Embracing synthetic life?  How US publics make sense of the promises and threats of new synthetic cell technologies 

Introduction 
Current cellular engineering and synthetic bioscience seek to advance bottom-up construction of new forms of cellular life, posing a critical new set of challenges for science, technologies, and society. In the US, since 2018 the National Science Foundation (NSF) has advanced a series of funding programs to accelerate bioengineering that goes beyond the limits of life. These programs invite and fund new research to explore minimal fundamental aspects of life by building synthetic or artificial cells from the bottom up (NSF 18-599) and to build “designer cells” that extend life beyond the bounds of evolution (NSF 24-505). The scientists and engineers responding to these calls attempt to build synthetic cells with the capacity for reproduction through “the self-assembly of life-like systems” and to probe the limits of evolution by exploring “biological diversity beyond that which currently exists in nature.” These funder narratives suggest that the creators of new synthetic cells will have the ability to expand, disrupt, or fundamentally alter the limits of life and living things. And recent work suggests that scientists and engineers take these narratives seriously (e.g., Frischmon et al., 2021). But do US publics embrace, reject, or trouble these narratives about the living world and scientists’ attempts to improve on evolution by making nature more efficient? How would publics describe the promises and pitfalls of new technologies that fundamentally attempt to re-engineer living cells from the ground up? 
	Understanding the full range of public views, judgments, values, beliefs, and concerns, positive and negative, (our operational definition of ‘risk perceptions’) about new technologies is widely agreed to be a vital part of responsible innovation (e.g., Middelveld et al., 2023; Schwarz-Plaschg, 2018). One recent review of modes and results of efforts at public engagement and deliberation about environmental and technological risks provides a cogent history and numerous examples of this research (Pidgeon 2020). Given the demonstrated need for specific and timely upstream understandings of public perceptions of new technologies as a necessary component of procedural justice, this paper takes up the recent development of “bottom-up” synthetic cells to explore the varied and nuanced ways that US publics make sense of these engineered biological innovations-in-the-making in the upstream context. To this end, we focus our analysis on narratives, or how lay publics engage in sense making that is informed by their life histories, personal biographies, and everyday experiences as elicited from reflexive one-on-one qualitative interviews (Henwood et al., 2011). Our focus on narratives has two key implications. First, we are able to assess to what extent publics embrace, revise, or reject experts’ aspirations about re-engineering life in a context where publics have little or no awareness of the technology in development. Second, we ask, do publics’ views about synthetic cells reproduce views on other conceptually or culturally adjacent technologies (e.g., biotechnologies), or are they different in instructive ways? 
This paper reports on the thematic content of a set of in-depth qualitative interviews designed to probe diverse US publics’ beliefs, attitudes, values, and concerns about the characteristics and equitable distribution of potential benefits and harms of such in-progress, upstream bioengineering of synthetic cells. The research uses a carefully prepared and extensively piloted semi-structured interview protocol and includes dialogue about efforts to develop two specific types of synthetic cells: 1) a synthetic neuron and neuronal system, and 2) a cell without the natural building block of fat, called a proteocell. Results demonstrate that our respondents feel ambivalent about bioengineered synthetic cells, professing both strongly positive and negative views. As with many other ‘next new thing’ technologies, our participants express excitement and optimism about the potential uses of synthetic cells, including advancing scientific knowledge about biology, human health benefits, and new economic opportunities. At the same time, most shared concerns about significant uncertainties about safety and long-term effects of synthetic cells on biological and social life. These concerns include potential hazards associated with human embodiment of synthetic cells, biosecurity concerns posed by possible nefarious misuses of synthetic cells, social consequences of synthetic cells’ potential for accelerating inequality, for example, through human enhancement applications, and what we call moral risks to nature, naturalness, and evolution. By systematically tracing these narratives, we examine how bottom-up synthesized biology provoke ideas about changing personhood for individuals and society, but also shape perceptions about life in broader ecosystems and environments.

