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Biofabrication holds great potential
to revolutionize important indus-
tries in the health, food, and textile
sectors, but its translation to mar-
ket is still challenging. I analyze
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regulatory definitions to clarify whether all
forms of genome editing [site-directed nu-
cleases 1–3 (SDN1–3); see Table II in Box
1] fall under the existing GE/GM regulatory
framework. Alternatively, some jurisdic-
tions regulate GE/GM and genome-edited
organisms according to a product trigger
(e.g., Canada and USA), under which the
relevant novelty of the trait in question
was considered on a case-by-case basis,
irrespective of the technology used to de-
velop it. Finally, some jurisdictions had
already passed resolutions on the regula-
tion of new (plant) breeding techniques [N
(P)BTs], including the subcategory of ge-
nome editing (e.g., Argentina).

Those jurisdictions that have already
regulated and allowed genome-edited
products on the market reported a note-
worthy statistical change in the nature of
applicants: while traditional GE/GM dos-
siers had predominantly been submitted
by (foreign) large multinational companies,
most genome-editing applications origi-
nated from (local) public research institutions
and small and medium-sized enterprises.

The regulatory session concluded that more
effort was needed from all stakeholders to
improve and prioritise both the communica-
tion and the information exchange
concerning genome editing to ultimately cre-
ate a market for the beneficial products
resulting from such technology: public risk
communication by both advocates and
opponents needed to be fact and science
based, without overburdening the nonspe-
cialist public with undue information.

[In] the last 25 years, we have been
collecting more and more and more data
and demonstrably not improved public
confidence (OECD Conference on Genome
Editing: Applications in Agriculture:
Implications for Health, Environment and
Regulation’, 28–29. June 2018)

Regulators should probably review their
escalating information requirements and
consider the introduction of multi-tiered
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assessment approaches to make their
own in-house processes sustainable for
the increasing pace of technological
innovations.

The OECD Conference on Genome Editing
did not intend to deliver recommendations,
because any initiation of policy development
or harmonisation activities continues to fall to
the relevant OECDCommittees and govern-
ments. However, by way of a conclusion of
the overall discussion in the room, regulatory
approaches to genome editing should be
determined to achieve policy objectives con-
sidering both precaution and innovation
through better communication by all stake-
holders. Furthermore, it is vital that different
jurisdictions understand their respective reg-
ulatory and policy approaches to genome
editing. This does not mean that there can
be a uniform global approach, but that a
common understanding is a prerequisite in
minimising difficulties arising through differ-
ent approaches.
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the current state of innovation and
commercialization in biofabrication
and try to assess its limitations,
strengths, and future progress.

Biofabrication: Additive
Manufacturing for Biology
Biofabrication can be generally de-
scribed as the process of generating bi-
ological or biological-related structures,
which may possess complex architec-
tures/compositions and which are often
generated by relying on highly auto-
mated tools such as 3D bioprinting and
bioreactors [1–3]. 3D bioprinting is es-
sentially similar to 3D printing, compris-
ing the computer-assisted deposition of
one or multiple materials (inks) in a
layer-over-layer, highly organized man-
ner. However, instead of employing ma-
terials conventionally used in 3D
printing, it typically employs specialized
bioinks, which are biocompatible or
bioinert and which may contain special
active biological components such as
living cells and bioactive agents. Most
conventional bioprinting technologies
can directly deposit very sensitive and
volatile bioink components such as
cells and bioactive agents without dam-
age [4], but other, harsher technologies
follow indirect or multistep strategies
where bioprinted constructs are
complemented with cells and active
agents at a later stage. Bioreactors are
highly automated devices that allow the
efficient culture, expansion, and differen-
tiation of cells in particularly controlled
in vitro environments in an accurate and
repeatable manner [5]. Bioreactors can
be acquired off the shelf or custom made
according to specific requirements by
resorting, namely, to additive manufactur-
ing/3D bioprinting technologies [6]. None-
theless, biofabrication still faces
challenges, such as the need for GMP facil-
ities, standardization/quality control mea-
sures, and changes in cell culture and
reagent sources and culture cocktails.

Applications of Biofabrication
The applications of biofabrication technol-
ogies are nearly limitless. Given its high
level of accuracy and repeatability enabled
by automation, biofabrication is increas-
ingly regarded as a central methodology
for the future of tissue engineering and
regenerative medicine (TERM) as well as
in other fields such as drug discovery/
development or even in the production
of lab-grown meat and leather. The field
of TERM is undoubtedly the one where
biofabrication has had the greatest impact
so far. Multiple types of human/animal
tissue constructs have been recreated
in vitro thanks to the contribution of
biofabrication tools [7] and many more
are expected in the future. Furthermore,
it has become possible to implant such
constructs in humans and animals and
regenerate/reconstruct tissues that had
been damaged or lost due to disease or
trauma [8]. Some of the most important
advantages of biofabricated constructs
compared with conventional implants
are the ability for them to be personalized
according to the host’s individual de-
fects, to slowly biodegrade while being
replaced by the host’s tissues, and to in-
clude prevascular structures to over-
come nutrient diffusion limitations found
in large TERM constructs (Figure 1A).
Biofabrication is also increasingly seen as
the ideal solution for limitations encoun-
tered in the generation of in vitro models
because it can accurately deposit and as-
semble specific materials (including cells)
into complex 3D constructs that in turn
can be accurately cultured, stimulated,
and analyzed in bioreactors. Some remark-
able examples of biofabricated complex
tissue models have been developed
for cardiovascular (Figure 1B) [9] and
nephrological applications (Figure 1C) [10].

