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Abstract
Ranging fromminiaturizedbiological robots toorganoids,multi-cellular engineered living systems
(M-CELS)pose complex ethical and societal challenges. Someof these challenges, such ashow tobest
distribute risks andbenefits, are likely to arise in thedevelopmentof anynew technology.Other challenges
arise specifically becauseof theparticular characteristics ofM-CELS. For example, as anengineered living
systembecomes increasingly complex, itmayprovoke societal debate about itsmoral considerability,
perhapsnecessitatingprotection fromharmor recognitionof positivemoral and legal rights, particularly if
derived fromcells of humanorigin.Theuseof emergence-basedprinciples inM-CELSdevelopmentmay
also createunique challenges,making the technologydifficult to fully control or predict in the laboratory as
well as in appliedmedical or environmental settings. In response to these challenges,we argue that the
M-CELScommunityhas anobligation to systematically address the ethical and societal aspects of research
and to seek input fromandaccountability to abroad rangeof stakeholders andpublics.As anewly
developingfield,M-CELShas a significant opportunity to integrate ethically responsiblenormsand
standards into its research anddevelopmentpractices fromthe start.With the aimof seizing this
opportunity,we identify twogeneral kindsof salient ethical issues arising fromM-CELS research, and then
present a set of commitments to and strategies for addressing these issues. If adopted, these commitments
and strategieswouldhelpdefineM-CELSasnotonly an innovativefield, but also as amodel for responsible
researchandengineering.

1. Introduction: designing for biological
emergence

Researchers working at the intersection of biology
and engineering are now able to design and build an

array of unprecedented artificial living creations: stem
cell-derived 3D structures that emulate organ-level
functions (organoids) (Domansky et al 2010,
Quadrato et al 2017) or model early embryo develop-
ment (Rivron et al 2018); motile ‘biobots’ (i.e. robots
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developed from biological materials) that are pro-
pelled by the action of muscle tissues on a hydrogel
frame (Cvetkovic et al 2014, Raman et al 2016); and
even genetically programmed species and subpopula-
tions (Moreno 2012). These provocative capabilities
form part of a rapidly developing field of research,
recently dubbed ‘multi-cellular engineered living sys-
tems’ (M-CELS) (Kamm and Bashir 2014, Raman and
Bashir 2017, Kamm et al 2018). The primary goal of
this field is the investigation and development of
systems ‘composed of living cells and tissues organized
in a way that produces novel functionalities by design’
(Kamm et al 2018, 1).

M-CELS researchers achieve this goal by working
across disciplines and subfields, bringing together
synthetic biology (Endy 2005), tissue engineering (Huh
et al 2010), stem cell research (Girgin et al 2018), devel-
opmental biology (Lancaster et al 2013), and cell-based
bio-robotics (Cvetkovic et al 2014, Raman et al 2016).
Researchers also depend on a shared set of diverse
methodologies, including computationalmodeling and
analysis (Morris et al 2014, Glen et al 2018), micro-fab-
rication (Madou 2011), cell cultures (Spence et al 2011,
Sachs et al 2018), reverse-engineering of complex sys-
tems (Csete and Doyle 2002, Ingber et al 2006, Narciso
and Zartman 2018), and genetically-encoded control
systems (Basu et al2005, Tamsir et al 2011).

Taken as a whole, M-CELS research is often char-
acterized by its focus on understanding and harnessing
emergent phenomena, loosely understood to mean
macroscopic, system-level phenomena that arise from
interactions between individual cells and between cells
and their environment (Kamm et al 2018). Although
the precise definition of ‘emergence’ is not always clear
—the term sometimes denotes any properties that
arise from complex systems, and other times refers
only to those properties that are inherently unpredict-
able14—it features heavily in researchers’ definitions
ofM-CELS research (e.g. see Kamm et al 2018).

This interest in emergence is about more than the
pursuit of abstract scientific knowledge about systems-
level phenomena; it also arises from the field’s focus on
creating technology with specific societal applications.
The purposeful similarity of organoids to human organs,
for example, presents more than just an opportunity to
understand organogenesis; organoids are being devel-
oped with the aim of modeling and treating disease
(Raman et al 2017, Osaki et al 2018), reducing the use of
animals in research (Bredenoord et al 2017), and even
creating much-needed transplantable human tissues
(Huch et al 2015). Additionally, researchers have sug-
gested that micro-scale biobots, due to their small size
and customizable form, could one day be used to con-
duct medical interventions in humans or assist in

environmental clean-up (Williams et al 2014, Raman
et al2017, Pagan‐Diaz et al2018).

Although many of these applications are still highly
speculative, the transformative aspirations motivating
M-CELS research demand careful, collective reflection.
This was the purpose of a National Science Foundation-
funded interdisciplinary workshop held in August 2018,
in which 72M-CELS researchers gathered to discuss and
formulate ethical principles to guide this new field. The
workshop participants, hailing from 38 universities and
institutes, 7 countries (Canada, China, France, Japan,
South Korea, Spain, the United States), and a range of
disciplines (STEM, bioethics, and history), discussed
how research on organoids, embryoids, gastruloids, and
biobots is provoking difficult societal and ethical ques-
tions, someofwhich arise from thefield’s focus on emer-
gence. In this paper, we draw on discussions from this
workshop, as well as on literature in philosophy, sociol-
ogy, and public policy, to report key societal and ethical
issues that could arise in the development and use of
M-CELS. More practically, we then propose a set of
commitments and strategies bywhich these issues can be
addressed. These recommendations are tailored for an
academic audience, but are designed to foster a conversa-
tion among diverse publics, referring here to not only the
general public but also researchers, university and fund-
ing administrators, journal staff, industry representa-
tives, policymakers, patients, andother key stakeholders.

In short, we claim that the M-CELS community
must be committed to: (1) facilitating inclusive delib-
eration about the moral considerability of M-CELS,
(2) choosing and developing responsible applications
of M-CELS in consultation with diverse publics, and
(3) developing institutional mechanisms to address
ethical and societal challenges. If realized, these com-
mitments would define M-CELS not only as an inno-
vative field, but also as a model for responsible
research and engineering.

2. Ethical and societal challenges

Some M-CELS researchers have already emphasized
that their work raises significant societal and ethical
concerns (Kamm and Bashir 2014, Kamm et al 2018).
In discussions among workshop participants, we
revisited and explored these concerns, grouping them
into two categories: (1) questions of moral consider-
ability (defined below) and (2) questions of responsible
development and application. We collect them here
(see table 1) not as an exhaustive or final classification
of all possible ethical concerns15, but as evidence for
the need for inclusive deliberation and responsible

14
The latter definition evokes an interesting tension within

emergence-based engineering: how can we design for the inherently
unpredictable?