Background
	In November 2022, the UK Royal Society convened a ‘scientific discussion meeting’ in London to discuss “Cell mimicry: bottom-up engineering of life,” a central issue of which was “what is living” (Royal Society, 2022). Addressed primarily as a technical issue, a short summary piece on this conversation states that regarding public perception and acceptance of synthetic cells: “Understandably, the highest level of public skepticism and societal resistance arises when the entity being engineered is alive, and therefore self-sustaining, autonomous, and evolving. Therefore, researchers in this field have a responsibility to proceed with caution, particularly given the rapid pace of advancements in this area” (Elani and Seddon, 2023: 2). Such expert assumptions about the nature, extent, and rationales of public perceptions and concerns in the absence of carefully drawn social science evidence are not restricted to expert discussions of synthetic cells (c.f. Jones, 2008; Rip, 2019).
Indeed, advances in the broader fields of synthetic biology and genetic engineering, about which categories researchers have noted significant conceptual confusion (Dragojlovic and Einsiedel, 2012), have prompted a number of expert-only meetings in the US (see Arnason, 2017 for a complete history) and Europe (Balmer and Martin, 2008) to discuss (if not address) their ethical, legal, and societal implications (Akin et al., 2017; Arnason, 2017; Endy and Zoloth, 2016; Kuzma et al., 2018; Lentzos, 2009; Oye et al., 2014; Royal Academy of Engineering, 2009; Weisberg et al., 2017). Hurlbut et al. (2015) called on the need for “inclusive deliberation” on CRISPR gene editing, and human germline modification in particular has been the focus of a series of dedicated US National Academies of Science (NAS) meetings, discussions, and reports (National Academies of Sciences, Engineering, and Medicine, 2017; Weisberg et al., 2017). One exception to the general omission of evidence-based understanding of public views from expert deliberations about synthetic biology in society is the US DIYBIO group that has worked as a “proactive culture of responsibility” to develop internal standards and recommendations (Kuiken, 2016: 168). Given this larger absence, however, this research reflects a focused attempt to produce new knowledge about public perceptions of emergent bottom-up synthetic cell technologies, in part as a basis for informed engagement with experts about the meaning, validity, and situated aspects of such views. Although a number of bioethicists and philosophers have offered their views on the ‘ethics of protocells’ (Bedau et al., 2009), systematic knowledge about public perceptions of these more complex, bottom-up synthetic cells has not yet been the focus of any other social science research that we have identified. 
In seeking relevant public perception or attitude studies of adjacent or near-adjacent technologies, the more general category of synthetic biology presents the likely closest proxy. Familiarity with the broad category of synthetic biology in the US has been reported to be quite low in national surveys; about ¾ of Americans have been found to be completely unfamiliar (Akin et al., 2017; Hart Research Associates, 2014). However, despite relatively low awareness, in qualitative focus group research Pauwels (2014) found that 7 out of 10 participants were able to “make sense” or describe some idea of what synthetic biology was when asked initially. Although largely unfamiliar, focus groups found that US publics were to anchor their views of synthetic biology in their understandings of genetic engineering, stem cells, and cloning (Hart Research Associates, 2010; Pauwels, 2013). In contrast, European and Canadian lay publics, with similarly low familiarity, are reported to primarily anchor their views about synthetic biology in their views on biotechnology (Kronberger et al., 2009, 2012; Marcu et al., 2015; Navid and Einsiedel, 2012) and their general feelings of (dis)content (Betten et al., 2018). 
