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Executive 
summary 

While the 20th century was in many ways the century of the 
industrialization of chemistry, the 21st century is promising a 
similar revolution in biology. The revolution’s foundation began 
with the discovery of DNA in the 1950s and expanded to core 
technologies that help to understand, analyze, and manipulate 
our genetic codes as well as the proteins and, ultimately, the 
cells and organs that underlay human biology and extend to the 
universe surrounding us. These findings have led to numerous 
groundbreaking discoveries and the expanding potential to 
understand, detect, and treat diseases. We are also increasingly 
seeing biological systems used outside of the life sciences in a 
wide range of fields. 

In recent years, the discussion increasingly has centered on 
synthetic biology, or SynBio, a term coined in the 1980s when 
scientist Barbara Hobom used it to describe bacteria that had been 
genetically engineered using recombinant DNA technology. The 
term has evolved significantly since then to be used more broadly 
and sometimes controversially. 

While SynBio has already increased our understanding of 
biological systems and led to the availability of new tools for their 
manipulation and diagnostics, more recent advances in computing 
power and development of tools such as artificial intelligence (AI) 
and machine learning (ML) are leading to a further rapid acceleration 
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in innovation. The impacts have the potential to be disruptive across 
many industry sectors — not just healthcare and life sciences and 
food and agriculture, but also industrial, chemicals, manufacturing, 
consumer goods, energy, and IT. 

With this increasing impact across multiple disciplines and 
ecosystems comes an expanding need for communication and 
critical discourse around the implications of SynBio for society. 
While SynBio offers the potential to generate foods like milk or 
meat without animals and their associated environmental impact, 
we require better regulation to control quality and safety and 
need to understand the global and economic implications in this 
field. Recent examples such as the HeLa cell case and the debates 
around golden rice or what we are allowed to call “milk” show that 
we need to better address some basic questions: Who owns a gene 
or a cell? What level and speed of change are we willing to accept 
as a society? What are the risks of these new technologies? While 
gene and cell therapy offer the opportunity to cure serious and 
debilitating diseases such as muscular dystrophy or hemophilia, 
innovations are already enabling, for example, the synthetic creation 
of human embryos. What implications do these have for our future 
development?

Based on extensive Arthur D. Little research supported by surveys 
and interviews with 28 global experts in SynBio technology and 
applications, this Report aims to provide a comprehensive overview 
of the current status and prospects for SynBio, including what it 
comprises, the present state of technological developments, the 
existing development market and key player landscape, current and 
prospective applications, and how businesses should prepare for the 
future. Overall, we conclude that:

 - SynBio is an extremely diverse field. SynBio is unique in 
the breadth of its potential applications — from healthcare 
to food, manufacturing, industrial processing, and even the 
digital industries. The maturity of its technologies range from 
the embryonic to the fully commercialized. In considering its 
prospects, it is important to take a sufficiently granular approach.

 - SynBio technologies could have massive transformational 
impact in a 20-year time frame. Technologies like predictive 
genetic engineering, DNA synthesis for complex organisms, DNA-
based storage, and AI-powered applications could transform our 
industries, our ability to engineer living systems, and how we cope 
with climate change.

SynBio is unique 
in the breadth 
of its potential 
applications.



 - Many SynBio applications are poised for growth. Forecast 
growth rates for SynBio are >20% CAGR to 2030 overall, 
especially in healthcare and life sciences and food and 
agriculture. Drivers for growth are strong, both in terms of 
technology push (increasing investment, lower technology costs, 
growing ecosystems) and market pull (especially sustainability, 
healthcare needs, and manufacturing efficiency). The current 
market is predicted to grow from around US $15 billion in 2023 
to $70 billion by 2030. Perhaps more importantly, if currently 
developing SynBio technologies mature successfully, SynBio 
could have a huge impact, disrupting sectors comprising as much 
as 15%-20% of the entire global output in several areas in the 
coming decades, including:

 - Healthcare and life sciences. A large range of application 
areas enable personalized and potentially curative treatments 
as well as improvements in diagnostics and drug design and 
development. In the future, we expect more sophisticated 
treatments, greater protection from more diseases, and new 
applications for degenerative and genetic conditions.

 - Food and agriculture. Applications are extensive, 
ranging from crop domestication to synthetic food and 
bioremediation, with further developments in all these areas 
expected in the coming years.

 - Industrial and consumer goods. Applications include novel/
specialty products, raw material replacements, sustainability, 
and process performance improvement.

 - Energy. Applications include biofuels, bioelectricity, bio-
batteries, remediation, and process improvement for 
traditional fuels.

 - IT and tech sector. DNA-based data storage is the most 
promising research area but is still only at the proof-of-
concept (PoC) stage.

 - Challenges and barriers remain high with several critical 
uncertainties. In many SynBio applications, development has 
been ongoing for decades, often driven more by technology push 
than market pull. Critical uncertainties include skill/competency 
gaps, achieving standardization of toolsets and systematization 
of the knowledge base, adverse public perception, ethical/
biosecurity issues, availability of funding and investment, 
difficulties in scaling up to production levels, and poor economics 
compared to conventional technologies, which could hinder 
market growth.
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In many SynBio 
applications, 
development has 
been ongoing for 
decades.



 - Companies should ensure a suitable SynBio strategy 
is in place. Given strong drivers, accelerating technology 
developments, and potentially huge impacts, companies should 
be prepared for exponential growth that could result from 
breakthroughs. Given its diversity, companies need to consider 
carefully which fields are relevant for their business and conduct 
realistic market-based assessments. Key steps include:

1. Identify potential opportunities. Pinpoint those areas of 
the business that could be disrupted, or new opportunities 
created, by current or envisaged future SynBio technologies. 
Consider how SynBio could enhance current performance, 
enable new products or processes, enhance sustainability, 
and/or improve efficiency or customization.

2. Assess attractiveness and develop strategy. Take a 
market-led approach to assessing potential business cases 
and develop a scenario-based strategy, considering the 
barriers to be overcome and the critical uncertainties that 
remain.

3. Develop capabilities. Understand where and how to bring 
together the required capabilities within the ecosystem. 
This is especially important given SynBio’s multidisciplinary 
nature and shortages of specialist skills.

4. Maintain ecosystem presence. It is vital to engage in 
regulatory and ethical discourse and respond rapidly if 
and when applications become exponential.
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Companies should 
be prepared 
for exponential 
growth that 
could result from 
breakthroughs.



Preamble

I am a fan of technology. Yet at the same time, I am extremely 
concerned about its negative externalities. Negative externalities 
on our children, on society, on our institutions, or on our 
businesses.
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This concern is not new. In fact, I particularly remember reading 
Brave New World by Aldous Huxley in high school as a teenager. In 
this novel, Huxley presented a seemingly wonderful world where 
a mix of totalitarianism and technology resulted in an extremely 
stable global society without war or conflicts. By all appearances, it 
was the best of all possible worlds. However, individual freedoms and 
free will almost completely disappeared. That was my introduction 
to technological ambivalence.

While preparing this Report on synthetic biology with the Blue Shift 
team, Huxley’s Brave New World came back to me like a genetically 
modified “madeleine de Proust,” and I could not help but think about 
all the dystopian scenarios. Why? Because SynBio encompasses a 
multitude of potential threats and negative impacts that could arise 
from its misuse or unintended consequences: deadly pathogens, 
gene drive (which can be used to propagate a particular suite of 
genes throughout a population) technology, environmental and 
health risks, or the DIY biology movement (a movement of citizen 
scientists interested in SynBio experiments, which raises concerns 
about the misuse of easily accessible and low-cost technologies 
like CRISPR [defined as clustered regularly interspaced short 
palindromic repeat] by individuals with little prior knowledge of 
the field). And the list goes on!

But at the same time, I am totally amazed by the fact that most any 
industrial sector could leverage SynBio — not just life sciences. In 
this Report, we focus primarily on the positives SynBio will bring to 
business, society, and humans.

Before diving into it, I would like to share with you another very 
intriguing anagram: 

As always, anagrams move in mysterious ways.

– Albert Meige, PhD

“Synthetic biology”
transforms into
“hit by Scientology”
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1 What is synthetic 
biology & why is 
it important?

Mankind has long questioned the 
nature of life, endlessly exploring the 
topic through religion, philosophy, 
art, and science. Since the mid-20th 
century and the discovery of DNA, the 
field of SynBio has provided insights 
into some of the “big questions”  
(see Figure 1).
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For example, SynBio has shown that we can synthetically create 
new and different functions in living organisms and harness living 
cells to perform nonbiological tasks. In 2023, researchers at the 
Weizmann Institute of Science, Israel, claimed to have grown an 
entity that closely resembles a 14-day human embryo, without using 
sperm, eggs, or a womb.1

Defining SynBio
Today, definitions of SynBio vary but most center on the basic 
concept of engineering biological systems for useful purposes. 
Examples include: 

 - “The design and construction of new biological parts, devices, 
and systems, and the redesign of existing, natural biological 
systems for useful purposes” (Nature)

 - “A field of science that involves redesigning organisms for useful 
purposes by engineering them to have new abilities” (US National 
Human Genome Research Institute)

 - “The use of modern technologies and computation to engineer 
biology to solve problems related to the environment and human 
health” (University of California San Diego [UCSD] Synthetic 
Biology Institute, USA)

 - “A multidisciplinary field of science that focuses on living systems 
and organisms, and it applies engineering principles to develop 
new biological parts, devices, and systems or to redesign existing 
systems found in nature” (Wikipedia)

1 Gallagher, James. “Scientists Grow Whole Model of Human Embryo, Without Sperm or Egg.” 
BBC News, 6 September 2023.

Fig 1 – How SynBio aids in answering fundamental questions about life 

Note: (1) Biomimetics is the study & design of artificial systems that mimic the formation, structure, function, or processes of natural ones 
Source: Arthur D. Little

Note: (1) Biomimetics is the study & design of artificial systems that mimic the formation, structure, function, or processes of natural ones
Source: Arthur D. Little

Fig 1 – How SynBio aids in answering fundamental questions 
about life 

Can life be created 
synthetically? 

The Genome Project-write project seeks 
to write the first complete human genome, 
although full bottom-up creation of a novel 
living system has not yet been achieved

Should we equate living 
things to their functions? 

Using cells as factories to create chemicals 
& proteins, manipulating cells to generate 
energy, or conversely, creating solar panels 
out of organic material capable of 
replicating photosynthesis in plants

Does being alive necessarily 
imply being in physical form? 

Using DNA for high-density data storage 
is almost at PoC stage; biocomputers, 
using a 3D culture of human brain cells, 
may in future offer a low-energy, higher-
performance alternative to conventional 
computing, enabling both 

Is life more than the sum 
of its constituent parts? 

Current exploratory research is developing 
tools that enable the mapping of the 
molecules & wiring of the brain, the 
recording & control of its neural dynamics 
& the repair of its dysfunction

QUESTION

How new functions can be created in living 
organisms, suggesting we can approximate 
the creation of, at least, aspects of “life” 

How living organisms can be repurposed 
to provide different functions & artificial 
systems can mimic natural ones 
(biomimetics)1

Biocomputers, which blur the lines between 
biological information systems (in vitro, 
with genetic code & neurological states) 
& artificial information systems 
(in silico, with software code)

Improved understanding of living systems’ 
behaviors at the genetic & cellular level 
(although biological systems show complex 
emergent behaviors, which are hard to 
model)

WHAT SYNBIO HAS EXPLORED EXAMPLES
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A 2023 Blue Shift global expert survey2 carried out as part of this 
Report explored what distinguishes SynBio from related fields. It 
found that experts commonly identify convergence, engineering 
principles, and systems thinking as key features (see Figure 2).

While opinions broadly concur with these three aspects, experts 
do not fully agree on whether the source materials must be living 
organisms or if they can be created synthetically. For the purposes 
of this study and its ultimate focus on applications and impacts, 
we concluded that it is more useful to define the field in terms of 
what it produces and how it works, rather than the nature of its raw 
materials.

We therefore propose a practical definition of SynBio that embodies 
the following key features: “Engineering, modifying, or creating 
novel living or hybrid3 biosystems for useful purposes.”

Supporting this definition, SynBio involves three features:

1. The convergence of multiple disciplines 

 - Bridging life and physical sciences

 - At the boundary between naturally occurring and artificial 
worlds

 - Living or hybrid systems

 - Biomimetic engineering approaches can also be part of the 
SynBio toolbox, although mimicking biological systems is 
not a SynBio aim, per se

2 Survey comprised responses from 38 academic and industry leaders from around the world.
3 Hybrid: systems that combine organic and inorganic materials.

Fig 2 – Expert views on what SynBio covers

Source: Arthur D. LittleSource: Arthur D. Little

Fig 2 – Expert views on what SynBio covers

“The engineering of biology 
to design, build, test & learn 

new functionalities”

“The construction of biological systems 
from smaller parts, in a modular way”

“Distinguished from 
biochemistry by the toolset”

“Originating from systems 
biology, but now with enough 

data to build models”

“Multidisciplinary 
investigation of how to 

make new forms of life”

“Characterizing parts & 
systems to increase future 

predictability in design”

“Purposeful, intentional, rational design 
of gene modification & expression, or 
new functions, systems, organisms”

“Predictable, controlled, precise 
engineering of new functions in 

a variety of living systems”

“Synthesis [i.e.,] methods 
of composing & ‘putting 

together’ for living systems” 

“The purpose of understanding 
nature or producing useful 

biological machines”

“Inspired by nature [where] 
the answer to all problems 

already exists in nature”

“[Modifying or] creating living systems 
entirely from materials that never were 

alive or part of a living organism”

“The creation of new living 
systems by design”

CONVERGENCE OF 
MULTIPLE DISCIPLINES 

& FUNDAMENTAL 
BLURRED LINES

ENGINEERING PRINCIPLES: 
APPLIED, BEYOND ANALYSIS

SYSTEMS THINKING 
& MODULARITY: 

COMPLEX SYSTEMS DESIGN

QUESTION In your words, what is synthetic biology? 
How is it distinguished from related fields?
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2. Applied engineering principles 

 - Intentional engineering of living systems to achieve specific 
goals and functionalities

3. Systems thinking and modularity

 - Decomposition of biological systems into interchangeable 
modules

 - Understanding how individual parts behave and interact 
within the overall system

The spectrum of SynBio applications
SynBio covers a wide range of potential applications (see Figure 
3), characterized by their degree of novelty, from more basic 
enhancement of existing capabilities to the complete creation 
of entirely new living systems.

At the next level of detail, it is useful to split the functionalities 
of SynBio into categories across three broad aims (see Figure 4).

As Figure 4 illustrates, SynBio can be used for making completely 
new products (biological and nonbiological), enhancing the 
performance of existing products, and improving production and 
manufacturing processes for the same products. In the latter 
category, improved sustainability is an important benefit, although 
better efficiency and precision are also key.

Fig 3 – The SynBio application spectrum 

Source: Arthur D. Little; UK Research and Innovation (UKRI); Davies, Jamie A. Synthetic Biology: A Very Short Introduction. Oxford University 
Press, 2018; Benner, Steven A., and A. Michael Sismour. “Synthetic Biology.” Nature Reviews Genetics, Vol. 6, July 2005
Source: Arthur D. Little; UK Research and Innovation (UKRI); Davies, Jamie A. Synthetic Biology: A Very Short Introduction. Oxford University 
Press, 2018; Benner, Steven A., and A. Michael Sismour. “Synthetic Biology.” Nature Reviews Genetics, Vol. 6, July 2005

Fig 3 – The SynBio application spectrum 

ENHANCEMENT 
Enhancing an organism’s existing functionality (e.g., increasing photosynthetic 
capacity of algae or plants to boost growth & biomass production)

AUGMENTATION 
Augmenting an organism with another function or combination existing in nature 
(e.g., modifying bacteria with parts from other organisms to produce enzymes that 
can break down plastic waste)

FUNCTION CREATION 
Creating an entirely new function in an organism that does not already exist in 
nature (e.g., genetically modified mosquitoes that are unable to transmit diseases 
like malaria or dengue fever)

LIVING SYSTEMS CREATION 
Creating entirely new living systems using either living or nonliving parts, such 
as xenobots composed of skin cells & heart muscle cells, both of which are derived 
from stem cells harvested from early-stage frog embryos
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What drives advances in SynBio?
Although SynBio’s origins go back to the 1950s, breakthroughs have 
accelerated considerably over the last 20 years, as shown in the 
timeline in Figure 5.

