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Synthetic biology, with its vast potential applications in diverse fields such as
biomanufacturing, agriculture, pharmaceuticals, medicine, environment and
food industries, is increasingly recognized for its transformative solutions and
sustainability potential. This is reflected in the booming of biofoundries in which
automation, robotic liquid handling systems and bioinformatics are strategically
integrated to streamline and expedite the synthetic biology workflow. The high-
throughput capability of biofoundry not only accelerates the discovery pace of
synthetic biology but also makes it possible to expand the catalogue of bio-based
products that can be produced. In this review, we present the core concept of
Design-Build-Test-Learn (DBTL) engineering cycle for biofoundry, early success
stories and current challenges in developing a sustainable biofoundry before
concluding with future perspectives. Continuous concerted efforts are required
to support the planning and establishment of a biofoundry as well as in addressing
the gaps and challenges of maintaining a sustainable biofoundry.

KEYWORDS
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1 Introduction

In 1980, the term “synthetic biology” was first used by Barbara Hobom to describe
genetically altered bacteria through bioengineering (Hobom, 1980). Since then, the term
has expanded to include broader aspects of biology including the use of unnatural
molecules and assembly of various interchangeable components in the natural system to
create artificial (synthetic) living organisms or systems (Benner and Sismour, 2005). In
view of its potential diverse applications in various fields ranging from commercial
industry to healthcare and environment (Mao et al., 2021), the global market of synthetic
biology has been projected to grow from 12.33 billion USD in 2024 to 31.52 billion in
2029 with a compound annual grow rate of 20.6% (Research and Markets, 2024). This
projection indicates the high demand for bio-based products which also acts as the
driving force behind the growth of synthetic biology in the path towards a more
sustainable bioeconomy. A circular bioeconomy, which reduces, recycles, recovers,
reuses, and regenerates wastes as well as shifts from fossil-based to bio-based fuels
and products, is increasingly being recognized as critical to meet the future needs of a
growing population in environmentally sustainable ways (Khanna et al., 2024). Although
synthetic biology offers an avenue for sustainable production, the translation of
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FIGURE 1

DBTL bioengineering cycle of biofoundries. The cycle consists of four phases: design (D), build (B), test (T) and learn (L) with each facility
consolidating different foundational technologies to streamline the engineering of biological systems. It starts with the D phase where the genetic
sequence or biological circuit is designed to produce the desired construct. The B and T phases can be carried out on automated platforms where genetic
components are synthesized and assembled before the constructs are introduced into selected production chassis and characterized using multi-
omics approaches. The observed production levels and design factors are analyzed for further optimization or improvement using computational
modeling and bioinformatic tools in the L phase which feeds another cycle of DBTL, if necessary, to yield a biological design that meets the desired

specifications established in the D phase.

biotechnological  innovation into  economically  viable
biomanufacturing for industrial applications has remained
challenging (Zhang et al, 2021; Asin-Garcia et al, 2025).
Because the organisms or systems that synthetic biologists seek
to construct or mimic are inherently complex, bioengineering in an
artisanal manner remains a slow and expensive process. The need
to accelerate and standardize these endeavors to enable
reproducible, scalable and translatable synthetic biology
research has brought forth the development of biological
foundries or biofoundries where synthetic biology meets
automation.

A biofoundry is an integrated, high-throughput facility that uses
robotic automation and computational analytics to streamline and
accelerate the synthetic biology research and applications through
the Design-Build-Test-Learn (DBTL) engineering cycle (Hillson
et al, 2019; Holowko et al, 2021). The acceleration of genetic
engineering in a biofoundry also opens up the possibility of
widening the use of the natural biodiversity of microorganisms

and plants. Biofoundries that offer pilot plant facilities allow testing
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and refining of bioprocesses in environments that closely mimic
industrial conditions. The resulting validated end-to-end processes
are suitable and ready for biofactories or biorefineries to adopt,
leading to more products being produced with more sustainable and
circular economic processes in support of the global transition
towards a circular bioeconomy (Hillson et al., 2019; Asin-Garcia
etal., 2025). In recognition of the immense potential of biofoundries,
a Global Biofoundry Alliance (GBA) was officially established in
2019 following the discussion among 15 members of non-
commercial biofoundries with aims of sharing experiences and
resources, promoting biofoundries as well as working
collaboratively to address the various challenges in biofoundries
(Hillson et al., 2019). Currently, the members of GBA have grown to
over 30 biofoundries across the world (Global Biofoundry Alliance,
2025) and biofoundries continue to attract both academic and
commercial entities working on synthetic biology. In this review,
we present the core concept of DBTL engineering cycle for
biofoundry, early success stories and challenges in developing a

sustainable biofoundry before concluding with a future perspective.
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TABLE 1 Members of the global biofoundry alliance.