15
Sorting these questions into the two groups in table 1 is helpful

for efficiently presenting a range of societal and ethical concerns, but
also elides complex inter-connections. Answers to questions about
moral considerability will undoubtedly impact ethical issues con-
cerning M-CELS development and use, and judgments about
desirable applications may generate new questions and concerns
aboutmoral considerability.
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action in M-CELS research and development (see
section 3).

Let us begin with Column 1. The eventual role and
acceptance of M-CELS in society will depend at least
partly onM-CELS’moral considerability, i.e. onwhether
M-CELS are or should be considered subjects of moral
principles, moral attitudes, or rights (Goodpaster
1978). Intuitions about moral considerability are com-
plex for researchers and publics alike, and are influ-
enced by many factors. For example, the tendency to
usemachine-basedmetaphors in synthetic biology (e.g.
expressions like ‘genetically engineered machine’ and
‘platform organism’) has been shown to decrease the
likelihood that stakeholders will attribute moral con-
siderability to complex biotechnologies (Boldt 2018).
M-CELS creations are likely no different. If a biobot is
produced from artificial mechanical components and a
few non-human cells, and if the language used to
describe the biobot draws primarily on mechanical
metaphors, many in the general public might interpret
it as simply an ‘object’ or ‘tool,’ deserving of little to no
moral consideration. Such biobots might be seen as
analogous to nanotechnologies, non-living biomedical
implants or pacemakers: marvels of microscale engi-
neering, but not intrinsically deserving of respect, care,
or other forms ofmoral consideration.

Yet, M-CELS creations could also exhibit features
that are culturally associated with existing biological life-
forms, like mobility, autonomous behaviors, response to
external stimuli, or animal-like appearance (Chan et al
2012,Webster et al 2016). Eventually, they may even dis-
play elements of intelligence and adaptability (Han et al
2013, Nesbeth et al 2016). It seems plausible that, for
some stakeholders, increasing similarity in form and
function to complex biological life corresponds to
increasing levels of moral consideration. Our duties to
these creations could thus range from simple protection
from harm (as with mice in the lab) to the granting of
positive rights like autonomy and freedom of choice (as
we grant to our fellow humans). Discussions in environ-
mental ethics on the moral status of ecosystems and
environmental resources (Brennan1984), andon the eth-
ics of animal research andmeat consumption (Smith and

Boyd 1991, Rollin 2006) provide precedents for working
through such questions about moral consideration.
Given that these are highly contentious ethical debates—
think, for example, of the polarization present in debates
about animal rights, factory farms, and climate change—
we may not be able to directly export conclusions from
these debates to the M-CELS context. Nonetheless, we
believe that they contain relevant and thought-provoking
ideas that could be mutually enriching when juxtaposed
withM-CELS questions. For instance, some cases in ani-
mal and environmental ethics suggest that themoral con-
siderability of M-CELS should not be determined solely
by intrinsic features of the creations themselves (e.g. what
they are made of, what they can do, how similar they are
to ‘natural’ living creatures, etc), but must be assessed in
light of the role that these creations play and could play in
social contexts.

Public concerns about moral considerability are
often heightened when cells of human origin are
involved, as illustrated by ongoing debates about HeLa
and other human cell cultures (Landecker 2007,
Skloot 2011), tissue donation (Abouna 2003), embryo
and stem cell research (Sagan and Singer 2007, Rivron
et al 2018), and new reproductive technologies, espe-
cially gamete donation and freezing (Thompson
2007). Even when cells are spatially and temporally
distant from the donor, their human origin and con-
tinued life outside of the body can blur the line
between self and other. Chimeric M-CELS, which mix
animal and human-derived components, may also
unsettle the distinction between person and animal, or
between person and thing, similarly to how research
on artificial intelligence and machine learning has
shifted conceptions of the boundary between human
and machine (Garside 2014, Hyun 2018). We are thus
left with the questions: when are M-CELS creations
morally considerable andwhat language shouldwe use
to describe them? Is this considerability grounded in
cellular origin (human versus non-human), structure
(simple versus complex), or something else entirely
(e.g. societal context)? These are more than abstract
philosophical puzzles; our collective judgments about
considerability will have significant implications for

Table 1.Two groups of societal and ethical questions relevant toM-CELS.

1.Questions ofmoral considerability 2.Questions of responsible development and application

Inwhich circumstances and towhat degree are

M-CELS creationsmorally considerable?

Which uses ofM-CELS technology are ethical,

equitable, and/or socially responsible?

How shouldwe understand and talk aboutM-CELS? Are

M-CELS tools or agents, objects or persons, property or

nature,matter or life?

What level of control overM-CELS creations (in the lab and
beyond) is necessary, and how shouldwe prevent and/or

respond to problematic loss of control?

What does themoral considerability ofM-CELS require

of us?

How shouldwe deal with dual-use research of concern (DURC)
or the potential formisuse ofM-CELS?

What steps should be taken by regulatory bodies and by

researchers when amoral boundary is crossed?

What guidelines and norms from existing research ethics are

relevant for work onM-CELS?
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research ethics, regulatory practices, and technological
development.

Now on to the next column of table 1. The respon-
sible development and application ofM-CELS technol-
ogy is a second, albeit overlapping, source of questions.
Here, equity is a primary concern; how do we select,
pursue, and manage M-CELS applications, such that
potential benefits are equitably distributed, and are
responsibly balanced with potential risks (e.g. acci-
dental or intentional misuse of knowledge and pro-
ducts)? And whose interests and values will be
represented in that process? As has been noted with
respect to synthetic biology (Van den Belt 2013), we
should not assume that the impacts of new technology
will be fairly distributed across individuals and commu-
nities. For instance, M-CELS applications that alter or
enhance the human body may, especially if accessible
only to a select few, exacerbate existing social inequal-
ities (Savulescu and Bostrom 2009). Conversely, poten-
tial M-CELS-based dangers to the environment or
human health may disproportionately affect socially
marginalized groups, who may lack the resources to
adapt or move if, for example, engineered organisms
‘become invasive’ and negatively affect existing ecosys-
tems and related industries and economies (Pollack
2004, US EPA, OA 2014, Science for Environment
Policy 2016, 14).

Issues of equity also arise in the context of intellec-
tual property (IP) (Hart 2017). Can the emergent
objects of biological engineering fit with traditional IP
regimes, and if so, how (Calvert 2008, Torrance and
Kahl 2014)? Is a strong patent system necessary to
ensure innovation and progress, or should we adopt a
computer science-inspired ‘open-source’ approach?
Which approach would lead to more equitable access
to and distribution of benefits fromM-CELS research?
Questions about ownership and IP touch not only on
pragmatic concerns about promoting innovation, but
also on moral, ethical and political questions about
moral considerability (e.g. is it ethically permissible to
patent a complexmulti-cellular system?), privatization
and the commons, distributive justice, and equitable
access to new and emerging technologies (König
et al 2015, Parthasarathy 2017).