Over the last decade, SynBio progress has further accelerated due 
to both technology push and market demand:

 - Technology push — convergence between ongoing 
developments in life sciences and physical sciences (see Figure 
6), including more powerful and accurate gene-editing tools

 - Market demand — the need to meet growing demands for:

 - Greater sustainability (e.g., renewable raw materials/energy)

 - Improved healthcare (e.g., faster, lower-cost drug 
development; improved diagnostics; more targeted therapies)

 - Greater food security (e.g., improving yields at time of climate 
change and population growth)

 - Innovation (e.g., more tailored products, transformative 
advances in computing, and other radical new applications) 

Fig 4 – The aims of SynBio 

Source: Arthur D. Little, UKRI
Source: Arthur D. Little, UKRI

Fig 4 – The aims of SynBio 

AIMS EXAMPLES

02. Enhanced performance 
of existing products 

– Crop domestication & expedited plant breeding
– Gene & cell therapies in cancer treatment

01. Novel products 
& materials 

Biological

Non-biological 

– Synthesized foods
– Bioactive compounds as drug modalities or for drugs
– Enhanced natural fertilizers 
– New life forms

– Biosensors
– Bio-batteries & fuel cells
– Synthetic leather & rubber
– Biological computers & neural networks

03. More sustainable 
& efficient 
manufacturing 
processes

More sustainable

More efficient/ 
precise

– Bio-based manufacturing processes
– Bio metals extraction
– Waste reduction & recycling
– Bioremediation 

– Vaccine development
– Biosynthesis using novel enzymes
– Precision fermentation using “whole” microbes
– Specifically tailored foods & ingredients 
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Fig 5 – SynBio milestones 

Source: Arthur D. Little
Source: Arthur D. Little

Fig 5 – SynBio milestones 

1950s Discovery of the double helix structure

2000s New developments in DNA synthesis & sequencing

2005 First synthetic genome of a bacteriophage created

2012 Discovery of CRISPR/Cas9 genome-editing technique, 
enabling the editing of individual genes

2019 Creation of first bacterial genome entirely by computer

2020 Creation of first xenobots (synthetic life-forms designed 
to perform a particular function); rollout of mRNA-based 
vaccines against COVID-19

1970s Discovery of restriction enzymes & invention of recombinant 
DNA technology

1980s First biologic produced in mammalian cells approved in 1986 
by Genentech (Activase)

1990s Launch of the first gene therapy trial

2017 First genetically modified T-cell therapy approved in the US

2021 Deep learning technology breakthrough in protein folding 
prediction & antibody discovery

1960s: Pioneers of synthetic biology Jacob & Monod 
postulated how cellular regulation could enable assembly 
of new systems from molecular components

2012: Commercial biomanufacturing protein therapy 
in plant cells

2014: Illumina launches next-generation sequencing (NGS) 
technology, greatly increasing throughput, scalability & speed 
& claimed to outpace Moore’s law

2017: FDA approves CAR T, which has been shown to cure 
certain blood cancer conditions

1980s: Genetically modified insulin engineered using bacteria 
to produce insulin (“Humulin”) with help of recombinant DNA

2000: First synthetic biological circuits designed by humans 
— the genetic toggle switch & the repressilator — proved that 
gene regulatory networks could be designed from 
mathematical principles

2004: First international conference on synthetic biology 
“Synthetic Biology 1.0” (Massachusetts Institute of Technology)

2020: DNA Data Storage Alliance formed to create & 
promote interoperable storage ecosystem based on DNA 
as data storage medium; celebrated 50th member in 2002

Fig 6 – Technology push drivers for SynBio 

Source: Arthur D. Little
Source: Arthur D. Little

Fig 6 – Technology push drivers for SynBio 

SynBio

Life sciences
Biology, chemistry, biochemistry, cell biology,
protein science, metabolic engineering, advanced 
fermentation, biotechnology, genome editing, 
epigenetics, computational biology, neuroscience

Physical sciences
Physics, nanotech, materials 

science, surface science, computer science, AI, 
materials science, surface science, mathematics, 

data science, robotics/IoT, simulation/digital twin

Analytic biology
Greater understanding of fundamental 
biological processes, particularly with 
advent of omics approaches

Engineering principles
Principles such as “design build, 

test, learn” changed 
SynBio from an analytical 

pursuit to a new type of engineering discipline 

Systems biology
Greater understanding, 
systematizing & engineering 
of more complex biological systems

Big data & AI
Availability of “big bio” 

data & standardization of use of 
AI/black box modeling technologies 
enabled better design, supported by 

data engineering principles

Increasing capabilities & collaborations 
(toolset/platform/application developers, service providers)
Lower costs for DNA sequencing, gene synthesis & editing

Increasing private & public investment

Last decade
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This combination is driving increasing public and private investment 
and partnerships across SynBio ecosystems. Examples within the US 
include:

 - US government SynBio research funding increased to $161 million 
in 2022, with public funding totaling $820 million over the last 
five years.

 - The US private sector invested $8 billion in SynBio in 2022.

 - Institutions including Northwestern University, USA, and 
the Massachusetts Institute of Technology (MIT), USA, have 
received grant awards for SynBio research projects involving 
interdisciplinary teams.

 - New government-sponsored collaborations have launched, such 
as the SynBio partnership involving Ginkgo Bioworks, Geno, and 
Antheia.

 - New consortia have formed to develop cross-platform solutions. 
For example, Microsoft, Lenovo, and Twist Bioscience are 
collaborating to explore cross-platform work, such as through 
the potential of DNA data storage.

Increased activity is fueling predicted growth of the global SynBio 
market of 24% CAGR to over $70 billion in 2030, from around 
$15 billion in 2023 (see Figure 7). This covers just the provision of 
services, tools, know-how, and products to enable the application 
of SynBio by end users in markets such as healthcare, food, and 
industry. It does not include any potential incremental revenue these 
end users may realize using SynBio tools, the impacts of which we 
outline in the final part of this section and in Chapter 2.

Fig 7 – Predicted global SynBio market growth 2022-2030 

Source: Arthur D. Little

Source: Arthur D. Little

Fig 7 – Predicted global SynBio market growth 2022-2030 

$12.5
$15.5

$19

$24

$30

$37

$46

$57

$70
in US billion dollars

+24%

20282022 2023 20262024 2025 2027 2029 2030
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Challenges to SynBio growth
Despite demonstrating impressive growth potential, SynBio 
development faces large-scale obstacles. These are wide ranging, 
from biosecurity/ethical issues to technical, economic, and 
consumer challenges.

Biosecurity & ethical issues
Altering biological organisms — or creating completely new ones 
— raises biosecurity challenges around potential unintended 
environmental consequences, or the deliberate misuse of SynBio by 
bad actors. It also leads to an ethical debate around what is deemed 
acceptable when it comes to changing or creating forms of life, 
and a blurring of the boundaries between “animate” organisms and 
“inanimate” machines, as detailed in Figure 8.

Global regulation is central to both ensuring biosecurity and 
providing reassurance around ethical concerns, such as by adopting 
and enforcing key principles and codes of conduct with researchers, 
companies, and countries. 

However, regulations and guidelines are still evolving. Some overall 
principles have been defined, such as the long-established and 
internationally recognized Convention on Biological Diversity (CBD). 
This includes provisions related to SynBio, for example, around 
ensuring the safe handling, transfer, and use of living modified 
organisms (LMOs) produced using SynBio techniques. 

However, these principles have yet to be consistently applied at a 
global regulatory level. Currently, fragmented national and regional 
regulatory frameworks equates to limited guidance over a coherent 
approach to the responsible use of SynBio. 

Fig 8 – Key biosecurity and ethical issues around SynBio 

Source: Arthur D. Little

Source: Arthur D. Little

Fig 8 – Key biosecurity and ethical issues around SynBio 

SynBio could be misused (e.g., applied 
to create biological weapons or to 

pursue racial genomics) 

Manipulating organisms or creating 
new ones has the potential to cause 
harmful unintended consequences 

to the environment and/or to human 
health if not contained, regulated 

& managed

Blurring of the boundaries between 
organism & machine gives rise to 

issues around legal definitions of life; 
this could be even more complex with 

the advent of AI 

There are ethical issues around 
designing & creating new forms of 

life beyond what is traditionally 
considered the purview of human 

beings (e.g., “designer babies”)

MISUSEBIOSECURITY

ORGANISM OR 
MACHINE? “PLAYING GOD”
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Guidelines are also being developed around ethical issues. For 
example, codes of conduct, such as those set up for scientific 
research, have been created by organizations like the International 
Society for Systems Biology (ISSB) and the Synthetic Biology 
Leadership Council (SBLC). Bodies such as the World Health 
Organization (WHO) are forming similar guidelines. 

However, along with the pace of emerging technologies, regulations 
are changing rapidly as well. This means that understanding and 
navigating different biosecurity and ethical issues remains a 
challenge for SynBio players.

Technical, economic & consumer challenges
At the same time, there remain significant technical, economic, 
and consumer acceptance barriers when it comes to accelerating 
the use of SynBio in many areas. These include the difficulties of 
scaling up processes from the lab to full production, poor cost-
competitiveness with existing alternatives, a lack of sufficiently 
powerful technology, a need for large-scale investment, and 
potential consumer pushback at SynBio-derived products viewed 
as dangerous or threatening in some way (see Figure 9).

Fig 9 – Technical, economic, and consumer challenges to SynBio growth 

Source: Arthur D. Little
Source: Arthur D. Little

Fig 9 – Technical, economic, and consumer challenges to 
SynBio growth 

In several applications, scale-up from lab 
to production scale is both technically & 
economically challenging

Many SynBio-based manufacturing processes 
are not yet as cost competitive as traditional 
processes

Consumer/public perception of SynBio-produced
products is negative in some areas 

Some SynBio techniques & applications are limited 
by available technological capacities (e.g., data 
management & computing power) 

Substituting SynBio for traditional industrial 
processes at scale may involve high capital 
cost & risk

Scale-up

Transformation barriers 

Cost competitiveness

Consumer/public 
perception

Technological capacities

Large-scale production & 
manufacturing of cell therapies 

Manufacture of chemical products 
from bio-based feedstocks instead 

of fossil fuels

Genetically modified foods

In silico advances in drug discovery 

Bio routes to plastic polymers 
& derivatives

EXAMPLE
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The transformative potential of SynBio
While it currently faces significant challenges, SynBio’s potential 
impact on end-user industries is vast. SynBio applications have the 
power to fundamentally change some of the largest industry sectors 
across the globe, helping solve critical challenges that threaten 
humanity’s future, such as those around sustainability, health, 
and food supply.

These industry sectors, including agriculture, healthcare, 
manufacturing, and data processing, represent about 15%-20% 
of the current global output, demonstrating SynBio’s potential 
significance if it can overcome the challenges and uncertainties 
outlined in the section above. Taking the example of the US, these 
disrupted sectors make up around 20% of current GDP, covering 
approximately $5 trillion, as illustrated in Figure 10.

Given this far-reaching and diverse potential, players in the sectors 
concerned cannot afford to ignore the ongoing progress of SynBio 
development — especially in view of the increasing strength of the 
drivers on both the technology and market sides. 

Fig 10 – SynBio’s potential impact on US GDP, 2022 

Source: Arthur D. Little, US Bureau of Economic Analysis

Source: Arthur D. Little, US Bureau of Economic Analysis

Fig 10 – SynBio’s potential impact on US GDP, 2022 

$1,849 Healthcare services

$569
Chemicals, plastics, 
including pharmaceuticals

$468 Manufacturing, 
including medtech

$440 Utilities
$440

Oil, gas, mining
$374

Data processing$327
Food products

244

Agriculture$93
Textile, apparel, paper

$72

Waste management

21%
of total 
US GDP

$25.4 
trillion

$5,109

Industries 
potentially 
impacted 
by SynBio

In US billion dollars
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2 The scientific 
& technical 
landscape

Although boundaries can blur, the development 
landscape for SynBio can broadly be split into 
three groups (see Figure 11):

1. Product developers — creating customer 
products and applications that leverage 
SynBio know-how and toolsets 

2. Tool & technology developers — 
developing tools and technologies that 
enable SynBio products and applications, 
including techniques, hardware, software, 
and systems

3. Underlying academic research — creating 
basic and applied understanding of the 
science underpinning SynBio
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As with all models, the distinctions are not always clear. For 
example, some tool and technology players, such as Asimov and 
Arzeda, are also extensively involved in product development, often 
in partnership with product-based businesses.

This section of the Report focuses on the academic research and 
tool/technology development part of the stack. We cover product 
developers and applications in more depth in Chapter 3.

Underlying academic research
Academic research in SynBio is extensive and covers a wide range 
of domains, reflecting its multidisciplinary nature. US and European 
institutions currently lead in investments in SynBio research, 
although investment in Asia is on the rise. Select examples of major 
academic players and their main areas of research include the 
following (illustrative only, non-exhaustive). 

US players

MIT Department of Biological Engineering 

Focusing on a wide range of relevant research for medical and life 
sciences applications, MIT’s centers include: 

 - The Center for Multi-Cellular Engineered Living Systems — 
a multidisciplinary group studying purpose-driven living systems 
with multiple interacting living components

 - The Center for Biomedical Innovation — develops new 
approaches to biomedical technology, such as the structure and 
function of biomembrane proteins for applications in sensors

 - The Center for Neurobiological Engineering — focuses on new 
tools for experimental investigation of the nervous system and 
engineering neurons, neural tissue, and their interactions with 
cells, devices, and prosthetics

Fig 11 – SynBio development landscape 

Source: Arthur D. Little

Source: Arthur D. Little

Fig 11 – SynBio development landscape 

Product 
developers

Tool & 
technology 
developers

Design Build Analyze Enable 

Underlying 
academic 
research

Basic 
research Social/ethical Applied R&D

Creating customer products 
& applications that leverage 
SynBio know-how & toolsets 

Developing SynBio toolsets 
(tools & technologies that 
enable products & applications, 
including techniques, hardware, 
software, systems) 

Creating basic & applied 
understanding of the science 
underpinning SynBio

Overlap — some 
toolset players are 
involved in products 
& vice versa
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Northwestern University: Center for Synthetic Biology

The Center’s research is based around four themes:

1. Cell-free systems — biochemical engineering with cell-free 
biology activating basic cellular processes (e.g., translation) 
without live intact cells

2. Mammalian systems — developing novel platforms and 
therapeutic strategies based on custom-programming novel 
cellular functions

3. Enabling technologies — high-throughput experimentation 
tools that will allow the optimization and understanding of 
multi-component biosynthetic transformations, including work 
on engineering platforms, parallel expression of proteins, and 
computational analysis to identify design rules in the data

4. Ethics and societal impact — technology gaps in low- and 
middle-income countries, exploring the new bioethical 
questions that arise from SynBio development and developing 
ethical training for scientists

Stanford University: Synthetic Biology & Bioengineering

These two programs explore broad-based SynBio research, 
including protein engineering, microbiome studies, systems 
biology, bioinformatics, metabolic engineering, neuroengineering, 
biomechanics, medical devices, medical imaging, molecular 
engineering, microscopy, biomaterials, tissue engineering, omics/
genomics, gene therapy, microfluidics, agrobiology and plant health, 
frugal science, and bio policy.