Facility

Features and capabilities

Country

10.3389/fsybi.2025.1630026

A*STAR SPARROW

Agile BioFoundry

Australian Genome
Foundry

Biofactorial

The A*STAR SPARROW biofoundry is a fully automated, high-throughput
platform for DNA assembly, cloning, screening, and sequencing. It features a
Beckman i7 liquid handler, QPix 420HT colony picker,

iD3 spectrophotometer, and ODTC thermal cyclers, seamlessly integrated
with a HiG-4 centrifuge, STX44 incubator, LPX110 storage unit, as well as a
heat sealer, and peeler

The Agile BioFoundry operates as a distributed biofoundry that integrates
design-build-test-learn with process automation. It is a consortium of seven
United States Department of Energy national laboratories: Argonne National
Laboratory; Lawrence Berkeley National Laboratory; Los Alamos National
Laboratory; National Renewable Energy Laboratory; Oak Ridge National
Laboratory; Pacific Northwest National Laboratory; and Sandia National
Laboratories

The Australian Genome Foundry strives to accelerate synthetic biology
research and the bioeconomy by providing high-throughput solutions. It has
a broad suite of automated molecular biology protocols, high-throughput
fermentation equipment, high-throughput analytical chemistry, and flow
cytometers and cell sorters, all in Physical Containment Level 2 lab space

Biofactorial houses automation infrastructure that is able to support most
common molecular and cellular biology protocols. Facilities available include
Labcyte Access Workstation, various different plate and high-content readers,
liquid dispensers, plate washers, and other specialized machines

Singapore

United States

Australia

Canada

https://www.a-star.edu.sg/sifbi/our-research/
research-division/biotransformation—
engineering

https://agilebiofoundry.org/

https://goto.mgq/australian-genome-foundry

https://biofactorial.microbiology.ubc.ca/

BioFoundry@TIB

BRIGHT Biofoundry

Colorado Biofoundry

Concordia Genome
Foundry

CSIRO BioFoundry

BioFoundry@TIB has a high-throughput robotic platform for automated
cloning and genome editing such as in E. coli, C. glutamicum, B. subtilis, S.
cerevisiae and HEK293t

The BRIGHT Biofoundry is dedicated to accelerating innovation in
biotechnology, with a particular focus on the design and development of
microbial cell factories and novel food systems. It has a variety of liquid
handling robots and automated systems such as Opentrons, Chi.Bio, Tecan
Fluent, Agilent Bravo, Labcyte Echo, and SpeedyGenes

The Colorado Biofoundry is a highly optimized laboratory consisting of
physical and computational infrastructure such as epMotion 5075tc, Agilent
TapeStation 4200, BioTek Synergy Micro-plate Reader, Singer Rotor HDA,
Singer Phenobooth, Kreo Technologies Universal Plate Pourer, Illumina
MiSeq, Applied BioSystems SeqStudio, Quant Studio 5 Real-Time PCR
System, SimpliAmp and VeritiPro Thermal Cyclers

The Concordia Genome Foundry offers high-throughput workflows for DNA
assembly, mammalian cell and microbial strain engineering, and functional
screening at scale with state-of-the-art robotics, liquid handling, and
biomanufacturing infrastructure

The CSIRO BioFoundry has specialist equipment and software which allows
high-throughput workflows including Labcyte Echo 525 acoustic liquid
handler, Analytik Jena Cybio Felix pipetting liquid handler, Caliper SciClone
G3 pipetting liquid handler, Singer Instruments PIXL colony picking robot,
Agilent ZAG DNA Analyzer, Beckman Cytoflex S flow cytometer, Beckman
Cytoflex SRT cell sorter, BioTek Cytation 5 multimode plate reader, BioTek
Multiflo FX multimode dispenser, Roche LightCycler 480 II, Bio-Rad
C1000 thermal cyclers and Climatron plant growth cabinet.

China

Denmark

United States

Canada

Australia

http://english.tib.cas.cn/

http://www.biosustain.dtu.dk/technologies/

biofoundry

https://biofoundry.colostate.edu/

http://genomefoundry.ca/

https://www.csiro.au/en/work-with-us/use-
our-labs-facilities/biofoundry

Damp Lab

Earlham Biofoundry

The Damp Lab mission is to develop novel biological systems using formal
representations of protocols and experiments for the specify-design-build-test
cycle. It is equipped to offer over 45 molecular biology protocols, including
DNA assembly, PCR, DNA/RNA purification, cloning (transformation,
plating, colony picking, DNA quantification), preparation of libraries and
next-generation sequencing

The Earlham Biofoundry provides a platform to undertake large-scale
projects with automation capabilities include BioLector, Opentrons,
Echo650 Beckman, Hamilton STAR and STARPlus, Pioreactor, CyBioFelix,
arktic, K63 Colony picking system, Quant Studio 6 Pro and CLARIOstar Plus

United States

United Kingdom

http://damplab.org/

https://www.earlham.ac.uk/earlham-
biofoundry

Edinburgh Genome
Foundry

The Edinburgh Genome Foundry specializes in the high-throughput modular
assembly and phenotyping of DNA constructs. The foundry houses the
Bruker Cellular Analysis Beacon instrument and offers a range of cell
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United Kingdom

https://biology.ed.ac.uk/research/facilities/
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TABLE 1 (Continued) Members of the global biofoundry alliance.

Facility Features and capabilities

phenotyping assays including qPCR, high-throughput micro-fermentation as
well as kinetic analysis

Engineering Biology The Engineering Biology Research Centre has four research units and the Bio- = Japan http://www.egbrc.kobe-u.acjp/en/index.html
Research Centre digital promotion office. The research units are Synthetic biology platform

unit; Smart cell engineering and bioproduction research unit; Advanced

analysis, evaluation and processing research unit; and Bioeconomy research

unit. Bio-digital promotion office, a special cross-unit office centered on the

bio-foundry, combines biotech, AI and robotics

Estonian Biofoundry The Estonian Biofoundry develops and implements cell-based and cell-free | Estonia https://digibio.ut.ee/biofoundry/
bioengineering design platforms, incorporates digitalized high-throughput
semi-automated genome and protein engineering as well as performs
screening and quantification in the DBTL workflow