Other new, exciting applications for
biofabrication are the artificial production
of leather, by employing genetically modi-
fied collagen-producing yeast, and meat,
by growing stem cell-differentiated muscle

in bioreactors. Meat biofabrication may be
as impactful as biofabrication in TERM
since it may revolutionize an immense
industry deeply intertwined with human
nutrition. Despite foreseen high adoption
costs and regulatory hurdles [11], if this
new way of producing meat indeed be-
comes mainstream, it will not only be
able to mimic existing meat but will also
(and maybe more importantly) enable
the production of inexpensive (US$5/kg)
(https://www.fastcompany.com/40565582/
lab-grown-meat-is-getting-cheap-enough-
for-anyone-to-buy) and healthier food,
with enhanced flavor, texture, and nutri-
tional properties through a faster, more
resource-efficient and less polluting pro-
cess. Similarly, automated biofabrication
processes will also enable the manufac-
ture of leather equivalents by means of
simpler, faster, and cleaner industrial pro-
cesses reducing livestock production,
which occupies 30% of global land sur-
face and generates 15–24% of global
greenhouse gas emission.

Innovation in Biofabrication
Despite biofabrication’s hi-tech character,
its underlying innovation process has
so far been quite simple. Following the
classification system established by
Pisano (Figure 1D) [12], innovation in
biofabrication can be generally classified
as routine innovation since it brings
forward neither a revolutionary new tech-
nology (not radical) nor a revolutionary
new business model (not disruptive). It re-
sults instead from the merger of multiple
existing technologies. Bioprinting technol-
ogies, for example, have evolved from
existing 3D printing technologies through
modifications of the materials employed
and their deposition mechanisms. One
exception is the production of leather and
meat which, despite applying conventional
biofabrication technologies, is directed at
unconventional applications. In this case,
the innovation process could instead be
classified as radical, since the generation
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Figure 1. Applications and Innovation in Biofabrication. (A) Custom-made implant. Adapted, with permission, from [8]. (B) Beating cardiac model [9]. (C) Perfusable
nephrological model [10]. (D) Types of biofabrication-based innovation according to the classification system established by Pisano [13]. (E) Stages of biofabrication-based
innovation according to the classification system developed by Utterback and Abernathy. Adapted, with permission, from [14].
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of the future products proposed involves a
high level of novel technical competence,
does not resemble anything else currently
in themarket, and could have a transforma-
tive impact on current production methods.

Biofabrication’s business models are not
particularly novel either, simply providing
products and services in rather conventional
ways. However, 3D bioprinted implant com-
panies do add an innovative factor by en-
abling personalization/customization prior
to implantation. This can be considered an
early type of product–service system busi-
nessmodel where, due to the highly specific
nature of the problem, the customer is of-
fered an integrated solution comprising
both the final product (personalized im-
plant) and the required personalization ser-
vice to generate the product. All other
business models employed by
biofabrication-related companies mainly
focus on either providing bioprinting equip-
ment – like any other laboratory equipment
– or providing R&D services.

According to the classification system
developed by Utterback and Abernathy
(Figure 1E) [13], biofabrication can be
considered as still going through an early
fluid and/or transitional stage of innova-
tion. Customized biodegradable implants,
which have developed over several
decades in tandem with standardized
metal implants toward personalization/
customization, are the only products that
may be considered to be close to stan-
dardization. Furthermore, regulatory con-
straints have forced these products to
tightly fit into preexisting standards, expe-
diting commercialization for medical pur-
poses. Besides the bioprinter business,
which is undergoing an early transitional
stage due to the relative simplicity of its
products, all other types of biofabrication
businesses are going through a fluid
stage. Such products and services are still
highly variable and in constant change, in
an early stage of development, often be-
tween the laboratory and the market.

Commercialization of
Biofabrication
Biofabrication’s state of commercializa-
tion results from its early stage of innova-
tion. A growing number of companies
(see Table I in Box 1) are entering this
market by focusing on diverse applica-
tions and employing various business
models (Box 1). The business of custom-
ized biodegradable implants has become
relatively mature in a highly profitable
niche market. However, biofabricated
biodegradable implants are yet to prove
their worth as an advantageous business
case for hospitals, insurers, and health
systems worldwide, compared with
equally customizable metal implants cur-
rently provided by well-established inter-
national corporations, by emphasizing
their unique ability to fully regenerate
(not replace) tissues. The bioprinter busi-
ness is likely to follow a path of narrowing
product offer toward a small number of
dominant designs. Increased standardi-
zation, manufacturing optimization, and
competition among incumbents for mar-
ket share will make bioprinters less ex-
pensive, therefore becoming commonly
available laboratory equipment. Further-
more, the business model for bioprinters
may eventually resemble the business
model for 2D printers where, on stan-
dardization, the development and sales
of ink cartridges became the industry’s
main source of revenue.