European players

Switzerland: ETH Zurich

The SynBio group focuses on developing and applying the tools 
and methods of biological computing and synthetic biology in the 
mammalian context, based on three pillars:

1. Fundamental, enabling technologies for precise manipulation 
and reprogramming of mammalian cells

2. Applying these tools to unmet needs in biotechnology and 
translational research

3. Development of gene and cell therapies powered by biological 
computing
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UK: Imperial College Centre for Synthetic Biology 

Research focuses on novel methods to accelerate the design-build-
test-learn cycle as well as multi/interdisciplinary research, including: 

 - Computational modeling and ML approaches

 - Automated platform development and genetic circuit 
engineering

 - Multi-cellular and multi-organismal interactions (including gene 
drive and genome engineering, metabolic engineering, in vitro/
cell-free SynBio, engineered phages, and directed evolution)

 - Biomimetics, biomaterials, and biological engineering

The College also hosts SynbiCITE, the UK’s innovation and knowledge 
center, created to accelerate and promote the commercial exploitation 
of SynBio research and engineering biology applications. This includes 
the London Biofoundry, aimed at designing, engineering, and functional 
characterization of synthetic DNA.

Germany: Max Planck Research Network in Synthetic Biology 

The network comprises 20 research groups from nine Max Planck 
Institutes. Research clusters include enabling technologies, life-
mimicking processes, and systems perspectives. Topics covered 
include:

 - Engineering of genetic systems for bottom-up SynBio

 - Design and implementation of microfluidic tools for bottom-up 
SynBio

 - Dynamic protocellular systems

 - Recombinant protein production via cell free expression

Asian players

China: Shenzhen Institute of Synthetic Biology 

Established in 2019 as the first institute of SynBio in China, the 
institute claims to have the world’s largest multidisciplinary team 
specialized in SynBio. 

Singapore: Synthetic Biology for Clinical and Technological 
Innovation (SynCTI)

Established in 2014 as the focal research program for SynBio at 
the National University of Singapore (NUS), SynCTI operates as an 
interdisciplinary research core, interacting with other research 
programs within NUS and leveraging existing research capabilities 
in SynBio that have been developed through funding from local and 
international organizations. 

Korea: Korea Advanced Institute of Science and Technology 
Department of Biological Sciences 

The department declares a focus on genomics and nanotechnology, 
with an emphasis on research on human diseases and their molecular 
mechanisms, functional genomics and its application, and nano-
biotechnologies and their application. 
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Some key research themes
Looking across the overall scientific landscape, several current 
SynBio research themes are expected to mature within five to 
20 years with the potential for major impact to business and society. 
Examples include:

 - Wide-scale adoption of cell-free biomanufacturing (high 
impact, low uncertainty, mature within 5-10 years). The use of 
cell-free systems for biomanufacturing has the potential to 
become the new standard in SynBio. Further evolution requires 
overcoming the challenges of product creation beyond lab scale. 
Possible applications include the industrial production of green 
chemicals and novel products across biofuels, cosmetics, and 
pharmaceuticals.

 - Convergence of AI, SynBio, and automation (high impact, low 
uncertainty, mature within 5-10 years). Within SynBio, AI offers 
potential in data mining, bioinformatics, and computational 
biology, such as for pattern and structure recognition in gene 
expression data, engineering of biological systems, metabolic 
engineering, experiment automation, self-driving labs, outcome 
prediction, and reverse engineering. It offers the potential for 
step changes in workflow speed, accuracy, and effectiveness.

 - DNA synthesis at genome scale for eukaryotic organisms 
(high impact, low uncertainty, mature within 5-10 years). New 
technologies with the ability to synthesize and produce large-
scale, complex DNA sequences are under development, including 
molecular assembly and cloning methods, template-independent 
enzymatic synthesis, microarray, and rolling circle amplification 
techniques. Being able to create large DNA sequences at scale 
and low cost would have major impact on fields as varied as 
sustainable materials, data storage, drug delivery, and genome 
engineering to generate organisms with useful properties, such 
as heat-resistant plants. 

 - Fungal SynBio (high impact, medium uncertainty, mature within 
5-20 years). Advances in applying biotechnology to mycology and 
fungal genetics, with advances in long read sequencing, makes 
it possible to generate high-quality fungal genome assemblies. 
Fungi have potential in a wide range of applications, such as 
within environmental remediation, fungal-derived food products, 
enzyme and other chemical production, sustainable biomaterials, 
fungal batteries, and many more. 

 - 3D bioprinting of complex animal and human tissue and 
organs (high impact, low uncertainty, mature within 10-20 
years). 3D-printing technologies can be deployed to assemble 
multiple cell types, growth factors, and biomaterials. While 
tissue reconstruction is already feasible, reconstruction 
of complex organs still has many challenges. For example, 
heart functionalities like vascularization, mechanical load, 
and electrical signal propagation must be replicated. If 
successful, the technology offers the potential for bioartificial 
organ transplants as well as other medical interventions and 
treatments. 
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 - Predictive genetic engineering for multicellular organisms 
(high impact, high uncertainty, mature within 10-20 years). Despite 
progress at bacterial and mammalian cell levels, programming 
of higher organisms is highly complex, requiring, for example, 
the delivery of gene editing cascades or the engineering of 
whole embryos. The ability to change the physiology of animals 
such as worms would open possibilities and applications 
across agriculture, biomedical, and the environmental domain, 
notwithstanding potential ethical issues.

 - DNA-based data storage (high impact, medium uncertainty, 
mature within 10-20 years). Low writing/reading speeds and 
high costs per byte stored are key challenges for DNA-based 
data storage technologies. Current research includes using DNA 
nanostructures (as opposed to DNA sequences) and combinations 
of nanomaterials and biomolecules. Research has the potential to 
provide high capacity, long lifespan, and lower energy storage to 
meet rapidly growing data storage needs.

Tool & technology developers
Tool and technology development can be categorized usefully in 
terms of the design-build-analyze-enable workflow, essentially 
a common development engine that is fundamental to all SynBio 
implementation. The landscape includes large, established players; 
start-ups; and academia. Figure 12 provides a summary of the main 
tools and technologies currently in use or under development split 
across four categories:

1. Design — help model and simulate biological systems

2. Build — assist in construct biological systems

3. Analyze — help test and evaluate biological systems

4. Enable — accelerate the engineering process and, importantly, 
enable scale-up from lab to industrial production levels

Fig 12 – Key SynBio tools and technologies 

Source: Arthur D. Little
Source: Arthur D. Little

Fig 12 – Key SynBio tools and technologies 

Tools to model, simulate & design biological systems:
– Biological computer-aided design (BioCAD) software 

to visualize complex systems
– Gene & protein design tools to enable rational design 

of biomolecules with desired functions
– Simulation tools to predict biological system behavior 

through mathematical models & algorithms 
– AI & ML platforms to enable novel & optimized synthetic 

biology designs 

Foundational technologies to construct precise 
synthetic biological systems:
– Manufacture of custom DNA sequences, the first 

step in implementing a synthetic biology design
– DNA & gene delivery systems to enable the creation 

of new & custom functions
– Genome engineering tools to enable design through 

the modification of existing genomes
– Fermentation technologies to produce bio-based drugs, 

chemicals, fuels & other products (as opposed to large-
scale enablers)

Analytical technologies to test & evaluate synthetic 
biological systems:
– NGS to ensure correct DNA & genome assembly
– Mass spectrometry to identify & quantify specific 

proteins or metabolites
– High-content phenotypic imaging to monitor real-time 

growth & morphology of engineered cells
– Flow cytometry to evaluate the efficacy of synthetic 

CAR T-cell designs (e.g., for treating cancer)

Tools that accelerate synthetic biology innovation 
& industrial scaling:
– Automated engineering to enable scalable, reproducible, 

rapid & precise synthetic biology workflows
– Cloud-based tools to enable remote experimentation, 

design & execution
– Microfluidics to enable precise control over small-scale 

biochemical reactions & miniaturization of experiments
– Large-scale fermentation technologies that enable 

efficient production (e.g., cell-free, modeling & monitoring 
tools)

Design Build 

Analyze Enable 
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The workflow is similar to that used in conventional non-bio 
technology development (design, build, test, manufacture), although 
there are differences. For example, the relative unpredictability of 
some SynBio processes, and the challenges of scaling up, mean that 
tools used to analyze and enable are perhaps even more critical.

Tool & technology maturity
Tools have varying maturity levels:

 - Design — generally the least mature (see Figure 13). While core 
gene and protein design and simulation tools have reached high 
maturity with well-established key players, the full power of AI 
and digital technologies remains untapped and will struggle to 
match demand for mature solutions.

 - Build — generally more mature (see Figure 14). Core 
technologies such as de novo DNA synthesis and DNA/gene 
delivery systems are already largely commercialized, while 
genome-engineering tools (e.g., CRISPR) are still maturing but 
have high disruptive potential and are on the cusp of wider 
adoption.

 - Analyze — generally the most mature (see Figure 15). 
Dominated by a few large players (e.g., Illumina and Thermo 
Fisher), rising demand for next-generation sequencing (NGS) has 
helped drive adoption, with the market continuing to grow rapidly.

Fig 13 – Design technologies 

TRL = technology readiness level 
Source: Arthur D. Little

TRL = technology readiness level
Source: Arthur D. Little

Fig 13 – Design technologies 

Design

Technology

Gene & protein 
design tools

Simulation tools 
for biological 
systems

Description 

Enable rational design by employing 
computational algorithms for sequence 
optimization, protein modeling & structure 
prediction; empower researchers to modify 
genetic sequences & protein structures to 
enhance desired functions

Predict biological system behavior (e.g., 
effects of newly introduced gene/protein 
on cell) through mathematical models 
& algorithms; enable in silico design 
iterations, reducing reliance on costly 
& time-consuming wet lab experiments;
simulate gene expression, protein 
interactions & metabolic pathways, 
guiding experiment design

Remarks

Relatively mature market with 
several companies offering gene
& protein design tools for variety 
of applications (e.g., personal/
homecare, materials, food ingredient 
development); research is ongoing 
for better elucidation (e.g., protein 
function based on its sequence) 

Relatively mature, with several 
well-established players, but 
there is still extensive ongoing 
innovation & integration with other 
technologies such as AI/ML, especially 
around understanding the effects at 
a cellular level 

Challenges

Limited understanding of sequence-
function relationships & protein 
folding dynamics complicates 
functional design; lack of 
standardized tools for integrating 
experimental data & computational 
models to improve accuracy of design 

Developing standardized simulation 
platforms or formats for data 
exchange & collaboration among 
researchers; standardized tools for 
incorporating biological data into 
simulation models are also lacking

Maturity 

TRL 
4-9

TRL 
2-9

AI/ML platforms Harness large amounts of biological data 
to build new & improved models, expediting 
the design of novel synthetic biology 
systems; automated & data-driven iterative 
design & learning approaches enable faster 
& more precise design processes for 
complex synthetic systems & potentially 
more broadly across various phases of 
synthetic biology (e.g., by substituting 
experiments by AI/ML); can handle complex 
data sets, uncover hidden patterns & 
generate novel hypotheses

Market is relatively new & while 
companies like TeselaGen & Asimov 
use AI platforms, technology is still 
evolving; Google/DeepMind is 
working on AI use cases in healthcare 
& life sciences (e.g., protein folding)

Technical capabilities still 
emerging, contributing to limited 
accessibility & standardization; 
access to high-quality & diverse 
biological data & understanding
is limited, making training AI/ML 
models difficult; reliability & 
robustness of AI/ML-based design 
approaches cannot be ensured 
across different applications

TRL
3-5
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Fig 14 – Build technologies 

TALENs = transcription activator-like effector nucleases; ATMPs = advanced therapy medicinal products; CHO = Chinese hamster ovary; 
CROs = contract resource organizations; CDMOs = contract development & manufacturing organizations 
Source: Arthur D. Little

Fig 14 – Build technologies 

Build

Technology

Manufacture
of custom 
DNA sequences

DNA & gene 
delivery systems

Description 

Generating defined DNA sequences in 
sufficient quantities to conduct research 
& engineering; new DNA would then be 
sequenced with approaches like NGS to 
ensure correct DNA has been generated; 
ability & advancement not only to 
synthesize & assemble DNA de novo 
but also to sequence result are critical; 
DNA will then be used to produce protein,
which will in turn perform desired function

Methods to transfer synthetic DNA into 
target cells, creating new biological 
systems with custom functionalities & 
properties; efficient & accurate delivery 
of synthetic DNA is critical to induce 
production of specific proteins, perform 
new functions & create new organisms with 
desirable traits; several delivery methods
exist, including viral vectors (e.g., using viral 
DNA as carriers for the synthesized DNA) 
nonviral methods (e.g., using liposomes 
as carriers) & physical methods

Remarks

Though de novo synthesis & assembly 
has been possible for decades, the 
technology is still evolving; costs 
have been reduced 10x in the last 
decade; capacity has increased to 
>1 Mbp DNA from <100 bp & innovative 
solutions like NGS have been widely 
adopted; DNA synthesis market 
valued at ~$3 billion in 2022 & is 
projected to grow strongly at CAGR 
of ~20% (2022–2030)

Mixed maturity depending on the 
technology; some viral & nonviral 
gene delivery systems have been used 
for decades with many established 
players, but others are emerging with 
innovative approaches; significant 
innovation & research is ongoing, 
driven both by service providers & 
pharmaceutical companies

Challenges

Accurate synthesis of DNA 
molecules decreases rapidly with 
length, necessitating costly & 
time-consuming assembly processes; 
limits to manufacturing capabilities 
of DNA with specific features 
(e.g., repetitive sequences)

Immunogenicity & overall safety 
concerns, especially with viral 
vectors & LNPs; size and/or amount 
of DNA that can be delivered varies 
depending on system but can be 
limiting; targetability to specific 
cells or tissues, especially when 
physiological barriers are involved

Maturity 

TRL 
8-9

TRL 
4-9

TALENs = transcription activator-like effector nucleases; ATMPs = advanced therapy medicinal products; CHO = Chinese hamster ovary; 
CROs = contract resource organizations; CDMOs = contract development & manufacturing organizations
Source: Arthur D. Little

Fig 14 – Build technologies cont 

Genome 
engineering 
tools

Fermentation/
cell culture 
technologies

Enables precise modification of genetic 
information in biological systems; can 
be used to introduce alterations in 
genetic code (e.g., adding, deleting, 
modifying genes) as well as regulating 
gene expression to create custom 
functionalities; examples include gene-
editing tools such as CRISPR-Cas, TALENs, 
zinc-finger nucleases & transposon 
technologies for targeted gene integration

Among oldest biological applications; 
includes cultivation of cells to produce 
(express) compounds such as alcohol 
& complex proteins such as insulin or 
antibodies; with advancement of ATMPs, 
this can also include production of mRNAs 
or cells as a product; build tools range 
from manipulation of cells & cell expression 
systems to media development & 
engineering

Fast-evolving market, valued at 
$5-$6 billion in 2022 & growing at 
CAGR of 18%-20% until 2030; 
primarily used in cell line engineering, 
genetic engineering, diagnostics, 
& drug discovery & development; 
market growth driven mainly 
by CRISPR-Cas9 technology, 
governmental funding & increase 
in genome engineering research; 
apart from upcoming start-ups, 
larger companies also showing 
interest in field

