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ARTICLE INFO ABSTRACT

Keywords: Synthetic biology applies engineering principles to the rational design of biological systems with the aim of
S}_’mheﬁc biology producing predictable and tunable behaviour. Although the field’s conceptual foundations and core technologies
Bioeconomy are well established, the recent simultaneous maturation of Quality by Design (QbD), artificial intelligence (AI)-

Quality by Design
Design-Build-Test-Learn
Biofoundry

Artificial intelligence
Precision fermentation

assisted biological design, and automated biofoundry workflows is beginning to outline a more replicable
pathway from laboratory innovation to industrial-scale circular biomanufacturing. This review argues that the
convergence of these three elements, rather than any one alone, characterises the current phase of the field. We
examine how the Design-Build-Test-Learn (DBTL) cycle is being transformed from a research heuristic into a
systematic industrial development framework; show how shared toolsets now transfer across microbial, plant,
and animal systems to enable a holistic bioeconomy; benchmark synthetic biology-derived products against
conventional alternatives where techno-economic and life-cycle data permit; and examine scale-up, regulatory,
and societal bottlenecks through recent market-scale case studies in which these bottlenecks have been navigated
in practice. We also contrast EU and US regulatory frameworks to show how policy divergence shapes technology
adoption. We conclude by identifying what the coming decade of convergent synthetic biology must deliver to

Circular biomanufacturing

support a circular bioeconomy at the scale the 2030 Agenda demands.

1. Introduction

The 2030 Agenda for Sustainable Development, adopted by the
United Nations in 2015, set out 17 interconnected Sustainable Devel-
opment Goals (SDGs) that collectively call for the eradication of poverty,
the protection of the planet, and the assurance of prosperity for all
(United Nations, 2015). A decade on, escalating environmental pres-
sures have put the timely achievement of these goals at serious risk.
Traditional manufacturing, reliant on finite resources, continues to drive
environmental degradation and aggravate climate change. The need for
sustainable production systems that can simultaneously mitigate climate
impacts and reverse the loss of natural capital is now widely
acknowledged.

Biological systems, shaped by millions of years of evolution, carry
rich repertoires of metabolic and regulatory solutions well suited to the
chemistries humans now need to reproduce sustainably (Brans et al.,
2017; Reid et al., 2016; Yoshida et al., 2016). Synthetic biology seeks
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to capture these solutions through the rational design and construction
of biological systems with predictable and tunable behaviour (Elowitz
and Leibier, 2000; Endy, 2005; Khalil and Collins, 2010). Coupled
with biorefinery concepts that convert renewable feedstocks into valu-
able products (Dahiya et al., 2018; Leong et al., 2021), synthetic biology
offers a credible route to a bio-based, circular economy.

Several excellent reviews have already surveyed the conceptual
foundations of synthetic biology, the molecular technologies that enable
it, and its individual application domains. Against that background, a
reasonable question is why another review is needed now. Our answer is
that the field has entered a distinct phase defined not by any single
breakthrough but by the convergence of three developments that, until
recently, matured in parallel and largely in isolation:

e Quality by Design (QbD): originating in automotive manufacturing
and then finding widespread adoption in the pharmaceutical in-
dustry (Benyahia et al., 2020), QbD emphasises identifying the
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product’s critical quality attributes (CQAs) and critical process pa-
rameters (CPPs) early in the process design (Mu’azzam et al., 2024).

e Al-driven biological design: advances including next-generation
structure prediction (AlphaFold 2 and 3), generative protein design
(RFdiffusion, ESM3), and large-language-model agents for synthetic
biology (CRISPR-GPT) are moving Al from a supporting analytical
role into active, proposal-generating participation in the DBTL cycle
(Abramson et al., 2024; Hayes et al., 2025; Jumper et al., 2021; Qu
et al., 2025; Watson et al., 2023).

e Automated biofoundries: coordinated, high-throughput DBTL infra-
structure is now operational in a distributed network of public and
private biofoundries, making systematic strain and process devel-
opment the norm rather than the exception (Chao et al., 2017; Lee
et al., 2023; Stephenson et al., 2023).

Taken together, these three elements support an emerging industrial
development framework for synthetic biology (Fig. 1). They help to de-
risk the transition from bench to market, allow the same underlying
toolkit to be deployed across microbial, plant, and animal systems, and
align synthetic biology outputs with the regulatory and sustainability
evidence frameworks on which market adoption depends. This review is
organised around that convergence. Section 2 revisits the conceptual
and methodological foundations with a sharper emphasis on DBTL and
QbD as the industrial backbone. Section 3 summarises the cornerstone
technologies focused on developments most directly relevant to indus-
trial translation. Section 4 traces how shared tools transfer across mi-
crobial, plant, and animal systems. Section 5 benchmarks sustainable
applications quantitatively against conventional alternatives where
possible. Section 6 treats scale-up as an increasingly tractable engi-
neering problem, illustrated through market-scale case studies. Section
7 examines regulatory divergence and societal acceptance, and Section 8
concludes with an outlook on the coming decade.

Quality by Design (QbD)
The industrial translation layer
Critical Quality Attributes (CQAs)
Critical Process Parameters (CPPs)
Structured regulatory evidence base

Al-driven biological design
From analysis to proposal generation
AlphaFold 3 - RFdiffusion - ESM3
LLM agents (e.g., CRISPR-GPT)
Self-driving laboratories
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2. Foundations: Engineering Concepts, DBTL, and Quality by
Design

Synthetic biology’s engineering foundations are now well estab-
lished, and we summarise them briefly before turning to what has
changed. Four concepts imported from engineering underpin the
rational design of biological systems (Fig. 2).

Standardisation reduces complex systems to minimum parts with
defined functions, enabling characterised and interchangeable compo-
nents (Canton et al., 2008; Galdzicki et al., 2014). Modularity decouples
these parts into units that can be independently developed and inte-
grated (Butti et al., 2025; Purnick and Weiss, 2009). Abstraction orga-
nises biological function across hierarchical levels of complexity so that
engineering at one level does not require tracking every detail at another
(Blount et al., 2012). Orthogonality ensures that engineered components
function predictably without cross-talk with the host’s endogenous
systems (Costello and Badran, 2021; Edelstein et al., 2025; Wang et al.,
2011). Combined, these principles enable the construction of biological
logic gates and genetic circuits that behave predictably (Brophy and
Voigt, 2014; Gander et al., 2017; Wang et al., 2025) and have been
codified through community initiatives such as iGEM and repositories
including the Registry of Standard Biological Parts, Addgene, and
SynBioHub.

2.1. The DBTL cycle as an industrial backbone

The Design-Build-Test-Learn (DBTL) cycle is the central methodol-
ogy through which these engineering principles are operationalised
(Fig. 3). In the Design phase, the desired behaviour of a biological sys-
tem is defined and the required genetic modifications are devised in
silico, guided by bioinformatics tools and predictive models. In the Build
phase, standardised parts are assembled into the designed construct and
introduced into the host. In the Test phase, the engineered system is
experimentally characterised: titres, yields, and productivities are
measured, and metabolic fluxes and gene expression are quantified. In

Automated biofoundries

Systematic DBTL at industrial throughput
Robotics - liquid handling - HT-characterisation
Standardised workflows & data infrastructure
Global Biofoundry Alliance & private platforms
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Fig. 1. The convergence paradigm underpinning scalable circular biomanufacturing. Three developments that matured in parallel, Quality by Design (QbD) as the
industrial translation layer, artificial intelligence (AI)-driven biological design as an active participant in the Design-Build-Test-Learn (DBTL) cycle, and automated
biofoundries as the high-throughput DBTL infrastructure, are now converging into an integrated industrial synthetic biology framework.
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Fig. 2. Concepts imported from engineering fields and adapted to biology. a) Standardisation happens at the genetic level when gene parts such as promoters or
coding sequences (CDS) are identified, extracted and adapted for combinatorial design, so that their output is defined. b) Modularity allows the substitution of
standard parts for others that fulfil the same function, allowing interchangeability. c) Abstraction enables focusing on a particular level of complexity without
considering challenges spilling from other levels of complexity. d) Orthogonality prevents cross-interactions between designed systems so that output is always the

expected. Created with BioRender.
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Fig. 3. Schematic representation of the DBTL cycle in synthetic biology. The
iterative framework integrates rational design of biological systems, building of
such synthetic systems, experimental testing of their performance and learning
from their outcome to refine subsequent design rounds, thereby accelerating
strain development and biotechnological innovation. Created with BioRender.

the Learn phase, experimental data are used to identify improvements
and to inform the next design iteration (Carbonell et al., 2018; Chao
et al., 2017; Nielsen and Keasling, 2016). What has changed most
recently is not the concept of the cycle but the speed and scale at which it
can now be executed: automated biofoundries routinely run hundreds of
designs per cycle, Al tools propose non-obvious design alternatives, and
computational modelling anticipates scale-up behaviour before
fermenter-level testing (see Sections 3 and 6).

2.2. Quality by Design as the industrial translation layer

For DBTL to produce industrially viable outcomes, the target attri-
butes of the engineered system must be defined with the precision that
downstream bioprocessing and regulatory agencies require. Quality by
Design (QbD) was originally a regulatory agency-led structured
approach to process development that emphasises product and process

understanding to reduce quality and regulatory risks (Mu’azzam et al.,
2024). In the context of synthetic biology, QbD makes two practical
contributions. First, it stresses early identification of the process pa-
rameters that will affect the product quality, such as oxygen transfer,
concentration gradients, and genetic stability, among other variables,
and so steers the Design phase away from choices that may fail in the
bioreactor (Olsson et al., 2022). Second, it generates a structured evi-
dence base that regulators in the pharmaceutical and food sectors
expect, shortening the gap between a successful laboratory result and a
market-ready product.

3. Cornerstone Technologies Enabling the New Paradigm

The technologies that support synthetic biology are well covered
elsewhere. Here we focus on the most recent developments and those
with the greatest bearing on industrial translation.

3.1. Reading and writing DNA

Short-read (Illumina) and long-read (PacBio, Oxford Nanopore)
sequencing together now provide high-throughput, cost-effective access
to genomic information, with long reads resolving repetitive regions,
structural variants, and full-length transcripts that short reads cannot
(Amarasinghe et al., 2020; Balarezo-Cisneros et al., 2023; Bentley et al.,
2008; Eid et al., 2009; Loman et al., 2015). Nanopore sequencing has
also extended into single-molecule protein sequencing, exploiting ionic-
current changes as peptides pass through engineered pores (Brinkerhoff
etal., 2021; Wei et al., 2023; Yusko et al., 2017). Because it avoids bulk
degradation and permits multiple reads of the same molecule, this
approach offers a scalable alternative to mass spectrometry for proteo-
form analysis.

Reading DNA (sequencing) no longer poses a cost obstacle, but the
cost of DNA synthesis creates a significant bottleneck (Fig. 4). Phos-
phoramidite chemistry (Beaucage and Caruthers, 1981) dominates for
short oligonucleotides, with enzymatic concatenation extending current
commercial reach to roughly 5 kbp. Fully enzymatic synthesis, currently
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Fig. 4. Historical trends in the cost per base of DNA sequencing (green), short

oligonucleotide synthesis (blue), and gene synthesis (red). Adapted from

(Carlson, 2025).

entering the market, promises improved fidelity and much longer
strands (up to 50 kbp) at competitive cost (Hoose et al., 2023; Palluk
et al., 2018). The emerging capacity to synthesise large DNA mole-
cules has enabled ambitious synthetic-genome projects, from the land-
mark Mycoplasma genitalium chemical synthesis (Gibson et al., 2010) to
Escherichia coli syn61 (Fredens et al., 2019), the Sc2.0 effort to synthe-
sise an entire yeast genome (Annaluru et al., 2014; Erpfet al., 2025), and
the recent construction of human artificial chromosomes (Gambogi
et al., 2024).

3.2. DNA assembly and genome editing

Golden Gate Assembly (Engler et al., 2008; Weber et al., 2011) and
Gibson Assembly (Gibson et al., 2009) remain the workhorses for
combining DNA parts into larger constructs, complemented by Bio-
Bricks, Gateway cloning, and Transformation-Associated Recombina-
tion for more specific contexts (Ellis et al., 2011). For in vivo editing,
CRISPR-Cas9 and its derivatives now dominate (Jinek et al., 2012; Mali
et al., 2013). Variants including CRISPRa/i for transcriptional control
(Qi et al., 2013; Shaw et al., 2022), base editing (Komor et al., 2016),
and prime editing (Anzalone et al., 2019; Yarnall et al., 2022) extend the
toolkit from gene-scale disruption to single-nucleotide precision, often
without the double-strand breaks those complicated earlier methods.
RNA-guided recombinases acting via bridge RNAs now enable pro-
grammable insertion, excision, and inversion independent of host
homologous-recombination machinery, directly addressing one of the
main barriers to applying CRISPR in non-model hosts (Durrant et al.,
2024; Hiraizumi et al., 2024; Yan and Fong, 2017). The practical
consequence for industrial synthetic biology is a growing set of editing
tools that work reliably across a wider range of production organisms, a
point we return to in Section 4.

3.3. Engineered microbial consortia

Early synthetic biology focused on monocultures, but there is sus-
tained interest in engineering microbial communities to perform com-
plex tasks collectively (Brenner et al., 2008; McCarty and Ledesma-
Amaro, 2019). Consortia distribute metabolic burden across strains,
exploit natural ecological interactions, and can achieve greater resil-
ience under dynamic conditions. Applications demonstrated to date
include waste degradation, carbon capture, soil health improvement,
and defined probiotic formulations (Chen et al., 2024; Mousa et al.,
2024; Ruan et al., 2024; Wei et al., 2024). Advances in synthetic
communication modules, orthogonal quorum-sensing systems, and
metagenomic and single-cell tracking are improving characterisation
and control of community dynamics (Henry and Bergelson, 2025; Jia
et al., 2024; Kim et al., 2024; Wu et al., 2022).

At an industrial scale, however, consortia face distinct challenges.
Maintaining defined strain ratios in stirred-tank fermenters, preventing
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cheater outgrowth, and monitoring division-of-labour dynamics in real
time remain open problems. Deployment at present is concentrated in
applications where the fermentation environment itself exerts strong
selection (anaerobic digesters, soil-based agricultural inoculants) or
where a single dominant strain carries most of the process burden, with
supporting strains providing niche functions. Extending consortia to
bulk biomanufacturing will require advances in process analytical
technology, which intersects directly with the QbD framework set out in
Section 2.2.

3.4. Cell-free systems

Cell-free systems operate outside living cells, using purified cellular
machinery to express genetic circuits or biosynthetic pathways in vitro
(Garenne et al., 2021; Hodgman and Jewett, 2012; Rice et al., 2025).
They offer rapid prototyping, decoupling of circuit design from cellular
metabolism, improved scalability for small-footprint applications, and
simplified biosafety. Demonstrations now span biomolecule production,
biosensing under conditions toxic to living cells, and point-of-care di-
agnostics; the freeze-dried, paper-based nucleic-acid sensors deployed
during the COVID-19 pandemic are a well-documented example of real-
world cell-free deployment (Grubbe et al., 2020; Kay and Jewett, 2020;
Wang et al., 2024). Commercial translation is most advanced in high-
value, low-volume applications, including conjugate vaccines, on-
demand peptide and antibody fragment production, and mRNA syn-
thesis, where titre and cost-per-reaction limitations are offset by product
value and flexibility. Applying cell-free systems to bulk chemicals re-
mains economically challenging without substantial further reductions
in extract and cofactor costs.

3.5. Bioinformatics and artificial intelligence

Bioinformatics has long been indispensable for the analysis, inter-
pretation, and visualisation of the biological data generated by the
technologies above. Genome assembly software, sequence alignment
tools, databases, custom pipelines, and online repositories enable
routine management of complex datasets, and computational models of
synthetic organisms provide frameworks for predicting and optimising
how genetic modifications, metabolic fluxes, and environmental in-
teractions affect host metabolism (Garcia-Jiménez et al., 2021; Lopatkin
and Collins, 2020; Mandakovic et al., 2020; Nielsen and Keasling, 2016;
Wagner et al., 2021).

What has changed in the past few years is the emergence of Al as an
active participant in biological design rather than simply an analytical
layer. AlphaFold demonstrated that protein structure could be predicted
from sequence with transformative accuracy (Jumper et al., 2021;
Senior et al., 2020). Its successor AlphaFold 3 extends this to biomole-
cular complexes, including protein-ligand, protein-nucleic acid, and
protein-protein interactions (Abramson et al., 2024). Generative models
now routinely design proteins with novel folds and binding specificities:
RFdiffusion enables de novo protein design conditioned on functional
requirements (Watson et al., 2023), and ESM3 is a multimodal foun-
dation model that reasons jointly over sequence, structure, and function
(Hayes et al., 2025). Recent applications include de novo designed pro-
teins that neutralise snake-venom toxins (Vazquez Torres et al., 2025),
demonstrating that generative design is beginning to tackle problems of
direct therapeutic relevance. In parallel, large-language-model agents
such as CRISPR-GPT guide researchers through complex experimental
design tasks including Cas variant selection, guide RNA design, delivery
choice, protocol drafting, and result interpretation (Qu et al., 2025);
SignalP 6.0 predicts all five types of signal peptides using protein lan-
guage models (Teufel et al., 2022); and machine-learning methods for
strain and pathway engineering are producing non-obvious designs that
routinely outperform human intuition (Huang et al., 2021; Nielsen et al.,
2016; Yang et al., 2019; Zou et al., 2024).