Finally, beyond equity, it will also be necessary to
consider biosecurity and the possibility of malevolent
applications. Regarding the former, we will have to
decide: what level of control is necessary for respon-
sible development and use? Like gene drives and other
‘living’ biotechnologies, M-CELS creations relying on
emergent properties—properties that may change
over time and may be impossible to fully predict (see
discussion of emergence in section 1)—will only com-
pound these concerns (Rudenko et al 2018). It is also
conceivable that M-CELS research and technology
could be used for violent purposes, such as weapons
development (Regalado 2018). Additionally, because
of the purposeful similarity of some embryoids, orga-
noids and biobots to human tissues (greater similarity

than an engineered yeast cell or an animal model),
M-CELS could very plausibly be categorized as dual-
use research of concern (DURC)16. Even when the
creations themselves do not constitute a material
threat, the knowledge gained through their usemay, as
seen in recent controversies over gain of function
experiments (e.g. the creation of new strains of trans-
missibleH5N1 virus) (Duprex et al 2015).

3. Commitments to responsibleM-CELS
research

Once ethical and societal questions surface (table 1),
how should we go about answering them? Broadly
speaking, prominent debates in the ethics of medicine
and the biological sciences have historically focused on
two approaches: researchers in science and engineer-
ing should eithermanage ethical issues themselves (i.e.
they should self-regulate), or they should submit to
regulatory guidance or laws from external experts (e.g.
from ethicists or policymakers). In the most famous
example of the former approach, the genetic engineer-
ing research community came together in 1975 at a
summit in Asilomar, California to address the ethical
and societal implications of genetically engineered
organisms (Berg et al 1975). Committed to a particular
vision of scientific autonomy, the summit participants
did not seek out assistance or input from external
groups or individuals. The Asilomar approach has
become an unfortunate blueprint for many present-
day responses to emerging societal and ethical chal-
lenges (Hurlbut 2015). Without involvement of
diverse publics and careful consultation of stake-
holders, attempts at self-governance in science and
engineering may do little to foster a societal consensus
on a contentious issue. For example, despite earnest
ethical and societal deliberations at Asilomar, many
citizens continue to express unease about research on
genetically modified food (Funk and Kennedy 2016).
The lack of public involvement, among other factors,
likely contributed to this continued distrust.

Meanwhile, in the same decade as the first Asilo-
mar meeting, we find landmark cases of regulation
imposed from outside, rather than from within, the
research community. In 1979, a group of philosophers
drafted the Belmont Report, a set of ethical guidelines
for conducting research involving human subjects
based on principles of beneficence, non-maleficence,
justice, and respect, which ended up shaping federal
and eventually international legislation (‘The Belmont
Report’ 2010). In that same year, an ethics advisory
board to the US Department of Health, Education and

16
DURC is ‘life sciences research that, based on current under-

standing, can be reasonably anticipated to provide knowledge,
information, products, or technologies that could be directly
misapplied to pose a significant threat with broad potential
consequences to public health and safety, agricultural crops and
other plants, animals, the environment, materiel, or national
security’ (NIHOffice of Science Policy n.d.).
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Welfare proposed the ‘14 day rule’ as a strict ethical
constraint on how long research can be conducted on
human embryos (Hyun et al 2016). This too had inter-
national repercussions, and was taken up in the UK by
the interdisciplinary Warnock Committee (Warnock
1984). These activities set a precedent, leading to a
proliferation of regulatory frameworks for research,
including the formation of institutional review boards
(IRBs) in the United States, the National Institute of
Health report on embryo research (1994), and the
Guidelines of the International Society for Stem Cell
Research. In contrast to Asilomar, these activities and
institutions delegate much of the ethical deliberation
to individuals outside of research practice. What they
share with Asilomar, however, is a failure to ade-
quately engage all relevant stakeholders in deliberative
processes.

When questions have broad socio-ethical implica-
tions that fall outside the realms of scientific or reg-
ulatory expertise, it is insufficient to consult only
researchers, policy makers, or ethicists. As illustrated
by the cases of Asilomar and the Belmont Report,
expert answers to ethical or societal questions may not
facilitate a wide cultural consensus on difficult topics.
Because most citizens will not be included in Asilo-
mar-style deliberation or the creation and practice of
IRBs, they will not have any reason to adopt expert
conclusions aside from deference to authority. Parti-
cularly in the currentmoment, with increasing societal
worries about an erosion of public trust in experts
(Czerski 2017), new ethical frameworks must be built
on solid dialogical foundations. More generally, jus-
tice in democratic societies is usually understood to
demand robust mechanisms in which citizens can
shape social order and our shared future. This ideal is
just as relevant in the biotechnological realm as it is in
more straightforwardly political realms. But expert
scientists, ethicists and policy-makers, especially if
they are not holding government office, may not be
meaningfully accountable to citizens.

A better approach is needed, one that realizes the
need for robust democratic input and for effective,
publicly-acceptable sociotechnical systems. For this,
we look to recent work in science and engineering eth-
ics. New strategies for fostering inclusive deliberation
can be found in frameworks for ‘responsible research
and innovation’ (RRI) (Stilgoe et al 2013), models for
public engagement with science (Museum of Science,
Boston 2017, Bandelli and Konijn 2013), technology
assessment mechanisms (Banta 2009, Hennen 2012),
public participation frameworks (Gehrke 2014), citi-
zen juries (Gooberman‐Hill et al 2008, US EPA,
OITA 2014), the creation of global interdisciplinary
‘observatories’ (Jasanoff and Hurlbut 2018), and con-
sensus conferences like those pioneered by the Danish
Board of Technology (Rowe and Frewer 2005). Best
practices can be drawn from each of these to guide
M-CELS research. For example, a recent report within
the RRI framework provides 36 concrete indicators for

evaluating responsible research, ranging from level of
citizen interest in scientific decision-making to the
importance of ethics in proposal evaluation (Stilgoe
2019). Overlapping in many ways, all of the above fra-
meworks offer resources for and approaches to
responsible research. Drawing on these, we propose
that the M-CELS community orient itself around
three core commitments, and outline corresponding
sets of strategies for the realization of each commit-
ment (table 2).

The first commitment—facilitate inclusive delib-
eration on moral considerability—is a collective
pledge to answering pressing questions of moral con-
siderability in collaboration with other disciplines,
institutions, and with diverse publics. While some
M-CELS researchers may desire precise rules or fixed
procedures for how to morally assess and treat
M-CELS creations, such rules currently do not exist
and cannot be devised without holding difficult and
nuanced discussions. For this reason, we believe that
the research community must bring the uncertainty
and tough questions that arise in the lab into broader
societal conversations. Involving publics in this way
avoids mistrust or misunderstanding and fulfills the
ideals of democratic representation.