Microbial fermentation technology 
market alone expected to grow 
at ~5%-7% CAGR over next 10 years, 
from ~$32 billion in 2022 to ~$50-
$52 billion in 2030; market growth 
driven by technology advancements 
& growing rate of outsourced 
biologics manufacturing to CROs/
CDMOs, as well as increased overall 
drug production, demanding growth 
in microbial fermentation market

Ensuring selectivity & safety by 
addressing off-target & off-tissue 
effect critical but difficult; complex 
regulatory & high safety 
requirements to use tools in human 
medicine & agriculture; technology 
is associated with high development 
costs, making applications expensive 
& potentially inaccessible

Certain expression systems such as 
yeast, E. coli, or CHO are relatively 
well understood; challenges mostly 
relate to developing more stable & 
chemically defined media as well as 
to further engineer cells to improve 
stability & productivity; newer areas 
such as stem cells or cell-free 
production still in PoC stage

TRL 
4-9

TRL 
6-9

Fig 15 – Analyze technologies

Source: Arthur D. Little

Fig 15 – Analyze technologies

Analyze

Technology

NGS & high-speed 
real-time PCR

Mass 
spectrometry

Description 

NGS is a high-throughput & high-speed 
technology for analysis of nucleic acids

High-speed real-time PCR is a fast & more 
precise technology to quantify target 
genes in real time during polymerase chain 
reaction (e.g., used for gene expression)

Used to identify & quantify specific proteins 
or metabolites, which are indicators of 
the synthetic system’s behavior at the 
molecular level

Remarks

Analytic tool market encompasses 
broad spectrum of technologies 
of which mass spectrometry, imaging 
microscopy & flow cytometry are 
select few that are also key for 
synthetic biology; these capabilities 
have been well established & several 
players already exist in the market

Demand is surging, especially from 
the field of medicine & biological 
sciences; innovations have increased 
accuracy, cost-effectiveness & 
throughput & advancements are 
still being made (e.g., data processing 
& analytics); AI/ML developments have 
also enhanced capabilities of analyzing 
biological data

Challenges

High-throughput analytical tools 
generate vast amounts of data 
on biological systems, but limited 
computational infrastructure
& tools hinder efficient storage, 
processing & analysis

Integrating data from diverse 
modalities (e.g., genomics, 
transcriptomics, proteomics) in 
synthetic biology is critical for a 
comprehensive understanding of 
biological systems, yet challenging 
due to the absence of standardized 
methods

Maturity 

TRL 
8-9

TRL 
8-9

High-content 
phenotypic 
imaging

Advanced imaging techniques allow 
monitoring growth & morphology of 
engineered cells, which helps identify 
optimal conditions & designs for a 
given application 

TRL 
8-9

Flow cytometry Rapid analytical technology using lasers 
to analyze cells & can be used to evaluate 
the efficacy of synthetic (e.g., CAR T-cell) 
designs, a promising immunotherapy 
approach for treating cancer

TRL 
8-9
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 - Enable — varying maturity (see Figure 16). Automation and 
fermentation technologies are fairly mature and established, 
while cloud labs and microfluidics are low in maturity, with 
most players being start-ups. However, cloud lab companies 
are creating strong partnerships with large industry players, 
indicating the possibility for widespread adoption and growth 
in the coming years.

Source: Arthur D. Little

Fig 16 – Enable technologies Fig 16 – Enable technologies 

Enable

Technology

Automation 
technologies

Cloud labs

Description 

Automation & robotics enable scalable, 
reproducible & rapid synthetic biology 
workflows; automated liquid handling 
especially is a key technology within field: 
as experiments often require handling 
different volumes of liquids, these 
machines ensure precise dispensing of 
liquid volumes & enable fully automated 
workflows, minimizing need for human 
intervention

Automated, centralized facilities 
for remote experiments; maximize 
efficiency by enabling remote 
experimentation, streamlined data 
management & global collaboration; 
scientists also freed from need to 
physically be present in the lab & 
empowered to focus on creative 
decision-making

Remarks

Lab automation market valued at 
~$5 billion in 2022, with projected 
CAGR of 6%-13% until 2028; 
dominated by automated liquid 
handling systems, with key 
established players like Tecan & 
Hamilton taking greatest market 
share; lab robotics also constitutes 
part of the lab automation market, 
but is comparatively small at 
$290 million

A relatively new technology led 
by early-stage companies such as 
Emerald Cloud Lab & Strateos; labs 
currently focus on biotechnology 
& pharmaceutical industries for 
drug discovery & synthetic biology

Challenges

Technologies remain costly, 
especially compared to the relatively 
low labor costs in academia; 
integrating novel automation 
technologies into existing workflows 
& infrastructure is a challenge, 
especially when these technologies 
are also not user-friendly & 
difficult to use

Data security & privacy concerns; 
a change in mindset would be 
required for more researchers to 
adopt this type of nontraditional 
experimentation method

Maturity 

TRL 
7-9

TRL 
3-4

Source: Arthur D. Little

Fig 16 – Enable technologies (cont’d)

Micro-fluidics

Large-scale 
fermentation 
technologies

Enable precise control over small-scale 
(microliter to picoliter) biochemical 
reactions for diverse applications 
(e.g., lab on a chip), achieving conditions 
unattainable by traditional methods;
enable complex reactions with increased 
throughput & minimal waste

Traditionally involves microorganisms 
converting organic compounds, like 
sugars, into various useful products 
including bio-based chemicals, fuels, 
flavors, fragrances, bioplastics & 
pharmaceuticals; now expanded to the 
fermentation of, for example, mammalian 
or microbial cells producing biologic 
compounds or even cells as products (e.g., 
for artificial meat); unlike small-scale, PoC 
production in a lab, advanced fermentation 
technologies utilize optimized bioreactors, 
enabling cost-effective large-scale 
production

Market is large & relatively mature, 
with various established players; 
market valued at $25-$29 billion in 
2022 with a wide range for growth 
rate of 12%-23% CAGR; primarily 
used for medical purposes,
specifically diagnostics (e.g., rapid 
testing), drug development & cell 
cultures

While advanced genome engineering 
contributed to its development, there 
is still innovation & research in 
increasing the productivity or 
addressing scale-up challenges; 
technologies are quite mature, 
with numerous players already 
in the field, including large CDMOs 
(e.g., Lonza) & newer companies 
expanding into precision fermentation 
(e.g., Perfect Day) 

Lack of standard test methods 
to validate manufacturing steps of 
devices & complex manufacturing, 
as they often require unique, 
heterogenous group of components

In non-pharma segments where 
fermentation competes with 
traditional chemical synthesis or 
lower-margin segments such as 
the food industry, topics are around 
cost-competitiveness; in other 
areas, such as alternative dairy, 
challenges are on generating the 
right quality; for pharmaceutical 
processes, topic centers on ability 
to produce more complex & 
potentially non-natural proteins
in, for example, CHO cells; a digital 
twin is still not feasible

TRL 
5-8

TRL 
7-9
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Figure 17 shows the relative maturity of selected tools within each 
of the four SynBio workflow stages, based on ranking by our expert 
survey panel. Technology readiness levels (TRLs) indicate how close 
a  tool is to proven, commercial adoption.

Market landscape
The majority of high-profile tool and technology players in SynBio 
are based in America (around half on a per-company basis). The 
remainder are divided approximately equally between Europe and 
Asia, with the rest of world currently having few market entrants. 
The market is split between well over 500 SynBio start-ups and a 
much smaller number of more established players, with SynBio tool 
and technology players raising $10.3 billion in 2022. While most top-
funded companies are currently headquartered in the US, the most 
dramatic growth is expected in Asia, led by China.

Many governments have targeted investments and support for 
SynBio. For example, the UK launched a SynBio program more than 
a decade ago, while the US, China, and Australia have created their 
own efforts more recently.

Appendix 1 summarizes selected key players across the four tool  
and technology development categories. 

Source: Arthur D. Little

Fig 17 – Relative maturity of selected tools within SynBio workflow 

Source: Arthur D. Little

Fig 17 – Relative maturity of selected tools within SynBio 
workflow 
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INTERLUDE #1  
Evolving 

aesthetics —  
Intersecting art 
& science in the 

language  
of cells 
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Our explorations in SynBio 
seek to reveal hidden 
processes in living matter 
through the manipulation of 
genes. We aim to transform 
these expressions in ways 
they can be experienced on 
a human scale. 

Consider an E. coli colony growing on a plate. Gradually, it spreads 
and — as conditions become more demanding — it creates branches 
and intricate patterns. This phenomenon became the inspiration 
for our work Stress-o-stat (see first image in this section), which 
explored how genetic machinery responds to cellular stress. During 
dire conditions, cells produce the enzyme catalase to neutralize 
damaging oxygen radicals. Analyzing the genetic mechanisms 
behind this response made it possible for us to replace the 
catalase gene with one producing a fluorescent protein. Our new 
genetic component, embedded in a genetic circuit and inserted 
into bacteria, caused the emission of an iridescent light during 
starvation. Using a drip system to regulate food release and a spiral 
condenser to visualize light changes, we observed the spiral light up 
during dire conditions and with changing nutrients we saw a slow 
oscillating light. Stress-o-stat aims to capture the poetic language 
of “stress” in bacteria, with the luminescence telling a story of 
resilience and resourcefulness. 

To further expand on both method and metaphor, we explored how 
this could be done using solid media and time-lapse photography. 
As an additional play on the language of stress and signaling, 
KatEred (see second image) employed gene-producing, glowing-red 
fluorescent proteins. Observing growth patterns over time, a 
blushing red edge glowed as the colony spread across the plate, 
somewhat akin to tree rings telling the story of time and change. 
In our micro-environment, the colony creates a living visual story 
of struggles.
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SynBio can be a portal to see processes inside cells, but we can 
expand on this notation by tapping into other senses like smell. 
Banana Bacteria (see third image) adds an extra twist by subverting 
our expectations. It involved the use of a genetic program that could 
convert an alcohol into banana oil, changing the typical off-putting 
smell of E.coli into a sweet-scented wonder reminiscent of bananas. 
It acts as a playful obfuscation that prompts us to introspect our 
preconceptions.

However, genetically modified organisms are restricted typically to 
labs; exhibiting outside these settings involves lengthy navigation 
of health and safety regulations as well as ethics review. Through our 
work, we have paved the way for the first legal exhibition in showing 
genetically modified organisms in the UK and beyond its borders.

These works make invisible processes perceptible to humans. Yet, 
the absence of real-time interaction creates a barrier in how we 
experience these organisms and processes, often requiring us to 
add an interface like time-lapse to bridge the experience. Our initial 
real-time experiments used nanomagnetic particles, which allowed 
participants to control individual cells using an external magnet.

Surprisingly, we found that magnetic bacteria occur naturally. These 
organisms swim along the Earth’s magnetic field to optimize their 
position in a microaerophilic gradient. Exposing these bacteria to a 
changing magnetic field causes their bodies to reorient and, in doing 
so, scatter light. In liquid culture, the scattering can be observed 
as a visible shimmer resulting from blocking or passing light. This 
extraordinary phenomenon inspired our work Living Mirror (see 
fourth image). As a mirror, it draws on the idea of water as our original 
interface predating today’s screen-based technologies and references 
the myth of Narcissus, who tragically drowned while captivated by his 
reflection — a reminder of how we continue to immerse ourselves in 
similar mirrors as we extend our identity into the virtual. To create the 
mirror, we used a camera to capture a person’s image converting pixels 
into numerical values. This data activated individual magnetic coils, 
orchestrating bacteria to produce hundreds of light pulses that formed 
an image in real time. The work delves into the concept of “self” and 
how we are predominantly composed of nonhuman bacterial cells. It 
aims to capture a duality, both technically and conceptual, of how we 
navigate the intersection of digital and biological perceptions of self. 

— C-LAB, an art-science collective 
founded by Howard Boland and Laura Cinti that combines scientific advancements in the biosciences,  

critical thinking, and future possibilities through hands-on science 
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Stress-o-stat 

Stress-o-stat is a living artwork that visually captures stress in 
bacteria as light. The installation combines scientific instruments, 
methods, and aesthetics to produce a real and experimental device. 
SynBio tends to postulate a machine-like language onto the living, 
as something programmable. Paradoxically, it is the opposite of the 
digital; instead of the machines becoming life-like, it suggests life 
becoming machine-like.
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KatEred 

KatEred explores a living visualization of oxidative stress using a 
glowing-red fluorescent protein and through the use of time-lapse. 
The colony creates a blushing glow around its edges and creates an 
imprint of cellular stress over time. Red tends to signify an alert and 
has been used as “official” semantics in many apparatuses such as 
warning lights. While these factors play little in a biochemical role, 
they play with our perception as visual readers.
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Banana Bacteria 

Banana Bacteria is an olfactory work that explores the paradox of 
having the foul smell of bacteria exchanged with the sweet smell of 
banana. These bacteria have been genetically altered by removing 
a gene responsible for the foul smell commonly found in bacteria 
and adding a genetic design that enables bacteria to synthetically 
produce banana oil.
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Living Mirror 

Living Mirror is a bio-computational imaging system where 
magnetic bacteria scatter light under a changing magnetic field. 
This phenomenon was used to create a bio-computational system 
containing bacteria and individually controlled magnetic coils to 
recreate patterns and potentially real-time images of people.
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“If you can’t compute  
it, you don’t  
understand it!.”

– John von Neumann, physicist/engineer
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3 The applications 
& industry 
landscape

SynBio underpins a diverse range of 
applications across many industries, 
led by healthcare and life sciences 
and food and agriculture. The 
application landscape demonstrates 
the enormous scope of SynBio. For 
example, it can be used to create 
vaccines, improve crops, generate 
biofuels, and enable DNA-based 
data storage. Consequently, there 
are widely varying levels of maturity 
among applications, ranging 
from early stage through to full 
commercialization.
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Identifying SynBio opportunities
Our 2023 global expert survey explored industries that would be 
most impacted by SynBio in the next five to 10 years (see Figure 
18). About a quarter of respondents identified healthcare and life 
sciences as the sector that will see the greatest applicability of 
SynBio, followed by food and agriculture (21%), and then industrial, 
manufacturing, chemicals, and materials (18%).

Application maturity 
Mapping selected SynBio applications against the Gartner hype 
cycle further demonstrates both their range and the diversity of 
their maturity levels (see Figure 19):

 - Healthcare and life sciences. Various subsectors in healthcare 
are at differing points on the curve. For example, widely used 
monoclonal antibodies as a treatment option are at the peak 
of productivity, whereas newer therapeutic modalities like 
gene therapies are considered to be at the peak of inflated 
expectations.

 - Food and agriculture. This sector is approaching the peak of 
inflated expectations, as it is maturing with products that are 
commercially available, yet market uptake is still relatively 
limited. Newer technologies that use SynBio techniques are on 
the brink of commercialization and those that address current 
sustainability challenges around food production (e.g., cell 
agriculture for cultured meat) are at the technology trigger stage.

Fig 18 – Which industries will be most impacted by SynBio in the next five to 10 years? 

Source: Arthur D. LittleSource: Arthur D. Little

Fig 18 – Which industries will be most impacted by SynBio in 
the next five to 10 years? 
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 - Industrial, manufacturing, chemicals, and materials. This 
segment is approaching the peak of inflated expectations, as 
demand for novel enzymes for many end-use industries continues 
to grow. Commodity chemicals are also at the peak of an inflated 
expectations phase, while partnerships between industry players 
(e.g., Unilever) and SynBio companies continue to form.

 - Consumer products. Approaching the slope of enlightenment, 
this segment is maturing with some commercially available 
products (e.g., fragrances, plant-based leather alternatives). With 
sustainability at the forefront of consumers’ minds, the use of 
SynBio to generate consumer products will continue to grow.