ExFAB ExFAB focuses on supporting research into extreme microbes and houses = United States http://exfab.org/
instrumentation for microbial library generation, genotyping and
phenotyping, gene-to-function analysis and strain engineering, leveraging
high throughput, automated workflows to support image and data analysis,
sorting, and rapid chemical profiling. Facilities available include Isolation Bio
Prospector Discover Platform, Opentrons Flex Liquid Handler NGS
Workstation, Thermo Scientific ISQ-7610 GCMS and Thermo Scientific TSQ
Altis Plus LCMS

GeneMill GeneMill is an automation, synthetic biology and protein production facility. = United Kingdom | https://www.liverpool.ac.uk/research/facilities/
GeneMill offers a modern range of capabilities for high-throughout, genemill/
automated gene cloning, sequence diversity generation and phenotyping as
well as full protein production service

iBioFAB iBioFAB focuses on synthetic biology, with expertise in protein engineering = United States https://biofoundry.web.illinois.edu/
and the genetic modification of plants and microbes. iBioFAB houses three
liquid handling devices (Labcyte Echo 550 acoustic liquid handler, Tecan
Freedom EVO 200, and Tecan Fluent 1080 systems), SciRobotics Pickolo
colony picker, PetriPlater spiral plater, BioTek Cytation 5 automated
microscope, Tecan Infinite M1000 plate reader, Agilent Fragment Analyzer
Infinity and an array of instruments for automating standard laboratory tasks

IBVT IBVT focuses on the development of strains and sustainable bioprocesses for = Germany https://www.ibvt.uni-stuttgart.de/
the production of commodities, fine chemicals, materials, food additives,
enzymes, biopharmaceutical components, and proteins. IBVT also houses
multiple bioreactors for fermentation and for cell culture cultivation as well as
downstream processing facilities

IDEA Bio IDEA Bio is a facility that offers systems bioengineering and synthetic biology = Australia https://www.ideabio.org.au/
services. The facility has advanced equipment and expertise in fermentation,
including 40 instrumented bioreactors for deep strain characterization, multi-
omics analysis, sample preparation, and high-throughput cultivation

Julich Biofoundry The Jiilich Biofoundry offers infrastructure for the automated development of = Germany http://www.fz-juelich.de/en/ibg/ibg-1/juelich-
microbial production strains. The biofoundry is equipped with facilities such biofoundry-en
as the AutoBioTech platform and liquid handlers with integrated
microbioreactors

K-Biofoundry K-Biofoundry was established to strengthen bio-innovation through digital = South Korea https://kbiofoundry.org/

transformation, leveraging A and robotics. It has a genome station to address
research demands at the nucleic acid level for microorganisms, plants, and
animals; molecular station to support research demands at the protein,
metabolic pathway, or cell-free system level; and organism station to support
research demands at the cellular or fermentation level

LARA The LARA is a research platform with fully automated high-throughput Germany https://lara.uni-greifswald.de/
protein screening capabilities. The facility covers experiment planning and
design, mutant selection, cell-growth optimization, protein expression, cell
harvesting and lysis as well as protein purification and activity assays. It
contains shaking incubators, a centrifuge, liquid handling and two plate
readers

London Biofoundry The London Biofoundry has developed a complete SynBioStack that includes = United Kingdom | https://www.londonbiofoundry.org/
platforms for DNA synthesis, automated strain and cell line engineering,
sequencing, imaging, single-cell analysis, mass spectrometry and
fermentation. Facilities available include SYNTAX DNA printer, Echo
525 and 550, Access platform, Biomek i7, AJ platform, Clariostar
Tapestation, fragment analyzer, PE LabChip, A] qTower, PIXL colony picker,

(Continued on following page)
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TABLE 1 (Continued) Members of the global biofoundry alliance.

Facility

Features and capabilities

10.3389/fsybi.2025.1630026

PIXUL sonicator, iSeq100, PacBio sequel 2E, MinION, BD Fortessa, S3 cell
sorter, Applikon 2-7L bioreactor systems, Ambr250 modular bioreactor
system, AKTA Start, AKTA Pure, Agilent HPLC, Agilent LC-MS, Nikon Ti-2
twin-cam-TIRF, Nikon Ts2, Kuhner incubators, Innova incubators, and
Sorvall centrifuge

NIST

Nucleo de Innovacién de
Sistemas Biologicos

Paris Biofoundry

RISE

The NIST Living Measurement Systems Foundry is an automated facility for
high-throughput testing and measurement of engineered microbes. The core
of the facility includes a fully integrated, high-throughput system to automate
common tasks in the synthetic biology workflow, such as liquid handling,
incubation, multi-well plate measurements, electro-transformation,
centrifugation, and colony picking. Additional measurement capabilities
include high-throughput flow cytometry, quantitative fluorescence
microscopy, and nucleic acid analysis and sequencing

The “Ntucleo de Innovacién de Biosistemas Bioldgicos” offers access to
facilities and services such as design of production processes for
biopharmaceutical products or molecules of interest; characterization of
genomes, metabolic pathways, and protein expression; identification of
prognostic and diagnostic biomarkers; study of new bioactive compounds;
personalized modulation of the gut microbiota and epigenetics

Paris Biofoundry is a distributed biofoundry spread across four sites in the
Paris region and comprises Sorbonne and Paris-Saclay Universities, the
Micalis and Curie Institutes, the Genopole cluster, and national research
institutions including the CNRS, INSERM, and INRAE. The Paris biofoundry
is centered around high-throughput DNA assembly and microorganism
engineering, particularly focusing on bacteria, yeasts, and microalgae,
mammalian cell engineering, cell-free systems, industrial-scale up and
downstream processes