These advances should be read alongside their limitations, which are
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increasingly relevant as the field moves from demonstration to deploy-
ment. The training data underpinning most biological foundation
models are heavily skewed toward a narrow slice of biology, such as
well-studied model organisms (E. coli, S. cerevisiae, CHO cells, among a
few others), soluble single-domain proteins, and a small number of
experimentally characterised functions from which annotations propa-
gate. Non-conventional yeasts, membrane proteins, intrinsically disor-
dered regions, and the metabolisms of microbial consortia and plant
systems are correspondingly underrepresented, so model confidence in
these regimes is often overstated (Lopatkin and Collins, 2020; Lu et al.,
2024; Poppeliers et al., 2025). The predictions themselves are also
largely opaque: a high-confidence AlphaFold structure does not guar-
antee in vivo folding, solubility, or activity, and generative-design
pipelines still depend on extensive wet-lab screening because the
mechanistic basis of a model's recommendation is rarely recoverable.
This limited interpretability constrains hypothesis generation when
designs fail and slows root-cause analysis. Finally, even successful in
silico predictions can be brittle when transferred to industrial pheno-
types: growth models trained on purified-protein or defined-medium
data do not capture the shear, oxygen gradients, substrate heterogene-
ity, metabolic burden, and long fermentation times of a production-scale
bioreactor, and pathways optimised for steady-state flux frequently
underperform under fed-batch dynamics or in more complex, multi-
substrate, industrial media. The closed-loop systems described below
are in part a response to this gap: by routing experimental data back into
the model, biofoundries can correct the biases and edge-case failures
that purely in silico optimisation cannot.

Integrating these Al advances with robotic liquid-handling platforms
and automated data collection produces what is often called a self-
driving laboratory: a closed-loop system in which AI proposes designs,
biofoundries build and test them, and the results update the model for
the next cycle (Carbonell et al., 2019; Gong et al., 2026; Stephenson
et al., 2023). This closed loop is the operational expression of the
convergence this review describes, and we return to its industrial im-
plications in Section 6.

4. Cross-Domain Transferability of Synthetic Biology Tools

A frequent limitation of reviews in this field is the focus on a single
platform organism or host. In practice, the toolkit that defines modern
synthetic biology, multiplex CRISPR and prime editing, bridge-RNA
recombinases, Golden Gate and Gibson assembly, Al-guided design,
and automated biofoundry workflows, is now deployed across micro-
bial, plant, and animal systems. Recognising this cross-domain trans-
ferability is important because a circular bioeconomy at the scale
required by the SDGs will depend on all three domains working in
concert rather than in isolation. This section traces how the same tools
translate across systems, and what domain-specific adaptations are
required.

4.1. Microbial systems as the proving ground

Most modern tools are developed and stress-tested in microbial
chassis, particularly Escherichia coli and Saccharomyces cerevisiae, but
increasingly in a range of additional species. Microbial systems combine
fast generation times, well-characterised genetics, and amenability to
automated handling, making them the natural proving ground for new
editing chemistries and high-throughput DBTL workflows (Poppeliers
et al., 2025; Xu et al., 2025). Biofoundries typically begin with micro-
bial pipelines before extending to other domains, and non-traditional
yeasts and bacteria are increasingly adopted where feedstock flexi-
bility, tolerance to extreme conditions, or post-translational machinery
demand it (Al-Hammadi et al., 2025; Balarezo-Cisneros et al., 2023;
Larroude et al., 2018).

Microbial chassis are also increasingly deployed to produce mole-
cules that have traditionally been sourced from animals, including
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caseins, whey proteins, ovalbumin, collagen and heme. This activity,
now generally referred to as precision fermentation, is recognised as one
of the principal modalities within the broader field of cellular agriculture
(Ancelin et al., 2025; Bae et al., 2025; Biermann et al., 2025; Hettinga
and Bijl, 2022; Mirsalami and Mirsalami, 2025; Teng et al., 2021).
Although the target molecules are of animal origin, the host, the genetic
toolkit, and the bioprocess engineering are all microbial; precision
fermentation therefore sits firmly within microbial synthetic biology,
while contributing to the same food-system outcomes as the animal-cell-
based work discussed in Section 4.3.

4.2. Plant synthetic biology

Translating microbial-origin tools to plants has required adaptations
in delivery and regeneration, but the conceptual toolkit is now genu-
inely shared. Multiplex CRISPR-Cas9 has been used to address drought
and salt tolerance in wheat and soybean, to stack disease resistance in
rice and sweet orange, and to modify seed oil profiles (Abdallah et al.,
2022; Huang et al., 2022; Liu et al., 2022; Liu et al., 2018). CRISPR-
mediated chromosome engineering is enabling large-scale structural
rearrangements for crop improvement (Ronspies et al., 2021). Beyond
direct plant modification, synthetic biology is increasingly deployed at
the plant-microbiome interface: engineered root-associated bacteria
release plant-available phosphate from phytate (Shulse et al., 2019),
engineered microbial inoculants confer nitrogen fixation on cereals in
fertilised fields (Wen et al., 2021), and defined synthetic microbiomes
are being designed to enhance soil health under climate stress (Jansson
et al., 2023; Ke et al., 2021; Mousa et al., 2024). Because microbial in-
oculants are regulated differently from genetically modified crops in
many jurisdictions, this microbiome route also offers a pragmatic path
around parts of the GMO regulatory framework (see Section 7).

4.3. Animal synthetic biology

Animal synthetic biology, as we use the term here, encompasses
activities in which animal cells themselves are engineered or cultivated.
Two principal activities currently dominate: production of bio-
pharmaceuticals in engineered mammalian cell lines, and cellular
agriculture, which uses animal cell culture to produce food (Ancelin
et al., 2025). Microbial production of animal-origin molecules,
although it serves overlapping food-system goals, is a microbial activity
and is discussed in Section 4.1 under precision fermentation.

The biopharmaceutical strand is the more mature of the two. Chinese
hamster ovary (CHO) cells and related mammalian lines have been
engineered for decades to produce monoclonal antibodies, recombinant
clotting factors, and other complex therapeutics that require mamma-
lian post-translational machinery (Bachhav et al., 2023; Listov et al.,
2024; Zhao et al., 2024). The synthetic biology contribution to this
field is increasingly visible: drag-and-drop CRISPR-directed integrases
now enable insertion of large payloads at defined sites without double-
strand breaks (Yarnall et al., 2022), and multiplex CRISPR/Cas9 has
been applied even to genome editing in human embryos for correction of
pathogenic mutations (Ma et al., 2017). Folding, glycosylation, and
secretion remain the principal technical bottlenecks and the focus of
ongoing engineering work.

The cellular agriculture strand uses cultivation of animal cells,
increasingly including fish and other aquatic species, to produce food
products that resemble those derived from conventional animal rearing
or fisheries. The term, coined in 2015, now covers a range of products
variously described as “cultured meat”, “cultivated meat”, or “cell-based
meat” (Ancelin et al., 2025; Post, 2012; Reiss et al., 2021). Production
typically combines cell-line engineering for sustained proliferation with
serum-free media development, scaffold design, and, in some cases,
combination with components produced by precision fermentation (for
example, haem or specific lipids). Recent progress includes the genera-
tion of spontaneously immortalised muscle stem cell lines for cultured
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fish meat (Xue et al., 2024); on the regulatory front, the first UK regu-
latory approval of a cultivated meat product (Meatly, approved for use
as pet food in July 2024) illustrates that market entry pathways are
beginning to open in the European regulatory space, complementing
earlier approvals in Singapore, the United States, and Israel.

Both strands share their upstream synthetic biology toolkit with
microbial and plant systems, including CRISPR-based editing, Al-driven
design, and biofoundry-style automation, but face additional, domain-
specific challenges in folding, glycosylation, and tissue-level organisa-
tion that are absent or attenuated in unicellular hosts.

4.4. Implications of cross-domain transferability

The practical implication of this cross-domain picture is that in-
vestments in core synthetic biology infrastructure, biofoundries, Al
design tools, shared part repositories, standardised characterisation
pipelines, yield returns across multiple application domains simulta-
neously. A biofoundry capable of designing and testing microbial strains
can, with well-understood adaptations, also support plant protoplast

Table 1
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workflows and mammalian cell engineering, and AI models trained on
large microbial datasets are transferring meaningfully to plant and an-
imal systems. From a circular-bioeconomy perspective, this trans-
ferability is essential: microbial systems produce feedstocks and
platform chemicals, plants deliver biomass and carbon capture at scale,
and animal systems provide proteins and tissues that may displace the
most resource-intensive conventional agricultural products. Treating
these as separate technical communities obscures the shared infra-
structure that increasingly underpins all three.

5. Sustainable Applications in the Circular Bioeconomy

Synthetic biology contributes to circular bioeconomy objectives
through biomimicry and the rational repurposing of natural metabolic
capability (Himel et al., 2023; Liu et al., 2022; Waeterschoot et al.,
2024). In this section we focus on five application areas where syn-
thetic biology-derived products can be benchmarked against conven-
tional alternatives. Where published life-cycle assessments (LCA) or
techno-economic analyses (TEA) are available, we report indicative

Benchmarking selected synthetic biology-derived products against conventional alternatives. Where published life-cycle assessment (LCA) or techno-economic
analysis (TEA) data are available, the direction and approximate magnitude of reported differences are summarised; exact figures should be consulted in the cited
primary references. “Net-negative” indicates a reported greenhouse gas (GHG) intensity below zero when waste-gas feedstocks are used. References marked with

superscripts refer to the manuscript reference list.

Product Conventional Synthetic biology route ~ Environmental Economic performance Scale & market status Key reference(s)
benchmark / host performance
Precision- Chicken egg-white Trichoderma reesei Substantial reduction in Pre-commercial cost; Early commercial in the US Jarvio et al., 2021
fermented ovalbumin heterologous global warming projected approach to market through food-
ovalbumin expression potential when parity with egg-derived  industry partners; active

Cultivated meat
(beef proxy)

Gas-fermented
acetone and
isopropanol

Conventional beef
(feedlot or pasture)

Petrochemical
acetone / isopropanol
(cumene or propylene
hydration routes)

Immortalised bovine
muscle stem cell
culture in serum-free
media

Engineered Clostridium
autoethanogenum
fermentation of CO /
CO:z waste gas streams

combined with low-
carbon electricity;
reductions in land use
reported across
scenarios.

Land-use reductions
achievable; overall GHG
profile dominated by
energy mix and media
production; benefit not
universally established.
Reported net-negative
GHG intensity at
industrial pilot scale
when using waste-gas
feedstocks.

Semi-synthetic Extraction from Engineered Reduces dependence on
artemisinin Artemisia annua Saccharomyces cultivated plant
(plant-based) cerevisiae producing feedstock subject to
artemisinic acid; climatic and agricultural
chemical conversion to  variability; stabilises
artemisinin global supply.
Heterologous Extraction from Complete biosynthesis Eliminates cultivation
cannabinoids Cannabis sativa in engineered footprint for compound-
S. cerevisiae; also specific targets; enables
Nicotiana benthamiana access to minor
cannabinoids difficult to
source from plants.
Bio-based Conventional sugar- Ustilago maydis Valorises side streams;
itaconate based fermentation fermentation scaled on  lower footprint when
(Aspergillus terreus); crude substrates crude or waste substrates
potential are used versus refined
petrochemical routes sugars.
PET Virgin PET Engineered microbial Avoids virgin PET
degradation production from consortia and production where
and petrochemicals; PET heterologous PET upcycled monomers are
upcycling end-of-life via hydrolases in bacterial reused; closes plastic

incineration or
landfill

hosts

loop.

protein isolates at
scale.

Substantial gap to
conventional beef retail
price; media and
growth factor costs
dominant cost driver.

Economics depend on
feedstock gas stream
and colocation with
emitter; commercial
pilot plants
operational.

Cost-comparable to
plant extraction at
scale; commercially
deployed to
supplement plant
supply.

Early-stage commercial
margins compound-
dependent; high-value
minor cannabinoids
first target.

Competitive at
industrial pilot scale;
depends on substrate
cost and downstream
separation.
Demonstration-stage
economics;
competitiveness
depends on access to
sorted waste streams.

scale-up and regulatory
approval pathways in
additional jurisdictions.

Pilot / demonstration;
limited regulatory approvals
(US, Singapore, Israel);
scale-up economics debated.

Gas fermentation to ethanol
at full commercial scale (six
LanzaTech sites worldwide
since 2018, >350,000 t/y
combined output); acetone
and isopropanol at industrial
pilot scale.

Commercial; WHO
prequalified and integrated
into public-health supply
chains.

R&D to early commercial;
several companies active.

Industrial pilot scale
demonstrated.

Laboratory to pilot
demonstrations; no
commercial-scale
deployment yet.

Humbird, 2021;
Post, 2012; Reiss
et al., 2021; Xue
et al., 2024

Liew et al., 2022

Paddon et al.,
2013; Ro et al.,
2006

Giilck et al., 2020;
Luo et al., 2019

Helm et al., 2024

Bao et al., 2023;
Brandenberg

et al., 2022; Soon
et al., 2025;
Yoshida et al.,
2016

Notes. Environmental and economic figures are scenario- and assumption-dependent; where LCA or TEA studies report ranges, the direction of the difference vs. the
conventional benchmark is summarised here and readers are directed to the cited primary references for quantitative detail.
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figures; Table 1 consolidates the principal comparisons.

5.1. Bioproduction of chemicals, fuels, and active pharmaceutical
ingredients

Microbial hosts have been repurposed for sustainable bioproduction
of platform chemicals, biofuels, and high-value compounds by inte-
grating heterologous pathways (Antonovsky et al., 2016; Fu et al., 2017;
Gutiérrez et al., 2024; Helm et al., 2024; Keasling et al., 2021; Larroude
et al., 2018; Liew et al., 2022; Peng et al., 2023; Walker et al., 2024).
Particularly illustrative is the semi-synthetic production of the antima-
larial artemisinin in yeast, which reached WHO prequalification and has
been integrated into public-health supply chains (Paddon et al., 2013;
Ro et al., 2006). Complete yeast biosynthesis of opioids (Galanie et al.,
2015) and of cannabinoids and their unnatural analogues (Luo et al.,
2019) illustrates how complex natural-product pathways can now be
reconstructed in tractable hosts (Giilck et al., 2020; Kobayashi et al.,
2021). On the commodity side, gas fermentation of carbon monoxide
and carbon dioxide streams by Clostridium autoethanogenum is now
operating at full commercial scale: LanzaTech operates six production
sites worldwide producing waste-gas-derived ethanol since 2018, with
combined annual output exceeding 350,000 tonnes (LanzaTech, 2025).
Extension of the platform to higher-value products including acetone
and isopropanol has been demonstrated at industrial pilot scale, con-
verting waste gas emissions into platform chemicals with substantially
lower GHG intensity than petrochemical routes (Liew et al., 2022).
Itaconate production from crude substrates has been scaled by Ustilago
maydis to industrially relevant titres (Helm et al., 2024), and recent
work on formate-based bioproduction using metal-dependent formate
dehydrogenase in E. coli points toward one-carbon feedstocks as a sub-
strate for future circular bioproduction (Cowan et al., 2025).

5.2. Agricultural biotechnology

Synthetic biology approaches in agriculture span direct genetic
modification of crops and engineering of the associated microbiome. Bt-
crops remain the canonical case (Vaeck et al., 1987), with successive
generations of CRISPR-engineered lines now delivering disease resis-
tance, stress tolerance, and enhanced nutritional content (Huang et al.,
2022; Li M. et al., 2021; Mateos Fernandez et al., 2022; Ronspies et al.,
2021; Sundararajan et al., 2025; Yang and Reyna-Llorens, 2023; Zhang
etal., 2021; Zhu et al., 2024). Microbiome-oriented approaches, altering
the root- or phyllosphere-associated microbial community rather than
the plant itself, aim to improve productivity while sidestepping GMO
classification in jurisdictions that focus regulation on the engineered
organism (Jansson et al., 2023; Ke et al., 2021; Shulse et al., 2019; Wen
et al., 2021). The regulatory consequences of this distinction are taken
up in Section 7.

5.3. Precision Fermentation and Cellular Agriculture

Food system applications may prove among the most consequential
of synthetic biology’s sustainable applications. The two principal mo-
dalities are precision fermentation and cellular agriculture (Ancelin
et al., 2025). Precision fermentation refers to the use of engineered
microbial hosts to produce specific target molecules for the food in-
dustry, notably animal-origin proteins such as caseins, whey, oval-
bumin, collagen and heme (Bae et al., 2025; Biermann et al., 2025;
Hettinga and Bijl, 2022; Jarvio et al., 2021; Mirsalami and Mirsalami,
2025; Teng et al., 2021). Cellular agriculture refers to the use of cells
themselves to produce lab-grown foods, food components, it applies
mostly prominently to cultivated meat, in which animal cells are grown
in bioreactors to produce meat- or fish-like food products (Lambert
et al., 2024; Lei et al., 2023; Post, 2012; Reiss et al., 2021; Xue et al.,
2024). Published LCA for precision-fermented ovalbumin using Tricho-
derma reesei culture combined with low-carbon energy reports notable
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reductions in land use and GHG emissions compared with chicken-egg-
derived ovalbumin (Jarvio et al., 2021). For cultivated meat, the best
available techno-economic analyses to date point to substantial cost
reductions over time but persistent gap to cost parity with conventional
meat, with the media and growth factor costs identified as the dominant
challenge (Humbird, 2021). Commercial pipelines are established for
animal-free dairy proteins, eggs, palm oil substitutes, and seafood al-
ternatives (Xue et al., 2024); their trajectory will depend heavily on the
scale-up questions addressed in Section 6 and the regulatory questions in
Section 7.