 - Energy. This sector is at the trough of disillusionment, as biofuels 
and bio batteries continue to be slow to overcome economic 
and technical barriers. However, next-generation biofuels 
produced from waste materials and other co-products will still 
have applications in, for example, heavy-duty transport, such as 
aviation and shipping, that are difficult or impossible to electrify.

 - IT and technology. Just beyond the technology trigger phase, 
major players are starting to investigate the adoption of SynBio 
tools and techniques like DNA data storage. This is evident 
through the growing number of partnerships between SynBio 
companies and tech players (e.g., Twist and Microsoft; Illumina 
and Dell).

Fig 19 – Selected SynBio applications mapped to Gartner hype cycle 

Source: Arthur D. Little, Nasdaq, SynBioBeta, Calvin Schmidt Synthetic Biology Index

Source: Arthur D. Little, Nasdaq, SynBioBeta, Calvin Schmidt Synthetic Biology Index

Fig 19 – Selected SynBio applications mapped to Gartner hype 
cycle 
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Key areas for growth
Comparing growth and maturity provides an indication of the 
significance of each of the key application sectors today (see Figure 20).

As Figure 20 illustrates, healthcare and life sciences is the most 
mature and largest market, with one of the highest growth rates. 
Food and agriculture is next, although there is still extensive tech 
development in this segment at low TRLs. Industrial/manufacturing/
chemical/materials, consumer goods, and energy are also growing, 
although barriers toward commercialization are higher, with IT and 
tech being the most embryonic. However, if DNA-based storage 
could be commercialized, this could become a huge market.

The remainder of this chapter takes an in-depth look at each of 
these markets, including potential applications, opportunities, 
and challenges.

Healthcare & life sciences
Motivations for SynBio applications in the healthcare and life 
sciences sector are strong. Key catalysts include:

 - Rising incidence of chronic and debilitating disorders (e.g., 
cancer). The aging population and resulting rise in chronic 
diseases increases the need for more specialized treatments.

 - Shift toward personalized/precision medicine. The movement 
toward more targeted, individualized treatments/therapeutics 
will increase SynBio use, as it enables fine-tuning of organisms to 
perform specific/dynamic functions.

 - Limitations of current treatments. SynBio can improve both 
efficacy and safety of current treatments, as well as satisfy the 
need for a new treatment method and mechanism.

Fig 20 – Identifying key SynBio markets 

Source: Arthur D. Little

Source: Arthur D. Little

Fig 20 – Identifying key SynBio markets 
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However, success will require the sector to overcome existing 
challenges in four key areas:

1. Regulations. Strict regulations regarding drug development 
and a relatively untested regulatory environment make the 
process lengthy and costly.

2. Ethical limitations. Public hesitancy and debates regarding 
ethics of modifying the genome hinder SynBio expansion.

3. Limited technological capacity (e.g., data streams and 
computer capacity). Technological capacity limitations hamper 
the ability to actualize all possible SynBio developments.

4. Complexity of large-scale production and manufacturing 
of cell therapies. The complexity around manufacturing 
cell therapies and the limitations of large-scale production 
complicate the process of taking a SynBio concept from lab 
to commercial scale.

Application areas (non-exhaustive)

Tissue engineering

SynBio enables the creation of multicellular structures for 
regenerative medicine, drug testing, and beyond, including tissues 
and organs using cells and structural components to mimic the 
morphology and function of native tissues. 

For example, gene therapy, advanced biologics, and small molecules 
are being studied to stimulate the regeneration of damaged heart 
cells. SynBio can be used to generate tissues that can then be 
transplanted. As an example, cultured epidermal autografts are 
being used as a permanent skin replacement for the treatment of 
patients with serous burn injuries.

The tissue engineering market is already large and well established 
at around $15 billion globally in 2022, with growth of more than 
15% CAGR to 2030. Most SynBio applications are still at foundational 
stages, with key players like Integra LifeSciences and C.R. Bard 
(acquired by BD in 2017) still focusing mainly on conventional 
technologies. Start-ups such as Organovo focus on new 3D 
biomaterial printing.

Medical devices & implants 

Integrating SynBio into wearables could expand opportunities 
for noninvasive monitoring of physiological status, disease 
states, and exposure to pathogens or toxins to practically enable 
biosensors. However, sustaining living organisms in medical devices 
for extended periods remains a challenge. 

Potential application examples include new wearable or implanted 
medical devices for health monitoring and control. Demonstrating 
this trend, a prototype face mask with a lyophilized (i.e., freeze-
dried) CRISPR sensor has been developed for wearable noninvasive 
detection of SARS-CoV-2 at room temperature.
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Vaccines

Vaccines are commonly prepared from an inactivated or weakened 
form of the causative agent or from its constituents. SynBio 
facilitates shorter development cycles through alternative 
technologies, such as nucleic acid vaccines (e.g., mRNA), viral vector 
vaccines, or recombinant vaccines (e.g., SHINGRIX).

For example, synthetic RNA platforms allow for rapid, scalable, and 
cell-free manufacturing of prophylactic and therapeutic vaccines. 
The Pfizer-BioNTech COVID-19 RNA vaccine was the first to be 
approved for humans. Moderna and BioNTech are examples of key 
players that used synthetic messenger RNA to protect against 
COVID-19. 

Stem cell therapies

Stem cells serve as the raw material from which all specialized 
cells are derived, capable of generating healthy replacements 
for cells impacted by disease (regenerative medicine). Achieving 
this transformative process is made possible through genetic 
reprogramming techniques such as CRISPR. For example, stem 
cells can be manipulated into heart muscle cells, which can then be 
injected into the heart muscle of a patient with heart disease. The 
transplanted cells would then aid in repairing the injured muscle.

The global stem cell therapy market was valued at ~$10 billion 
to $12 billion in 2022 and is predicted to grow at a 10%-15% 
CAGR for the next 10 years. An influx of interest and funding has 
resulted in both emerging players, like bluebird bio and BlueRock 
Therapeutics, and more established players, like Mesoblast and 
Osiris Therapeutics, coexisting in the expanding market.

Cell therapies

SynBio enables the development of therapies based on bioengineered 
cells. In these currently highly personalized treatments, cells are 
becoming the treatment modality. Among the first treatments in 
this space was Kite Pharma’s CAR T-cell therapy, but there are many 
more in development to treat a variety of disorders and diseases. For 
example, CAR T-cells have successfully treated blood tumors such as 
large B-cell lymphoma and also promise a new scenario of therapeutic 
interventions for solid tumors.

The genetically modified cell therapy market is projected to grow 
rapidly from $2.7 billion in 2022 to $32.3 billion in 2029 at a CAGR of 
42%. Main players in the space include large pharma players such as 
Bristol Myers Squibb and Gilead, which have expanded their cell therapy 
capabilities through acquisitions of Juno/Celgene and Kite Pharma, 
respectively. However, there are several smaller biotech players 
harnessing this technology with assets in the early development 
phases, including Allogene and Ixaka (formerly Rexgenero). 

Gene therapies

SynBio has enabled scientists to cure diseases by correcting the 
underlying genetic defects through genomic editing (e.g., CRISPR) 
or introduction through a vector (usually a viral vector). Alternatively, 
synthetic oligonucleotides can be used to modify the genetic 
response, with RNAi currently being the most prominent technology. 
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For example, vector-based gene therapies have been approved for 
both hemophilia A and B. In both cases, viral vectors are used to 
deliver the correct gene and potentially cure the patients through 
a single treatment, although long-term data is not yet available.

The gene therapy market is projected to grow rapidly at a CAGR of 
~20% from $7.5 billion in 2022 to ~$30 billion in 2030. Examples 
of key established players are large pharma players such as Novartis 
as well as more niche players like Vertex. The approved gene 
therapies are currently centered on hematological genetic diseases, 
such as hemophilia and severe sickle cell anemia, but also include 
degenerative inherited diseases. Gene therapies for some larger 
indication areas, such as type 1 diabetes, are also in development.

Bio-machine interfaces 

SynBio technology could provide solutions for developing effective 
bio-human-machine and neuro-machine interfaces. For example, 
it has been demonstrated that closed-loop brain-machine interface 
(BMI) technology can modulate sensory-affective experiences in 
rats, illustrating how a BMI approach could be used for pain control 
as an alternative to drugs. Numerous healthcare applications exist, 
such as restoring physical functions and controlling symptoms. 
There are also applications in education and entertainment, where 
BMI technology could be used, for example, to control avatars and 
objects, contributing to a more immersive gaming experience.

Maturity timeline
In the future, SynBio is expected to lead to more sophisticated 
treatments, greater safety from more diseases, and new 
applications for existing conditions, such as neurological and 
genetic ailments. Figure 21 outlines the maturity timeline across 
the healthcare and life sciences sector.

Fig 21 – Maturity timeline for SynBio applications in healthcare and life sciences 

Source: Arthur D. LittleSource: Arthur D. Little

Fig 21 – Maturity timeline for SynBio applications in 
healthcare and life sciences 
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Food & agriculture
Feeding a growing global population while coping with the 
immediate impacts of climate change is a critical challenge  
for the world for several reasons: 

 - Sustainability and accompanying policy and regulatory 
changes. Demand is growing for SynBio solutions due to their 
ability to provide results while protecting the environment and 
maintaining or improving soil fertility.

 - Population growth. Population growth has been projected to 
require improvements in productivity/yield by 60%-80% up to 
2050, increasing demand for SynBio improvements. Initiatives are 
increasingly being driven by governments (e.g., Singapore’s 30 by 
30 food security and sustainability plan).

 - Plateauing yields with current improvements. Limitations 
in current farming improvements, such as fertilizers and 
greenhouses, are making the industry look to other more effective 
options for higher yields.

Successful SynBio adoption will require the sector to overcome 
existing challenges in three key areas:

1. Regulation. Elements of the emerging regulatory environment 
remain untested, creating compliance challenges. 

2. Public perception. Consumers, especially in Europe, have 
negative views of existing genetically modified food and 
technologies (e.g., gene/genome editing). This negatively 
impacts demand for SynBio-derived products and potential 
market growth.

3. Risk aversion. SynBio adoption involves disruptive change 
within the market. Larger companies with established systems, 
in particular, are reluctant to change how they operate, holding 
back adoption.

Application areas (non-exhaustive)

Crop domestication & breeding

SynBio enables metabolic pathways, genetic circuits, and plant 
architectures to be engineered for agricultural plants, enhancing 
their suitability to human needs, such as around taste/flavor, color, 
yield, storage, productivity, amino acid production, ability to fix 
nitrogen, and disease resistance. SynBio offers a major enabler to 
reduce the time required for crop breeding cycles by making use 
of existing genomic data sets, as well as deploying other toolsets 
to expedite the breeding cycle which, for some crop varieties, may 
take five to seven years. For example, Pivot Bio used an engineered 
bacterium to create a biological nitrogen fertilizer for corn, reducing 
the need for chemical fertilizer while increasing yield. 

The crop-breeding market is expected to reach over $30 billion by 
2029. Major players, such as Benson Hill and Apeel, are being joined 
by smaller companies like Tropic Biosciences.
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Precision agriculture 

SynBio can improve the physical properties of soil in a variety 
of ways; for example, through improving soil microbiomes via 
microbial fertilizers, enabling soil remediation, and developing 
natural pesticides, as well as helping to diagnose potential pests 
and diseases in soil and water. This type of improvement includes 
the use of novel bio-fungicidal seed treatments to control soil-borne 
fungal pathogens that cause seed rot, damping-off, root rot, and 
seedling blights while minimizing environmental impact.

The global precision agriculture market reached a value of around 
$6.7 billion in 2021. Governments across the globe have undertaken 
several initiatives to encourage the uptake of modern agricultural 
techniques to enhance crop yield and productivity. Syngenta Group 
and Bayer Crop Science are leaders in precision agriculture. However, 
as the need for precision agriculture continues to grow, there are 
several start-ups and smaller players entering this space, such as 
Pivot Bio, Concentric, and Robigo.

Designer synthetic & bio-based food

SynBio can be applied to engineer food not produced in natural 
soil or obtained from animals (e.g., microbial nutritional protein). 
Such food is produced artificially in both laboratory and industrial 
conditions, using a culture or growth medium. For example, in 
2016, Impossible Foods launched the Impossible Burger, a vegan 
alternative to a beef hamburger. The process uses genetically 
engineered yeast to produce the heme protein needed to make 
the food look and taste more like meat.

The global synthetic food and ingredients market is estimated at 
around $12 billion to $13 billion in 2022. Impossible Foods and 
Beyond Meat currently dominate the plant-based meat market. 
The increasing number of new plant-based food start-ups and 
the expansion of the food service industry will further drive 
growth. Start-ups providing animal-free dairy proteins, including 
ImaginDairy and Perfect Day, are also rising in popularity.

Bioremediation, biosequestration, biosensors

SynBio can be used to create genetic-engineered microorganisms 
and microbial consortia to improve the efficiency of 
bioremediation, especially in heavily contaminated or difficult-to-
access environments. An example of this is the work of UK-based 
CustoMem, which uses SynBio to create a granular material 
that attracts and sticks to micropollutants, such as pesticides, 
pharmaceuticals, and certain chemicals in wastewater.

The global bioremediation market is estimated at around  
$13 billion to $14 billion in 2022. Growth will be driven by 
increasing environmental awareness as well as regulatory demands, 
with bio alternatives perceived as more natural, as well as being 
cost-effective in many cases. The market is fairly fragmented, but 
major players include Xylem, Drylet, Aquatech, and others. 

Governments 
across the globe 
have undertaken 
several initiatives.
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Maturity timeline 
Moving forward, we expect SynBio adoption to lead to further 
developments in crop technologies, food engineering, and 
environmental remediation approaches across the food and 
agriculture sector (see Figure 22).

Industrial, manufacturing,  
chemicals & materials
The need to decarbonize, reduce waste, and become more 
sustainable is increasingly impacting industrial companies  
and their operations. Key drivers include:

 - Sustainability needs and accompanying policy changes. 
Increased global awareness of environmental issues will likely 
result in further regulations restricting fossil fuel manufacture.

 - Technological advances enabling new innovations. New 
and evolving technology will reduce the cost and complexity 
of applying SynBio developments.

 - Waste reduction from large-scale production. SynBio 
technologies can both improve and replace current 
manufacturing processes that produce large amounts of waste.

 - Rare earth and mined materials supply constraints and 
security. The transition to net zero will require huge increases in 
mined raw materials, especially metals. This will increase further 
the need for more sustainable production processes.

Fig 22 – Maturity timeline for SynBio applications in food and agriculture 

Source: Arthur D. Little
Source: Arthur D. Little

Fig 22 – Maturity timeline for SynBio applications in food and 
agriculture 

– Crop gene editing to endow foreign but natural functions

– Faster-growing crops, more resilient to environmental stress, 
higher nutritional content & diversity 

– Increasing variations & use of biofertilizers

– 3D printing of food in near-true likeness in substance & form

– Genetically engineered organism (GEO) animals

– Enhancing existing functions in crops to improve yields & create crops 
that are more flavorsome, colorful & resistant to pests, diseases & 
changing environmental conditions

– Cellular agriculture; production of ground meat with a focus on tasting 
the same as meat from animals

– Aiding precision agriculture in improving crop yields & assisting decisions 
using high-tech sensor & analysis tools

– Endowment of functions not yet existing in nature to mass production 
crops with significant ecological upsides

– Capture CO2 more efficiently, require less nitrogen (and thereby, fertilizers) 
& less water, among other properties

– Xenobots in agriculture to help apply synthetic pesticides & fertilizers

5-10 years

Now 

10+ years 
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However, major challenges to SynBio adoption remain in three 
key areas:

1. Cost. Though more sustainable, the high cost and greater 
energy consumption of SynBio processes at scale are major 
barriers to adoption.