RISE high-throughput center is Swedish State’s latest investment in
biotechnology testbeds, accelerating scale-up journeys by opening up major
screening bottlenecks. The center is equipped with state-of-the-art robotic
platforms fit for microbial profiling, engineering and evolution. The center is
equipped with up to 10,000 L bioreactors and corresponding downstream
processing to accommodate both GMO and non-GMO projects

United States

Mexico

France

Sweden

https://www.nist.gov/programs-projects/nist-
living-measurement-systems-foundry

https://nisb.mx/index.html

https://parisbiofoundry.org/

https://www.ri.se/en

SKy BioFoundry

SKy BioFoundry is equipped with robotic capabilities for gene cloning,
bacterial transformation, and colony selection. The biofoundry also offers
services including multiple gene cloning and DNA assembly, customizable
gene cloning, massive bacterial transformation, massive genome engineering,
and customizable genome engineering

South Korea

https://sites.google.com/view/skybiofoundry/
home

SynCTI

SynCTTI is an integrated facility based on the concept of DBTL and is heavily
automated to perform routine as well as specialized tasks in a high-
throughput manner. The advanced platforms to biosystems are applied to
generate a range of applications like novel assay platforms for metabolite
detection, automation and therapeutics

Singapore

https://syncti.org/biofoundry/

SynDNA Lab

SynDNA Lab centralize and develop infrastructure, workflows, methods and
know-how for the construction and diversification of synthetic DNA
sequences. SynDNA Lab uses in vitro and in vivo molecular cloning methods
as well as semi-automation to assemble large, complex and diversified
sequences of DNA.

Germany

https://www.syn-gen.de/en/syngen-dna-lab

UCSD Biofoundry

UKM Biofoundry

VTT Biofoundry

The UCSD Biological Automation Core provides automated, high-
throughput adaptive laboratory evolution services, along with next-
generation sequencing, mutational analysis, and databasing for a wide range
of applications, from industrial biotechnology to biomedical research

The UKM Biofoundry is an integrated and automated research facility
focusing on microbial strain design, enzyme prototyping and bioproduct
development using systems and synthetic biology strategies. The biofoundry
houses state-of-the-art analytical and sequencing instruments such as Nano
Liquid Chromatography-Time of Flight-Mass Spectrometry and Oxford
Nanopore sequencers

VTT’s Biofoundry accelerates industrial biotechnology research by utilizing
laboratory automation for high-throughput engineering and characterization
of bacterial, fungal, and plant cell strains. It is also equipped with Biolectors
and Ambr bioprocess robots to screen for the best strains and process
parameters that can then be scaled up to larger bioreactors in its fermentation
facility

United States

Malaysia

Finland

https://feistlab.ucsd.edu/core

https://www.ukm.my/inbiosis/en/ukm-
biofoundry/

https://www.vttresearch.com/en/technology-
infrastructures/industrial-biotechnology-
infrastructure
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2 The DBTL biological engineering
cycle of biofoundries

Biofoundry workflows are typically centered on the DBTL
engineering cycle (Figure 1). The cycle starts with a software-
driven design phase in which a new nucleic acid sequence,
biological circuit, and/or bioengineering approach and workflow
that leads to the desired result is designed or fine-tuned with
computer-aided design software. This is followed by the build
phase where automated and high-throughput construction of the
components predefined in the design phase take place and a high-
throughput screening is performed during the test phase to screen or
characterize the construct configurations. In the final phase of
learning, the data is analyzed and used for further optimization
or redesign in another iterative DBTL cycle (Hillson et al., 2019).
Many freely available online and offline tools have been developed to
expedite different phases of the DBTL cycle. These include the open
source Cameo (Cardoso et al., 2018) and RetroPath 2.0 (Delépine
et al,, 2018) software for in silico design of metabolic engineering
strategies for cell factory and for retrosynthesis experiment,
respectively. Other tools such as j5 DNA assembly design
software (Hillson et al, 2012) and Cello (Nielsen et al., 2016)
allow manipulation and assembly of DNA sequences for design
of new genetic circuits. More recently, an open source python
package called AssemblyTron was developed as an affordable
automation solution that integrates j5 DNA assembly design
outputs with Opentrons liquid handling system for automated
DNA assembly (Bryant et al., 2023; Bryant and Wright, 2025).
Another notable development is the introduction of an open source,
publicly available software library called SynBiopython by the
Software Working Group of GBA with the aim of standardizing
development efforts in DNA design and assembly across
biofoundries (Yeoh et al, 2021). Artificial intelligence (AI)
technology such as machine learning (ML) is increasingly being
integrated at each phase of the DBTL cycle to enhance the precision
of predictions and to reduce the number of DBTL cycles needed to
attain the desired result (Orsi et al., 2024). In fact, biofoundry
workflows that integrate fully automated DBTL cycle and
iteration of this cycle with minimal human intervention have
been reported (HamediRad et al., 2019; Singh et al, 2025). To
date, biofoundries capabilities continue to improve through the
GBA initiatives to share experiences and resources with members
of the GBA (as of August 2025) listed in Table 1 (Global Biofoundry
Alliance, 2025).