5.4. Therapeutic proteins and de novo biologics

Heterologous protein production for therapeutic use began with in-
sulinin E. coli (Goeddel et al., 1979) and now spans a wide range of hosts
and products, including antibodies, growth hormones, and clotting
factors (Balasubramanian et al., 2021; Cutolo et al., 2022; Ghag et al.,
2021; Liu et al., 2023; Walsh and Walsh, 2022). Post-translational
modifications, folding, and secretion remain the principal technical
challenges (Bachhav et al., 2023; Listov et al., 2024; Zhao et al., 2024),
and recent work addresses these through glycosylation engineering (Liu
C.P. et al., 2018), secretion pathway optimisation (de Ruijter et al.,
2016; Xu et al.,, 2025), and, increasingly, de novo protein design.
Generative models such as RFdiffusion and ESM3 are being used to
produce proteins with desired functions from scratch (Abramson et al.,
2024; Hayes et al., 2025; Kortemme, 2024; Watson et al., 2023), and
de novo designed proteins have recently been shown to neutralise lethal
snake-venom toxins (Vazquez Torres et al., 2025). This illustrates how
Al-driven design is entering clinical territory rather than remaining a
theoretical capability.

5.5. Bioremediation and pollution management

Synthetic biology offers new routes for bioremediation, pollution
management, and waste valorisation by engineering biological systems
to detect, degrade, or sequester contaminants, including heavy metals,
hydrocarbons, pesticides, carbon dioxide, and plastics (Brandenberg
et al., 2022; Cowan et al., 2025; Prather et al., 2018; Ren et al., 2025;
Soon et al.,, 2025), or to convert them into higher-value products
(Johnson et al., 2025). Engineered biosensors can detect trace contam-
inants with high specificity (Dong et al., 2017; Garabello et al., 2024;
Kumar et al., 2017), and microbial consortia can be optimised for
cooperative degradation of complex waste streams (Bao et al., 2023).
These capabilities align closely with circular-bioeconomy logic, con-
verting waste streams into feedstocks for further bioproduction.

6. From Laboratory to Market: Scale-up, Biofoundries, and Case
Studies

Replicating laboratory performance at an industrial scale is the
central bottleneck for commercial synthetic biology (Kampers et al.,
2021). In this section, we treat scale-up not as a list of challenges but
as a tractable engineering problem that the convergence of QbD, Al, and
biofoundry automation is now beginning to solve, and we illustrate with
four case studies in which market-scale products have successfully
navigated the laboratory-to-industry path.

6.1. Scale-up effects and their mechanisms

The so-called “scale-up effect” arises from a combination of process
phenomena that emerge or intensify at an industrial scale. Substrate,
oxygen, temperature, and pH gradients form along large fermenters and
generate heterogeneous microenvironments that select for sub-
populations with altered behaviour (Becker et al., 2023; Bylund et al.,
1998; Delvigne and Goffin, 2014; Shabestary et al., 2024; Spadiut
et al., 2013). Industrial conditions, crude feedstocks, variable oxygen
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transfer, extended fermentation times, are rarely reproduced during
strain construction (Becker et al., 2023; Olsson et al., 2022). Genetic
parts tuned in minimal laboratory media often perform poorly under
industrial conditions, leading to suboptimal promoter, terminator, or
regulatory-element choices surfacing only after scale-up (Garrigos-
Martinez et al., 2021; Georgiadis et al., 2023; Kittler et al., 2025; Pan
et al., 2023). Together, these factors compromise critical performance
metrics in ways that are predictable in principle but difficult to antici-
pate without structured analysis.

6.2. Computational modelling and digital twins

Advanced computational modelling is increasingly being used to
anticipate and mitigate scale-up effects before fermenter commis-
sioning. Genome-scale metabolic models predict how genetic modifi-
cations redistribute flux under substrate limitation; dynamic kinetic
models capture transient responses to environmental change; and
hybrid mechanistic/data-driven digital twins of bioprocesses integrate
strain behaviour with reactor hydrodynamics and process analytical
technology outputs (Garcia-Jiménez et al., 2021; Lopatkin and Collins,
2020; Lu et al., 2024; Mandakovic et al., 2020; Wagner et al., 2021).
Guided by the QbD framework discussed in Section 2.2, these models
translate laboratory observations into CQA-CPP relationships that can
be queried and optimised at scale. Al and hybrid models, in particular,
are expanding the design space considered during the Design phase so
that candidates likely to fail at scale are filtered out before Build and Test
(Mu’azzam et al., 2024).

6.3. Biofoundries as systematic scale-up enablers

Automated biofoundries integrate robotics, liquid-handling plat-
forms, high-throughput characterisation, and standardised data infra-
structure to execute DBTL cycles at scales not feasible manually
(Carbonell et al., 2019; Chao et al., 2017; Gong et al., 2026; Lee et al.,
2023; Stephenson et al., 2023). The Global Biofoundry Alliance now
coordinates public biofoundries across multiple countries and dedicated
private biofoundry operators run commercial DBTL pipelines at indus-
trial throughput. Two capabilities matter most for scale-up. First, bio-
foundries routinely characterise hundreds to thousands of variants per
cycle, so strain performance is benchmarked across a much larger design
space than traditional approaches allow, reducing the probability that
the chosen lead is a local optimum that will collapse at scale. Second,
standardised workflows produce structured, machine-readable datasets
that feed directly into AI models, closing the loop described in Section
3.5. Together, these capabilities can substantially shorten the time from
initial design to a robust, industrially viable process

6.4. Case studies of successful laboratory-to-market translation

6.4.1. LanzaTech: gas fermentation from pilot to commercial scale

LanzaTech’s commercialisation of gas fermentation is one of the
most fully-developed contemporary demonstrations of scaled synthetic
biology. The underlying system is an acetogenic Clostridium engineered
to ferment carbon-rich industrial waste gases (CO, CO5, Hy) into liquid
products. Commercial deployment began in 2018 with ethanol pro-
duction at the Shougang facility in China, and the platform now operates
at six production sites worldwide, with combined annual ethanol output
exceeding 350,000 tonnes from waste-gas feedstocks (LanzaTech,
2025). More recently, the platform has been extended to higher-value
products: carbon-negative acetone and isopropanol have been demon-
strated at industrial pilot scale by redirecting flux from native sol-
ventogenesis toward target products (Liew et al., 2022).

The translation to commercial operation required coordinated work
on three fronts that map directly onto the convergent framework
advocated in this review: strain engineering to redirect carbon flux;
bioreactor and gas-transfer physics, where CO solubility and mass
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transfer constrain achievable productivity; and continuous-process en-
gineering for steady-state operation on variable industrial gas streams.
QbD-style identification of CQAs (product titre, gas conversion effi-
ciency, strain stability) and CPPs (gas composition, pH, dissolved CO,
recycle ratios) provided the structured evidence base needed for both
process optimisation and regulatory and customer qualification. As a
case study, LanzaTech illustrates how multi-scale integration, not
biology alone, and not engineering alone, enables synthetic biology to
operate at commercial scale.

6.4.2. Amyris and Sanofi semi-synthetic artemisinin

The semi-synthetic artemisinin programme remains the canonical
case of a yeast-based synthetic biology platform reaching
pharmaceutical-grade scale and full regulatory qualification (Paddon
et al., 2013; Ro et al., 2006). The translation path required more than
a decade of iterative strain engineering to lift artemisinic acid titres in
Saccharomyces cerevisiae to a level compatible with downstream chem-
ical conversion to artemisinin, together with WHO prequalification of
the final active pharmaceutical ingredient and integration into the
public-health antimalarial supply chain via Sanofi.

Industrial production of semi-synthetic artemisinin was discontinued
in 2015. The reasons were not technical: by that point yields had
increased sharply for plant-derived artemisinin from Artemisia annua
cultivation, market prices had fallen below the fermentation cost base,
and the economic justification for the semi-synthetic route was lost. The
programme remains instructive precisely because of this outcome. It
demonstrates that synthetic biology can deliver a complex natural
product to pharmaceutical standards and into public-health supply
chains; equally, it shows that long-term commercial viability depends on
co-evolution with the conventional supply chain whose displacement is
being attempted. Several of the development lessons, the cost of late-
stage strain rework, the value of process-integrated strain engineering,
and the importance of structured CQA-CPP definition early in develop-
ment, directly inform the convergent framework advocated here.

6.4.3. Precision fermentation: multiple start-up companies

Precision fermentation of animal-origin proteins (whey, casein,
heme, ovalbumin, and collagen) illustrates synthetic biology navigating
both scale-up and novel-food regulatory pathways simultaneously.
Companies operating in this space have had to co-develop strain per-
formance, fermentation scale-up, and regulatory evidence packages (US
GRAS filings, EU novel food applications) from early in the development
cycle. Recently published work on heme-containing globin production
by precision fermentation in recombinant yeast (Bae et al., 2025) and
recombinant bovine og;-casein in genome-reduced Bacillus subtilis
(Biermann et al., 2025) indicates the technical maturity of the platform;
published LCA work for ovalbumin (Jarvio et al., 2021) supports the
environmental case.

6.4.4. Ginkgo Bioworks: a horizontal biofoundry platform

Ginkgo Bioworks exemplifies the horizontal biofoundry model,
providing strain engineering services to commercial partners across
food, pharma, and agriculture (Ginkgo Bioworks, 2025). Its scale rests
on the same convergence highlighted throughout this review: stand-
ardised strain design at scale, Al-driven design space exploration, and
systematic strain characterisation. That convergence enables autono-
mous laboratories, which will be a major feature of future biotech-
nology. The horizontal model is evidence that synthetic biology
infrastructure itself, not just individual products, can now be commer-
cialised, broadening access for smaller developers that lack internal
biofoundry capability.

6.4.5. Limitations and partial failures in the wider commercial landscape

A balanced view requires acknowledging that the case studies in
Sections 6.4.1 to 6.4.4 sit alongside others in which technically suc-
cessful platforms have nonetheless faced significant commercial
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difficulties. Several recent episodes illustrate the gap that can open be-
tween technical demonstration and durable commercial success, and
merit brief consideration here.

Amyris itself, beyond the artemisinin programme discussed in Sec-
tion 6.4.2, commercialised farnesene-derived ingredients including the
cosmetic emollient squalane and several fragrance compounds, yet filed
for Chapter 11 bankruptcy in August 2023 citing debt and capital con-
straints rather than technology failure. The case illustrates that the
timelines and capital intensity of industrial synthetic biology can outlast
investor patience and balance-sheet flexibility, even where the under-
lying biology and products are technically sound.

The earlier generation of synthetic biology-based biofuel ventures
provides a parallel lesson. Companies including Solazyme (engineered
microalgae), LS9 (engineered Escherichia coli), and Joule Unlimited
(engineered cyanobacteria for direct CO2-to-fuel conversion) developed
technically remarkable platforms but were unable to achieve cost parity
with petroleum at the oil prices prevailing through 2014 to 2020; most
either pivoted to higher-value products or ceased operations. The
transferable insight is that platforms whose commercial viability de-
pends on displacing low-margin commodity products are particularly
vulnerable to external market dynamics, and that platform companies
often require higher-value markets to sustain capital intensity during
scale-up.

More recently, Bolt Threads ceased production of its Mylo mycelium-
based leather alternative in 2023, despite high-profile partnerships with
major fashion brands, citing inability to raise the capital required for
next-stage scale-up. The episode demonstrates that brand-side com-
mercial demand does not automatically translate into the project finance
needed for facility-scale production, and that biofoundry-stage success
must be matched by a very different funding logic at industrial
demonstration scale.

Regulatory approval is also not equivalent to commercial scale.
Cultivated meat has now received clearances in Singapore (2020), the
United States (USDA and FDA, 2023), and the United Kingdom (Meatly,
pet food, 2024; see Section 4.3), but global production volumes remain
very small and the cost gap to conventional meat documented by
Humbird (2021) has narrowed only slowly.

Together, these episodes do not negate the cases in Sections 6.4.1 to
6.4.4, but they sharpen their interpretation. The convergent framework
advocated in this review, QbD-structured development, Al-guided
design, and biofoundry automation, addresses technical sources of
late-stage failure such as strain rework, scale-up surprises, and regula-
tory documentation gaps. It does not by itself resolve external pressures:
feedstock and commodity prices, capital availability, customer adoption
rates, and the time horizons of public-market financing all remain
decisive in determining which technically successful platforms become
durably commercial. A realistic view treats these factors as additional
risks to be designed for from the outset, alongside the engineering and
biological challenges on which most of the synthetic biology literature
focuses.

7. Regulatory and Societal Landscape
7.1. Regional regulatory divergence: EU and US frameworks

Regulatory frameworks for synthetic biology products vary sub-
stantially across jurisdictions, creating both opportunities and frictions
for global developers (Turnbull et al., 2021; Wesseler et al., 2023; Wong
and Chan, 2016). The most consequential divergence for bio-
manufacturing sits between the European Union and the United States.

The EU operates a predominantly process-based framework. Genet-
ically modified organisms are regulated under Directive 2001/18/EC
and Regulation (EC) No 1829/2003, with the European Food Safety
Authority (EFSA) conducting pre-market risk assessment (Frankel and
Chapman, 2000; Hayashi et al., 2024; More et al., 2022; Mullins et al.,
2024; Son et al., 2021). A long-standing question has been how to
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treat organisms produced by New Genomic Techniques (NGTs), CRISPR-
edited plants in particular, which a 2018 Court of Justice ruling placed
within the GMO Directive. An ongoing EU legislative process that aims
to introduce a lighter regulatory path for “plants produced by certain
new genomic techniques” (essentially cisgenic plants or those with
fewer than 20 introduced edits) is a positive step (https://www.europa
rl.europa.eu/legislative-train/schedule). It is also anticipated that
changes, especially regulatory simplification, that will be introduced in
the European Biotech Act II (due late 2026/early 2027) will also lead to
a more streamlined and predictable regulatory process and timeframe in
Europe. In this regard, it is important that regulators consider the full
breadth of industrial biotechnology, encompassing plants, animals, and
microbes.

The US operates a predominantly product-based framework under
the Coordinated Framework for the Regulation of Biotechnology, with
oversight split between the FDA (food and drugs), USDA-APHIS (plants
and animal products), and EPA (pesticides and some microbial prod-
ucts). For engineered plants, the USDA-APHIS “SECURE” rule (2020)
exempts from regulation plant modifications that could have been
achieved by conventional breeding, materially accelerating market
entry for many gene-edited crops. For microbial and precision-
fermentation products, the FDA’s GRAS (Generally Recognised as
Safe) notification pathway has been the principal route for food in-
gredients, while new animal-cell-derived products (cultivated meat) are
regulated through a joint FDA-USDA framework.

The downstream consequences of this divergence are visible in
market trajectories. Several gene-edited crops and precision-fermented
ingredients have reached the US market substantially earlier than in
the EU, and companies designing products for both jurisdictions
generally have to maintain parallel evidence packages. For global syn-
thetic biology developers, this regulatory complexity intersects directly
with QbD: structured CQA-CPP documentation and process under-
standing generated early in development can serve as the evidence base
for both frameworks, reducing the marginal cost of dual-market access
(Mu’azzam et al., 2024).

7.2. Biosafety, biocontainment, and evidence-based regulation

Advances in synthetic biology also offer technical responses to the
biosafety concerns that drive regulation. These include streamlined or
recoded genomes that limit horizontal gene transfer potential (Leprince
et al., 2012; Robertson et al., 2021), kill switches and engineered aux-
otrophies that constrain persistence outside controlled environments
(Asin-Garcia et al., 2022; Hayashi et al., 2024; Mandell et al., 2015;
Rottinghaus et al., 2022), and tightly controlled gene circuits that limit
the conditions under which engineered functions are expressed
(Asensio-Calavia et al., 2024). Together, these tools can provide the
evidence base for risk-proportionate, adaptive regulatory frameworks,
and are a natural complement to QbD-based process development.

7.3. Societal acceptance

Regulation sets the floor for what is permissible; public acceptance
determines what reaches scale. Consumer perception of synthetic
biology is shaped by concerns about safety, naturalness, and cultural
familiarity, with food, health, and environmental-release applications
attracting scrutiny (Bearth et al., 2022; The Good Food Institute, 2025;
Hocquette et al., 2025; Lanz et al., 2024). Industrial biocatalysis and
closed-loop bioremediation, by contrast, generally face lower public
opposition (Olynk Widmar et al., 2017). Transparent communication,
robust safety data, and genuine engagement with ethical, cultural, and
environmental concerns are essential for building trust (Beghin and
Gustafson, 2021; Koralesky et al., 2023; Paudel et al., 2023). Semantic
clarity also matters: proposals to harmonise biotechnology terminology
across research, regulation, and public communication (Ancelin et al.,
2025) will help reduce the definitional confusion that currently
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undermines informed public debate.
8. Conclusions

Synthetic biology has matured substantially over the past two de-
cades by integrating engineering principles into biological design. This
review has argued that what distinguishes the current moment is not the
continuing refinement of any single enabling technology, but the
convergence of three previously parallel developments: Quality by
Design as the industrial translation layer, Al-driven design as an active
participant in the DBTL cycle, and automated biofoundries as the
infrastructure that operationalises both at scale. Together these ele-
ments are beginning to outline a credible and increasingly repeatable
pathway from laboratory innovation to industrial circular
biomanufacturing.

This convergence has three consequences for how the field should
now be viewed. First, the core synthetic biology toolkit is increasingly
domain-transferable, supporting coherent engineering across microbial,
plant, and animal systems that together underpin a broader bio-
economy. Second, scale-up is increasingly being addressed prospectively
through first-principles and Al-informed modelling, and biofoundry
throughput, rather than treated as an intractable source of late-stage
failure; market-scale case studies in gas fermentation, antimalarial
production, precision fermentation, and horizontal biofoundry services
indicate that this shift is producing measurable results in specific
application areas. Third, the regulatory and societal frameworks that
govern real-world adoption are themselves evolving, and the structured
evidence bases that convergent synthetic biology generates appear
increasingly well aligned with the emerging requirements of both EU
and US pathways.