This need for inclusive deliberation applies equally
to the second commitment: choose and develop respon-
sible applications. As with moral considerability, there
is no predetermined formula for positive societal
impact, and it is insufficient to simply assume, imagine
or infer the attitudes of diverse publics. Thus, the
question of howM-CELS technology should be devel-
oped and applied must also be answered in active con-
sultation with publics and stakeholders. However, this
second commitment goes beyond dialogue. Unlike
questions of moral considerability, which are often
highly abstract and for which researchers may not
have special expertise, technical and scientific ques-
tions are often delegated exclusively to researchers by
society. This special role requires that researchers
exhibit virtues linked to it; they must exhibit modesty,
openness and care when envisioning the role of
M-CELS in society.

These two commitments can be fulfilled in a vari-
ety of ways (Left Column, table 2). As suggested above,
researchers should foster a benchside sensitivity to
tough ethical and societal questions and proactively
facilitate conversations outside of the lab. These activ-
ities should begin as early as possible in a research
cycle, to allow for the identification and implementa-
tion of ‘alternative design choices’ (Hyun 2017) or
even alternative projects or research questions.
Researchers, especially those in senior positions,
should thus advocate for and organize opportunities
for inclusive deliberation among awide variety of pub-
lics, including engineers, policymakers, patients, and
others. The goal, here, is not only to represent diversity
(particularly among individuals whose values may dif-
fer from those of the researchers), but also to empower

5
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those participating in the deliberations to make
informed and meaningful contributions (Morrison
and Dearden 2013, Museum of Science, Boston 2016).
Importantly, the organization of inclusive deliberation
processes and activities need not start from scratch but
should build on existing deliberative expertise and
experience in non-STEM disciplines, such as philoso-
phy, anthropology and the communication fields.

Finally, to support the feasibility of commitments
one and two, we propose a third commitment: to
develop the multi-level social and institutional
mechanisms and incentives that make it possible, and
indeed rewarding, to address ethical and societal issues
(Right Column of table 2). In terms of training, uni-
versity-level M-CELS courses and pedagogical materi-
als should be developed that include modules from
humanities or social sciences and that involve huma-
nities and social science researchers in the teaching
process (either as guest lecturers or co-instructors),
and should be shared across institutions. These teach-
ing strategies should focus not just on teaching ethical
content (e.g. the kinds of ethical and societal issues lis-
ted in table 1) but on teaching skills for participating
(and eventually organizing and facilitating) in ethical
discussions (e.g. through debates, scenario exercises,
role-playing, etc). Doing so would help prepare the
next generation of M-CELS researchers for participa-
tion in collaborative ethical and societal deliberation.
Simultaneously, lab directors must allocate time and
resources for their trainees to exercise these skills, in

research or in lab meetings, as well as processes and
mechanisms for valorizing the acquisition and prac-
tice of these skills.

To take these discussions outside of academia, it is
essential to recruit partners fromother disciplines (e.g.
social sciences, humanities, public policy) and public-
oriented institutions, such as museums and funding
agencies. For example, socio-ethical questions about
human enhancement with respect to human genome
editing were adapted for public discussion through an
innovative Museum of Science initiative in Boston,
which has since been used nationwide (Todd et al
2018). The method and deliberative content of these
public events should be recorded and distributed
alongwith other training resources (e.g. EBICS n.d.) to
build a shared resource for the field while simulta-
neously bringing socio-ethical questions from the
margins into mainstream discussion. Even outside the
context of public engagement, such partnerships can
jump start ethical and societal conversations by build-
ing on existing expertise. For instance, while it may
seem difficult to respond to the misapplication of
M-CELS by malevolent actors, some researchers are
already discussing themanagement of risk in synthetic
biology and in artificial intelligence (Palmer et al
2015). To the same effect, useful questions and
insights regarding personhood, rights, and the possi-
bility of non-human minds can be gained by consult-
ing with researchers not only in bioethics but also in
philosophy of mind (Nagel 1974, Dennett 1988,

Table 2.Three commitments for responsibleM-CELS research and corresponding strategies.

1. Facilitate inclusive deliberation

onmoral considerability

2. Choose and develop

responsible applications

3. Develop institutionalmechanisms to address ethical and societal

challenges

At the laboratory level,maintain a sensitivity to questions regarding

moral considerability and a focus on actual (rather thanmerely

assumed) societal needs.

Foster ethical deliberation skills throughout theM-CELS training

pipeline (i.e. high school-postdoc), with concrete learning objec-
tives and in collaborationwith humanities and social

science departments.

Continuously seek to identify alternativeM-CELS design choices

and trade-offs, and openly discuss the values underlying these

choices and trade-offs.

Allocate time and resources for faculty and students towork on

societal and ethical issues by establishing norms and structures

that recognize and reward suchwork.

Incentivize the integration of ‘ethics and society’ reflections in

M-CELS publications and grant applications.

Organize events and initiatives that facilitate two-way

communication betweenM-CELS researchers and publics about

moral considerability and responsible applications.

Recruit partners with experience interactingwith the public (e.g. at
sciencemuseums, libraries, local government, places of worship,

hospitals).

Develop and share public engagement strategies and open access

educationalmaterial.

Build onexisting expertise fromotherdisciplines (esp. social
sciences andhumanities), ethical reviewboards, andotherpublics. Fund research collaborations, conferences, and networks between

M-CELS researchers and social scientists, ethicists and other

experts and stakeholder groups.
Complywith existing norms in research ethics, while also encoura-

ging public and stakeholder discussion of how these norms should

evolve withM-CELS research.

Proactively seek out ethical perspectives and values that are likely to

differ from those of the researchers.

Encourage and fund initiatives and interventions aimed at increas-

ing diversity (in all forms)within theM-CELS research

community.
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Lavazza and Massimini 2018) and many other over-
lapping fields.

To be most effective, all of these strategies require
high-level attention and dedicated resources from
departments, universities, and funding agencies. New
university courses are not possible without institutional
backing for their development and ongoing support of
all contributing departments. Funding agencies must
commit to sustained funding for independent work in
STEM, social sciences, and humanities, in addition to
enabling ambitious collaborative projects between
researchers and ethicists or community groups. Grant
applications should require careful discussionof the ethi-
cal and social issues in and beyond research ethics as
commonly understood. Science and engineering jour-
nals, which also have tremendous power for influencing
research directions and priorities, should instruct
reviewers to assess authors’ discussion of ethical and
social impacts—and to pay attention to evidence of
deliberative public engagement—whenmaking publica-
tion decisions. We view these various forms of
institutional support as analogous in structure and com-
plementary in spirit to STEM-wide initiatives to increase
diversity in all its forms (e.g. the multi-year NSF
INCLUDES initiative). The purpose of inclusion is not
merely to develop ethical insight but also to enablemore
fair and impactful scientific and engineering practices.