3 Success stories of biofoundries

One of the prominent success stories of biofoundries relates to a
timed pressure test administered by the U.S. Defense Advanced
Research Projects Agency (DRAPA) for a biofoundry to research,
design, and develop strains to produce 10 small molecules in 90 days.
To further complicate an already complex challenge, Casini and
colleagues were not told in advance of the bioproduct identity as well
as the starting date and duration of the test. The 10 target molecules
that they were tasked with producing ranged from simple chemicals
(e.g., 1-hexadecanol) that are already producible by recombinant
organism to complex natural metabolite with no enzyme
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information (e.g., epicolactone) and chemicals with no known
biological synthesis pathway (e.g., tetrahydrofuran). Notably,
neither the biofoundry nor any of their academic partners had
ever worked with these molecules before. Nevertheless, the 10 target
molecules selected by DRAPA have real and potential applications
in various fields. 1-Hexadecanol is used as a fastener lubricant in the
armed forces while tetrahydrofuran is a versatile industrial solvent
and used as a precursor to polymers. The list also included carvone -
a monoterpene with many potential applications such as mosquito
repellent and pesticide; epicolactone - a multicyclic tropolone with
antimicrobial and antifungal activity that is used by the Brazilian
sugar cane industry; and barbamide - a potent molluscicide that
could serve as an antifouling agent incorporated into marine paints.
The remaining molecules have medical-related applications:
vincristine, rebeccamycin and enediyene C-1027 are anticancer
agents; pyrrolnitrin is an antifungal agent; and pacidamycin D is
an antibacterial agent against pseudomonads. Within the stipulated
timeframe, the biofoundry constructed 1.2 Mb DNA, built
215 strains spanning five species, established two cell-free
systems, and performed 690 assays developed in-house for the
molecules. Overall, they succeeded in producing the target
molecule or a closely related one for six out of the 10 targets and
made advances toward production of the others. The diverse
approaches taken to address this challenge highlighted the fact
that there is no cookie cutter formula that could be applied
across the board in synthetic biology research and application
(Casini et al.,, 2018).

In a separate study, a biofoundry workflow that streamlines the
process of microbial engineering for chemical production was
described by Carbonell et al. (2018). The aim of the workflow is
to perform rapid prototyping in which the best combination of
genetic parts that give rise to high producer strains is identified and
optimized followed by integration of pathways into the organism’s
genome for scale-up target production. Using the production of the
flavonoid (2S)-pinocembrin in E. coli as a proof of concept, they
showed that a production pathway that is improved by 500-fold was
successfully established with just two DBTL cycles. The pathway,
which could produce up to 88 mg L' of target, was identified with
the automated workflow from screening only 65 variants out of
23,328 possible designs. The applicability of the workflow to
optimize the production of alkaloid (S)-reticuline in Escherichia
coli was also investigated and pathways with reticuline titers up to
50 mg L' were identified from screening just 14 variants out of
2592 possible designs (Carbonell et al., 2018). Robinson and
colleagues built upon the workflow by Carbonell et al. (2018) to
further demonstrate the ability of biofoundries to produce a diverse
range of materials monomers and showcased how prototype
production strains can be rapidly scaled up to achieve gram-scale
fermentations. Bio-based material building blocks became the focus
of their work as such compounds are prevalent in daily life and yet,
are typically derived from petrochemical. Hence, biofoundries could
provide alternative green routes for bio-based monomer production
with cleaner and economy-efficient processes and at the same time,
industrial
biomanufacturing and sustainable materials applications. Over a

capable of meeting technical specifications for
time span of 85 days, Robinson et al. (2020) successfully produced
17 chemically diverse key material building blocks and a further 65-

day period to scale up the production of mandelic acid and
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hydroxymandelic acid at industrially relevant titers with high
2020).
designing novel, new-to-nature biocatalysts, whether to complete

enantiopurity (Robinson et al, Synthetic  biologists
synthetic pathways or to be used in enzyme-driven applications,
may reach a stumbling block when rational protein design or
adaptive laboratory evolution no longer suffice. In this context,
Orsi et al. (2024) proposed the use of ML to increase engineering
design space along with in vivo mutagenesis and growth-coupled
selection for the directed evolution of enzymes using automated
workflows in a biofoundry (Orsi et al., 2024).

Whereas prior success stories highlighted the capabilities of
biofoundries should a rapid-response need for a molecule arises
(Casini et al., 2018; Robinson et al., 2020), the coronavirus disease
2019 (COVID-19) pandemic provided an unprecedented
opportunity for biofoundries to respond to an immediate
healthcare crisis such as by repurposing existing liquid-
handling infrastructure to rapidly expand testing capacity.
Identification of severe acute respiratory
(SARS-CoV-2) as the
accompanied by the availability of its complete genome

syndrome
coronavirus 2 causative agent
sequence early in the pandemic greatly aided the development
of novel nucleic acid-based diagnostic tests for SARS-CoV-
2 detection (Yu et al., 2021). Reverse transcription quantitative
polymerase chain reaction (RT-qPCR) was the most widely used
assay platform but other alternatives such as RT-loop-mediated
amplification (RT-LAMP), clustered regularly
repeats-CRISPR-associated
next-generation

isothermal
interspaced  short
(CRISPR-Cas)
technology were developed into assays for the molecular
diagnosis of COVID-19 (Chan et al.,, 2021; Yu et al,, 2021).