Significant challenges remain. The complexity of living cells con-
tinues to exceed our full understanding (Adamala et al., 2024; Bervoets
and Charlier, 2019; Lu et al., 2024; O’Malley et al., 2008), cost-
competitive production of low-margin commodities remains difficult
(Danchin, 2012; Humbird, 2021; Rasul et al., 2022), and public accep-
tance is conditional and hard-won. However, much of the infrastructure
needed to address these challenges systematically is now emerging, even
if its capabilities remain uneven across application areas. The contri-
bution of synthetic biology to the circular bioeconomy over the coming
decade will depend on continued investment in the convergent frame-
work described here, on interdisciplinary collaboration across engi-
neering, biology, computation, and regulation, and on responsible
implementation that engages society as a partner rather than a
spectator.

Funding
This work was supported by Research Ireland (Taighde Eireann)

within the 2021 Government of Ireland Postgraduate Scholarship
(project number GOIPG/2021/435).

Declaration of Competing Interest

The authors declare no competing financial interests.
Data availability

No data was used for the research described in the article.

References

Abdallah, N.A., Elsharawy, H., Abulela, H.A., Thilmony, R., Abdelhadi, A.A., Elarabi, N.
1., 2022. Multiplex CRISPR/Cas9-mediated genome editing to address drought
tolerance in wheat. GM Crops & Food. https://doi.org/10.1080/
21645698.2022.2120313.

Abramson, J., Adler, J., Dunger, J., Evans, R., Green, T., Pritzel, A., Ronneberger, O.,
Willmore, L., Ballard, A.J., Bambrick, J., Bodenstein, S.W., Evans, D.A., Hung, C.-C.,

10

Biotechnology Advances 92 (2026) 109001

O’Neill, M., Reiman, D., Tunyasuvunakool, K., Wu, Z., Zemgulyté, A., Arvaniti, E.,
Jumper, J.M., 2024. Accurate structure prediction of biomolecular interactions with
AlphaFold 3. Nature 630 (8016), 493-500. https://doi.org/10.1038/541586-024-
07487-w.

Adamala, K.P., Dogterom, M., Elani, Y., Schwille, P., Takinoue, M., Tang, T.Y.D., 2024.
Present and future of synthetic cell development. Nat. Rev. Mol. Cell Biol. 25 (3),
162-167. https://doi.org/10.1038/541580-023-00686-9.

Al-Hammadi, M., Anadol, G., Martin-Garcia, F.J., Moreno-Garcia, J., Keskin
Giindogdu, T., Gilingormiisler, M., 2025. Scaling bioethanol for the future: the
commercialization potential of extremophiles and non-conventional
microorganisms. Front. Energy Res. 13, 1565273. https://doi.org/10.3389/
FENRG.2025.1565273.

Amarasinghe, S.L., Su, S., Dong, X., Zappia, L., Ritchie, M.E., Gouil, Q., 2020.
Opportunities and challenges in long-read sequencing data analysis. Genome Biol. 21
(1), 1-16. https://doi.org/10.1186/513059-020-1935-5.

Ancelin, M., Martins dos Santos, V.A.P., Morrissey, J.P., O’'Donohue, M.J., Penttila, M.,
Philp, J.C., 2025. Addressing semantic ambiguity in biotechnology: Proposals from
the European research infrastructure IBISBA. New Biotechnol. 88, 83-88. https://
doi.org/10.1016/J.NBT.2025.04.010.

Annaluru, N., Muller, H., Mitchell, L.A., Ramalingam, S., Stracquadanio, G.,
Richardson, S.M., Dymond, J.S., Kuang, Z., Scheifele, L.Z., Cooper, E.M., Cai, Y.,
Zeller, K., Agmon, N., Han, J.S., Hadjithomas, M., Tullman, J., Caravelli, K.,
Cirelli, K., Guo, Z., Chandrasegaran, S., 2014. Total synthesis of a functional designer
eukaryotic chromosome. Science 344 (6179), 55-58. https://doi.org/10.1126/
SCIENCE.1249252.

Antonovsky, N., Gleizer, S., Noor, E., Zohar, Y., Herz, E., Barenholz, U., Zelcbuch, L.,
Amram, S., Wides, A., Tepper, N., Davidi, D., Bar-On, Y., Bareia, T., Wernick, D.G.,
Shani, 1., Malitsky, S., Jona, G., Bar-Even, A., Milo, R., 2016. Sugar Synthesis from
CO2 in Escherichia coli. Cell 166 (1), 115-125. https://doi.org/10.1016/J.
CELL.2016.05.064.

Anzalone, A.V., Randolph, P.B., Davis, J.R., Sousa, A.A., Koblan, L.W., Levy, J.M.,
Chen, P.J., Wilson, C., Newby, G.A., Raguram, A., Liu, D.R., 2019. Search-and-
replace genome editing without double-strand breaks or donor DNA. Nature, 576:
7785 576 (7785), 149-157. https://doi.org/10.1038/541586-019-1711-4.

Asensio-Calavia, A., Ceballos-Munuera, A., Méndez-Pérez, A., Alvarez, B.,

Fernandez, L.A., 2024. A tuneable genetic switch for tight control of tac promoters in
Escherichia coli boosts expression of synthetic injectisomes. Microb. Biotechnol. 17
(1), €14328. https://doi.org/10.1111/1751-7915.14328.

Asin-Garcia, E., Batianis, C., Li, Y., Fawcett, J.D., de Jong, 1., dos Santos, V.A.P.M., 2022.
Phosphite synthetic auxotrophy as an effective biocontainment strategy for the
industrial chassis Pseudomonas putida. Microb. Cell Factories 21 (1), 156. https://doi.
org/10.1186/512934-022-01883-5.

Bachhav, B., de Rossi, J., Llanos, C.D., Segatori, L., 2023. Cell factory engineering:
Challenges and opportunities for synthetic biology applications. Biotechnol. Bioeng.
120 (9), 2441-2459. https://doi.org/10.1002/BIT.28365.

Bae, H.N., Kim, G.H., Seo, S.0., 2025. Secretory Production of Plant Heme-Containing
Globins by Recombinant Yeast via Precision Fermentation. Foods 14 (8), 1422.
https://doi.org/10.3390/FOODS14081422.

Balarezo-Cisneros, L.N., Timouma, S., Hanak, A., Currin, A., Valle, F., Delneri, D., 2023.
High quality de novo genome assembly of the non-conventional yeast Kazachstania
bulderi describes a potential low pH production host for biorefineries.
Communications Biology 6 (1), 1-14. https://doi.org/10.1038/542003-023-05285-
0.

Balasubramanian, S., Chen, J., Wigneswaran, V., Bang-Berthelsen, C.H., Jensen, P.R.,
2021. Droplet-Based Microfluidic High Throughput Screening of Corynebacterium
glutamicum for Efficient Heterologous Protein Production and Secretion. Front.
Bioeng. Biotechnol. 9, 668513. https://doi.org/10.3389/FBIOE.2021.668513.

Bao, T., Qian, Y., Xin, Y., Collins, J.J., Lu, T., 2023. Engineering microbial division of
labor for plastic upcycling. Nat. Commun. 14 (1), 1-13. https://doi.org/10.1038/
S$41467-023-40777-X.

Bearth, A., Kaptan, G., Kessler, S.H., 2022. Genome-edited versus genetically-modified
tomatoes: an experiment on people’s perceptions and acceptance of food
biotechnology in the UK and Switzerland. Agric. Hum. Values 39 (3), 1117-1131.
https://doi.org/10.1007/S10460-022-10311-8.

Beaucage, S.L., Caruthers, M.H., 1981. Deoxynucleoside phosphoramidites- A new class
of key intermediates for deoxypolynucleotide synthesis. Tetrahedron Lett. 22 (20),
1859-1862. https://doi.org/10.1016/50040-4039(01)90461-7.

Becker, L., Sturm, J., Eiden, F., Holtmann, D., 2023. Analyzing and understanding the
robustness of bioprocesses. Trends Biotechnol. 41 (8), 1013-1026. https://doi.org/
10.1016/J.TIBTECH.2023.03.002.

Beghin, J.C., Gustafson, C.R., 2021. Consumer valuation of and attitudes towards novel
foods produced with new plant engineering techniques: A review. Sustainability
(Switzerland) 13 (20), 11348. https://doi.org/10.3390/SU132011348.

Bentley, D.R., Balasubramanian, S., Swerdlow, H.P., Smith, G.P., Milton, J., Brown, C.G.,
Hall, K.P., Evers, D.J., Barnes, C.L., Bignell, H.R., Boutell, J.M., Bryant, J., Carter, R.
J., Keira Cheetham, R., Cox, A.J., Ellis, D.J., Flatbush, M.R., Gormley, N.A.,
Humphray, S.J., Smith, A.J., 2008. Accurate whole human genome sequencing using
reversible terminator chemistry. Nature 2008 456:7218 456 (7218), 53-59. https://
doi.org/10.1038/nature07517.

Benyahia, B., Brumano, L.P., Pessoa, A., da Silva, F.V.S., 2020. Biopharmaceutical
development, production, and quality. In: New and Future Developments in
Microbial Biotechnology and Bioengineering. Elsevier, pp. 69-89. https://doi.org/
10.1016/B978-0-444-64301-8.00003-2.

Bervoets, 1., Charlier, D., 2019. Diversity, versatility and complexity of bacterial gene
regulation mechanisms: opportunities and drawbacks for applications in synthetic


https://doi.org/10.1080/21645698.2022.2120313
https://doi.org/10.1080/21645698.2022.2120313
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1038/S41580-023-00686-9
https://doi.org/10.3389/FENRG.2025.1565273
https://doi.org/10.3389/FENRG.2025.1565273
https://doi.org/10.1186/S13059-020-1935-5
https://doi.org/10.1016/J.NBT.2025.04.010
https://doi.org/10.1016/J.NBT.2025.04.010
https://doi.org/10.1126/SCIENCE.1249252
https://doi.org/10.1126/SCIENCE.1249252
https://doi.org/10.1016/J.CELL.2016.05.064
https://doi.org/10.1016/J.CELL.2016.05.064
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1111/1751-7915.14328
https://doi.org/10.1186/S12934-022-01883-5
https://doi.org/10.1186/S12934-022-01883-5
https://doi.org/10.1002/BIT.28365
https://doi.org/10.3390/FOODS14081422
https://doi.org/10.1038/s42003-023-05285-0
https://doi.org/10.1038/s42003-023-05285-0
https://doi.org/10.3389/FBIOE.2021.668513
https://doi.org/10.1038/S41467-023-40777-X
https://doi.org/10.1038/S41467-023-40777-X
https://doi.org/10.1007/S10460-022-10311-8
https://doi.org/10.1016/S0040-4039(01)90461-7
https://doi.org/10.1016/J.TIBTECH.2023.03.002
https://doi.org/10.1016/J.TIBTECH.2023.03.002
https://doi.org/10.3390/SU132011348
https://doi.org/10.1038/nature07517
https://doi.org/10.1038/nature07517
https://doi.org/10.1016/B978-0-444-64301-8.00003-2
https://doi.org/10.1016/B978-0-444-64301-8.00003-2

C. Belloch-Molina et al.

biology. FEMS Microbiol. Rev. 43 (3), 304-339. https://doi.org/10.1093/FEMSRE/
FUZ001.

Biermann, L., Tadele, L.R., Henrique, E., Perino, B., Nicholson, R., Lilge, L.,
Hausmann, R., 2025. Recombinant Production of Bovine aS1-Casein in Genome-
Reduced Bacillus subtilis Strain IIG-Bs-20-5-1. Microorganisms 13 (1), 60. https://doi.
org/10.3390/MICROORGANISMS13010060.

Bioworks, Ginkgo, 2025. Ginkgo Bioworks: The platform for cell programming. http
s://www.ginkgo.bio/ (accessed 19 May 2026).

Blount, B.A., Weenink, T., Vasylechko, S., Ellis, T., 2012. Rational Diversification of a
Promoter Providing Fine-Tuned Expression and Orthogonal Regulation for Synthetic
Biology. PLoS One 7 (3), €33279. https://doi.org/10.1371/JOURNAL.
PONE.0033279.

Brandenberg, O.F., Schubert, O.T., Kruglyak, L., 2022. Towards synthetic PETtrophy:
Engineering Pseudomonas putida for concurrent polyethylene terephthalate (PET)
monomer metabolism and PET hydrolase expression. Microb. Cell Factories 21 (1),
1-31. https://doi.org/10.1186/512934-022-01849-7.

Brans, K.I., Jansen, M., Vanoverbeke, J., Tiiziin, N., Stoks, R., De Meester, L., 2017. The
heat is on: Genetic adaptation to urbanization mediated by thermal tolerance and
body size. Glob. Chang. Biol. 23 (12), 5218-5227. https://doi.org/10.1111/
GCB.13784.

Brenner, K., You, L., Arnold, F.H., 2008. Engineering microbial consortia: a new frontier
in synthetic biology. Trends Biotechnol. 26 (9), 483-489. https://doi.org/10.1016/
J.TIBTECH.2008.05.004.

Brinkerhoff, H., Kang, A.S.W., Liu, J., Aksimentiev, A., Dekker, C., 2021. Multiple rereads
of single proteins at single-amino acid resolution using nanopores. Science 374
(6574), 1509-1513. https://doi.org/10.1126/SCIENCE.ABL4381.

Brophy, J.A.N., Voigt, C.A., 2014. Principles of genetic circuit design. Nat. Methods 11
(5), 508-520. https://doi.org/10.1038/nmeth.2926.

Butti, P., Bellusci, F., Brambilla, E., Branduardi, P., 2025. Genomically integrated
cassettes swapping: bringing modularity to the strain level in Saccharomyces
cerevisiae. FEMS Yeast Res. 25, 32. https://doi.org/10.1093/FEMSYR/FOAF032.

Bylund, F., Collet, E., Enfors, S.0., Larsson, G., 1998. Substrate gradient formation in the
large-scale bioreactor lowers cell yield and increases by-product formation.
Bioprocess Eng. 18 (3), 171-180. https://doi.org/10.1007/5004490050427.

Canton, B., Labno, A., Endy, D., 2008. Refinement and standardization of synthetic
biological parts and devices. Nature Biotechnology 2008 26:7 26 (7), 787-793.
https://doi.org/10.1038/nbt1413.

Carbonell, P., Jervis, A.J., Robinson, C.J., Yan, C., Dunstan, M., Swainston, N.,
Vinaixa, M., Hollywood, K.A., Currin, A., Rattray, N.J.W., Taylor, S., Spiess, R.,
Sung, R., Williams, A.R., Fellows, D., Stanford, N.J., Mulherin, P., Le Feuvre, R.,
Barran, P., Scrutton, N.S., 2018. An automated Design-Build-Test-Learn pipeline for
enhanced microbial production of fine chemicals. Communications Biology 1 (1),
1-10. https://doi.org/10.1038/s42003-018-0076-9.

Carbonell, P., Radivojevic, T., Garcia Martin, H., 2019. Opportunities at the Intersection
of Synthetic Biology, Machine Learning, and Automation. ACS Synth. Biol. 8 (7),
1474-1477. https://doi.org/10.1021/ACSSYNBIO.8B00540.

Carlson, R., 2025. Synthesis. https://www.synthesis.cc/synthesis/category/Carlson+
Curves.

Chao, R., Mishra, S., Si, T., Zhao, H., 2017. Engineering biological systems using
automated biofoundries. Metab. Eng. 42, 98-108. https://doi.org/10.1016/J.
YMBEN.2017.06.003.

Chen, X., Gao, M., Wang, L., Qiang, G., Wu, Y., Huang, H., Kang, G., 2024. A synthetic
microbial consortium protects against obesity by regulating vitamin B6 metabolism.
Gut Microbes 16 (1). https://doi.org/10.1080/19490976.2024.2304901.

Costello, A., Badran, A.H., 2021. Synthetic Biological Circuits within an Orthogonal
Central Dogma. Trends Biotechnol. 39 (1), 59-71. https://doi.org/10.1016/J.
TIBTECH.2020.05.013.

Cowan, A.E., Hillers, M., Rainaldi, V., Collas, F., Choudhary, H., Zakaria, B.S.,
Bieberach, G.G., Carruthers, D.N., Grabovac, M., Gin, J.W., Cawthon, B., Chen, Y.,
Turumtay, E.A., Baidoo, E.E.K., Petzold, C.J., Feist, A.M., Tejedor-Sanz, S., Kensy, F.,
Simmons, B.A.,, Claassens, N.J., 2025. Fast growth and high-titer bioproduction from
renewable formate via metal-dependent formate dehydrogenase in Escherichia coli.
Nat. Commun. 16 (1), 1-13. https://doi.org/10.1038/541467-025-61001-y.

Cutolo, E.A., Mandala, G., Dall’osto, L., & Bassi, R., 2022. Harnessing the Algal
Chloroplast for Heterologous Protein Production. Microorganisms 10 (4), 743.
https://doi.org/10.3390/MICROORGANISMS10040743.

Dahiya, S., Kumar, A.N., Shanthi Sravan, J., Chatterjee, S., Sarkar, O., Mohan, S.V., 2018.
Food waste biorefinery: Sustainable strategy for circular bioeconomy. Bioresour.
Technol. 248, 2-12. https://doi.org/10.1016/J.BIORTECH.2017.07.176.

Danchin, A., 2012. Scaling up synthetic biology: Do not forget the chassis. FEBS Lett. 586
(15), 2129-2137. https://doi.org/10.1016/J.FEBSLET.2011.12.024.

de Ruijter, J.C., Koskela, E.V., Frey, A.D., 2016. Enhancing antibody folding and
secretion by tailoring the Saccharomyces cerevisiae endoplasmic reticulum. Microb.
Cell Factories 15 (1), 1-18. https://doi.org/10.1186/512934-016-0488-5.

Delvigne, F., Goffin, P., 2014. Microbial heterogeneity affects bioprocess robustness:
Dynamic single-cell analysis contributes to understanding of microbial populations.
Biotechnol. J. 9 (1), 61-72. https://doi.org/10.1002/BIOT.201300119.