2. Risk aversion. Players with large-scale, established 
infrastructures (e.g., chemicals industry) and profitable systems 
are hesitant to adopt SynBio alternatives, due to the high costs 
and risks inherent in such a major transformation.

3. Collaboration. Many SynBio solutions require the formation 
of new ecosystems, creating nontraditional partnerships; for 
example, between materials companies, technology providers, 
manufacturers, consumers, and environmental companies.

Application areas (non-exhaustive)

Bio-based specialty products

Bio-based specialty products can be created via new production 
pathways where microorganisms generate a wide variety of 
chemicals. While many processes are already established, SynBio 
offers the potential to improve them. For example, the hyaline family 
of clear, flexible films are used for flexible electronics (e.g., foldable 
smartphones and wearable electronics).

The bio-based specialty products sector is primarily dominated by 
larger players, including BASF, Toray Industries, and Novamont. These 
companies have significant financial backing and partnerships 
already in place. Companies like Toray have developed plant-based 
synthetic fibers, while Novamont has focused on the development 
of  biodegradable bioplastics by applying SynBio techniques.

Sustainable production/manufacturing

Using microorganism strains engineered to produce defined 
outputs (e.g., production of small molecules of high value) 
helps reduce reliance on petrol-based and even plant-based 
chemicals and processes. For example, engineered microbes and 
biotechnological copper-recovery applications are already being 
applied in copper mining, including for bioleaching, accumulation, 
and recycling.

The market for sustainable production/manufacturing is extremely 
broad and diverse, including, for example, pharmaceuticals, 
commodity chemicals and materials, consumer goods, and 
bioremediation, all of which are covered elsewhere in this Report. 

Commodity chemicals & materials

Commodity chemicals can now be engineered and produced from 
microbes and more renewable materials (e.g., value-added chemicals 
can be synthesized from flue off-gases). As one example, Biomason 
uses bioengineered bacteria to “grow” bricks. The company claims 
these “Biocement” bricks are as strong as traditional cement and 
are made on-site using local materials.

Major challenges 
to SynBio adoption 
remain.
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Biotech companies such as Ginkgo Bioworks and Genomatica have 
focused on the commodity chemicals and materials sector, with 
Gingko valued at $15 billion in 2021. Genomatica has developed 
partnerships with Unilever to develop alternatives to palm oil and 
fossil fuels. The company has also partnered with global chemical 
company Asahi Kasei to commercialize renewably sourced nylon. 

Enzyme production

SynBio techniques such as DNA synthesis and heterologous 
expression can be used to produce novel enzymes with improved 
properties. For example, Arzeda has developed Intelligent Protein 
Design Technology, which combines physics-based protein design 
and AI to create new designer proteins and enzymes, which it claims 
to be more efficient and less risky than conventional approaches.

The rising demand for novel enzymes is attributed to growing 
product demand in various end-use industries (e.g., detergents for 
industrial applications). Established players like Novozymes and 
BASF have several partnerships in place with companies across 
consumer care and biopharmaceuticals. Additionally, there are 
many less mature players, including Arzeda, that have received 
limited funding but have developed significant partnerships with 
companies, including Unilever, Amyris, and BP.

Maturity timeline 
In the future, we expect increased penetration of SynBio 
technologies into industry and manufacturing, provided that 
the economic challenges can be solved (see Figure 23).

Fig 23 – Maturity timeline for SynBio applications in industrial, manufacturing, chemicals, and materials 

Source: Arthur D. Little
Source: Arthur D. Little

Fig 23 – Maturity timeline for SynBio applications in 
industrial, manufacturing, chemicals, and materials 

– Increased use & production of bioplastics, bio-lubricants & bioproduction 
of dyes

– Large-scale tuning of biological pathways and/or modification of enzymes 
to create modified materials specific to use cases while utilizing less 
environmentally harmful materials as substrates

5-10 years

– Used to produce a wide range of products, including chemicals, enzymes 
& proteins more efficiently & sustainably

– Bio-based replacements are already being adopted for conventional 
materials (e.g., biological materials to replace cement)

Now 

– New biodegradable materials (e.g., bioengineered inorganics/composites)

– Reliance on bio-based production of materials, sustainable synthetic 
routes replacing current production methods

– Circular bioeconomy established with cells that function with more 
sustainable feedstocks to create new materials with new properties, 
recycle to extract desired materials & break down harmful material

10+ years 
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Consumer goods
Sustainability and personalization, particularly in the luxury goods 
and fashion sectors, are strong drivers, in addition to the following: 

 - Sustainability and accompanying policy changes. SynBio 
solutions typically offer sustainability benefits for governments 
looking to meet sustainability goals.

 - Consumer awareness. There is increasing consumer awareness 
and demand for more sustainable production and products.

 - Personalization. There is a growing market for designer, 
personalized, and high-end consumer products. Personalization 
is a major trend in luxury consumer goods.

 - Rising energy prices. High energy prices are driving 
manufacturers to seek alternative processes and less energy-
intensive production processes, perhaps even at the expense 
of time-to-product.

Successful SynBio adoption will require the sector to overcome 
existing challenges in three key areas:

1. Scale. Many consumer products using SynBio can only be 
produced on a small scale. The cost and time-to-market for 
these products may therefore be very high, especially given 
that some involve relatively novel technologies.

2. Cost. The cost-effectiveness and established infrastructure 
for fossil fuels in commercial production can make changing 
to SynBio economically unattractive, particularly as it is a less 
mature technology.

3. Public perception. Consumers may be wary of SynBio products, 
particularly in areas where “natural” products are seen as 
premium, or where humans are in close physical contact with 
the product (e.g., cosmetics).

Application areas (non-exhaustive)

Flavors & fragrances

By applying biosynthesis and precision fermentation, SynBio 
creates alternative pathways for molecules traditionally sourced 
from plant or animal materials. For example, Evolva applies precision 
fermentation to develop flavors and fragrances, such as nootkatone, 
valencene, vanillin, and L-arabinose.

The global fragrances market has been valued at $59 billion in 
2023. Both Amyris and Conagen are mature players in the SynBio-
based fragrances space. Amyris has had several partnerships 
to develop bio-based fragrances, including with Maison Francis 
Kurkdjian. Conagen is a global leader in developing natural 
fragrances and its vertical integration has enabled it to rapidly 
commercialize fragrances.

Successful 
SynBio adoption 
will require 
the sector to 
overcome existing 
challenges.
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Consumer materials, textiles, fabrics

SynBio provides the ability to create more sustainable (carbon-
negative) textile materials, both improving existing textiles and 
creating novel, animal-free materials. For example, Hide Biotech 
produces a leather-like material by transforming food industry waste 
into a customizable collagen-based leather substitute.

The global vegan fashion market, which includes any apparel not 
using animal products including non-synthetic materials, was 
valued at around $450 billion in 2021 and is expected to grow at 
a CAGR of 7.1%. While there are several small players entering this 
space, more established players like Bolt Threads have established 
strong partnerships with the likes of Adidas and Stella McCartney. 
Genomatica has developed a novel plant-based nylon and has 
recently partnered with lululemon to use its sustainable fabric. Most 
players in this space are focused on developing alternative materials 
to offer consumers more sustainable choices.

Consumer care products

SynBio can be applied to develop ingredients and compounds 
for skincare and beauty products, replacing less sustainable 
production processes and moving away from animal-derived 
products. As an example, Biossance produces skincare products 
based on a skin-identical hydrating molecule, squalene, made from 
sustainable fermented sugarcane.

There are a several SynBio companies with commercialized 
products in the consumer care space. Companies like Amyris have 
successfully developed trans-β-Farnesene-derived squalene, which 
is used across several personal care products today. As another 
example, haircare company K18 has patented K18PEPTIDE, a high-
performance ingredient that reverses hair damage at the molecular 
level. Since its launch, the product has seen significant consumer 
adoption.

Consumer healthcare & wellness

Ingredients for health and nutritional products can be made from 
more renewable alternatives through SynBio. For example, Ayana 
Bio has launched lemon balm and echinacea products made via 
plant cell culture, which it claims can provide a consistent supply 
of botanicals without the complexities of existing supply chains.

The largest player in the consumer healthcare and wellness space 
that leverages SynBio is Conagen, which has recently developed 
resveratrol made by clean bioconversion. Other players with 
commercialized products include ZBiotics, which offers a product 
that helps the gut break down acetaldehyde, and Sun Genomics, 
which produces custom probiotics.

Most players 
are focused 
on developing 
alternative 
materials to 
offer consumers 
more sustainable 
choices.
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Maturity timeline 
Moving forward, we expect wider ranges of SynBio-produced 
consumer goods that offer greater personalization and tailoring  
(see Figure 24).

Energy
Energy players have to decarbonize to meet increasing regulations 
and net zero targets while ensuring energy security and coping with 
the impacts of geopolitical uncertainty. As such, the relevant drivers 
for SynBio solutions include:

 - Sustainability and accompanying policy changes. Fluctuations 
and potential increases in fuel prices driven by introduction of 
carbon taxes, scaling back of oil production, and geopolitical 
uncertainty could make bio-based routes more attractive.

 - Energy insecurity. This is driving a significant push to move away 
from depleting fossil fuels, resulting in increasing demand and 
willingness to pay for SynBio fuels.

 - Incremental biofuel uses. Bio-based fuels may add incremental 
value in extreme weather conditions or specific applications, such 
as aviation and marine fuels, where electrification is not a viable 
option.

Successful SynBio adoption will require the sector to overcome 
existing challenges in three key areas:

1. Cost. Biofuels are generally much more costly than fossil fuels, 
and there are often major raw material logistical challenges. 
The established systems and infrastructure of fossil fuel use, 
and huge upfront investments required for conversion, hinders 
the establishment of biofuels as cost-effective options on the 
market. 

Fig 24 – Maturity timeline for SynBio applications in consumer goods 

Source: Arthur D. Little
Source: Arthur D. Little

Fig 24 – Maturity timeline for SynBio applications in 
consumer goods 

– Increased biopolymer production (including fabrics, plastics 
replacement, etc.) 

– Personalized nutrition (diet based on understanding of genetic 
predisposition & lifestyle factors associated with consumers & 
their metabolic needs)

– Development of products compatible with skin, gut microbiomes 

5-10 years

– Currently used to improve & to some extent replace products & materials 
in the market

– Examples include more sustainable clothing, animal-free products (e.g., 
artificial meat), production of ingredients found in personal care products

– Alternative approaches to flavor & fragrance production at higher volumes 
& lower costs — though there are issues around defining what is meant by 
“natural” within these contexts 

Now 

– Wider array of accessible consumer goods due to greater availability 
of tools & better understanding of individual consumers 

– Lower-cost production due to experience of SynBio at scale

– Cosmetic gene therapies (replacing, activating, or introducing genes 
into cells for cosmetic purposes)

– Theoretical potential for features not achievable with conventional 
products (e.g., light-activated fragrances & regenerative clothing)

10+ years 
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2. Resources. Despite innovations to date, current biofuel 
production technologies do not consistently deliver the volumes 
required for commercial production, resulting in inefficiencies in 
scale-up.

3. Electrification. A shift toward electricity for mobility implies an 
overall decline in oil use, even including bio-based alternatives. 
This uncertainty further hinders investment decisions.

Application areas (non-exhaustive)

Biofuels

Organisms can be engineered using SynBio to produce biofuels 
from waste materials or biomass feedstocks rather than food 
crops, as well as to produce novel fuel molecules with better 
performance/higher energy content than current fossil fuel 
alternatives. For example, the metabolic engineering of yeasts is 
enabling microbial cell factories for biofuel production.

The second-generation biofuels market — comprising fuels 
produced from waste materials rather than food crops — was 
valued at $6 billion in 2020 and is projected to reach $59.4 
billion by 2030. Today, this comprises mostly hydrogenated waste 
vegetable oil produced by Neste and some long-established smaller 
businesses seeking to use genetically engineered microorganisms 
for advanced fermentation. Companies such as Poet have tried to 
make this technology work at scale for many years but have faced 
significant headwinds, mainly due to feedstock availability and  
pre-treatment issues.

Bioelectricity & bio-batteries

SynBio techniques can be used to create engineered organisms 
that produce “cell factories” capable of generating energy from 
organic materials. These include organisms capable of producing 
bioelectricity and photosynthetic biomaterials for solar panels, 
for example. Bio-batteries are distinct from microbial fuel cells, 
which produce electricity from the microbial oxidation of reduced 
compounds. As an example in this area, scientists at the UK’s 
Defence Science and Technology Laboratory are researching a bio-
battery based on DNA technology that will be much safer in the case 
of destruction during conflict.

Microbial fuels cells have been under development for many 
decades, but their application has been limited due to high 
electrode costs and low power. Bio-batteries, which are based on the 
same principles as human/animal digestion, are still in their infancy. 
Recent examples involve battery concepts based on lactates with 
enzymes bound to a structural scaffold.

Bioremediation & biosequestration for energy

SynBio can be used to improve processes for waste treatment, 
such as by speeding up or enabling natural decomposition. These 
methods can be used to treat waste in situ, such as following an oil 
spill (especially on land), while also having the theoretical potential 
to convert waste to energy, though processes are extremely slow 

Companies have 
tried to make 
technology work 
at scale for many 
years but have 
faced significant 
headwinds.
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and inefficient today. For example, LanzaTech’s carbon recycling 
uses engineered bacteria to convert pollution to fuels and 
chemicals.

The global bioremediation market in 2022 is thought to be worth 
around $13 billion, with most forecasts suggesting growth of 9% 
CAGR to around $30 billion in 2030. Metabolic engineering, enzyme 
modification, and other SynBio technologies are key enablers. Bio-
based routes to carbon sequestration through the capture of flue 
gases continue to be largely economically unviable, although players 
are making progress in this area, with LanzaTech currently leading 
the field.

SynBio for hydrocarbon extraction

SynBio techniques can improve the extraction of traditional 
hydrocarbon or fossil fuels, such as through enhanced oil 
recovery techniques (EOR) to help process more difficult-to-
extract reserves from depleted oil wells. Today, the use of SynBio 
in EOR is still an emergent technology that is relatively slow and 
inefficient and has not yet been proven at scale. However, recent 
lab-scale research is showing progress. For example, a recent 
study published by the American Chemical Society has shown that 
biosynthesized nanoparticles can be used to increase oil recovery 
rates by several times.4

Maturity timeline 
Moving forward, we expect to see further improvements in biofuel 
viability as well as other solutions, including electricity and the 
circular economy (see Figure 25). 

4 Wang, Bo, et al. “Synthesis and Enhanced Oil Recovery Potential of the Bio-Nano-Oil 
Displacement System.” ACS Omega, Vol. 8, No. 19, May 2023.

Fig 25 – Maturity timeline for SynBio applications in energy 

Source: Arthur D. Little
Source: Arthur D. Little

Fig 25 – Maturity timeline for SynBio applications in energy 

– Synthetic microorganisms & processes to improve new biofuels 
& generate biogases (e.g., biohydrogen, biomethane & other bio-oils)

– Alternative methods of biofuel production, such as to harvest energy 
as byproducts (without the need to destroy the original organisms)

– Plants or organisms (bacteria, fungi, viruses) with synthetic cells 
(sustainable & photosynthetic) used to grow electrodes & provide 
bioelectricity (e.g., enzymatic or microbial biofuel cells)

5-10 years

– Engineered microorganisms (e.g., yeast & bacteria) designed to ferment 
& decompose plants & biomass (i.e., plant waste) to produce biofuels, 
such as bioethanol or biobutanol

– Engineered plants (with enhanced photosynthesis for greater energy 
capture) sold direct to market as combustible biofuels (e.g., biodiesel)

Now 

– Photosynthetic material for bio-solar panels

– Bio-batteries for applications in healthcare or harsh/remote environments

– Synthetic ecosystems: a community of synthetic organic (e.g., bacteria) 
or inorganic systems designed to perform specific functions, such as 
breaking down waste, energy production energy & carbon capture as 
a semi-enclosed system

10+ years 
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IT & technology
In an increasingly digital world, mankind is producing, storing, 
accessing, and analyzing progressively larger amounts of data. 
Volumes are growing exponentially, pointing to future needs for 
new forms of data storage, cybersecurity, and novel computing 
paradigms that can solve currently intractable problems. 