The widespread transmission of SARS-CoV-2 and the large

palindromic

and  even sequencing

surge in the number of cases during the pandemic waves led
to many healthcare systems and testing capability being
overwhelmed. The London Biofoundry saw the potential use
of its existing liquid-handling infrastructure to boost testing
capacity and was able to establish a reagent-agnostic
automated SARS-CoV-2 testing workflow with RT-qPCR-,
CRISPR-Casl3a- and RT-LAMP-mediated outputs in under
4 weeks. The RT-qPCR workflow was the first to be optimized
and validated before it was modularized to diversify reagent
supply and specialized equipment away from mainstream and
overstretched sources. An average sample processing rate of
~1,000 samples per platform per day was reported and the
number could be further increased to 4,000 samples per day
with simple modification and scaling of the automated workflow.
The workflow succeeded in increasing the testing capacity in
London via implementation in the National Health Service
diagnostic laboratories and beyond the immediate impacts on
mitigating COVID-19, also serves as a blueprint for biofoundries
to quickly establish platforms for prototyping biological testing
standards and developing liquid-handling workflows in response
to a public health crisis (Crone et al., 2020).

In 2021, Moffat and colleagues demonstrated the use of a
biofoundry for automated identification of genetic determinants
that inhibit microbial growth. They focused on a Pseudomonas
strain (Pseudomonas sp. Ps652) that was isolated from a
commercial potato field because this isolate has been shown to
inhibit Streptomyces scabies 87-22, a commercially relevant potato
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pathogen and yet, the genetic determinants of inhibition were not
evident from the Ps652 genome sequence. Hence, a biofoundry
workflow was developed for the automated production and assay
of a library of random transposon mutants that led to the
discovery of a biosynthetic gene cluster (BGC) in Pseudomonas
sp. Ps652 that plausibly produces the tropolonoid antimicrobial 7-
hydroxytropolone. Given that this cluster was not readily
identified from Ps652 genome sequence due to the lack of
natural product class-defining proteins and identity to known
non-Pseudomonas tropolone BGCs, its discovery is a testament to
the high-throughput capability of biofoundry as a total of
2,880 mutants were screened in just 2 weeks and more
importantly, highlights the enormous screening efforts that
may not be feasible to be performed manually (Moffat et al,
2021). Additionally, the biofoundry workflow described also
serves as a template for the automated identification of
antimicrobial genetic determinant or its compound that could
be extended beyond the inhibition of plant pathogens into
inhibition of human and animal pathogens. Biofoundries are
also well-suited to support plant synthetic biology endeavors.
Recognizing the challenges surrounding the characterization of
large protein families in plants along with optimization of
expression and purification of plant proteins, Dudley and
(2021)
automated DNA assembly and cell-free expression of plant

colleagues developed a biofoundry workflow for
proteins in either E. coli or wheat germ lysates. They also
developed a luciferase-based system for quantification of
protein and demonstrated that the short peptide tag (11 amino
acids) could be easily removed after synthesis. With the high-
throughput capability of the biofoundry and low-volume cell-free
system, they were able to rapidly identify the tag configurations
that significantly improve or inhibit expression of different plant
proteins. Additionally, the workflow described is ideal for
enzymes from plant or microbial secondary metabolism as the
cell-free expression protocol enables direct progression to
functional analysis without the need for protein purification
(Dudley et al., 2021).

In order to close the DBTL cycle and enable autonomous
iteration of the cycle, HamediRad et al. (2019) demonstrated how
a biofoundry can be integrated with a ML algorithm to drive
synthetic biology research with minimal human intervention.
After the initial design and setup, the fully automated algorithm-
driven platform, called BioAutomata, is capable of deciding what
experiments to perform, executing the experiments and analyzing
the data to optimize a user-specified objective iteratively while
actively seeking to reduce the number of experiments and the
cost. As a proof of concept, The BioAutomata found a mutant
producing 1.77-fold higher lycopene titer than the best mutant that
was found using random sampling. In a more recent development,
the AutoBioTech platform was introduced by Rosch et al. (2024) to
address the technical gaps in biofoundries where manual material
transfer is still required in a workflow such as between automation
stations or during offline processes. The AutoBioTech is a fully
automated laboratory system with 14 devices that is developed with
workflows for high-throughput strain engineering of Gram-negative
and Gram-positive bacteria without human interaction. Future
endeavors to integrate ML with the AutoBioTech platform will
allow implementation of the DBTL cycle.
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4 Recent advancement in
biofoundry workflows

Biofoundries are inextricably linked to the rapid advancement of
technologies developed in the research sphere as this is reflected by
the continuous development of new workflows incorporating these
innovative technologies. One of such examples is the one-step
software pipeline developed by Vegh et al. (2024) that facilitates
and expedites analysis and interpretation of Nanopore long-read
sequencing data to verify the fidelity of the DNA construct obtained
in the Build phase to its corresponding designed sequence in a DBTL
cycle. Although fragment analysis following restriction digestion or
PCR is a cost-effective approach, size-based verification could only
provide low confidence confirmation of the construct’s correctness.
On the other hand, Sanger sequencing produces nucleotide-level
readout, but the cost and high number of reactions limits its
applicability in most cases. Unlike Sanger sequencing, the Oxford
Nanopore Technologies afford high-throughput sequencing and
represent a viable alternative to sequencing large batches of
plasmid constructs. In the sequencing pipeline developed by
Vegh et al. (2024) at the Edinburgh Genome Foundry, a liquid
handling platform is used to prepare assembled, cloned or edited
plasmids into libraries before loading onto Flongleflow cells in a
MinION MKk1C sequencer. The resulting FASTQ files are analyzed
with a Nextflow pipeline, named Sequeduct, that performs
alignment, variant detection and reporting. The Ediacara Python
package then creates a PDF report that provides an overview and
interpretation of the results with this feature being highlighted as
particularly suitable for engineering biology and quality control
purposes. Availability of the software under a free and open-source
license (GPLv3) is anticipated to encourage further innovations
from biofoundries and the sequencing community.