Dong, Z.Z., Yang, C., Vellaisamy, K., Li, G., Leung, C.H., Ma, D.L., 2017. Construction of a
Nano Biosensor for Cyanide Anion Detection and Its Application in Environmental
and Biological Systems. ACS Sens. 2 (10), 1517-1522. https://doi.org/10.1021/
ACSSENSORS.7B00553.

Durrant, M.G., Perry, N.T., Pai, J.J., Jangid, A.R., Athukoralage, J.S., Hiraizumi, M.,
McSpedon, J.P., Pawluk, A., Nishimasu, H., Konermann, S., Hsu, P.D., 2024. Bridge
RNAs direct programmable recombination of target and donor DNA. Nature 630
(8018), 984-993. https://doi.org/10.1038/541586-024-07552-4.

11

Biotechnology Advances 92 (2026) 109001

Edelstein, H.I., Cosio, A., Ezekiel, M.L., Corcoran, W.K., Morris, A.H., Leonard, J.N.,
2025. Conversion of natural cytokine receptors into orthogonal synthetic biosensors.
Nat. Chem. Biol. 1-12. https://doi.org/10.1038/541589-025-01986-1.

Eid, J., Fehr, A., Gray, J., Luong, K., Lyle, J., Otto, G., Peluso, P., Rank, D., Baybayan, P.,
Bettman, B., Bibillo, A., Bjornson, K., Chaudhuri, B., Christians, F., Cicero, R.,
Clark, S., Dalal, R., DeWinter, A., Dixon, J., Turner, S., 2009. Real-time DNA
sequencing from single polymerase molecules. Science 323 (5910), 133-138.
https://doi.org/10.1126/SCIENCE.1162986.

Ellis, T., Adie, T., Baldwin, G.S., 2011. DNA assembly for synthetic biology: from parts to
pathways and beyond. Integr. Biol. 3 (2), 109-118. https://doi.org/10.1039/
COIBO0070A.

Elowitz, M.B., Leibier, S., 2000. A synthetic oscillatory network of transcriptional
regulators. Nature 2000 403 (6767), 335-338. https://doi.org/10.1038/35002125.

Endy, D., 2005. Foundations for engineering biology. Nature 438 (7067), 449-453.
https://doi.org/10.1038/nature04342.

Engler, C., Kandzia, R., Marillonnet, S., 2008. A One Pot, One Step, Precision Cloning
Method with High Throughput Capability. PLoS One 3 (11), e3647. https://doi.org/
10.1371/JOURNAL.PONE.0003647.

Erpf, P.E., Meier, F., Walker, R.S.K., Goold, H.D., Boeke, J.D., Paulsen, I.T., Pretorius, L.S.,
2025. Building synthetic chromosomes one yeast at a time: insights from Sc2.0. Nat.
Biotechnol. 43 (12), 1911-1918. https://doi.org/10.1038/s41587-025-02913-4.

Frankel, M.S., Chapman, A.R., 2000. Human Inheritable Genetic Modifications Assessing
Scientific, Ethical, Religious, and Policy Issues http://www.aaas.org/spp/dspp/sfrl/
germline/main.htm.

Fredens, J., Wang, K., de la Torre, D., Funke, L.F.H., Robertson, W.E., Christova, Y.,
Chia, T., Schmied, W.H., Dunkelmann, D.L., Beranek, V., Uttamapinant, C.,
Llamazares, A.G., Elliott, T.S., Chin, J.W., 2019. Total synthesis of Escherichia coli
with a recoded genome. Nature 569 (7757), 514-518. https://doi.org/10.1038/
$41586-019-1192-5.

Fu, H., Yang, S.T., Wang, M., Wang, J., Tang, 1.C., 2017. Butyric acid production from
lignocellulosic biomass hydrolysates by engineered Clostridium tyrobutyricum
overexpressing xylose catabolism genes for glucose and xylose co-utilization.
Bioresour. Technol. 234, 389-396. https://doi.org/10.1016/J.
BIORTECH.2017.03.073.

Galanie, S., Thodey, K., Trenchard, 1.J., Interrante, M.F., Smolke, C.D., 2015. Complete
biosynthesis of opioids in yeast. Science 349 (6252), 1095-1100. https://doi.org/
10.1126/SCIENCE.AAC9373.

Galdzicki, M., Clancy, K.P., Oberortner, E., Pocock, M., Quinn, J.Y., Rodriguez, C.A.,
Roehner, N., Wilson, M.L., Adam, L., Anderson, J.C., Bartley, B.A., Beal, J.,
Chandran, D., Chen, J., Densmore, D., Endy, D., Griinberg, R., Hallinan, J.,
Hillson, N.J., Sauro, H.M., 2014. The Synthetic Biology Open Language (SBOL)
provides a community standard for communicating designs in synthetic biology. Nat.
Biotechnol. 32 (6), 545-550. https://doi.org/10.1038/nbt.2891.

Gambogi, C.W., Birchak, G.J., Mer, E., Brown, D.M., Yankson, G., Kixmoeller, K.,
Gavade, J.N., Espinoza, J.L., Kashyap, P., Dupont, C.L., Logsdon, G.A., Heun, P.,
Glass, J.I., Black, B.E., 2024. Efficient formation of single-copy human artificial
chromosomes. Science 383 (6689), 1344-1349. https://doi.org/10.1126/SCIENCE.
ADJ3566.

Gander, M.W., Vrana, J.D., Voje, W.E., Carothers, J.M., Klavins, E., 2017. Digital logic
circuits in yeast with CRISPR-dCas9 NOR gates. Nat. Commun. 8 (1), 1-11. https://
doi.org/10.1038/NCOMMS15459.

Garabello, E., Yoon, H., Reid, M.C., Giometto, A., 2024. Tunable Low-Rate Genomic
Recombination with Cre-lox in E. coli: A Versatile Tool for Synthetic Biology and
Environmental Sensing. BioRxiv. https://doi.org/10.1101/2024.10.02.616356,
2024.10.02.616356.

Garcia-Jiménez, B., Torres-Bacete, J., Nogales, J., 2021. Metabolic modelling approaches
for describing and engineering microbial communities. Computational and
Structural Biotechnology Journal 19, 226-246. https://doi.org/10.1016/J.
CSBJ.2020.12.003.

Garenne, D., Thompson, S., Brisson, A., Khakimzhan, A., Noireaux, V., 2021. The all-E.
coliTXTL toolbox 3.0: new capabilities of a cell-free synthetic biology platform.
Synth. Biol. 6 (1). https://doi.org/10.1093/SYNBIO/YSABO17.

Garrigoés-Martinez, J., Vuoristo, K., Nieto-Taype, M.A., Téhtiharju, J., Uusitalo, J.,
Tukiainen, P., Schmid, C., Tolstorukov, 1., Madden, K., Penttila, M., Montesinos-
Segui, J.L., Valero, F., Glieder, A., Garcia-Ortega, X., 2021. Bioprocess performance
analysis of novel methanol-independent promoters for recombinant protein
production with Pichia pastoris. Microb. Cell Factories 20 (1), 1-12. https://doi.org/
10.1186/512934-021-01564-9.

Georgiadis, 1., Tsiligkaki, C., Patavou, V., Orfanidou, M., Tsoureki, A., Andreadelli, A.,
Theodosiou, E., Makris, A.M., 2023. Identification and Construction of Strong
Promoters in Yarrowia lipolytica Suitable for Glycerol-Based Bioprocesses.
Microorganisms 11 (5), 1152. https://doi.org/10.3390/
MICROORGANISMS11051152.

Ghag, S.B., Adki, V.S., Ganapathi, T.R., Bapat, V.A., 2021. Plant Platforms for Efficient
Heterologous Protein Production. Biotechnol. Bioprocess Eng. 26 (4), 546-567.
https://doi.org/10.1007/512257-020-0374-1.

Gibson, D.G., Young, L., Chuang, R.Y., Venter, J.C., Hutchison, C.A., Smith, H.O., 2009.
Enzymatic assembly of DNA molecules up to several hundred kilobases. Nature
Methods 2009 6:5 6 (5), 343-345. https://doi.org/10.1038/nmeth.1318.

Gibson, D.G., Glass, J.I., Lartigue, C., Noskov, V.N., Chuang, R.Y., Algire, M.A,,
Benders, G.A., Montague, M.G., Ma, L., Moodie, M.M., Merryman, C., Vashee, S.,
Krishnakumar, R., Assad-Garcia, N., Andrews-Pfannkoch, C., Denisova, E.A.,
Young, L., Qi, Z.N., Segall-Shapiro, T.H., Venter, J.C., 2010. Creation of a bacterial
cell controlled by a chemically synthesized genome. Science 329 (5987), 52-56.
https://doi.org/10.1126/SCIENCE.1190719.


https://doi.org/10.1093/FEMSRE/FUZ001
https://doi.org/10.1093/FEMSRE/FUZ001
https://doi.org/10.3390/MICROORGANISMS13010060
https://doi.org/10.3390/MICROORGANISMS13010060
https://www.ginkgo.bio/
https://www.ginkgo.bio/
https://doi.org/10.1371/JOURNAL.PONE.0033279
https://doi.org/10.1371/JOURNAL.PONE.0033279
https://doi.org/10.1186/S12934-022-01849-7
https://doi.org/10.1111/GCB.13784
https://doi.org/10.1111/GCB.13784
https://doi.org/10.1016/J.TIBTECH.2008.05.004
https://doi.org/10.1016/J.TIBTECH.2008.05.004
https://doi.org/10.1126/SCIENCE.ABL4381
https://doi.org/10.1038/nmeth.2926
https://doi.org/10.1093/FEMSYR/FOAF032
https://doi.org/10.1007/S004490050427
https://doi.org/10.1038/nbt1413
https://doi.org/10.1038/s42003-018-0076-9
https://doi.org/10.1021/ACSSYNBIO.8B00540
https://www.synthesis.cc/synthesis/category/Carlson+Curves
https://www.synthesis.cc/synthesis/category/Carlson+Curves
https://doi.org/10.1016/J.YMBEN.2017.06.003
https://doi.org/10.1016/J.YMBEN.2017.06.003
https://doi.org/10.1080/19490976.2024.2304901
https://doi.org/10.1016/J.TIBTECH.2020.05.013
https://doi.org/10.1016/J.TIBTECH.2020.05.013
https://doi.org/10.1038/s41467-025-61001-y
https://doi.org/10.3390/MICROORGANISMS10040743
https://doi.org/10.1016/J.BIORTECH.2017.07.176
https://doi.org/10.1016/J.FEBSLET.2011.12.024
https://doi.org/10.1186/S12934-016-0488-5
https://doi.org/10.1002/BIOT.201300119
https://doi.org/10.1021/ACSSENSORS.7B00553
https://doi.org/10.1021/ACSSENSORS.7B00553
https://doi.org/10.1038/s41586-024-07552-4
https://doi.org/10.1038/s41589-025-01986-1
https://doi.org/10.1126/SCIENCE.1162986
https://doi.org/10.1039/C0IB00070A
https://doi.org/10.1039/C0IB00070A
https://doi.org/10.1038/35002125
https://doi.org/10.1038/nature04342
https://doi.org/10.1371/JOURNAL.PONE.0003647
https://doi.org/10.1371/JOURNAL.PONE.0003647
https://doi.org/10.1038/s41587-025-02913-4
http://refhub.elsevier.com/S0734-9750(26)00207-7/rf0280
http://refhub.elsevier.com/S0734-9750(26)00207-7/rf0280
http://refhub.elsevier.com/S0734-9750(26)00207-7/rf0280
https://doi.org/10.1038/s41586-019-1192-5
https://doi.org/10.1038/s41586-019-1192-5
https://doi.org/10.1016/J.BIORTECH.2017.03.073
https://doi.org/10.1016/J.BIORTECH.2017.03.073
https://doi.org/10.1126/SCIENCE.AAC9373
https://doi.org/10.1126/SCIENCE.AAC9373
https://doi.org/10.1038/nbt.2891
https://doi.org/10.1126/SCIENCE.ADJ3566
https://doi.org/10.1126/SCIENCE.ADJ3566
https://doi.org/10.1038/NCOMMS15459
https://doi.org/10.1038/NCOMMS15459
https://doi.org/10.1101/2024.10.02.616356
https://doi.org/10.1016/J.CSBJ.2020.12.003
https://doi.org/10.1016/J.CSBJ.2020.12.003
https://doi.org/10.1093/SYNBIO/YSAB017
https://doi.org/10.1186/S12934-021-01564-9
https://doi.org/10.1186/S12934-021-01564-9
https://doi.org/10.3390/MICROORGANISMS11051152
https://doi.org/10.3390/MICROORGANISMS11051152
https://doi.org/10.1007/S12257-020-0374-1
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1126/SCIENCE.1190719

C. Belloch-Molina et al.

Goeddel, D.V., Kleid, D.G., Bolivar, F., Heyneker, H.L., Yansura, D.G., Crea, R.,
Hirosef, T., Kraszewskit, A., Itakuraf, K., Riggstt, A.D., 1979. Expression in
Escherichia coli of chemically synthesized genes for human insulin. Proc. Natl. Acad.
Sci. 76 (1), 106-110. https://doi.org/10.1073/PNAS.76.1.106.

Gong, X., Zhang, J., Gan, Q., Ruan, W, Liu, T., Yan, Y., 2026. Leveraging artificial
intelligence for efficient microbial production. Bioresour. Technol. 439, 133286.
https://doi.org/10.1016/J.BIORTECH.2025.133286.

Grubbe, W.S., Rasor, B.J., Kriiger, A., Jewett, M.C., Karim, A.S., 2020. Cell-free styrene
biosynthesis at high titers. Metab. Eng. 61, 89-95. https://doi.org/10.1016/J.
YMBEN.2020.05.009.

Giilck, T., Booth, J.K., Carvalho, Khakimov, B., Crocoll, C., Motawia, M. S., Mgller, B. L.,
Bohlmann, J., & Gallage, N. J., 2020. Synthetic Biology of Cannabinoids and
Cannabinoid Glucosides in Nicotiana benthamiana and Saccharomyces cerevisiae.

J. Nat. Prod. 83 (10), 2877-2893. https://doi.org/10.1021/ACS.
JNATPROD.0C00241.

Gutiérrez, S., Overmans, S., Wellman, G.B., Samaras, V.G., Oviedo, C., Gede, M.,
Szekely, G., Lauersen, K.J., 2024. A synthetic biology and green bioprocess approach
to recreate agarwood sesquiterpenoid mixtures. Green Chem. 26 (5), 2577-2591.
https://doi.org/10.1039/D3GC03708H.

Hayashi, N., Lai, Y., Fuerte-Stone, J., Mimee, M., Lu, T.K., 2024. Cas9-assisted biological
containment of a genetically engineered human commensal bacterium and genetic
elements. Nat. Commun. 15 (1), 1-17. https://doi.org/10.1038/541467-024-45893-
w.

Hayes, T., Rao, R., Akin, H., Sofroniew, N.J., Oktay, D., Lin, Z., Verkuil, R., Tran, V.Q.,
Deaton, J., Wiggert, M., Badkundri, R., Shafkat, 1., Gong, J., Derry, A., Molina, R.S.,
Thomas, N., Khan, Y.A., Mishra, C., Kim, C., Rives, A., 2025. Simulating 500 million
years of evolution with a language model. Science 387 (6736), 850-858. https://doi.
org/10.1126/science.ads0018.

Helm, T., Stausberg, T., Previati, M., Ernst, P., Klein, B., Busche, T., Kalinowski, J.,
Wibberg, D., Wiechert, W., Claerhout, L., Wierckx, N., Noack, S., 2024. Itaconate
Production from Crude Substrates with U. maydis: Scale-up of an Industrially
Relevant Bioprocess. Microb. Cell Factories 23 (1), 1-14. https://doi.org/10.1186/
S$12934-024-02295-3.

Henry, L.P., Bergelson, J., 2025. Applying ecological principles to microbiome
engineering. Nat. Microbiol. 2025, 1-11. https://doi.org/10.1038/541564-025-
02076-7.

Hettinga, K., Bijl, E., 2022. Can recombinant milk proteins replace those produced by
animals? Curr. Opin. Biotechnol. 75, 102690. https://doi.org/10.1016/J.
COPBIO.2022.102690.

Himel, M.H., Sikder, B., Ahmed, T., Choudhury, S.M., 2023. Biomimicry in
nanotechnology: a comprehensive review. Nanoscale Advances 5 (3), 596-614.
https://doi.org/10.1039/D2NA00571A.

Hiraizumi, M., Perry, N.T., Durrant, M.G., Soma, T., Nagahata, N., Okazaki, S.,
Athukoralage, J.S., Isayama, Y., Pai, J.J., Pawluk, A., Konermann, S., Yamashita, K.,
Hsu, P.D., Nishimasu, H., 2024. Structural mechanism of bridge RNA-guided
recombination. Nature 2024 630:8018 630 (8018), 994-1002. https://doi.org/
10.1038/541586-024-07570-2.

Hocquette, J.F., Chriki, S., Fournier, D., Ellies-Oury, M.P., 2025. Review: Will “cultured
meat” transform our food system towards more sustainability? Animal 19, 101145.
https://doi.org/10.1016/J. ANIMAL.2024.101145.

Hodgman, C.E., Jewett, M.C., 2012. Cell-free synthetic biology: Thinking outside the cell.
Metab. Eng. 14 (3), 261-269. https://doi.org/10.1016/J.YMBEN.2011.09.002.
Hoose, A., Vellacott, R., Storch, M., Freemont, P.S., Ryadnov, M.G., 2023. DNA synthesis
technologies to close the gene writing gap. Nature Reviews Chemistry 2023 7:3 7

(3), 144-161. https://doi.org/10.1038/s41570-022-00456-9.