4.Next steps for responsibleM-CELS
research

At our August 2018 workshop, researchers sought
answers to significant ethical and societal questions about
moral considerability, about how to benefit society and
avoid misuse, and about potential issues of control
stemming from the field’s focus on emergence-based
design. In starting this discussion, M-CELS researchers
play a crucial role in highlighting these questions, but
they cannot and should not answer them alone. To this
end, we have suggested a set of commitments and
strategies that, if adopted, could facilitate collaborative
and meaningful deliberation, and could lead to the
development of research norms and practices based on a
shared and robust understanding of what it means to
conduct responsible and ethicalM-CELS research.

The motivation for this work is, importantly, not
grounded solely on a novel type of question or on the
provocative character of biological emergence. As we
have noted, the ethical challenges raised in this paper
are not unique to M-CELS research. What is unique,
in contrast to other fields, is the opportunity to engage
with these issues as the field is just developing. Unlike
more entrenched debates, such as those on the ethics
of meat consumption discussed above, we have yet to
form widespread social norms around and established
attitudes towards M-CELS creations. Given this open-
endedness, inclusive societal debates about biobots or
organoids may foster alternative conceptions of moral

considerability, conceptions that are perhaps harder to
foster in polarized conversations such as those about
factory farms or climate change. M-CELS researchers,
then, have an opportunity to proactively (rather than
reactively) lead a robust ethical conversation, one that
goes beyond the requirements of standard ethical reg-
ulations, and beyond the conventional wisdom that
the public should be educated and consulted. We
maintain that the commitments and strategies pro-
posed in this paper, if adopted, would help to fulfill
this potential and establish M-CELS as an ethically
responsible community, and as a model for future
emerging techno-scientificfields.

Acknowledgments

We would like to thank the following for their input
during the preparation of this manuscript: Mauricia
Barnett, Lizanne Destefano, Jianping Fu, BenHurlbut,
Melissa Kemp, Kathy Kinlaw, Fred Kronz, Juanita
Matthews, Milo Phillips-Brown, Ritu Raman, Taher
Saif, Tom Skalak, Jesse Tordoff, Marshall Wilson, the
Neuroethics Thrust at the UW Center for Neurotech-
nology, as well as the attendees of the 2nd Annual
Workshop on M-CELS, supported by National
Science Foundation (NSF) Science and Technology
Center Emergent Behavior of Integrated Cellular
Systems (EBICS) (Grant No. CBET0939511) and the
Grainger Engineering Breakthroughs Initiative at the
University of Illinois at Urbana-Champaign.

ORCID iDs

Matthew Sample https://orcid.org/0000-0001-
5290-1458
MarionBoulicault https://orcid.org/0000-0001-
5990-2373
Jeremiah Zartman https://orcid.org/0000-0001-
7195-7203

References

AbounaGM2003Ethical issues in organ and tissue transplantation
Exp. Clin. Transplant. 1 125–38

Bandelli A andKonijn EA2013 Science centers and public
participation:methods, strategies, and barriers Sci. Commun.
35 419–48

BantaD2009What is technology assessment? Int. J. Technol. Assess.
Health Care 25 7–9

Basu S, GerchmanY, Collins CH,Arnold FH andWeiss R 2005A
syntheticmulticellular system for programmed pattern
formationNature 434 1130–4

Berg P, BaltimoreD, Brenner S, Roblin ROand SingerMF 1975
Summary statement of the Asilomar conference on
recombinantDNAmolecules Proc. Natl Acad. Sci. 72.6
1981–4

Boldt J 2018Machinemetaphors and ethics in synthetic biology Life
Sci. Soc. Policy 14 12

BredenoordA L, CleversH andKnoblich J A 2017Human tissues in
a dish: the research and ethical implications of organoid
technology Science 355 eaaf9414

7

Biofabrication 11 (2019) 043001 MSample et al

https://orcid.org/0000-0001-5290-1458
https://orcid.org/0000-0001-5290-1458
https://orcid.org/0000-0001-5290-1458
https://orcid.org/0000-0001-5290-1458
https://orcid.org/0000-0001-5290-1458
https://orcid.org/0000-0001-5990-2373
https://orcid.org/0000-0001-5990-2373
https://orcid.org/0000-0001-5990-2373
https://orcid.org/0000-0001-5990-2373
https://orcid.org/0000-0001-5990-2373
https://orcid.org/0000-0001-7195-7203
https://orcid.org/0000-0001-7195-7203
https://orcid.org/0000-0001-7195-7203
https://orcid.org/0000-0001-7195-7203
https://orcid.org/0000-0001-7195-7203
https://doi.org/10.1177/1075547012458910
https://doi.org/10.1177/1075547012458910
https://doi.org/10.1177/1075547012458910
https://doi.org/10.1017/S0266462309090333
https://doi.org/10.1017/S0266462309090333
https://doi.org/10.1017/S0266462309090333
https://doi.org/10.1038/nature03461
https://doi.org/10.1038/nature03461
https://doi.org/10.1038/nature03461
https://doi.org/10.1073/pnas.72.6.1981
https://doi.org/10.1073/pnas.72.6.1981
https://doi.org/10.1073/pnas.72.6.1981
https://doi.org/10.1073/pnas.72.6.1981
https://doi.org/10.1186/s40504-018-0077-y
https://doi.org/10.1126/science.aaf9414


BrennanA1984Themoral standing of natural objectsEnviron.
Ethics 6 35–56

Calvert J 2008The commodification of emergence: systems biology,
synthetic biology and intellectual propertyBioSocieties 3
383–98

ChanV, ParkK, CollensMB,KongH, Saif TA andBashir R 2012
Development ofminiaturizedwalking biologicalmachines
Sci. Rep. 2 857

CseteME andDoyle J C 2002Reverse engineering of biological
complexity Science 295 1664–9

Cvetkovic C et al 2014Three-dimensionally printed biological
machines powered by skeletalmuscle Proc. Natl Acad. Sci. 111
10125–30

CzerskiH 2017A crisis of trust is looming between scientists and
society—it is time to talk. TheGuardian, January 27

Dennett D 1988Conditions of personhoodWhat Is a Person? ed
MGoodman (Clifton:Humana Press) p 145

DomanskyK, InmanW, Serdy J, DashA, LimMHandGriffith LG
2010 Perfusedmultiwell plate for 3D liver tissue engineering
LabChip 10 51–8

