DNA scanning software
stack and services.

Social, political and value dimensions
Addressing environmental goals through engineering biology is as
much a social, political and economic challenge as a technical one. It is
therefore necessary to incorporate socio-technical knowledge into the
design of any environmental biotechnology solution (Fig. 4)76–78.

The nature of environmental problems poses two challenges for
environmental biology solutions, where socio-technical knowledge
can help. First, their complexitymeans expertsmay disagree about the
causes of a problem and whether, and how, it can be addressed with a
technological solution. For instance, the problem of municipal water
contamination and pollution is clearly due to the technological system
ofwater treatment, but the functioningof that systemalso significantly
depends on the regulatory, political, and economic decisions of peo-
ple in and around it79. Second, because these problems are multi-
faceted, addressing one aspect can cause knock-on effects elsewhere.
For example, EU policies to increase biofuel production led to habitat
and biodiversity losses due to land use changes, particularly loss of
rainforests for palm oil plantations, and increased prices for staple
food crops80,81. Therefore, it is imperative to question how engineering
biology can effectively address environmental challenges without
inadvertently creating new challenges or amplifying existing social and
political disparities due to the introduction of novel technologies82,83.
Moreover, as the technology evolves, it is crucial that synthetic biology
developments are managed responsibly throughout their lifecycle8.
New approaches to Life Cycle Analysis can aid decision-making, par-
ticularly if assumptions, such as defining system boundaries (what is
included or excluded), are opened to participatory decision-making
and integrate stakeholder knowledge84,85.

Synthetic biology can address global challenges, but the social
consequences and benefits of the technology may be difficult to
ascertain. For instance, the impetus for using synthetic biology to
synthesise artemisinic acid, the precursor for the anti-malarial drug
artemisinin, was due to increasing demand and widely varied annual

Fig. 4 | Social and policy dimensions for synthetic biology for environmental applications.
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production of Artemisia annua, the main source of artemisinin, which
significantly affected the drug price and supply86. While synthetic
production would have impacted the livelihood of the small-scale
farmers in Asia and Africa who produced most of the Artemisia annua
crop87, a lack of the drug would have resulted in increased fatalities
from malaria, mostly in the developing world. After synthetic pro-
duction was developed, agricultural production stabilised, the price
dropped, and synthetic productionwasno longer commercially viable.
Whether this was due to potential competition from the new source is
unknown88. Regardless, the availability of a rapidly scalable process for
synthesising artemisinin independent of agricultural issues, such as
crop failure or disease, is beneficial.

Governance challenges and changes
Innovations happen through convergence, which makes governance
challenging and creates unanticipated regulatory gaps that need to be
filled. Governance tools such as standards and regulatory sandboxes
may address these gaps89. Additionally, the governance of GMOs,
which forms a large part of the relevant regulatory framework around
engineering biology and its products, varies widely around the world.
These policy and regulatory frameworks have, in recent times, started
to undergo significant shifts in locations such as the UK, EU and USA
(Table 1).

Developers are challenging regulatory definitions for a range of
reasons. Precise genetic engineering without introduction of foreign
DNA, potentially limits risk. Prominent scientific and policy organisa-
tions have used these developments to argue for a differentiation
between regulation designed to address Engineering Biology, and
those introduced to control GMOs. Another key driver for this shift in
regulation is that the GMO-relevant policy frameworks comprise sev-
eral challenging features for developers. Both the UK and EU reg-
ulatory regimes contain both product- and process-focussed
approaches, developed during the UK’s membership of the EU.
Product-focused elements imply that GMOs are governed differently
depending on their status as a novel food, animal feed, orwhether they
are plants, animals, or microorganisms. Process-focussed regulation
assesses GMOs via separate regulatory pathways, which are distinct
frompathways for other ‘risky’ organisms, by virtue of being produced
through genetic modification90. There are also institutions and groups
like advisory committees that only assess GM applications.

Further complicating matters, regulation in the EU is designed to
apply across the bloc, but individual countries also have additional
approaches to governing GMOs. For example, in Italy, there is what
many perceive to be a de facto ban on cultivation of GMOs, and on the
marketing of relevant ‘synthetic foods’. Each country individually
evaluates applications to release or produce GMOs under the regula-
tion and has their own approach to doing so. In the UK, Scotland,
Northern Ireland, England andWales have differing regulatory regimes
in relation to GMOs in food and medicines. Northern Ireland’s reg-
ulatory regime is aligned to the EU approach. In Scotland, there are a
range of specific regulations to govern GMOs. The GMOs (Deliberate
Release) (Amendment) (England) Regulations 2022 only apply to
England, but the Genetic Technology (Precision Breeding) Act 2023,
which is broadly similar, applies to England, Scotland and Wales. This
fragmented picture with overlapping rules introduces barriers to
translating innovations into products and services. Regulatory diver-
sity can also serve as an advantage, allowing different regions to
experiment with various approaches. Successful policies or technolo-
gies implemented in one area can serve as models for others, pro-
moting innovation and learning. This dynamic can lead to the adoption
of best practices globally.