Huang, J., Liu, Z., Bloomer, B.J., Clark, D.S., Mukhopadhyay, A., Keasling, J.D.,
Hartwig, J.F., 2021. Unnatural biosynthesis by an engineered microorganism with
heterologously expressed natural enzymes and an artificial metalloenzyme. Nat.
Chem. 13 (12), 1186-1191. https://doi.org/10.1038/541557-021-00801-3.

Huang, X., Wang, Y., Wang, N., 2022. Highly Efficient Generation of Canker-Resistant
Sweet Orange Enabled by an Improved CRISPR/Cas9 System. Front. Plant Sci. 12,
769907. https://doi.org/10.3389/FPLS.2021.769907.

Humbird, D., 2021. Scale-up economics for cultured meat. Biotechnol. Bioeng. 118 (8),
3239-3250. https://doi.org/10.1002/BIT.27848.

Jansson, J.K., McClure, R., Egbert, R.G., 2023. Soil microbiome engineering for
sustainability in a changing environment. Nat. Biotechnol. 41 (12), 1716-1728.
https://doi.org/10.1038/541587-023-01932-3.

Jarvio, N., Parviainen, T., Maljanen, N.L., Kobayashi, Y., Kujanpas, L., Ercili-Cura, D.,
Landowski, C.P., Ryynanen, T., Nordlund, E., Tuomisto, H.L., 2021. Ovalbumin
production using Trichoderma reesei culture and low-carbon energy could mitigate
the environmental impacts of chicken-egg-derived ovalbumin. Nat. Food 2 (12),
1005-1013. https://doi.org/10.1038/543016-021-00418-2.

Jia, M., Zhu, S., Xue, M.Y., Chen, H., Xu, J., Song, M., Tang, Y., Liu, X., Tao, Y., Zhang, T.,
Liu, J.X., Wang, Y., Sun, H.Z., 2024. Single-cell transcriptomics across 2,534
microbial species reveals functional heterogeneity in the rumen microbiome. Nat.
Microbiol. 9 (7), 1884-1898. https://doi.org/10.1038/541564-024-01723-9.

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., Charpentier, E., 2012.

A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity. Science 337 (6096), 816-821. https://doi.org/10.1126/
SCIENCE.1225829.

Johnson, N.W., Valenzuela-Ortega, M., Thorpe, T.W., Era, Y., Kjeldsen, A.,
Mulholland, K., Wallace, S., 2025. A biocompatible Lossen rearrangement in
Escherichia coli. Nat. Chem. 2025, 1-7. https://doi.org/10.1038/541557-025-01845-
5.

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O.,
Tunyasuvunakool, K., Bates, R., Zidek, A., Potapenko, A., Bridgland, A., Meyer, C.,

12

Biotechnology Advances 92 (2026) 109001

Kohl, S.A.A., Ballard, A.J., Cowie, A., Romera-Paredes, B., Nikolov, S., Jain, R.,
Adler, J., Hassabis, D., 2021. Highly accurate protein structure prediction with
AlphaFold. Nature 596 (7873), 583-589. https://doi.org/10.1038/541586-021-
03819-2.

Kampers, L.F.C., Asin-Garcia, E., Schaap, P.J., Wagemakers, A., Martins dos Santos, V.A.
P., 2021. From Innovation to Application: Bridging the Valley of Death in Industrial
Biotechnology. Trends Biotechnol. 39 (12), 1240-1242. https://doi.org/10.1016/j.
tibtech.2021.04.010.

Kay, J.E., Jewett, M.C., 2020. A cell-free system for production of 2,3-butanediol is
robust to growth-toxic compounds. Metabolic Engineering Communications 10,
e00114. https://doi.org/10.1016/J.MEC.2019.E00114.

Ke, J., Wang, B., Yoshikuni, Y., 2021. Microbiome Engineering: Synthetic Biology of
Plant-Associated Microbiomes in Sustainable Agriculture. Trends Biotechnol. 39 (3),
244-261. https://doi.org/10.1016/J.TIBTECH.2020.07.008.

Keasling, J., Garcia Martin, H., Lee, T.S., Mukhopadhyay, A., Singer, S.W., Sundstrom, E.,
2021. Microbial production of advanced biofuels. Nat. Rev. Microbiol. 19 (11),
701-715. https://doi.org/10.1038/s41579-021-00577-w.

Khalil, A.S., Collins, J.J., 2010. Synthetic biology: applications come of age. Nat. Rev.
Genet. 11 (5), 367-379. https://doi.org/10.1038/nrg2775.

Kim, N., Ma, J., Kim, W., Kim, J., Belenky, P., Lee, 1., 2024. Genome-resolved
metagenomics: a game changer for microbiome medicine. Exp. Mol. Med. 56 (7),
1501-1512. https://doi.org/10.1038/512276-024-01262-7.

Kittler, S., Miiller, F., Elshazly, M., Wandrey, G.B., Klein, T., Daub, A., Spadiut, O.,
Kopp, J., 2025. Transferability of bioprocessing modes for recombinant protease
production: from fed-batch to continuous cultivation with Bacillus licheniformis. BMC
Biotechnol. 25 (1), 1-13. https://doi.org/10.1186/512896-025-00947-9.

Kobayashi, Y., Inokuma, K., Matsuda, M., Kondo, A., Hasunuma, T., 2021. Resveratrol
production from several types of saccharide sources by a recombinant
Scheffersomyces stipitis strain. Metabolic Engineering Communications 13, e00188.
https://doi.org/10.1016/J.MEC.2021.E00188.

Komor, A.C., Kim, Y.B., Packer, M.S., Zuris, J.A., Liu, D.R., 2016. Programmable editing
of a target base in genomic DNA without double-stranded DNA cleavage. Nature 533
(7603), 420-424. https://doi.org/10.1038/nature17946.

Koralesky, K.E., Sirovica, L.V., Hendricks, J., Mills, K.E., von Keyserlingk, M.A.G.,
Weary, D.M., 2023. Social acceptance of genetic engineering technology. PLoS One
18 (8), €0290070. https://doi.org/10.1371/JOURNAL.PONE.0290070.

Kortemme, T., 2024. De novo protein design-From new structures to programmable
functions. Cell 187 (3), 526-544. https://doi.org/10.1016/J.CELL.2023.12.028.
Kumar, S., Verma, N., Singh, A.K., 2017. Development of cadmium specific recombinant
biosensor and its application in milk samples. Sensors Actuators B Chem. 240,

248-254. https://doi.org/10.1016/J.SNB.2016.08.160.

Lambert, E.G., O’Keeffe, C.J., Ward, A.O., Anderson, T.A., Yip, Q., Newman, P.L.H.,
2024. Enhancing the palatability of cultivated meat. Trends Biotechnol. 42 (9),
1112-1127. https://doi.org/10.1016/j.tibtech.2024.02.014.

Lanz, M., Hartmann, C., Egan, P., Siegrist, M., 2024. Consumer acceptance of cultured,
plant-based, 3D-printed meat and fish alternatives. Future Foods 9, 100297. https://
doi.org/10.1016/J.FUF0.2024.100297.

LanzaTech, 2025. Biorefining. https://lanzatech.com/biorefining/ (accessed 19 May
2026).

Larroude, M., Celinska, E., Back, A., Thomas, S., Nicaud, J.M., Ledesma-Amaro, R., 2018.
A synthetic biology approach to transform Yarrowia lipolytica into a competitive
biotechnological producer of f-carotene. Biotechnol. Bioeng. 115 (2), 464-472.
https://doi.org/10.1002/BIT.26473.

Lee, D.H., Kim, H., Sung, B.H., Cho, B.K,, Lee, S.G., 2023. Biofoundries: Bridging
Automation and Biomanufacturing in Synthetic Biology. Biotechnol. Bioprocess Eng.
28 (6), 892-904. https://doi.org/10.1007/512257-023-0226-X.

Lei, Q., Ma, J., Du, G., Zhou, J., Guan, X., 2023. Efficient expression of a cytokine
combination in Saccharomyces cerevisiae for cultured meat production. Food Res. Int.
170, 113017. https://doi.org/10.1016/J.FOODRES.2023.113017.

Leong, H.Y., Chang, C.K., Khoo, K.S., Chew, K.W., Chia, S.R., Lim, J.W., Chang, J.S.,
Show, P.L., 2021. Waste biorefinery towards a sustainable circular bioeconomy: a
solution to global issues. Biotechnol. Biofuels 14 (1), 1-15. https://doi.org/10.1186/
S$13068-021-01939-5.

Leprince, A., van Passel, M.W.J., dos Santos, V.A.P.M., 2012. Streamlining genomes:
toward the generation of simplified and stabilized microbial systems. Curr. Opin.
Biotechnol. 23 (5), 651-658. https://doi.org/10.1016/J.COPBIO.2012.05.001.

Liew, F.E., Nogle, R., Abdalla, T., Rasor, B.J., Canter, C., Jensen, R.O., Wang, L.,
Strutz, J., Chirania, P., De Tissera, S., Mueller, A.P., Ruan, Z., Gao, A., Tran, L.,
Engle, N.L., Bromley, J.C., Daniell, J., Conrado, R., Tschaplinski, T.J., Kopke, M.,
2022. Carbon-negative production of acetone and isopropanol by gas fermentation
at industrial pilot scale. Nat. Biotechnol. 40 (3), 335-344. https://doi.org/10.1038/
s41587-021-01195-w.

Listov, D., Goverde, C.A., Correia, B.E., Fleishman, S.J., 2024. Opportunities and
challenges in design and optimization of protein function. Nat. Rev. Mol. Cell Biol.
25 (8), 639-653. https://doi.org/10.1038/541580-024-00718-Y.

Liu, C.P., Tsai, T.I.,, Cheng, T., Shivatare, V.S., Wu, C.Y., Wu, C.Y., Wong, C.H., 2018.
Glycoengineering of antibody (Herceptin) through yeast expression and in vitro
enzymatic glycosylation. Proc. Natl. Acad. Sci. 115 (4), 720-725. https://doi.org/
10.1073/PNAS.1718172115.

Liu, A.P., Appel, E.A., Ashby, P.D., Baker, B.M., Franco, E., Gu, L., Haynes, K., Joshi, N.S.,
Kloxin, A.M., Kouwer, P.H.J., Mittal, J., Morsut, L., Noireaux, V., Parekh, S.,
Schulman, R., Tang, S.K.Y., Valentine, M.T., Vega, S.L., Weber, W., Chaudhuri, O.,
2022. The living interface between synthetic biology and biomaterial design. Nat.
Mater. 21 (4), 390-397. https://doi.org/10.1038/541563-022-01231-3.


https://doi.org/10.1073/PNAS.76.1.106
https://doi.org/10.1016/J.BIORTECH.2025.133286
https://doi.org/10.1016/J.YMBEN.2020.05.009
https://doi.org/10.1016/J.YMBEN.2020.05.009
https://doi.org/10.1021/ACS.JNATPROD.0C00241
https://doi.org/10.1021/ACS.JNATPROD.0C00241
https://doi.org/10.1039/D3GC03708H
https://doi.org/10.1038/s41467-024-45893-w
https://doi.org/10.1038/s41467-024-45893-w
https://doi.org/10.1126/science.ads0018
https://doi.org/10.1126/science.ads0018
https://doi.org/10.1186/S12934-024-02295-3
https://doi.org/10.1186/S12934-024-02295-3
https://doi.org/10.1038/s41564-025-02076-7
https://doi.org/10.1038/s41564-025-02076-7
https://doi.org/10.1016/J.COPBIO.2022.102690
https://doi.org/10.1016/J.COPBIO.2022.102690
https://doi.org/10.1039/D2NA00571A
https://doi.org/10.1038/s41586-024-07570-2
https://doi.org/10.1038/s41586-024-07570-2
https://doi.org/10.1016/J.ANIMAL.2024.101145
https://doi.org/10.1016/J.YMBEN.2011.09.002
https://doi.org/10.1038/s41570-022-00456-9
https://doi.org/10.1038/S41557-021-00801-3
https://doi.org/10.3389/FPLS.2021.769907
https://doi.org/10.1002/BIT.27848
https://doi.org/10.1038/s41587-023-01932-3
https://doi.org/10.1038/s43016-021-00418-2
https://doi.org/10.1038/s41564-024-01723-9
https://doi.org/10.1126/SCIENCE.1225829
https://doi.org/10.1126/SCIENCE.1225829
https://doi.org/10.1038/s41557-025-01845-5
https://doi.org/10.1038/s41557-025-01845-5
https://doi.org/10.1038/S41586-021-03819-2
https://doi.org/10.1038/S41586-021-03819-2
https://doi.org/10.1016/j.tibtech.2021.04.010
https://doi.org/10.1016/j.tibtech.2021.04.010
https://doi.org/10.1016/J.MEC.2019.E00114
https://doi.org/10.1016/J.TIBTECH.2020.07.008
https://doi.org/10.1038/s41579-021-00577-w
https://doi.org/10.1038/nrg2775
https://doi.org/10.1038/s12276-024-01262-7
https://doi.org/10.1186/S12896-025-00947-9
https://doi.org/10.1016/J.MEC.2021.E00188
https://doi.org/10.1038/nature17946
https://doi.org/10.1371/JOURNAL.PONE.0290070
https://doi.org/10.1016/J.CELL.2023.12.028
https://doi.org/10.1016/J.SNB.2016.08.160
https://doi.org/10.1016/j.tibtech.2024.02.014
https://doi.org/10.1016/J.FUFO.2024.100297
https://doi.org/10.1016/J.FUFO.2024.100297
https://lanzatech.com/biorefining/
https://doi.org/10.1002/BIT.26473
https://doi.org/10.1007/S12257-023-0226-X
https://doi.org/10.1016/J.FOODRES.2023.113017
https://doi.org/10.1186/S13068-021-01939-5
https://doi.org/10.1186/S13068-021-01939-5
https://doi.org/10.1016/J.COPBIO.2012.05.001
https://doi.org/10.1038/s41587-021-01195-w
https://doi.org/10.1038/s41587-021-01195-w
https://doi.org/10.1038/S41580-024-00718-Y
https://doi.org/10.1073/PNAS.1718172115
https://doi.org/10.1073/PNAS.1718172115
https://doi.org/10.1038/S41563-022-01231-3

C. Belloch-Molina et al.

Liu, D., Garrigues, S., de Vries, R.P., 2023. Heterologous protein production in
filamentous fungi. Appl. Microbiol. Biotechnol. 107 (16), 5019-5033. https://doi.
org/10.1007/500253-023-12660-8.

Loman, N.J., Quick, J., Simpson, J.T., 2015. A complete bacterial genome assembled de
novo using only nanopore sequencing data. Nat. Methods 12 (8), 733-735. https://
doi.org/10.1038/nmeth.3444.

Lopatkin, A.J., Collins, J.J., 2020. Predictive biology: modelling, understanding and
harnessing microbial complexity. Nat. Rev. Microbiol. 18 (9), 507-520. https://doi.
org/10.1038/s41579-020-0372-5.

Lu, H., Xiao, L., Liao, W., Yan, X., Nielsen, J., 2024. Cell factory design with advanced
metabolic modelling empowered by artificial intelligence. Metab. Eng. 85, 61-72.
https://doi.org/10.1016/J.YMBEN.2024.07.003.

Luo, X., Reiter, M.A., d’Espaux, L., Wong, J., Denby, C.M., Lechner, A., Zhang, Y.,
Grzybowski, A.T., Harth, S., Lin, W., Lee, H., Yu, C., Shin, J., Deng, K., Benites, V.T.,
Wang, G., Baidoo, E.E.K., Chen, Y., Dev, I, Keasling, J.D., 2019. Complete
biosynthesis of cannabinoids and their unnatural analogues in yeast. Nature 567
(7746), 123-126. https://doi.org/10.1038/5s41586-019-0978-9.

Ma, H., Marti-Gutierrez, N., Park, S.W., Wu, J., Lee, Y., Suzuki, K., Koski, A., Ji, D.,
Hayama, T., Ahmed, R., Darby, H., Van Dyken, C., Li, Y., Kang, E., Park, A.R.,
Kim, D., Kim, S.T., Gong, J., Gu, Y., Mitalipov, S., 2017. Correction of a pathogenic
gene mutation in human embryos. Nature 548 (7668), 413-419. https://doi.org/
10.1038/nature23305.

Mali, P., Yang, L., Esvelt, K.M., Aach, J., Guell, M., DiCarlo, J.E., Norville, J.E.,
Church, G.M., 2013. RNA-guided human genome engineering via Cas9. Science 339
(6121), 823-826. https://doi.org/10.1126/SCIENCE.1232033.

Mandakovic, D., Cintolesi, A., Maldonado, J., Mendoza, S.N., Aite, M., Gaete, A.,
Saitua, F., Allende, M., Cambiazo, V., Siegel, A., Maass, A., Gonzalez, M., Latorre, M.,
2020. Genome-scale metabolic models of Microbacterium species isolated from a
high-altitude desert environment. Sci. Rep. 10 (1), 1-13. https://doi.org/10.1038/
541598-020-62130-8.

Mandell, D.J., Lajoie, M.J., Mee, M.T., Takeuchi, R., Kuznetsov, G., Norville, J.E.,
Gregg, C.J., Stoddard, B.L., Church, G.M., 2015. Biocontainment of genetically
modified organisms by synthetic protein design. Nature 518 (7537), 55-60. https://
doi.org/10.1038/nature14121.

Mateos Fernandez, R., Petek, M., Gerasymenko, L., Jutersek, M., Baebler, S., Kallam, K.,
Moreno Giménez, E., Gondolf, J., Nordmann, A., Gruden, K., Orzaez, D., Patron, N.J.,
2022. Insect pest management in the age of synthetic biology. Plant Biotechnol. J. 20
(1), 25-36. https://doi.org/10.1111/PBI.13685.

McCarty, N.S., Ledesma-Amaro, R., 2019. Synthetic Biology Tools to Engineer Microbial
Communities for Biotechnology. Trends Biotechnol. 37 (2), 181-197. https://doi.
org/10.1016/J.TIBTECH.2018.11.002.