DuprexWP, Fouchier RA, ImperialeM J, LipsitchMand
RelmanDA2015Gain-of-function experiments: time for a
real debateNat. Rev.Microbiol. 13 58v64

(EBICS)Emergent Behaviors of IntegratedCellular SystemsModule
1-creating biologicalmachines: the biobot https://ebics.net/
knowledge-transfer/ethics/module-1-creating-biological-
machines-biobot

EndyD2005 Foundations for engineering biologyNature 438
449–53

FunkC andKennedy B 2016The new food fights: U.S. public divides
over food science. PewResearchCenter

Garside J 2014Google, Facebook andAmazon race to blur lines
betweenman andmachine. TheGuardian, April 28

Gehrke P J 2014 Ecological validity and the study of publics: the case
for organic public engagementmethods Public Understand.
Sci. 23 77–91

GirginM, TurnerDA, Baillie-Johnson P,Cossy A, Beccari L,
MorisN, LutolfM,DubouleD andArias AM2018
Generating gastruloids frommouse embryonic stem cells
Protocol Exch., Nat. Res. (https://doi.org/10.1038/
protex.2018.094)

GlenCM,McDevitt TC andKempML2018Dynamic intercellular
transportmodulates the spatial patterning of differentiation
during early neural commitmentNat. Commun. 9 4111

Gooberman‐Hill R,Horwood J andCalnanM2008Citizens’ juries
in planning research priorities: process, engagement and
outcomeHealth Expect. 11 272–81

Goodpaster K E 1978On beingmorally considerable J. Phil. 75
308–25

HanX et al 2013 Forebrain engraftment by human glial progenitor
cells enhances synaptic plasticity and learning in adultmice
Cell StemCell 12 342–53

Hart R 2017 Should YouBeAble to Patent anOrganism? Slate,
April 7

Hennen L 2012Why dowe still need participatory technology
assessment? Poiesis Prax. 9 27–41

HuchM et al 2015 Long-term culture of genome-stable bipotent
stem cells from adult human liverCell 160 299–312

HuhD,Matthews BD,MammotoA,Montoya-ZavalaM,
HsinHY and IngberDE 2010Reconstituting organ-level
lung functions on a chip Science 328 1662–8

Hurlbut J B 2015Remembering the future: science, law, and the
legacy of AsilomarDreamscapes ofModernity: Sociotechnical
Imaginaries and the Fabrication of Power ed S Jasanoff and
SHKim (Chicago: University of Chicago) pp 126–51

Hyun I 2017 Engineering ethics and self-organizingmodels of
humandevelopment: opportunities and challengesCell Stem
Cell 21 718–20

Hyun I 2018The ethics of chimera creation in stem cell research
Curr. StemCell Rep. 4 235–9

Hyun I,WilkersonA and Johnston J 2016 Embryology policy: revisit
the 14 day ruleNature 533 169–71

IngberDE,MowVC, ButlerD,Niklason L,Huard J,Mao J,
Yannas I, KaplanD andVunjak-NovakovicG 2006Tissue
engineering and developmental biology: going biomimetic
Tissue Eng. 12 3265–83

Jasanoff S andHurlbut J B 2018A global observatory for gene
editingNature 555 435–7

KammRDandBashir R 2014Creating living cellularmachines
Ann. Biomed. Eng. 42 445–59

KammRD et al 2018 Perspective: the promise ofmulti-cellular
engineered living systemsAPLBioeng. 2 040901

KönigH,Dorado-MoralesP andPorcarM2015Responsibility and
intellectual property in synthetic biologyEMBORep.161055–9

LancasterMA et al 2013Cerebral organoidsmodel humanbrain
development andmicrocephalyNature 501 373–9

LandeckerH2007Culturing Life: HowCells BecameTechnologies
(Cambridge: HarvardUniversity Press)

Lavazza A andMassiminiM2018Cerebral organoids: ethical issues
and consciousness assessment J.Med. Ethics 44 606–10

MadouM J 2011 Fundamentals ofMicrofabrication and
Nanotechnology (BocaRaton, FL: CRCPress)

Moreno E 2012Design and construction of ‘synthetic species’PLoS
One 7 e39054

Morris S A et al 2014Dissecting engineered cell types and enhancing
cell fate conversion via CellNetCell 158 889–902

MorrisonCandDeardenA2013Beyond tokenistic participation:
using representational artefacts to enablemeaningful public
participation inhealth service designHealthPolicy112179–86

Museumof Science,Boston2016Forumsmanual http://
buildingwithbiology.org/sites/building-with-biology/themes/
bwb/img/BuildingwithBiology_Forums_Manual_Final.pdf

Museumof Science, Boston 2017 Public engagementwith science
https://mos.org/sites/dev-elvis.mos.org/files/docs/
offerings/PES_guide_10_20r_HR.pdf

Nagel T 1974What is it like to be a bat? Phil. Rev. 83 435–50
NarcisoC andZartman J 2018Reverse-engineering organogenesis

through feedback loops betweenmodel systemsCurr. Opin.
Biotechnol. 52 1–8

National Institutes ofHealth 1994Report of the human embryo
research panel, volume I https://repository.library.
georgetown.edu/handle/10822/545550

NesbethDN, ZaikinA, Saka Y, RomanoMC,GiuraniucCV,
KanakovO and Laptyeva T 2016 Synthetic biology routes to
bio-artificial intelligence Essays Biochem. 60 381–91

NIH-Office of Science Policy n.dDual use research of concern
https://osp.od.nih.gov/biotechnology/dual-use-research-
of-concern/

Osaki T, SivathanuV andKammRD2018Vascularized
microfluidic organ-chips for drug screening, diseasemodels
and tissue engineeringCurr. Opin. Biotechnol. 52 116–23

Pagan‐DiazG J et al 2018 Simulation and fabrication of stronger,
larger, and faster walking biohybridmachinesAdv. Funct.
Mater. 28 1801145

PalmerM J, Fukuyama F andRelmanDA2015Amore systematic
approach to biological risk Science 350 1471–3

Parthasarathy S 2017Patent Politics: Life Forms,Markets, and the
Public Interest in theUnited States and Europe. (Chicago:
University of Chicago Press)

PollackA 2004Genes From engineered grass spread formiles, study
finds. TheNewYork Times, September 21 https://search.
proquest.com/docview/432861720

QuadratoG et al 2017Cell diversity and network dynamics in
photosensitive humanbrain organoidsNature 545 48–53

RamanR andBashir R 2017 Biomimicry, biofabrication, and
biohybrid systems: the emergence and evolution of biological
designAdv.HealthcareMater. 6 1700496