The development of automated genetic manipulation process
tends to focus on the use of model microorganisms with E. coli and
Saccharomyces cerevisiae among those that served as readily
automatable chassis cells (Si et al.,, 2017; HamediRad et al., 2019;
Ayikpoe et al, 2022). However, the technologies from model
microorganisms may not necessarily be directly transferable to
other non-model chassis cells due to the intricacies of living
systems. Zuo et al. (2025) observed that the expansion of
automation platforms for most non-model microorganisms have
lagged behind that of model microorganisms and hence, opted to
establish an automated genetic manipulation process suitable for
non-model microorganisms like P. pastoris. While Pichia pastoris is
known to be an attractive chassis for the production of high-value
and low-value bioproducts, the P. pastoris cell factory design and
applications on cheap sustainable raw materials remained scarce
(Ergun et al., 2022). In order to expedite design and construction of
microbial cell factories, Zuo et al. (2025) utilizes the high-
throughput platform of iBioFoundry. The process was divided
into three modules: (1) preparation of exogenous DNA; (2)
preparation cells; and (3)
cultivation and characterization. The resulting automated genetic

of competent transformation,
manipulation process was shown to facilitate rapid and high-
throughput construction of yeast cell factories with single-site
and two-site genome editing efficiency reaching up to 94.6% and
36.3%, respectively. Furthermore, they characterized 96 endogenous
promoters in P. pastoris in a high-throughput manner and
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constructed yeast cell factories using promoters with different
strength to produce sesquiterpene a-santalene and a-santalol.
The work by Zuo et al. (2025) offers a blueprint for developing
automated genetic engineering strategies in other non-model
microbial systems.

Another recent development is a protein language model-
enabled automatic evolution platform for automated protein
engineering within the DBTL cycle as described by Zhang et al.
(2025). The platform was designed to overcome the drawbacks of
traditional protein engineering methods that are time-consuming
and labor-intensive. The platform employs a protein language
model to facilitate learning and design phases while a biofoundry
is used to execute the build and test phases. Using tRNA synthetase
as a proof of concept, four rounds of evolution carried out with the
platform within 10 days gave rise to mutants exhibiting 2.4-fold
increase in enzyme activity. In total, 384 mutants were constructed
and tested during the four rounds evolution with 96 mutants
automatically constructed and tested for activity in each round.
A timespan for a single round of experimental testing in their
biofoundry is ~59 h including ~24 h of primers shipping delay
in contrast to ML model training and new variants prediction which
take less than 1 h. Thus, four DBTL cycles only took 240 h which
equates to ~10 days. Likewise, Singh et al. (2025) also tackled the
challenge of developing an automated protein engineering platform
but additional emphasis was made to ensure that the system would
be highly generalizable to maximize utility. The end result was a
generally applicable, Al-powered platform for autonomous enzyme
engineering that requires only an input protein sequence and a
quantifiable way to measure fitness of the variants. They showcased
the capability of the platform, as enabled by iBioFAB, ML and large
language models, by engineering variants of Arabidopsis thaliana
halide methyltransferase and Yersinia mollaretii phytase with ~16-
and 26-fold higher activity compared to the wild type enzymes,
respectively. It only took four rounds within 4 weeks to accomplish
and included construction and characterization of fewer than
500 variants for each enzyme. The autonomous platform protein
engineering platform consists of three modules: (1) a sequence-
based unsupervised predictive model generates variants for the
initial library; (2) the biofoundry creates the variant library and
measures the fitness of the variants; and (3) the resulting data from
each cycle is used to train a supervised ML model to predict
subsequent variants. The seamless integration of protein language
models, automated experimentation, and ML within the platform
allowed the design, test and creation of improved enzymes without
requiring any human intervention, judgement, and domain
expertise. The platform has been proposed as a roadmap for
generalized autonomous experimentation in synthetic biology
and may drive widespread application of protein engineering in
fields such as medicine, biofuels, and biocatalysis.

(2025) addressed the lack of
standardization in concepts and the scope of terms that are used

Separately, Kim et al
to describe different biofoundry activities by proposing an
abstraction hierarchy that organizes biofoundry activities into
four interoperable levels (Level 0-3). Level 0 (Project) denotes
the project that is to be carried out in the biofoundry and
comprises tasks to fulfill the requirements of external users who
wish to use the biofoundry. Level 1 (Service/Capability) refers to the
functions that the biofoundry can offer or required by the external
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users. These services can be divided into various tiers that range
from simply providing access to specialized equipment (tier 1) to a
service supporting the full DBTL cycle (tier 4). Level 2 (Workflow)
comprises DBTL-based sequence of tasks needed to deliver the
Service/Capability with workflows being designed to be highly
abstracted and modularized for clarity and reconfigurability. The
introduction of functionally modular workflows for each stage of the
DBTL cycle were specifically highlighted as these workflows could be
reconfigured and reused to achieve different functional and
executable outcomes. Level 3 (Unit-operations) is the lowest
abstraction hierarchy level and consists of the hardware or
software that will perform the tasks. Unit operations can be
combined in a sequential manner to fulfill the desired workflow.
In addition to serving as a foundation for standardization efforts, the
abstraction hierarchy framework streamlines the integration of
diverse protocols and ensures greater interoperability as well as
reproducibility across biofoundries.