Mirsalami, S.M., Mirsalami, M., 2025. Advances in genetically engineered
microorganisms: Transforming food production through precision fermentation and
synthetic biology. Future Foods 11, 100601. https://doi.org/10.1016/J.
FUFO0.2025.100601.

More, S., Bampidis, V., Benford, D., Bragard, C., Halldorsson, T., Hernandez-Jerez, A.,
Bennekou, S.H., Koutsoumanis, K., Lambré, C., Machera, K., Mullins, E., Nielsen, S.
S., Schlatter, J., Schrenk, D., Turck, D., Younes, M., Herman, L., Pelaez, C., van
Loveren, H., Cocconcelli, P.S., 2022. Evaluation of existing guidelines for their
adequacy for the food and feed risk assessment of microorganisms obtained through
synthetic biology. EFSA J. 20 (8), e07479. https://doi.org/10.2903/J.
EFSA.2022.7479.

Mousa, W.K., Ghemrawi, R., Abu-Izneid, T., Al Ramadan, N., Al Sheebani, F., 2024. The
design and development of EcoBiomes: Multi-species synthetic microbial consortia
inspired by natural desert microbiome to enhance the resilience of climate-sensitive
ecosystems. Heliyon 10 (16). https://doi.org/10.1016/J.HELIYON.2024.E36548.

Mu’azzam, K., Santos da Silva, F.V., Murtagh, J., Sousa Gallagher, M.J., 2024. A roadmap
for model-based bioprocess development. Biotechnol. Adv. 73, 108378. https://doi.
org/10.1016/J.BIOTECHADV.2024.108378.

Mullins, E., Bresson, J.L., Dewhurst, I.C., Epstein, M.M., Firbank, L.G., Guerche, P.,
Hejatko, J., Moreno, F.J., Naegeli, H., Nogué, F., Rostoks, N., Sdnchez Serrano, J.J.,
Savoini, G., Veromann, E., Veronesi, F., Cocconcelli, P.S., Glandorf, D., Herman, L.,
Jimenez Saiz, R., Dalmay, T., 2024. New developments in biotechnology applied to
microorganisms. EFSA J. 22 (7), e8895. https://doi.org/10.2903/J.
EFSA.2024.8895.

Nielsen, J., Keasling, J.D., 2016. Engineering Cellular Metabolism. Cell 164 (6),
1185-1197. https://doi.org/10.1016/J.CELL.2016.02.004.

Nielsen, A.A.K., Der, B.S., Shin, J., Vaidyanathan, P., Paralanov, V., Strychalski, E.A.,
Ross, D., Densmore, D., Voigt, C.A., 2016. Genetic circuit design automation. Science
352 (6281). https://doi.org/10.1126/SCIENCE.AAC7341.

O’Malley, M.A., Powell, A., Davies, J.F., Calvert, J., 2008. Knowledge-making
distinctions in synthetic biology. BioEssays 30 (1), 57-65. https://doi.org/10.1002/
BIES.20664.

Olsson, L., Rugbjerg, P., Torello Pianale, L., Trivellin, C., 2022. Robustness: linking strain
design to viable bioprocesses. Trends Biotechnol. 40 (8), 918-931. https://doi.org/
10.1016/J.TIBTECH.2022.01.004.

Olynk Widmar, N.J., Dominick, S.R., Tyner, W.E., Ruple, A., 2017. When is genetic
modification socially acceptable? When used to advance human health through
avenues other than food. PLoS One 12 (6), e0178227. https://doi.org/10.1371/
JOURNAL.PONE.0178227.

Paddon, C.J., Westfall, P.J., Pitera, D.J., Benjamin, K., Fisher, K., McPhee, D., Leavell, M.
D., Tai, A., Main, A., Eng, D., Polichuk, D.R., Teoh, K.H., Reed, D.W., Treynor, T.,
Lenihan, J., Jiang, H., Fleck, M., Bajad, S., Dang, G., Newman, J.D., 2013. High-level
semi-synthetic production of the potent antimalarial artemisinin. Nature 496 (7446),
528-532. https://doi.org/10.1038/nature12051.

13

Biotechnology Advances 92 (2026) 109001

Palluk, S., Arlow, D.H., De Rond, T., Barthel, S., Kang, J.S., Bector, R., Baghdassarian, H.
M., Truong, A.N., Kim, P.W., Singh, A K., Hillson, N.J., Keasling, J.D., 2018. De novo
DNA synthesis using polymerasenucleotide conjugates. Nat. Biotechnol. 36 (7),
645-650. https://doi.org/10.1038/NBT.4173.

Pan, X., Tang, M., You, J., Hao, Y., Zhang, X., Yang, T., Rao, Z., 2023. A Novel Method to
Screen Strong Constitutive Promoters in Escherichia coli and Serratia marcescens for
Industrial Applications. Biology 12 (1), 71. https://doi.org/10.3390/
BIOLOGY12010071.

Paudel, B., Kolady, D.E., Just, D., Van der Sluis, E., 2023. Determinants of consumer
acceptance of gene-edited foods and its implications for innovators and
policymakers. Agribusiness 39 (3), 623-645. https://doi.org/10.1002/AGR.21799.

Peng, H., Chen, R., Shaw, W.M., Hapeta, P., Jiang, W., Bell, D.J., Ellis, T., Ledesma-
Amaro, R., 2023. Modular Metabolic Engineering and Synthetic Coculture Strategies
for the Production of Aromatic Compounds in Yeast. ACS Synth. Biol. 12 (6),
1739-1749. https://doi.org/10.1021/ACSSYNBIO.3C00047.

Poppeliers, J., Boon, M., De Mey, M., Masschelein, J., Lavigne, R., 2025. Non-model
bacteria as platforms for endogenous gene expression in synthetic biology. Nature
Reviews Bioeng. 1-15. https://doi.org/10.1038/544222-025-00354-X.

Post, M.J., 2012. Cultured meat from stem cells: Challenges and prospects. Meat Sci. 92
(3), 297-301. https://doi.org/10.1016/J.MEATSCI.2012.04.008.

Lorenzo, V. de, Prather, K. L., Chen, G., O’Day, E., Kameke, C, Oyarztn, D. A., Hosta-
Rigau, L., Alsafar, H., Cao, C., Ji, W., Okano, H., Roberts, R. J., Ronaghi, M., Yeung,
K., Zhang, F., & Lee, S. Y. (2018). The power of synthetic biology for bioproduction,
remediation and pollution control. EMBO Rep., 19(4), 21. doi:10.15252/EMBR.201
745658.

Purnick, P.E.M., Weiss, R., 2009. The second wave of synthetic biology: from modules to
systems. Nat. Rev. Mol. Cell Biol. 10 (6), 410-422. https://doi.org/10.1038/
nrm2698.

Qi, L.S., Larson, M.H., Gilbert, L.A., Doudna, J.A., Weissman, J.S., Arkin, A.P., Lim, W.A.,
2013. Repurposing CRISPR as an RNA-guided platform for sequence-specific control
of gene expression. Cell 152 (5), 1173-1183. https://doi.org/10.1016/j.
cell.2013.02.022.

Qu, Y., Huang, K., Yin, M., Zhan, K., Liu, D., Yin, D., Cousins, H.C., Johnson, W.A.,
Wang, X., Shah, M., Altman, R.B., Zhou, D., Wang, M., Cong, L., 2025. CRISPR-GPT
for agentic automation of gene-editing experiments. Nature Biomedical Engineering
1-14. https://doi.org/10.1038/541551-025-01463-z.

Rasul, M.G., Hazrat, M.A., Sattar, M.A., Jahirul, M.L., Shearer, M.J., 2022. The future of
hydrogen: Challenges on production, storage and applications. Energy Convers.
Manag. 272, 116326. https://doi.org/10.1016/J. ENCONMAN.2022.116326.

Reid, N.M., Proestou, D.A., Clark, B.W., Warren, W.C., Colbourne, J.K., Shaw, J.R.,
Karchner, S.I., Hahn, M.E., Nacci, D., Oleksiak, M.F., Crawford, D.L., Whitehead, A.,
2016. The genomic landscape of rapid repeated evolutionary adaptation to toxic
pollution in wild fish. Science 354 (6317), 1305-1308. https://doi.org/10.1126/
SCIENCE.AAH4993.

Reiss, J., Robertson, S., Suzuki, M., 2021. Cell Sources for Cultivated Meat: Applications
and Considerations throughout the Production Workflow. Int. J. Mol. Sci. 22 (14),
7513. https://doi.org/10.3390/1JMS22147513.

Ren, H., Qin, M., Zhang, L., Li, Z., Li, Y., He, Q., Zhong, J., Zhao, D., Lian, X., Jiang, H.,
Liao, X., Sun, J., 2025. Modular Engineering of a Synthetic Biology-Based Platform
for Sustainable Bioremediation of Residual Antibiotics in Aquatic Environments.
Engineering. https://doi.org/10.1016/J.ENG.2025.03.033.

Rice, A.J., Sword, T.T., Chengan, K., Mitchell, D.A., Mouncey, N.J., Moore, S.J.,

Bailey, C.B., 2025. Cell-free synthetic biology for natural product biosynthesis and
discovery. Chem. Soc. Rev. 54 (9), 4314-4352. https://doi.org/10.1039/
D4CS01198H.

Ro, D.K., Paradise, E.M., Quellet, M., Fisher, K.J., Newman, K.L., Ndungu, J.M., Ho, K.A.,
Eachus, R.A., Ham, T.S., Kirby, J., Chang, M.C.Y., Withers, S.T., Shiba, Y.,
Sarpong, R., Keasling, J.D., 2006. Production of the antimalarial drug precursor
artemisinic acid in engineered yeast. Nature 440 (7086), 940-943. https://doi.org/
10.1038/nature04640.

Robertson, W.E., Funke, L.F.H., de la Torre, D., Fredens, J., Elliott, T.S., Spinck, M.,
Christova, Y., Cervettini, D., Boge, F.L., Liu, K.C., Buse, S., Maslen, S., Salmond, G.P.
C., Chin, J.W., 2021. Sense codon reassignment enables viral resistance and encoded
polymer synthesis. Science 372 (6546), 1057-1062. https://doi.org/10.1126/
SCIENCE.ABG3029.

Ronspies, M., Dorn, A., Schindele, P., Puchta, H., 2021. CRISPR-Cas-mediated
chromosome engineering for crop improvement and synthetic biology. Nat. Plants 7
(5), 566-573. https://doi.org/10.1038/s41477-021-00910-4.

Rottinghaus, A.G., Ferreiro, A., Fishbein, S.R.S., Dantas, G., Moon, T.S., 2022.
Genetically stable CRISPR-based kill switches for engineered microbes. Nat.
Commun. 13 (1), 1-17. https://doi.org/10.1038/s41467-022-28163-5.

Ruan, Z., Xu, M., Xing, Y., Yang, K., Xu, X., Jiang, J., Qiu, R., 2024. Enhanced growth of
wheat in contaminated fields via synthetic microbiome as revealed by genome-scale
metabolic modelling. Sci. Total Environ. 953, 176047. https://doi.org/10.1016/J.
SCITOTENV.2024.176047.

Senior, A.W., Evans, R., Jumper, J., Kirkpatrick, J., Sifre, L., Green, T., Qin, C., Zidek, A.,
Nelson, A.W.R., Bridgland, A., Penedones, H., Petersen, S., Simonyan, K., Crossan, S.,
Kohli, P., Jones, D.T., Silver, D., Kavukcuoglu, K., Hassabis, D., 2020. Improved
protein structure prediction using potentials from deep learning. Nature 577 (7792),
706-710. https://doi.org/10.1038/s41586-019-1923-7.

Shabestary, K., Klemm, C., Carling, B., Marshall, J., Savigny, J., Storch, M., Ledesma-
Amaro, R., 2024. Phenotypic heterogeneity follows a growth-viability trade off in
response to amino acid identity. Nat. Commun. 15 (1), 1-16. https://doi.org/
10.1038/541467-024-50602-8.

Shaw, W.M., Studena, L., Roy, K., Hapeta, P., McCarty, N.S., Graham, A.E., Ellis, T.,
Ledesma-Amaro, R., 2022. Inducible expression of large gRNA arrays for multiplexed


https://doi.org/10.1007/S00253-023-12660-8
https://doi.org/10.1007/S00253-023-12660-8
https://doi.org/10.1038/nmeth.3444
https://doi.org/10.1038/nmeth.3444
https://doi.org/10.1038/s41579-020-0372-5
https://doi.org/10.1038/s41579-020-0372-5
https://doi.org/10.1016/J.YMBEN.2024.07.003
https://doi.org/10.1038/s41586-019-0978-9
https://doi.org/10.1038/nature23305
https://doi.org/10.1038/nature23305
https://doi.org/10.1126/SCIENCE.1232033
https://doi.org/10.1038/s41598-020-62130-8
https://doi.org/10.1038/s41598-020-62130-8
https://doi.org/10.1038/nature14121
https://doi.org/10.1038/nature14121
https://doi.org/10.1111/PBI.13685
https://doi.org/10.1016/J.TIBTECH.2018.11.002
https://doi.org/10.1016/J.TIBTECH.2018.11.002
https://doi.org/10.1016/J.FUFO.2025.100601
https://doi.org/10.1016/J.FUFO.2025.100601
https://doi.org/10.2903/J.EFSA.2022.7479
https://doi.org/10.2903/J.EFSA.2022.7479
https://doi.org/10.1016/J.HELIYON.2024.E36548
https://doi.org/10.1016/J.BIOTECHADV.2024.108378
https://doi.org/10.1016/J.BIOTECHADV.2024.108378
https://doi.org/10.2903/J.EFSA.2024.8895
https://doi.org/10.2903/J.EFSA.2024.8895
https://doi.org/10.1016/J.CELL.2016.02.004
https://doi.org/10.1126/SCIENCE.AAC7341
https://doi.org/10.1002/BIES.20664
https://doi.org/10.1002/BIES.20664
https://doi.org/10.1016/J.TIBTECH.2022.01.004
https://doi.org/10.1016/J.TIBTECH.2022.01.004
https://doi.org/10.1371/JOURNAL.PONE.0178227
https://doi.org/10.1371/JOURNAL.PONE.0178227
https://doi.org/10.1038/nature12051
https://doi.org/10.1038/NBT.4173
https://doi.org/10.3390/BIOLOGY12010071
https://doi.org/10.3390/BIOLOGY12010071
https://doi.org/10.1002/AGR.21799
https://doi.org/10.1021/ACSSYNBIO.3C00047
https://doi.org/10.1038/S44222-025-00354-X
https://doi.org/10.1016/J.MEATSCI.2012.04.008
https://doi.org/10.15252/EMBR.201745658
https://doi.org/10.15252/EMBR.201745658
https://doi.org/10.1038/nrm2698
https://doi.org/10.1038/nrm2698
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1038/s41551-025-01463-z
https://doi.org/10.1016/J.ENCONMAN.2022.116326
https://doi.org/10.1126/SCIENCE.AAH4993
https://doi.org/10.1126/SCIENCE.AAH4993
https://doi.org/10.3390/IJMS22147513
https://doi.org/10.1016/J.ENG.2025.03.033
https://doi.org/10.1039/D4CS01198H
https://doi.org/10.1039/D4CS01198H
https://doi.org/10.1038/nature04640
https://doi.org/10.1038/nature04640
https://doi.org/10.1126/SCIENCE.ABG3029
https://doi.org/10.1126/SCIENCE.ABG3029
https://doi.org/10.1038/s41477-021-00910-4
https://doi.org/10.1038/s41467-022-28163-5
https://doi.org/10.1016/J.SCITOTENV.2024.176047
https://doi.org/10.1016/J.SCITOTENV.2024.176047
https://doi.org/10.1038/s41586-019-1923-7
https://doi.org/10.1038/s41467-024-50602-8
https://doi.org/10.1038/s41467-024-50602-8

C. Belloch-Molina et al.

CRISPRai applications. Nat. Commun. 13 (1), 1-10. https://doi.org/10.1038/
s41467-022-32603-7.

Shulse, C.N., Chovatia, M., Agosto, C., Yoshikuni, G.Y., Hamilton, M., Deutsch, S.,
Yoshikuni, Y., Blow, M.J., 2019. Engineered root bacteria release plant-available
phosphate from phytate. Appl. Environ. Microbiol. 85 (18). https://doi.org/
10.1128/AEM.01210-19.

Son, H.I,, Weiss, A., You, L., 2021. Design patterns for engineering genetic stability.
Current Opinion in Biomedical Engineering 19, 100297. https://doi.org/10.1016/J.
COBME.2021.100297.

Soon, W.L., Chong, H.Q., Foo, J.L., Chang, M.W., 2025. New-to-nature biocompatible
chemistry for plastic waste upcycling. Nat. Chem. 1-2. https://doi.org/10.1038/
s41557-025-01863-3.

Spadiut, O., Rittmann, S., Dietzsch, C., Herwig, C., 2013. Dynamic process conditions in
bioprocess development. Eng. Life Sci. 13 (1), 88-101. https://doi.org/10.1002/
ELSC.201200026.

Stephenson, A., Lastra, L., Nguyen, B., Chen, Y.J., Nivala, J., Ceze, L., Strauss, K., 2023.
Physical Laboratory Automation in Synthetic Biology. ACS Synth. Biol. 12 (11),
3156-3169. https://doi.org/10.1021/ACSSYNBIO.3C00345.

Sundararajan, P., Ghosh, S., Kelbessa, B.G., Whisson, S.C., Dubey, M., Chawade, A.,
Vetukuri, R.R., 2025. The impact of spray-induced gene silencing on cereal
phyllosphere microbiota. Environmental Microbiome 20 (1), 1-17. https://doi.org/
10.1186/540793-024-00660-8.