USA’s GMO governance is much more trait-focussed, or product-
focussed, than the equivalent regimes in the UK and EU. However,
there is fragmentation in how GMOs are regulated by different laws
and institutions. For example, the FDA regulates foods and

ingredients, agriculture, veterinarymedicines, human drugs, biologics
andmedical devices. The EPA regulates pesticides and pollution in the
environment and the USDA through APHIS focusses on protecting
agriculture from pests and diseases. Through the Food Safety and
Inspection Service (FSIS), the USDA oversees the safety and correct
labelling of meat, poultry, and egg products, ensuring they meet fed-
eral standards for public health. This division of oversight means that
different organisations issue permits and review risk assessments for
different things, including whether a GMO is a ‘plant pest’ (APHIS),
whether it is toxic to the environment (EPA), animals (APHA) or
humans (FSIS and/or FDA).

Key changes in regulatory definitions are beginning to be devel-
oped around the terms ‘precision breeding’, ‘gene editing’, ‘GMO’ and
‘NGTs’. In the UK andUSA, there are provisions for different regulatory
treatment of someGMOs, which are known as ‘precision bred’ or ‘gene
edited’, that do not involve the introduction of foreign DNA, or that
couldbedeemed to have substantial equivalence to ‘natural’ products.
In the EU, similar changes are in discussion to adjust the regulatory
approach towards organisms produced through NGTs. Some argue
these recent regulatory shifts simplify previous regimes and reflect a
better understanding of the scientific landscape. Some consider such
regulatory change to be based on fresh assessments of the risks of
GMOs, including long-term risks that many expected when precau-
tionary regulationwas implemented, but aredeemednot tohave come
to fruition in a global landscape of varying GM cultivation and use91.
Others, however, challenge the jump from lab-based risk assessment
methodologies to biological, ecological and toxicology claims, arguing
that the push for revised regulatory frameworks is driven primarily by
commercial interests92.

Overall, the field would benefit from shared terminologies and
less disjointed regulatory process across geographies. This will facil-
itate the progression of discoveries and innovations at low technolo-
gical readiness level toward deployable products and services, which
today face lengthy GMO/engineering biology regulatory processes
that need to be replicated across jurisdictions in the pursuit of wider
markets.

Future perspectives and challenges
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. Performance must meet real-world detection require-
ments, including high sensitivity and specificity, and high input/
output dynamic ranges to cope with complex samples. We need
field-deployable, biosafe, stable sensors with easy-to-read signals
operable by non-specialists. As the field evolves, several challenges
remain prominent. Scaling-up synthetic biological systems from lab
to field poses significant hurdles, including maintaining the stability
and efficacy of genetically engineered organisms in complex real-
world environments. Additionally, while the cost of DNA synthesis
has decreased, making high-throughput genetic engineering more
accessible, ethical, regulatory, biosafety and biosecurity concerns
continue to impose constraints on the broader application of these
technologies. Regulatory frameworks should evolve to keep pace
with technological advances to ensure safe and responsible appli-
cation. The next steps for engineering biology for environmental
applications will likely focus on refining the precision and efficiency
of genetic tools. Continuing integration with computational mod-
elling via, e.g., future multi-scale ecological scale digital-twins, AI
and cyber-physical systems, referred to as bio-cyber-physical sys-
tems, will improve the design, optimisation, deployment and
decommissioning of engineered organisms tailored for specific
environmental tasks. Furthermore, as public awareness and
engagement grow, there is potential for more inclusive and
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informed regulatory discussions, leading tomore practical biosafety
and ethical guidelines.

Looking forward, the integration of engineering biology with
emerging technologies such as quantum computing and advanced
materials sciencewill open new pathways for innovation. For example,
quantum computing could revolutionise the simulation of complex
biological processes, leading to breakthroughs in enzyme design and
metabolic pathway optimisation. The journey from laboratory
research to real-world applications is fraught with both technical
challenges and regulatory hurdles. Furthermore, scaling these inno-
vations to a level where they can make a significant environmental
impact requires technological readiness but also societal acceptance
and robust regulatory frameworks. Therefore, while we can anticipate
incremental advancements in the near term, the broader applicationof
these revolutionary technologies could span several decades,
depending on the pace of both scientific breakthroughs and corre-
sponding policy developments.
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