While still in its infancy, DNA data storage could ultimately 
provide much higher storage density and ease of synthesis, 
while biocomputation and bio-inspired cryptography offer future 
advantages over current methods.

In IT, SynBio applications are still at the PoC stage and must 
overcome at least five key challenges:

1. Immaturity. Error rates in DNA computing need to improve 
to allow biocomputing and cryptography.

2. Technical limitations. The capabilities within encoding, 
writing, storage, reading, decoding, and so on, render DNA 
storage currently uncompetitive with magnetic and solid-state 
storage devices.

3. Cost and throughput barriers. Despite theoretical advances 
in lower-cost synthesis techniques, commercial synthesis 
costs have not changed drastically, limiting large applications. 
Additionally, current DNA sequencing throughput means 
intended applications are uncompetitive. 

4. Slow commercialization. There is a lack of current initiatives 
to turn lab research into applications accessible by end users, 
hindering rapid commercial adoption. 

5. Competition. Extensive development is taking place using 
a range of other computational and data management 
technologies with promising results in some areas.

Application areas (non-exhaustive)

Data storage

By nature, DNA is used to store genetic information. However, it 
can also be used as a storage replacement for magnetic and 
optical media. DNA can store data for over 500 years with little 
to no data loss and is extremely dense, holding up to 1 exabyte 
per gram. Data can also potentially be stored inside living cells, 
opening up applications dubbed DNA of Things (DoT). For example, 
start-up player Catalog claims that its current Shannon prototype 
computation and storage platform has demonstrated PoC.

As far back as 2015, Microsoft invested in a project with the 
University of Washington, USA, to develop molecular-level data 
storage. And in 2020, Illumina, Microsoft, Twist Bioscience, and 
Western Digital created the DNA Data Storage Alliance to build an 
interoperable storage ecosystem based on DNA as a data storage 
medium.

There is a lack 
of current 
initiatives to turn 
lab research 
into applications 
accessible by end 
users.
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Biocomputation

Biocomputers use biologically derived materials to perform 
computational functions. Types include biochemical, 
biomechanical, and bioelectronic computers. In theory, their 
abilities to self-replicate and self-assemble could lead to low-
cost production in the future, while they may ultimately have the 
potential to deal with “intractable” problems that are hard to solve 
via conventional computers. Biocomputation is still at an embryonic 
stage. While examples have been created that can perform simple 
binary logic calculations, an engineered biocomputer is thought to 
be at least 20+ years away.

Today, biocomputation is driven mainly by universities, like the 
Centre for Biotechnology and Plant Genomics at Technical University 
of Madrid, Spain, and a few start-ups, such as Catalog. Additionally, 
companies such as Biocomputation Lab offer biocomputation 
services (e.g., designing biocircuits to perform predefined functions, 
mathematical modeling, and computational simulations to 
understand biological systems).

Cryptography

Bio-inspired cryptography is an emerging approach leveraging the 
high storage information density and parallelism of DNA. While it 
has been used for encryption and decryption algorithms, it is still 
at an embryonic stage, with no current examples of its deployment. 
Research institutes and universities like the University of Potsdam, 
Germany, are engaged in developing a molecular labeling system 
with position-oriented DNA encryption. Catalog’s claimed DNA-
based computation device should also cover cryptography.

Maturity timeline 
Full-scale DNA-based data storage systems and DoT applications 
are estimated to be at least 10 years away (see Figure 26). 

Fig 26 – Maturity timeline for SynBio applications in IT and technology 

Source: Arthur D. Little

Source: Arthur D. Little

Fig 26 – Maturity timeline for SynBio applications in IT and 
technology 

– Possibly first DNA data storage devices at lab scale in this time frame5-10 years

– Concepts for data storage, biocomputation, or cryptography have 
existed for decades; however, there are currently no advanced 
commercialized products due to high error rates & technical complexity

– The demand for IT applications is limited, 
despite potential, due to rapid advances in other technologies 
(e.g., high-performance computing & quantum technologies) 

Now 

– Ability to satisfy need for long-term information storage with 
DNA data storage despite exponentially increasing data production

– DNA of Things (DoT), the storage of data/information in everyday objects, 
which may be inside living cells (e.g., cellular components) or nonliving 
material for future reference/replication

– Random number generation through automated DNA synthesis, which 
allows for a great source of random numbers

10+ years 
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“I think there’s almost 
no limit to synthetic 
biology.”

– George Church, geneticist
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INTERLUDE #2  
Philosophical & 

ethical issues 
surrounding 

SynBio 
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Darian Meacham is Chair of the Philosophy Department at Maastricht University, the Netherlands. He is also the 
Principal Investigator for Ethics and Responsible Innovation at the Brightlands Institute for Smart Society (BISS).  
From 2015–2019, he worked at BrisSynBio, a multidisciplinary research center based at the University of Bristol,  
which focuses on the biomolecular design and engineering aspects of synthetic biology. 

SynBio has piqued the interest of philosophers and ethicists, leading to a cross-fertilization 
among various subfields of philosophy, including philosophy of science, branches of applied 
ethics, as well as philosophy of technology and areas of the social sciences that address 
questions about responsible research and innovation — and the broader relationship 
between science and society. Researchers in these domains are working to clarify relevant 
concepts in relation to specific areas of SynBio. Protocell research, for example, has sparked 
philosophical debates about the explanation and definition of living systems and the concept 
of emergence. Targeted mutagenesis in plants has stimulated thinking about the definition 
and ethical relevance of “naturalness”: Is a plant that is a result of targeted mutagenesis still 
a natural object, is it a technological one, or is it a kind of hybrid? For whom does it matter? 

Conceptual clarification like this can help inform normative questions pertaining to the 
right course of action. For example, to what extent should we be concerned about our 
abilities to intervene intentionally in the most basic and fundamental of vital processes, 
often referred to as “playing God”? What is the best way to govern the complex relationship 
between research, government, and private interests in SynBio? How can we ensure that risks 
emerging from technologies that can intervene in the basic processes of life to create new 
functionalities or even new organisms are managed without obstructing their potential to 
create various forms of value?

These questions are multifaceted. The concern about “playing God,” for instance, takes 
two main forms: one is primarily ethical and concerns the normative limits of instrumental 
human control over the natural world; the second relates to whether public concerns 
about synthetic biologists playing God might impede progress in the field. In the first case, 
philosophers have pointed out that there is nothing novel about humans instrumentalizing 
other forms of life and trying to exert control over evolution and development (with 
agriculture being a primary example).

The second concern, relating to public attitudes toward science and democratic governance 
of science, was somewhat quashed by public consultations demonstrating that public 
concerns about SynBio relate more to questions pertaining to the distribution of benefits 
and risks: who controls these new technologies and to what end? — traditional political 
questions. These attitudes toward SynBio track earlier reports of public perceptions of similar 
technologies, such as GMOs in agricultural biotechnology.

From a sociopolitical perspective, SynBio has stimulated discussion about the governance of 
“technoscience,” forms of scientific activity requiring sophisticated technical infrastructure 
that necessitate large-scale public or private investment. In this way, SynBio has been an 
excellent case study for discussion on the role of democratic decision-making mechanisms 
in science and research governance and the implementation of responsible research and 
innovation in publicly funded research programs. 

Overall, SynBio continues to require ethical and political guidance but also stimulates new 
pathways of inquiry for classical questions in philosophy, ethics, and politics. 

— Darian Meacham,  
Maastricht University 
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4 How companies 
should respond

A wide range of companies could see 
their current or future businesses 
impacted by SynBio, including:

 - Companies that have relevant 
capabilities for the current/future 
SynBio design-build-analyze-
enable workflow

 - Companies in application sectors 
such as healthcare and life sciences, 
food and agriculture, industrial/
manufacturing, consumer goods 
energy, or IT and technology

 - Investors who may be considering 
taking a position in respect of 
actors in the SynBio value chain
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These organizations should consider four steps to assess how  
SynBio could impact their business (see Figure 27):

Identify potential opportunities
Identifying opportunities must be both systematic and creative. A 
good starting point is to understand the areas of the business that 
could be disrupted, or where new opportunities could be created, by 
current or envisaged future SynBio technologies.

For example, the taxonomy outlined earlier in Figure 4 is a guide to 
finding opportunities where SynBio could enable:

 - Creation of novel products or use of new/different raw materials

 - Enhanced performance of existing products, either directly or 
through substitution

 - Improved sustainability of existing production processes 

 - Greater process efficiency, better precision, or more 
customization in production and manufacturing 

As always, combining a systematic product/process review together 
with open-ended what-if exercises is likely to produce optimal 
results.

Assess attractiveness & develop strategy
Even with early-stage applications or those that are not yet mature, 
it is important to consider the potential business case. This is 
especially true in SynBio, which often has been characterized by a 
“solutions looking for a market” philosophy. It is therefore important 
to take a market-led, business model approach, considering the 
barriers that need to be overcome to move from viable product to 
full commercialization (see Chapter 3 for more details on these 
barriers).

Fig 27 – Four steps to assess impact of SynBio on your business 

Source: Arthur D. Little

Source: Arthur D. Little

Fig 27 – Four steps to assess impact of SynBio on your 
business 

>
1 Identify potential 
opportunities

2 Assess attractiveness 
& develop strategy 

3 Develop capabilities

4 Build & maintain 
ecosystem presence

>
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Given the difficulties and challenges of scaling production, it is 
likely that high value-add-niche SynBio applications will often be 
more attractive than those where the business model requires high-
volume production. 

It is valuable for companies to outline a strategy — even if at only a 
high level. Ideally, the strategy should be scenario-based to reflect 
critical uncertainties like skills/funding/investment availability, 
public perception/ethics, and overcoming scale-up challenges. It 
should include SynBio status, objectives, priorities, programs, and 
a roadmap to monitor progress.

Depending on the range of opportunities identified, a portfolio 
approach can be valuable, as it provides a balanced program of 
projects to counteract the challenges and potential long-term 
nature before SynBio opportunities deliver results.

Develop capabilities
SynBio is a multidisciplinary field and requires many specialist 
capabilities. It is extremely unlikely that any one player will have all 
these capabilities and skills in-house, so understanding the player 
landscape is essential. 

Once a company has selected particular opportunity areas, it should 
engage with relevant key players in the partner ecosystem. 
Understand that for many application areas the ecosystem is 
extensive, including, for example, enabling players as well as toolset 
and product developers. This calls for thorough research and due 
diligence. 

In conjunction with ecosystem collaboration, players should 
establish relevant in-house capabilities. What these are and the 
depth of skills required clearly depend on the size of any investment, 
ranging from “intelligent buyer” at one end of the scale through to 
requiring full, in-house expertise at the other. 

Build & maintain ecosystem presence
As always with developing technologies, the timing of growth rates 
and innovation breakthroughs are difficult to predict. Involvement 
and presence in the ecosystem are therefore key to responding 
rapidly if and when an application starts to see exponential 
growth. SynBio has shown recent accelerations that suggest it 
could very well achieve this exponential growth in the coming years. 

Involvement in the ecosystem is also important to engage 
constructively in discourse around key ethical and regulatory 
issues.

Generally, application end users will have invaluable expertise 
and knowledge to offer in respect to markets, customers, and  
go-to-market strategies. This expertise is especially useful for 
technology and product developers, many of which will be  
start-ups and may come from an academic or technical perspective. 

SynBio is a 
multidisciplinary 
field and requires 
many specialist 
capabilities.
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“My real resume was  
in my cells.”

–Vincent Freeman, character from Gattaca
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Conclusion: 
Companies need 
to be ready for 
growth

Overall, the SynBio market faces 
significant challenges to success.  
To better understand these, our 2023 
global expert survey ranked known 
SynBio challenges in terms of their 
importance/criticality and the level 
of uncertainty around whether they 
would be overcome in five to 10 years 
(see Figure 28).
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Survey responses show a large number of challenges that combine 
high criticality and high uncertainty, including:

1. Overcoming key skills and competency gaps (including  
genetic-editing capabilities)

2. Achieving standardized toolsets and systematizing  
the knowledge base

3. Continued availability of funding and investment

4. Negative public perception and overcoming ethical  
and biosecurity concerns

5. Meeting the challenges of scaling up for industrial-level 
manufacturing

6. The availability of big (biological) data 

The challenge of better DNA synthesis tools (#7) was also considered 
critical but was considered more likely to be overcome within the 
five- to 10-year time frame. Other important challenges with high 
uncertainty included:

8. IP/technology ownership challenges

9. Overcoming fundamental technology and scientific challenges

10. Regulation and policy barriers

11. Insufficient market demand (due to poor economics)

12. Lack of coordinated programs and open innovation

Compute power and speed of simulations (#13) is also an important 
enabler but was judged more likely to be achieved within the time 
frame.

Fig 28 – Criticality and uncertainty in SynBio market development 

Source: Arthur D. Little

Source: Arthur D. Little

Fig 28 – Criticality and uncertainty in SynBio market 
development 
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In conclusion, the challenges to the successful growth of the SynBio 
market are significant and wide ranging. There are many critical 
uncertainties and, in many SynBio applications, development has 
been ongoing for decades, often driven more by technology push 
than market pull. 

However, the potential SynBio offers is equally strong, and 
companies should understand that:

 - SynBio is an extremely diverse field. SynBio is fairly unique in 
the breadth of potential applications — from healthcare to food, 
to manufacturing, to industrial processing, and even to the digital 
industries. Its technologies range from the embryonic through 
to the fully commercialized. In considering its prospects, it is 
therefore important to take a sufficiently granular approach, 
based on the field.

 - Many SynBio applications are poised for growth. Forecast 
growth rates for SynBio are >20% CAGR to 2030 overall, especially 
in healthcare and life sciences and food and agriculture. Drivers 
for growth are strong, both on the supply side (increasing 
investment, lower technology costs, growing ecosystems) 
and the demand side (e.g., sustainability, healthcare needs, 
manufacturing efficiency)

 - SynBio technologies could have a massive transformational 
impact in a 20-year time frame. Technologies such as predictive 
genetic engineering, DNA synthesis for complex organisms, DNA-
based storage, and AI-powered applications could transform 
industries, our ability to engineer living systems, and how we cope 
with climate change.

All this means that companies should ensure they have a suitable 
SynBio strategy in place. Given its diversity, companies must 
consider carefully which specific fields are relevant for their 
business and conduct realistic market-based assessments. At 
the same time, due to the strong drivers, accelerating technology 
developments, and potentially huge impacts, companies should 
be prepared for exponential growth that could result from 
breakthroughs as we move toward a SynBio world.

The challenges 
to the successful 
growth of the 
SynBio market are 
significant and 
wide ranging.
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“Synthetic biology 
… is going to play 
an increasingly 
important role in 
how we address the 
challenges associated 
with climate change 
and sustainability.”