Teng, T.S., Chin, Y.L., Chai, K.F., Chen, W.N., 2021. Fermentation for future food
systems. EMBO Rep. 22 (5). https://doi.org/10.15252/EMBR.202152680.

Teufel, F., Almagro Armenteros, J.J., Johansen, A.R., Gislason, M.H., Pihl, S.I.,
Tsirigos, K.D., Winther, O., Brunak, S., von Heijne, G., Nielsen, H., 2022. SignalP 6.0
predicts all five types of signal peptides using protein language models. Nat.
Biotechnol. 40 (7), 1023-1025. https://doi.org/10.1038/s41587-021-01156-3.

The Good Food Institute, 2025. Consumer snapshot of alternative proteins in the U.S. The
Good Food Institute. https://gfi.org/resource/alternative-protein-consumer-snapsh
ot/.

Turnbull, C., Lillemo, M., Hvoslef-Eide, T.A.K., 2021. Global Regulation of Genetically
Modified Crops Amid the Gene Edited Crop Boom- A Review. Front. Plant Sci. 12,
630396. https://doi.org/10.3389/FPLS.2021.630396.

United Nations, 2015. Transforming our world: The 2030 Agenda for Sustainable
Development. United Nations General. Assembly A/RES/70/1. https://sdgs.un.org
/2030agenda.

Vaeck, M., Reynaerts, A., Hofte, H., Jansens, S., De Beuckeleer, M., Dean, C., Zabeau, M.,
Montagu, M., Leemans, J., 1987. Transgenic plants protected from insect attack.
Nature 328 (6125), 33-37. https://doi.org/10.1038/328033a0.

Vazquez Torres, S., Benard Valle, M., Mackessy, S.P., Menzies, S.K., Casewell, N.R.,
Ahmadi, S., Burlet, N.J., Muratspahi¢, E., Sappington, 1., Overath, M.D., Rivera-de-
Torre, E., Ledergerber, J., Laustsen, A.H., Boddum, K., Bera, A.K., Kang, A.,
Brackenbrough, E., Cardoso, I.A., Crittenden, E.P., Baker, D., 2025. De novo
designed proteins neutralize lethal snake venom toxins. Nature 639 (8053),
225-231. https://doi.org/10.1038/541586-024-08393-X.

Waeterschoot, J., Gosselé, W., Lemez, S., Casadevall i Solvas, X., 2024. Artificial cells for
in vivo biomedical applications through red blood cell biomimicry. Nat. Commun.
15 (1), 1-17. https://doi.org/10.1038/541467-024-46732-8.

Wagner, A., Wang, C., Fessler, J., DeTomaso, D., Avila-Pacheco, J., Kaminski, J.,
Zaghouani, S., Christian, E., Thakore, P., Schellhaass, B., Akama-Garren, E.,
Pierce, K., Singh, V., Ron-Harel, N., Douglas, V.P., Bod, L., Schnell, A., Puleston, D.,
Sobel, R.A., Yosef, N., 2021. Metabolic modeling of single Th17 cells reveals
regulators of autoimmunity. Cell 184 (16), 4168-4185.e21. https://doi.org/
10.1016/J.CELL.2021.05.045.

Walker, K.T., Li, L.S., Keane, J., Goosens, V.J., Song, W., Lee, K.Y., Ellis, T., 2024. Self-
pigmenting textiles grown from cellulose-producing bacteria with engineered
tyrosinase expression. Nat. Biotechnol. 1-10. https://doi.org/10.1038/541587-024-
02194-3.

Walsh, G., Walsh, E., 2022. Biopharmaceutical benchmarks 2022. Nat. Biotechnol. 40
(12), 1722-1760. https://doi.org/10.1038/541587-022-01582-X.

Wang, B., Kitney, R.I., Joly, N., Buck, M., 2011. Engineering modular and orthogonal
genetic logic gates for robust digital-like synthetic biology. Nat. Commun. 2 (1), 1-9.
https://doi.org/10.1038/NCOMMS1516.

Wang, B., Zhao, J., Zhang, J., Wei, T., Han, K., Gao, T., 2024. Electrochemical biosensing
interfaced with cell-free synthetic biology. TrAC Trends Anal. Chem. 176, 117756.
https://doi.org/10.1016/J.TRAC.2024.117756.

Wang, X., Gao, Y., Zhou, N., Yang, Z., Cooper, J.M., Wang, B., 2025. CRISPR-enabled
genetic logic circuits for biosensing. TrAC Trends Anal. Chem. 190, 118297. https://
doi.org/10.1016/J.TRAC.2025.118297.

Watson, J.L., Juergens, D., Bennett, N.R., Trippe, B.L., Yim, J., Eisenach, H.E., Ahern, W.,
Borst, A.J., Ragotte, R.J., Milles, L.F., Wicky, B.L.M., Hanikel, N., Pellock, S.J.,
Courbet, A., Sheffler, W., Wang, J., Venkatesh, P., Sappington, 1., Vazquez Torres, S.,
Baker, D., 2023. De novo design of protein structure and function with RFdiffusion.
Nature 620 (7976), 1089-1100. https://doi.org/10.1038/s41586-023-06415-8.

14

Biotechnology Advances 92 (2026) 109001

Weber, E., Engler, C., Gruetzner, R., Werner, S., Marillonnet, S., 2011. A Modular Cloning
System for Standardized Assembly of Multigene Constructs. PLoS One 6 (2), e16765.
https://doi.org/10.1371/JOURNAL.PONE.0016765.

Wei, X., Penkauskas, T., Reiner, J.E., Kennard, C., Uline, M.J., Wang, Q., Li, S.,
Aksimentiev, A., Robertson, J.W.F., Liu, C., 2023. Engineering Biological Nanopore
Approaches towards Protein Sequencing. ACS Nano 17 (17), 16369. https://doi.org/
10.1021/ACSNANO.3C05628.

Wei, S.Y., Gao, G.R., Ding, M.Z., Cao, C.Y., Hou, Z.J., Cheng, J.S., Yuan, Y.J., 2024. An
Engineered Microbial Consortium Provides Precursors for Fengycin Production by
Bacillus subtilis. J. Nat. Prod. 87 (1), 28-37. https://doi.org/10.1021/ACS.
JNATPROD.3C00705.

Wen, A., Havens, K.L., Bloch, S.E., Shah, N., Higgins, D.A., Davis-Richardson, A.G.,
Sharon, J., Rezaei, F., Mohiti-Asli, M., Johnson, A., Abud, G., Ane, J.M., Maeda, J.,
Infante, V., Gottlieb, S.S., Lorigan, J.G., Williams, L., Horton, A., McKellar, M.,
Temme, K., 2021. Enabling Biological Nitrogen Fixation for Cereal Crops in
Fertilized Fields. ACS Synth. Biol. 10 (12), 3264-3277. https://doi.org/10.1021/
ACSSYNBIO.1C00049.

Wesseler, J., Kleter, G., Meulenbroek, M., Purnhagen, K.P., 2023. EU regulation of
genetically modified microorganisms in light of new policy developments: Possible
implications for EU bioeconomy investments. Applied Economic Perspectives and
Policy 45 (2), 839-859. https://doi.org/10.1002/AEPP.13259.

Wong, A.Y.T., Chan, A.W.K., 2016. Genetically modified foods in China and the United
States: A primer of regulation and intellectual property protection. Food Sci. Human
Wellness 5 (3), 124-140. https://doi.org/10.1016/J.FSHW.2016.03.002.

Wu, S, Feng, J., Liu, C., Wu, H,, Qiu, Z., Ge, J., Sun, S., Hong, X., Li, Y., Wang, X.,
Yang, A., Guo, F., Qiao, J., 2022. Machine learning aided construction of the quorum
sensing communication network for human gut microbiota. Nat. Commun. 13 (1),
1-13. https://doi.org/10.1038/s41467-022-30741-6.

Xu, H., Wang, S., Li, K., Bai, Z., Yang, Y., 2025. Optimization of Multiple Combinations of
Early Secretion Pathways to Enhance Extracellular Protein Secretion in Komagataella
phaffii. J. Agric. Food Chem. 73 (28), 17750-17758. https://doi.org/10.1021/ACS.
JAFC.5C03402.

Xue, T., Zheng, H., Zhao, Y., Zhao, Z., Wang, J., Zhang, Y., Li, Y., Wang, S., Liu, Y.,
Xue, C., Guo, H., 2024. A spontaneously immortalized muscle stem cell line (EfMS)
from brown-marbled grouper for cell-cultured fish meat production.
Communications Biology 2024 7:1 7 (1), 1-15. https://doi.org/10.1038/542003-
024-07400-1.

Yan, Q., Fong, S.S., 2017. Challenges and advances for genetic engineering of non-model
bacteria and uses in consolidated bioprocessing. Front. Microbiol. 8 (OCT), 293643.
https://doi.org/10.3389/FMICB.2017.02060.

Yang, J.S., Reyna-Llorens, I., 2023. Plant synthetic biology: exploring the frontiers of
sustainable agriculture and fundamental plant biology. J. Exp. Bot. 74 (13),
3787-3790. https://doi.org/10.1093/JXB/ERAD220.

Yang, K.K., Wu, Z., Arnold, F.H., 2019. Machine-learning-guided directed evolution for
protein engineering. Nat. Methods 16 (8), 687-694. https://doi.org/10.1038/
541592-019-0496-6.

Yarnall, M.T.N., Ioannidi, E.I., Schmitt-Ulms, C., Krajeski, R.N., Lim, J., Villiger, L.,
Zhou, W., Jiang, K., Garushyants, S.K., Roberts, N., Zhang, L., Vakulskas, C.A.,
Walker, J.A., Kadina, A.P., Zepeda, A.E., Holden, K., Ma, H., Xie, J., Gao, G.,
Gootenberg, J.S., 2022. Drag-and-drop genome insertion of large sequences without
double-strand DNA cleavage using CRISPR-directed integrases. Nat. Biotechnol. 41
(4), 500-512. https://doi.org/10.1038/s41587-022-01527-4.

Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H., Maeda, Y., Toyohara, K.,
Miyamoto, K., Kimura, Y., Oda, K., 2016. A bacterium that degrades and assimilates
poly(ethylene terephthalate). Science 351 (6278), 1196-1199. https://doi.org/
10.1126/SCIENCE.AAD6359.

Yusko, E.C., Bruhn, B.R., Eggenberger, O.M., Houghtaling, J., Rollings, R.C., Walsh, N.C.,
Nandivada, S., Pindrus, M., Hall, A.R., Sept, D., Li, J., Kalonia, D.S., Mayer, M., 2017.
Real-time shape approximation and fingerprinting of single proteins using a
nanopore. Nat. Nanotechnol. 12 (4), 360-367. https://doi.org/10.1038/
NNANO.2016.267.

Zhang, M., Wang, Y., Chen, X., Xu, F., Ding, M., Ye, W., Kawai, Y., Toda, Y., Hayashi, Y.,
Suzuki, T., Zeng, H., Xiao, L., Xiao, X., Xu, J., Guo, S., Yan, F., Shen, Q., Xu, G.,
Kinoshita, T., Zhu, Y., 2021. Plasma membrane H+-ATPase overexpression increases
rice yield via simultaneous enhancement of nutrient uptake and photosynthesis. Nat.
Commun. 12 (1), 1-12. https://doi.org/10.1038/s41467-021-20964-4.

Zhao, M., Ma, J., Zhang, L., Qi, H., 2024. Engineering strategies for enhanced
heterologous protein production by Saccharomyces cerevisiae. Microb. Cell Factories
23 (1), 1-16. https://doi.org/10.1186/512934-024-02299-Z.

Zhu, F., Cao, M.Y., Zhang, Q.P., Mohan, R., Schar, J., Mitchell, M., Chen, H., Liu, F.,
Wang, D., Fu, Z.Q., 2024. Join the green team: Inducers of plant immunity in the
plant disease sustainable control toolbox. J. Adv. Res. 57, 15-42. https://doi.org/
10.1016/J.JARE.2023.04.016.

Zou, Z., Wu, S., Gerngross, D., Lozhkin, B., Chen, D., Tachibana, R., Ward, T.R., 2024.
Combining an artificial metathase with a fatty acid decarboxylase in a whole cell for
cycloalkene synthesis. Nat. Synth. 3 (9), 1113-1123. https://doi.org/10.1038/
$44160-024-00575-9.


https://doi.org/10.1038/s41467-022-32603-7
https://doi.org/10.1038/s41467-022-32603-7
https://doi.org/10.1128/AEM.01210-19
https://doi.org/10.1128/AEM.01210-19
https://doi.org/10.1016/J.COBME.2021.100297
https://doi.org/10.1016/J.COBME.2021.100297
https://doi.org/10.1038/s41557-025-01863-3
https://doi.org/10.1038/s41557-025-01863-3
https://doi.org/10.1002/ELSC.201200026
https://doi.org/10.1002/ELSC.201200026
https://doi.org/10.1021/ACSSYNBIO.3C00345
https://doi.org/10.1186/S40793-024-00660-8
https://doi.org/10.1186/S40793-024-00660-8
https://doi.org/10.15252/EMBR.202152680
https://doi.org/10.1038/s41587-021-01156-3
https://gfi.org/resource/alternative-protein-consumer-snapshot/
https://gfi.org/resource/alternative-protein-consumer-snapshot/
https://doi.org/10.3389/FPLS.2021.630396
https://sdgs.un.org/2030agenda
https://sdgs.un.org/2030agenda
https://doi.org/10.1038/328033a0
https://doi.org/10.1038/S41586-024-08393-X
https://doi.org/10.1038/s41467-024-46732-8
https://doi.org/10.1016/J.CELL.2021.05.045
https://doi.org/10.1016/J.CELL.2021.05.045
https://doi.org/10.1038/s41587-024-02194-3
https://doi.org/10.1038/s41587-024-02194-3
https://doi.org/10.1038/S41587-022-01582-X
https://doi.org/10.1038/NCOMMS1516
https://doi.org/10.1016/J.TRAC.2024.117756
https://doi.org/10.1016/J.TRAC.2025.118297
https://doi.org/10.1016/J.TRAC.2025.118297
https://doi.org/10.1038/s41586-023-06415-8
https://doi.org/10.1371/JOURNAL.PONE.0016765
https://doi.org/10.1021/ACSNANO.3C05628
https://doi.org/10.1021/ACSNANO.3C05628
https://doi.org/10.1021/ACS.JNATPROD.3C00705
https://doi.org/10.1021/ACS.JNATPROD.3C00705
https://doi.org/10.1021/ACSSYNBIO.1C00049
https://doi.org/10.1021/ACSSYNBIO.1C00049
https://doi.org/10.1002/AEPP.13259
https://doi.org/10.1016/J.FSHW.2016.03.002
https://doi.org/10.1038/s41467-022-30741-6
https://doi.org/10.1021/ACS.JAFC.5C03402
https://doi.org/10.1021/ACS.JAFC.5C03402
https://doi.org/10.1038/s42003-024-07400-1
https://doi.org/10.1038/s42003-024-07400-1
https://doi.org/10.3389/FMICB.2017.02060
https://doi.org/10.1093/JXB/ERAD220
https://doi.org/10.1038/s41592-019-0496-6
https://doi.org/10.1038/s41592-019-0496-6
https://doi.org/10.1038/s41587-022-01527-4
https://doi.org/10.1126/SCIENCE.AAD6359
https://doi.org/10.1126/SCIENCE.AAD6359
https://doi.org/10.1038/NNANO.2016.267
https://doi.org/10.1038/NNANO.2016.267
https://doi.org/10.1038/s41467-021-20964-4
https://doi.org/10.1186/S12934-024-02299-Z
https://doi.org/10.1016/J.JARE.2023.04.016
https://doi.org/10.1016/J.JARE.2023.04.016
https://doi.org/10.1038/s44160-024-00575-9
https://doi.org/10.1038/s44160-024-00575-9

	Converging quality by design, artificial intelligence, and biofoundry automation: A new paradigm for scalable circular biom ...
	1 Introduction
	2 Foundations: Engineering Concepts, DBTL, and Quality by Design
	2.1 The DBTL cycle as an industrial backbone
	2.2 Quality by Design as the industrial translation layer

	3 Cornerstone Technologies Enabling the New Paradigm
	3.1 Reading and writing DNA
	3.2 DNA assembly and genome editing
	3.3 Engineered microbial consortia
	3.4 Cell-free systems
	3.5 Bioinformatics and artificial intelligence

	4 Cross-Domain Transferability of Synthetic Biology Tools
	4.1 Microbial systems as the proving ground
	4.2 Plant synthetic biology
	4.3 Animal synthetic biology
	4.4 Implications of cross-domain transferability

	5 Sustainable Applications in the Circular Bioeconomy
	5.1 Bioproduction of chemicals, fuels, and active pharmaceutical ingredients
	5.2 Agricultural biotechnology
	5.3 Precision Fermentation and Cellular Agriculture
	5.4 Therapeutic proteins and de novo biologics
	5.5 Bioremediation and pollution management

	6 From Laboratory to Market: Scale-up, Biofoundries, and Case Studies
	6.1 Scale-up effects and their mechanisms
	6.2 Computational modelling and digital twins
	6.3 Biofoundries as systematic scale-up enablers
	6.4 Case studies of successful laboratory-to-market translation
	6.4.1 LanzaTech: gas fermentation from pilot to commercial scale
	6.4.2 Amyris and Sanofi semi-synthetic artemisinin
	6.4.3 Precision fermentation: multiple start-up companies
	6.4.4 Ginkgo Bioworks: a horizontal biofoundry platform
	6.4.5 Limitations and partial failures in the wider commercial landscape


	7 Regulatory and Societal Landscape
	7.1 Regional regulatory divergence: EU and US frameworks
	7.2 Biosafety, biocontainment, and evidence-based regulation
	7.3 Societal acceptance

	8 Conclusions
	Funding
	Declaration of Competing Interest
	Data availability
	References