RamanR,Cvetkovic C andBashir R 2017Amodular approach to
the design, fabrication, and characterization ofmuscle-
powered biologicalmachinesNat. Protocols 12 519–33

RamanR,Cvetkovic C,Uzel SG, Platt R J, Sengupta P,
KammRDandBashir R 2016Optogenetic skeletalmuscle-
powered adaptive biologicalmachines Proc. Natl Acad. Sci.
113 3497–502

8

Biofabrication 11 (2019) 043001 MSample et al

https://doi.org/10.5840/enviroethics19846118
https://doi.org/10.5840/enviroethics19846118
https://doi.org/10.5840/enviroethics19846118
https://doi.org/10.1017/S1745855208006303
https://doi.org/10.1017/S1745855208006303
https://doi.org/10.1017/S1745855208006303
https://doi.org/10.1017/S1745855208006303
https://doi.org/10.1038/srep00857
https://doi.org/10.1126/science.1069981
https://doi.org/10.1126/science.1069981
https://doi.org/10.1126/science.1069981
https://doi.org/10.1073/pnas.1401577111
https://doi.org/10.1073/pnas.1401577111
https://doi.org/10.1073/pnas.1401577111
https://doi.org/10.1073/pnas.1401577111
https://doi.org/10.1007/978-1-4612-3950-5_7
https://doi.org/10.1039/B913221J
https://doi.org/10.1039/B913221J
https://doi.org/10.1039/B913221J
https://doi.org/10.1038/nrmicro3405
https://ebics.net/knowledge-transfer/ethics/module-1-creating-biological-machines-biobot
https://ebics.net/knowledge-transfer/ethics/module-1-creating-biological-machines-biobot
https://ebics.net/knowledge-transfer/ethics/module-1-creating-biological-machines-biobot
https://doi.org/10.1038/nature04342
https://doi.org/10.1038/nature04342
https://doi.org/10.1038/nature04342
https://doi.org/10.1038/nature04342
https://doi.org/10.1177/0963662513493575
https://doi.org/10.1177/0963662513493575
https://doi.org/10.1177/0963662513493575
https://doi.org/10.1038/protex.2018.094
https://doi.org/10.1038/protex.2018.094
https://doi.org/10.1038/s41467-018-06693-1
https://doi.org/10.1111/j.1369-7625.2008.00502.x
https://doi.org/10.1111/j.1369-7625.2008.00502.x
https://doi.org/10.1111/j.1369-7625.2008.00502.x
https://doi.org/10.2307/2025709
https://doi.org/10.2307/2025709
https://doi.org/10.2307/2025709
https://doi.org/10.2307/2025709
https://doi.org/10.1016/j.stem.2012.12.015
https://doi.org/10.1016/j.stem.2012.12.015
https://doi.org/10.1016/j.stem.2012.12.015
https://doi.org/10.1007/s10202-012-0122-5
https://doi.org/10.1007/s10202-012-0122-5
https://doi.org/10.1007/s10202-012-0122-5
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1126/science.1188302
https://doi.org/10.1126/science.1188302
https://doi.org/10.1126/science.1188302
https://doi.org/10.1016/j.stem.2017.09.002
https://doi.org/10.1016/j.stem.2017.09.002
https://doi.org/10.1016/j.stem.2017.09.002
https://doi.org/10.1007/s40778-018-0136-6
https://doi.org/10.1007/s40778-018-0136-6
https://doi.org/10.1007/s40778-018-0136-6
https://doi.org/10.1038/533169a
https://doi.org/10.1038/533169a
https://doi.org/10.1038/533169a
https://doi.org/10.1089/ten.2006.12.3265
https://doi.org/10.1089/ten.2006.12.3265
https://doi.org/10.1089/ten.2006.12.3265
https://doi.org/10.1038/d41586-018-03270-w
https://doi.org/10.1038/d41586-018-03270-w
https://doi.org/10.1038/d41586-018-03270-w
https://doi.org/10.1007/s10439-013-0902-7
https://doi.org/10.1007/s10439-013-0902-7
https://doi.org/10.1007/s10439-013-0902-7
https://doi.org/10.1063/1.5038337
https://doi.org/10.15252/embr.201541048
https://doi.org/10.15252/embr.201541048
https://doi.org/10.15252/embr.201541048
https://doi.org/10.1038/nature12517
https://doi.org/10.1038/nature12517
https://doi.org/10.1038/nature12517
https://doi.org/10.1136/medethics-2017-104555
https://doi.org/10.1136/medethics-2017-104555
https://doi.org/10.1136/medethics-2017-104555
https://doi.org/10.1371/journal.pone.0039054
https://doi.org/10.1016/j.cell.2014.07.021
https://doi.org/10.1016/j.cell.2014.07.021
https://doi.org/10.1016/j.cell.2014.07.021
https://doi.org/10.1016/j.healthpol.2013.05.008
https://doi.org/10.1016/j.healthpol.2013.05.008
https://doi.org/10.1016/j.healthpol.2013.05.008
http://www.buildingwithbiology.org/sites/building-with-biology/themes/bwb/img/BuildingwithBiology_Forums_Manual_Final.pdf
http://www.buildingwithbiology.org/sites/building-with-biology/themes/bwb/img/BuildingwithBiology_Forums_Manual_Final.pdf
http://www.buildingwithbiology.org/sites/building-with-biology/themes/bwb/img/BuildingwithBiology_Forums_Manual_Final.pdf
https://www.mos.org/sites/dev-elvis.mos.org/files/docs/offerings/PES_guide_10_20r_HR.pdf
https://www.mos.org/sites/dev-elvis.mos.org/files/docs/offerings/PES_guide_10_20r_HR.pdf
https://doi.org/10.2307/2183914
https://doi.org/10.2307/2183914
https://doi.org/10.2307/2183914
https://doi.org/10.1016/j.copbio.2017.12.009
https://doi.org/10.1016/j.copbio.2017.12.009
https://doi.org/10.1016/j.copbio.2017.12.009
https://repository.library.georgetown.edu/handle/10822/545550
https://repository.library.georgetown.edu/handle/10822/545550
https://doi.org/10.1042/EBC20160014
https://doi.org/10.1042/EBC20160014
https://doi.org/10.1042/EBC20160014
https://osp.od.nih.gov/biotechnology/dual-use-research-of-concern/
https://osp.od.nih.gov/biotechnology/dual-use-research-of-concern/
https://doi.org/10.1016/j.copbio.2018.03.011
https://doi.org/10.1016/j.copbio.2018.03.011
https://doi.org/10.1016/j.copbio.2018.03.011
https://doi.org/10.1002/adfm.201801145
https://doi.org/10.1126/science.aad8849
https://doi.org/10.1126/science.aad8849
https://doi.org/10.1126/science.aad8849
https://search.proquest.com/docview/432861720
https://search.proquest.com/docview/432861720
https://doi.org/10.1038/nature22047
https://doi.org/10.1038/nature22047
https://doi.org/10.1038/nature22047
https://doi.org/10.1002/adhm.201700496
https://doi.org/10.1038/nprot.2016.185
https://doi.org/10.1038/nprot.2016.185
https://doi.org/10.1038/nprot.2016.185
https://doi.org/10.1073/pnas.1516139113
https://doi.org/10.1073/pnas.1516139113
https://doi.org/10.1073/pnas.1516139113