The business model for biofabricated
meat for human consumption will still re-
quire some regulatory scrutiny, which is
often uncertain and often delays the com-
mercialization of novel biotech products.
However, some precedents provide rea-
sons for optimism, such as meat derived
from cloned animals which, despite its
novelty, has been approved by the FDA
and the US Department of Agriculture.
Being less regulated, biofabricated leather
will be comparatively easier to introduce in
the market, depending mainly on user and
industry adoption and adequate pricing.

The business of tissue/organ models can
be seen as a multistage process. Given
that these models are currently meant pri-
marily for research purposes, they are not
required to go through a high level of certi-
fication and/or regulatory scrutiny. Eventu-
ally, however, this technology is expected
to become an important tool in diagnostic
and personalized medicine, as well as ro-
bust and reliable drug screening platforms
(as alternatives to animal models), where
regulatory scrutiny is extremely demand-
ing. Many biofabrication-based tissue/
organmodels are currently under develop-
ment by various entities (academic and
non-academic), reflecting a strong re-
search demand. Currently, tissue/organ
model companies must provide flexible
and adaptable solutions tomeet a large va-
riety of user-defined requirements in a still-
undefined market. On the validation of a
number of models, the market will adopt –
and most likely combine – the most rele-
vant ones to mimic the full complexity of
the human body. At that point, it will also
be necessary to implement ‘smart’ com-
puting capabilities to automatically acquire,
process, and interpret large quantities of
data generated from within such models.

In conclusion, biofabrication as a whole is
on the right track to commercialization
but still in a quite early stage. In the next
few years, its translation is expected to ac-
celerate, resulting in an increasingly wider
availability of biofabrication-based prod-
ucts in the market.
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Box 1. Main Biofabrication-Based Companies

Biofabrication technologies are slowly being converted into businesses and promise to greatly advance
manufacturing, economies, and health care [14]. As Table I shows, most biofabrication-based companies
are mainly focused on providing bioprinters. A growing demand from research laboratories combined with
the adoption of the well-established business model employed in selling general laboratory equipment makes
this a relatively ‘easy’ business. This led to successful business ventures such as Cellink’s initial public offer
(IPO) just 10 months after being founded. In the past few years, there has also been a strategic shift from pure
organ/tissue bioprinting approaches toward tissue models. A clear example of this shift was observed in the
company Organovo, which initially hoped to provide fully functioning implantable bioprinted organs/tissues in
the near future but meanwhile, and until that becomes a reality, redirected its focus mainly to the production of
model constructs aimed at aiding in drug discovery/development. Not only is the generation of in vitromodels
technically easier than generating full tissues and organs (in terms of both the size and the complexity of gen-
erated constructs), but it also faces much less regulatory resistance since in vitro models are, at present,
mainly meant for research purposes and not for implantation.

Table I. Biofabrication-Based Companies Currently in the Market

Company name Country Main product/activity Technology readiness level
(TRL)

Osteopore Singapore Bioprinted bioresorbable

implants

TRL 9

Organovo USA Bioprinted tissue models TRL 9

Cyfuse Biomedical Japan Cellular spheroid fusion

platform

TRL 9

Modern Meadow USA Biofabricated leather TRL 4

AlephFarms Israel Biofabricated meat TRL 4

Future Meat

Technologies

Israel Biofabricated meat TRL 4

Memphis Meat USA Biofabricated meat TRL 4

Mosa Meat Netherlands Biofabricated meat TRL 4

Nano3D USA Magnetic bioprinting

technology

TRL 9

Allevi USA Bioprinter manufacturer TRL 9

Cellink Sweden Bioprinter manufacturer TRL 9

Aspect Biosystems Canada Bioprinter manufacturer TRL 9

3D Bioprinting

Solutions

Russia Bioprinter manufacturer TRL 9

Rokit South

Korea

Bioprinter manufacturer TRL 9

Regemat Spain Bioprinter manufacturer TRL 9

RegenHU Switzerland Bioprinter manufacturer TRL 9

Envisiontec Germany Bioprinter manufacturer TRL 9

*Correspondence:
pedro.costa@biofabics.com (P.F. Costa).
https://doi.org/10.1016/j.tibtech.2019.04.013
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Spotlight
Synthesis of
Recoded Bacterial
Genomes toward
Bespoke Biocatalysis
Pablo I. Nikel 1,*,@

Ongoing efforts in synthetic biol-
ogy aim at constructing (micro)or-
ganisms with (pre)defined
properties. A recent breakthrough
is the chemical synthesis of a
recoded Escherichia coli genome
by Fredens et al. (Nature, 2019). Be-
sides the conceptual and techno-
logical tour de force, the
consequences of this unprece-
dented effort for whole-cell bioca-
talysis are multifold.

Continuous technological advances in DNA
synthesis have realized some of the most
ambitious objectives of synthetic biology:
the creation of organisms carrying synthetic
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