5 Challenges in establishing a
biofoundry

As bioeconomy is gaining momentum, many countries have
started to set up their own national bioeconomy strategy which
may include the establishment of biofoundries as such facilities
has the capability to accelerate the development of economically
important bio-based products (Lainez et al., 2018; Gray et al,
2018; National Academies of Sciences and Medicine, 2020; Kozyra
et al, 2023). By leveraging advanced automation and digital
technology to accelerate iterative DBTL cycles, biofoundries are
capable of generating new high-throughput biological solutions
beyond those of the manual approaches. Hence, it is common for
biofoundries to secure an initial start-up funding from national
funding bodies for the purchase of key robotic equipment,
consumables, software and skilled personnel. The biofoundry
set-up generally requires the integration of: 1. Computing
power with software; 2. Liquid handling system and additional
accessory equipment; 3. High-throughput analytical instrument;
4. Skilled or experienced personnel; and 5. Data storage
and analysis.

Establishing a biofoundry is more than just equipping a physical
with high-throughput infrastructure and the large financial
that is
organizational and

investment involved means that many technical,

should be
addressed to ensure long-term sustainability of the biofoundry.

operational  considerations
The substantial costs associated with running a biofoundry such
as long-term retention of specialized staffs (e.g., automation
specialists and software engineer), large quantities and varieties of
consumable as well as maintenance and upgrade of equipment
(Hillson et al., 2019) point to the need to diversify the sources of
funding. In particular, a high-throughput biofoundry will necessitate
a higher volume of reagents and more consumables as well as higher
cost for maintenance as compared to a low throughput biofoundry.
In a prior study that had assessed the rapid prototyping capabilities
of the developed workflow for the production of material monomer
targets, the cost incurred per successful target compound was
estimated to be £15,000 (US$18,500) and corresponds to an
average of 360 personnel hours per compound (Robinson et al.,
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2020). This figure will vary significantly as the personnel and
consumable costs are dependent on a number of factors such as
the desired goal, the workflow used, the number of DBTL cycles
required to achieve the targeted specifications and yield of the
desired product.

The importance of skilled biofoundry operators, who are the
work force behind a sustainable biofoundry, cannot be overstated
despite the increasing number of automated and modular
workflows for plug and play setup being developed and shared.
In this context, the open data and material sharing spearheaded by
GBA has contributed significantly towards improving biofoundry
capability and sustainability (Asin-Garcia et al., 2025). However,
these workflows tend to require further adjustments particularly
when a different brand or model of equipment are used. In
addition to customizing workflow and developing program
scripts to streamline the process from equipment to equipment,
the team of biofoundry staff are also needed to troubleshoot
problems that arise and coordinate offline processes to ensure a
smooth operation. Some workflows may still require personnel
with scientific background for the initial design and bioengineering
of biological components or a data scientist for data analysis and
integration. Other than robotic equipment and personnel,
bioinformatics infrastructure is crucial for the design and learn
phases of the DBTL cycle. Various software for the design phase
requires high computing power in terms of central processing unit
(CPU) and cores whereas simulation and integration of Al into the
analysis requires a high graphics processing unit (GPU).
Therefore, biofoundries should aim for a good load balance
between CPUs and GPUs as well as the data storage capacity
required. Proper storage of data is essential to facilitate further
analysis and also for integration with Al The ability to access and
retrieve the data should be made readily available through various
management tools. In terms of data sharing, findings with
potentially high bioeconomy impact may result in the
unwillingness or inability of some parties to share information
due to intellectual property as previously reported (Casini
et al., 2018).

Careful consideration should also be made to prevent
underutilization of the resources in a biofoundry. Academic
biofoundries, which are more inclined towards discovery,
translational research and supporting research communities, may
receive financial allocation as a key infrastructure in academic
institutions or supported by government and/or grant funding.
Engagement with industries may also lead to opportunities to
bridge knowledge and commercialization gaps through public-
private networking and lead to external funding sources. On the
other hand, sustainability of commercial biofoundries would be
more dependent on establishing a core client base with a service
model and as such, the business case for establishing a biofoundry
should take into account the market demand for it, the scale of
investment required and the nature of experiments that will be
undertaken (Holowko et al., 2021). Promotion and awareness of
biofoundries among both academic and non-academic institutions
are also important to expand the customer base and generate
revenues. Last but not least, biofoundries working on genetic
engineering of organisms should have biosafety practices in place
to prevent the unintentional release of the genetically modified
organism or genetic constructs outside the laboratory. In terms
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of biosecurity, biofoundries should pay attention to dual-use
research of concern and are encouraged to take an active role in
screening potential clients, collaborators or projects, particularly
when pathogen or pathogen-derived sequences are involved, to
reduce the risk of malicious use (Holowko et al., 2021).

6 Conclusion and future perspectives

Biofoundry is an enabling platform that holds the potential to
accelerate the discovery pace in synthetic biology. It creates a
paradigm shift in synthetic biology towards an automated high-
throughput biological engineering platform. Undoubtedly,
biofoundry will continue to evolve with the advancement in
technologies and various artificial intelligence-enhanced
software. Although proven to be beneficial, the challenges of
developing a sustainable biofoundry need to be addressed. We
envision the establishment of more biofoundries and an increasing
number of successful applications in the future with a streamlined
DBTL engineering cycle. Building a sustainable biofoundry is a
path filled with many challenges and the combined effort of the
global community is needed to ad-dress and overcome

these hurdles.
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