– Lloyd Minor,  Dean,  
Stanford University School of Medicine
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Example SynBio tool 
& technology players
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Fig 29 – Design: Selected players 

PBPK = physiologically based pharmacokinetic; ADMET = absorption, distribution, metabolism, excretion & toxicity; DBTL = design–build–test–learn 
Source: Arthur D. Little

PBPK = physiologically based pharmacokinetic; ADMET = absorption, distribution, metabolism, excretion & toxicity; DBTL = design–build–
test–learn
Source: Arthur D. Little

Appendix 1

Gene & protein design tools Simulation tools for 
biological systems AI & ML platforms

Design — Selected players

Offers Intelligent Protein Design Technology that 
combines computational design & AI to create 

new designer proteins & enzymes more 
efficiently & with less risk; partnering with 
players like Mitsubishi Chemical, Unilever 

& Takeda

GPS platform is a key offering; combines 
experiment design with ML tools, enabling 

optimization of biological systems 
for specific properties

A leading player in drug development, its 
customers are responsible for 90% of the drug 
approvals by the FDA in the last 9 years; uses 
Phoenix & Simcyp PBPK platform simulators 

to simulate biological effects of drugs

Focuses on computer-edited design in biology; by 
leveraging the billions of molecular components 
(e.g., genes, genetic parts), it sources, catalogs, 
characterizes, refines & remixes components to 

generate new systems; provides data-driven 
computation models for simulation purposes 

& optimizes systems with ML capabilities 

Focusing on supporting drug discovery, clinical 
development research & regulatory submissions 

for 25+ years; specializes in areas of ADMET 
property prediction, PBPK modeling, 

pharmacometrics & quantitative 
systems pharmacology/toxicology

Established in 2011, offers 
AI-enabled modular biotech operating system 
platform; cloud-based platform designed to 

speed up DBTL synthetic biology cycle & 
structures the resulting data so that it is 

amenable to ML algorithms

An AI research company & subsidiary of Alphabet; 
in 2016, started developing AlphaFold, an AI 

system that can predict 3D structures of proteins 
from amino acid sequences with atomic-level 

accuracy (released as open source in 2019); 
AlphaFold’s performance at 2020 Critical 
Assessment of Structure Prediction far 

outperformed any other method 
to solve protein folding problem

Fig 30a – Build: Selected players 

CDMO = contract development and manufacturing organization; LNP = liquid nanoparticles  
Source: Arthur D. Little

Source: Arthur D. Little

Appendix 1

Manufacture of custom DNA sequences DNA & gene delivery systems

Build — Selected players

Founded in 2013 in US, offers DNA synthesis platform using semiconductor-
based technology instead of traditional well-plastic plates; this enables 

miniaturization of chemical process, requiring reduced volumes 
by a factor of 1 million

Founded in 2014, provides technology to print synthetic nucleic acids 
for genomics & molecular biology applications, based on its Enzymatic 

DNA Synthesis technology

A Fortune 500 company providing scientific instruments, laboratory 
equipment, diagnostics consumables & life sciences reagents; its brand 

Invitrogen is developing LNP technologies, among other things

Large pharmaceutical company developing various drugs, including 
gene therapies for rare diseases; involved in researching accurate 

gene delivery methods

Founded in 2002, a China-based provider best known for its gene synthesis 
capabilities; four major platforms: life sciences service & product, biologics 

CDMO, industrial synthetic products & integrated global cell therapy

Biotechnology company that specializes in the development of delivery 
systems for nucleic acid therapeutics based on LNP; its LNP technology 

is used in the Pfizer-BioNTech COVID-19 vaccine Comirnaty 
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Fig 30b – Build: Selected players 

Source: Arthur D. Little

Source: Arthur D. Little

Appendix 1

Genome engineering tools Fermentation/cell culture technologies

Build — Selected players

Acquired Horizon Discovery in 2020 for $383 billion; Horizon Discovery 
provides cell engineering capabilities in gene editing & gene modulation 

for basic research, drug discovery & development & therapeutic applications; 
this highlights the interest of big companies to acquire expertise around 

genome engineering

A leading gene-editing company with a pipeline of assets in clinical 
development based on its CRISPR/Cas9 technology; several pharmaceutical 

players, apart from CRISPR Therapeutics, are developing genome 
engineering drugs

A global biotech company providing research- & clinical-grade products for 
cell culture applications; possesses a comprehensive portfolio for stem cell 
research, supporting applications with various stem cell types with clinical 

translation needs in mind

Founded in 2008, established bioreactor system enables both cell culture 
& microbial fermentation as well as fermentation scale-up, with expertise 

spanning both model & non-model host organisms

Founded in late 2020, a biotech company focused on developing contained, 
scalable systems for cell culture manufacturing

Fig 31 – Analyze: Selected players 

Source: Arthur D. Little

Source: Arthur D. Little

Appendix 1

Source: Arthur D. Little

Analytical tools for synthetic biology system characterization 
(NGS, mass spectrometry, high-content phenotypic imaging, flow cytometry)

Analyze — Selected players

A conglomerate comprising more than 20 operating companies across four focus business sectors: environmental & applied solutions, life sciences, diagnostics 
& biotechnology; driven by its life sciences business, provides variety of analytical tools, including mass spectrometry, imaging microscopy & flow cytometry

US company providing analytical instruments, consumables, software & services; reported revenue of $6.85 billion in 2022; 
founded in 1999 as spin-off from Hewlett-Packard; its IPO was largest in Silicon Valley history at the time

With revenues of around $45 billion, provides scientific instruments, laboratory equipment, diagnostics consumables & life sciences reagents; 
formed through merger of Thermo Electron & Fisher Scientific in 2006; as of 2023, market capitalization of >$200 billion & is a Fortune 500 company
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Fig 32 – Enable: Selected players 

Source: Arthur D. Little
Source: Arthur D. Little

Appendix 1

Automation 
technologies Cloud labs Micro-fluidics

Enable — Selected players

Founded in 1980, provides laboratory 
instruments & solutions with focus 

on automated liquid handling; serves 
a range of clients in, e.g., research, 
diagnostics & biopharmaceuticals

Founded in late 1940s & established 
itself as one of the leading 

manufacturers of precision liquid 
handling & measuring devices

Founded in 2010, a research facility 
intended to automate & optimize 
routine & ongoing workflows; can 

remotely operate all aspects of daily 
lab work with >200 instrument 

models operated by a single unified 
software interface

Previously known as Fluidigm, focuses 
on developing, manufacturing 

& marketing biological research 
equipment that utilizes integrated 
fluidic circuit technology; in 2009, 

garnered recognition as “the world’s 
leading manufacturer of microfluidic 

devices”

Founded in 2019, offers robotic cloud 
lab platform designed to accelerate 
drug discovery & synthetic biology 
research; highlights its capabilities 

to decrease time required for 
design-build-test-analyze cycle 

by 70% compared to contract 
research organizations

Founded in 1952, offers broad range 
of products & solutions primarily for 
life sciences research & diagnostics; 

product portfolio includes 
instruments, software & 
consumables for various 

applications (e.g., drug discovery, 
gene expression)

Fermentation 
technologies 

A multinational manufacturing 
company that serves the 

pharmaceutical, biotech & nutrition 
markets; in 2022, it supported 
>825 preclinical & clinical drug 

development & >195 commercial 
molecules

Founded in 2014 as Muufri as an 
accelerator & with funding from 

Horizon ventures; name changed in 
2016, subsequently with a B2B focus; 

focuses on biotech-driven dairy 
production; since 2020, it also runs 

a scale-up facility & has added 
biotech as a service to its portfolio

A leading provider of wide range of 
lab equipment, supplies & services; 

since its foundation in 1945, the 
company has a history of providing 

new products & technologies, 
especially for life 
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Example SynBio 
application players
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Fig 33 – Healthcare & life sciences

AAV = adeno-associated viruses; MTC = multi-cell therapies; NPT = nano-particle therapeutics; CF = cystic fibrosis; SMA = spinal muscular atrophy 
Source: Arthur D. Little

Fig 34 – Food & agriculture

Source: Arthur D. Little

AAV = adeno-associated viruses; MTC = multi-cell therapies; NPT = nano-particle therapeutics; 
CF = cystic fibrosis; SMA = spinal muscular atrophy
Source  Arthur D  Little

Appendix 2. Healthcare & life sciences 

Tissue engineering Medical devices & implants Vaccines

Leader in the fields of vascular, urology, oncology 
& surgical specialty products & was acquired 

by Becton Dickinson in 2017 for $24 billion

Medical technology company that develops 
& manufactures wide range of healthcare 

technologies & devices

Vaccine developer for 100+ years, 
delivering 1.5 million doses every day

Global company with regenerative tissue 
technologies that address soft tissue, peripheral 
nerve & tendon repairs; being used for wounds, 

burns & surgeries

Specializes in developing & producing cranial 
repair solutions using advanced bone 

replacement technology

Producer of viral vector-based COVID-19 vaccine, 
providing >2 billion doses in the first 12 months

Biotech using mRNA technology 
to develop vaccines & medicines

Biotech focused on mRNA & has leveraged its 
expertise in COVID-19 vaccine development

Early-stage company developing functional, 
3D human tissue for medical research

Developing nanosynthetic graft substitutes 
for bone repair & transformation

Stem cells Cell therapies Gene therapies

Company focused on developing & 
commercializing cellular medicine through 

platform based on mesenchymal lineage 
adult stem cells

Key player in cell therapies through its acquisition 
of Kite Pharma in 2017 for $11.9 billion

Company with technical expertise 
in AAV-based gene therapies

Key player in CF & gene therapy 
developer for CF & other diseases

Biotech developing CRISPR/
Cas9–based therapies

Clinical-stage cell therapy company 
focused on intractable diseases 

Biotech company focused on developing cell 
& gene therapies with proprietary technologies 

concentrated on MTC & NPT

Technology is founded on leveraging the patient’s 
own hematopoietic stem cells to potentially correct 

genetic diseases

Leading pharmaceutical involved across the cell & gene therapy landscapes; widely known 
as the developer of Kymriah, an individualized CAR-T cell therapy for cancer treatment & Zolgensma , 

a gene therapy for the treatment of SMA

Illustrative

Source: Arthur D. Little

Appendix 2. Food & agriculture

Crop domestication 
& breeding

Precision 
agriculture 

Designer synthetic 
& bio-based food

Food tech developing a platform combining data, 
plant & food sciences to create food, feed 

products, etc.

Biotech creating a more efficient & sustainable 
way to fertilize cereal crops 

Developing plant-based substitutes for 
meat products (e.g., the Impossible Burger)

Biotech developing new varieties of crops 
by using genome-editing tools like CRISPR

Biotech producing specialty biological products 
that naturally improve crop yields & replenish soils

Biotech focused on developing proteins 
traditionally sourced from animals

Biotech making tropical agriculture more 
productive by developing improved varieties 

Provides various products (e.g., seeds, herbicides) 
& services to ensure sustainable agriculture 

Biotech developing animal-free dairy products 
using precision fermentation technology

Developing shelf-life extension tech for fresh 
produce that improves quality & reduces food waste

Focuses on providing seeds, crop protection 
& nutrition products 

Developing plant-based substitutes 
for meat products 

Biotech developing innovative biological 
& trait products for crop protection

Biotech codeveloping microbial platform 
technology to protect crops from disease

Biotech focusing on creating dairy proteins 
(whey) by fermentation using fungi

Biotech focused on enhancing the nutritional 
value of crops & food ingredients

Biotech focusing on creating seaweed-based 
bacon using an innovative protein

Bioremediation, bio sequestration, bio sensors

Bioremediation technology company with proprietary biocatalysts

Illustrative
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Fig 35 – Industrial, manufacturing, chemicals & materials

Source: Arthur D. Little

Fig 36 – Consumer goods

Source: Arthur D. Little

Source: Arthur D. Little

Appendix 2. Industrial, manufacturing, chemicals & materials

Bio-based 
specialty products

Commodity chemicals 
& materials

Sustainable production/
manufacturing

Developing microbial catalysts to convert 
agricultural feedstocks into fine & commodity 

chemicals.

Uses genetic engineering to produce 
bacteria with industrial applications

Aiming to program biological systems 
for clean biomanufacturing

Mature company focused on the development 
& production of bioplastics & biochemicals

Aiming to develop bio-based 
butanediol at commercial scale 

Developing platform technologies that can 
produce bio-based, carbon-negative chemicals

Enzyme production

Major manufacturer of industrial enzymes
 for the biopharma industry; moving into food

Protein engineering company developing enzymes 
for pharma, food & medical applications

Developing novel proteins, enzymes & specialty chemical products for a variety of applications

Illustrative

Source: Arthur D. Little

Appendix 2. Consumer goods

Flavors & fragrances

Produces sustainable ingredients for 
health, beauty & fragrances markets

Develops nature-based ingredients for 
health, flavors & fragrances markets

Clean, sustainable & natural fragrances 
& flavors by recreating ingredients from 

plants using yeast

Uses bio-based ingredients to 
develop fragrances & flavors

Consumer materials

Materials company that invents & scales more 
sustainable alternatives for fashion market 

Produces fibers for clothing based 
on industrial fermentation

Produces products using fine 
mycelium as a technology platform 

Biotech that uses biofabrication 
to create sustainable materials

Develops carbon-negative textiles using 
biocatalysis of carbon emissions 

Produces bio-based biobutanol as 
a feedstock for consumer goods 

Consumer care products

Developing renewable, sugar-derived ingredients 
for skincare products & moisturizers 

Developing sustainable, bioactive protein ingredients 
for the beauty, food & nutrition sectors

Using computational models to mimic 
the molecular structure of human hair

Consumer healthcare & wellness

Uses plant cells to produce bioactive compounds Developing fermented probiotic drinks that break down the byproducts of alcohol

Illustrative
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Fig 37 – Energy

GHG = greenhouse gas 
Source: Arthur D. Little

Fig 38 – IT & technology

Source: Arthur D. Little

GHG = greenhouse gas
Source: Arthur D. Little

Appendix 2. Energy

Biofuels

Producer of energy-dense liquid hydro-carbons & 
renewable chemicals with net zero GHG emissions

Uses photosynthetic microalgae to 
create alternatives to fossil fuels

Company producing light liquid hydrocarbons derived 
from agricultural products using biological methods

Has commercialized patented algae tech 
for production of ethanol & other fuels

Developing processes for producing & measuring 
cellulosic ethanol from corn kernel fiber

Bioelectricity & bio-batteries

Has developed a panel that generates energy 
from the earth & converts it into electricity

Synthetic biology company 
developing bio-battery 

Bioremediation & biosequestration for energy

Carbon capture and transformation, converting 
waste carbon into fuel & materials like fabrics 

& packaging

Developing bio-based solutions to detect & clean 
up range of toxins found in critical water resources 

Focuses on developing synthetic biology technology 
to remove PFAS contaminants from water systems

Illustrative

Source: Arthur D. Little

Appendix 2. IT & technology

Data storage

Public biotech based in San Francisco; 
manufacturers synthetic DNA & DNA products 

for customers in wide range of industries

US biotech headquartered in San Diego; provides line 
of products & services that serves the sequencing, 

genotyping & gene expression & proteomics markets

Alliance formed in 2020 by Illumina, Microsoft, Twist 
Bioscience & Western Digital to create & promote 
interoperable storage ecosystem based on DNA as 
data storage medium; has more than 50 members

Based in Boston, start-up developer of data conversion 
& storage platform used to offer next-generation data archives

Based at The Sorbonne, Paris; developer of data storage drives intended 
to offer bio-digital data storage for large companies & administrations

Bio-computation

Research group at Centre for Biotechnology and Plant Genomics, Technical University of Madrid; 
uses computer science & SynBio to design, build & test living biological circuits

Cryptography

Developer of DNA-based tracing technology designed for supply chain transparency & integrity; platform 
offers proprietary solutions to physically mark, trace & authenticate products from producer to retail

Illustrative
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