RegaladoA 2018USmilitarywants to knowwhat synthetic-biology
weapons could look like.MITTechnology Review, June 19

RivronN et al 2018Debate ethics of embryomodels from stem cells
Nature 564 183–5

Rollin B E 2006The regulation of animal research and the
emergence of animal ethics: a conceptual historyTheor.Med.
Bioethics 27 285–304

RoweG and Frewer L J 2005A typology of public engagement
mechanisms Sci. Technol. Hum.Values 30 251–90

Rudenko L, PalmerM J andOyeK 2018Considerations for the
governance of gene drive organisms Pathog. Glob.Health 112
162–81

SachsN et al 2018A living biobank of breast cancer organoids
captures disease heterogeneityCell 172 373–86

SaganA and Singer P 2007Themoral status of stem cells
Metaphilosophy 38 264–84

Savulescu J and BostromN2009HumanEnhancement (Oxford:
OxfordUniversity Press)

Science for Environment Policy 2016 Synthetic Biology and
Biodiversity (Luxembourg: Produced for the European
Commission by the Science CommunicationUnit, UWE,
Bristol) (https://doi.org/10.2779/976543)

Skloot R 2011The Immortal Life of Henrietta Lacks (NewYork:
Broadway Books)

Smith JAandBoydKM1991Lives in theBalance: TheEthics ofUsing
Animals inBiomedicalResearch: TheReport of aWorkingParty of
the Institute ofMedicalEthics (Oxford:OxfordUniversity Press)

Spence J R et al 2011Directed differentiation of human pluripotent
stem cells into intestinal tissue in vitro Nature 470 105–9

Stilgoe J 2019Monitoring the evolution and benefits of responsible
research and innovation: Policy brief. EuropeanCommission
(https://doi.org/10.2777/285467 )

Stilgoe J, OwenR andMacnaghten P 2013Developing a framework
for responsible innovationRes. Policy 42 1568–80

Tamsir A, Tabor J J andVoigt CA 2011Robustmulticellular
computing using genetically encodedNORgates and
chemical ‘wires’Nature 469 212–5

The Belmont report 1978 Ethical principles and guidelines for the
protection of human subjects of researchNational Commission
for the Protection ofHuman Subjects of Biomedical and
Behavioral Research

ThompsonC 2007Making Parents: TheOntological Choreography of
Reproductive Technologies (Cambridge,MA:MITPress)

ToddK,HauptG, Kollmann EK andPfeifle S 2018 Fostering
conversation about synthetic biology between publics and
scientists: a comparison of approaches and outcomes
J.Microbiol. Biol. Ed. 19 1–8

Torrance AWandKahl L 2014 Bringing standards to life: synthetic
biology standards and intellectual property. Santa ClaraHigh
Tech L. J. 30 199–230

USEPA,OA2014 Environmental justice. Collections and Lists. US
EPA,November 3 https://epa.gov/environmentaljustice

USEPA,OITA2014 Public participation guide: citizen juries.
Overviews and factsheets. US EPA,March 20 https://epa.
gov/international-cooperation/public-participation-guide-
citizen-juries

Van den BeltH 2013 Synthetic biology, patenting, health and global
justice Syst. Synth. Biol. 7 87–98

WarnockM1984Report of the Committee of Inquiry intoHuman
Fertilisation and Embryology (London:HerMajesty’s
StationeryOffice)

Webster VA,Hawley E L, AkkusO, ChielH J andQuinnRD2016
Effect of actuating cell source on locomotion of organic living
machineswith electrocompacted collagen skeletonBioinspir.
Biomim. 11 036012

Williams B J, Anand SV, Rajagopalan J and SaifMT2014A self-
propelled biohybrid swimmer at low reynolds numberNat.
Commun. 5 3081

9

Biofabrication 11 (2019) 043001 MSample et al

https://doi.org/10.1038/d41586-018-07663-9
https://doi.org/10.1038/d41586-018-07663-9
https://doi.org/10.1038/d41586-018-07663-9
https://doi.org/10.1007/s11017-006-9007-8
https://doi.org/10.1007/s11017-006-9007-8
https://doi.org/10.1007/s11017-006-9007-8
https://doi.org/10.1177/0162243904271724
https://doi.org/10.1177/0162243904271724
https://doi.org/10.1177/0162243904271724
https://doi.org/10.1080/20477724.2018.1478776
https://doi.org/10.1080/20477724.2018.1478776
https://doi.org/10.1080/20477724.2018.1478776
https://doi.org/10.1080/20477724.2018.1478776
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1111/j.1467-9973.2007.00482.x
https://doi.org/10.1111/j.1467-9973.2007.00482.x
https://doi.org/10.1111/j.1467-9973.2007.00482.x
https://doi.org/10.2779/976543
https://doi.org/10.1038/nature09691
https://doi.org/10.1038/nature09691
https://doi.org/10.1038/nature09691
https://doi.org/10.2777/285467 
https://doi.org/10.1016/j.respol.2013.05.008
https://doi.org/10.1016/j.respol.2013.05.008
https://doi.org/10.1016/j.respol.2013.05.008
https://doi.org/10.1038/nature09565
https://doi.org/10.1038/nature09565
https://doi.org/10.1038/nature09565
https://doi.org/10.1128/jmbe.v19i1.1434
https://doi.org/10.1128/jmbe.v19i1.1434
https://doi.org/10.1128/jmbe.v19i1.1434
https://www.epa.gov/environmentaljustice
https://www.epa.gov/international-cooperation/public-participation-guide-citizen-juries
https://www.epa.gov/international-cooperation/public-participation-guide-citizen-juries
https://www.epa.gov/international-cooperation/public-participation-guide-citizen-juries
https://doi.org/10.1007/s11693-012-9098-7
https://doi.org/10.1007/s11693-012-9098-7
https://doi.org/10.1007/s11693-012-9098-7
https://doi.org/10.1088/1748-3190/11/3/036012
https://doi.org/10.1038/ncomms4081

	1. Introduction: designing for biological emergence
	2. Ethical and societal challenges
	3. Commitments to responsible M-CELS research
	4. Next steps for responsible M-CELS research
	Acknowledgments
	References