Depth qualitative research on views on synthetic biology illustrates a few trends in public perceptions. Applications are important contextual drivers of public views. US and European publics viewed potential human health applications of synthetic biology as beneficial (Bhattachary et al., 2010; Hart Research Associates, 2014; Rakic et al., 2017). US publics viewed using synthetic biology to develop a flu vaccine as a positive development (Hart Research Associates, 2014), and European publics shared positive views about using synthetic biology to develop new malaria treatments (Bhattachary et al., 2010; Starkbaum et al., 2015). However, real world applications that straddle application sectors (e.g., health, environmental, agriculture) troubled the boundaries between perceived acceptability and unacceptability. For example, in both the US and Europe, researchers found the application of genetically editing organisms viewed as pests (e.g., mice, mosquitos) to reduce the risk of infectious disease was unacceptable to their lay public participants because of broad concerns about long term effects on the environment (Bhattachary et al., 2010; Hart Research Associates, 2014). Similarly, European publics opposed using a vaccine created with synthetic biology technology on livestock animals because it was seen as violating naturalness and adding unnecessary risks to the food system (Ditlevsen et al., 2020). This suggests publics’ perceptions about a technology may be driven by the specifics of an application to the extent that even generalizing to application sectors can be difficult. 
Scholars have fruitfully demonstrated that publics’ views on “naturalness” drive beliefs about synthetic biology. Canadian publics views on naturalness are shaped by values, where individuals who view nature as sacred or believe in god view are more likely to view synthetic biology applications as unnatural (Dragojlovic and Einsiedel, 2012, 2013). Respondents in the US who viewed gene editing in wildlife as unnatural and were more likely to perceive the risks to be higher and the benefits to be lower (Kohl et al., 2019). Further, Swiss publics used ideas about  naturalness to make sense of the perceived benefits of a new technologies, suggesting that the existence of a benefit is not sufficient for consumer support (Siegrist et al., 2016).
Ethical implications of synthetic biology have also received substantial scholarly attention. Synthetic biology scientists’ project to create life has generated expert concern for expected public backlash against the idea that scientists are: 1) creating life, and 2) messing with nature (see Aravind Paleri and Hens, 2024 for a review). A brief bioethics and philosophy of science piece on specific ethical concerns of developing synthetic cells advocates embedding philosophical reflection into research and critically exploring ‘benefits for society’ (Zwart, 2024). However, in contrast to engineered nanomaterials, for example, issues of environmental and bodily toxicity (Satterfield et al., 2018) and the social risks posed by disruptive technologies (Pidgeon et al., 2009) have been notably absent in the literature on synthetic biology thus far, but we believe merit our focused attention.

Methods 
We conducted in-depth, qualitative interviews with diverse set of 40 adult participants in the US. The interviews lasted about 1-hour and covered participants’ views on society and their place in it, views on science and technology in general, cell biology and synthetic cells, science and technology innovation processes, and modes of responsible governance (see Figure 1). Our approach to the interview protocol was that no prior knowledge of cells, cellular science, or bioengineering was assumed or expected, and carefully vetted accessible technical information necessary for forming judgments was provided for all participants as part of the protocol. After discussing synthetic cells in general, we introduced two specific examples of bottom-up synthetic cells currently being developed with US federal funding, a “synthetic neuron and neuronal system” with engineered synapses and a fat-free “proteocell” made from proteins. The technical definitions co-generated with expert collaborators and shared with participants at junctures during the interview are detailed in Figure 2. 
	Our diverse adult participants were sampled from Denver, CO, a large western US city, by the survey research Firm. The interviews were conducted in English, lasted 45 to 90 minutes, were audio and video recorded following approved IRB research ethics protocol, and were conducted over Zoom. We paid interviewees $60 for their participation. We produced anonymized transcripts from these recordings for qualitative data analysis, which we conducted in repeated iterations of inductive and deductive thematic analysis using Dedoose content analysis software. Additional details about our methods and procedures and the full interview protocol are provided in the Supplemental Material (SM). 

Results
	We began these interviews several months into the COVID-19 pandemic during summer 2020. Despite misgivings about our participants’ ability to fully participate in meaningful dialogue with us on such an esoteric topic in this context, we found participants fully engaged, and post-interview comments indicated that almost all participants found the interviews interesting and informative. We will return to this issue in the conclusion.
Overall, we find evidence that our participants feel ambivalent about bioengineered synthetic cells, often articulating both positive and negative views. Participants shared enthusiasm about the potential benefits of synthetic cells, including accumulating new scientific knowledge about cellular biology, excitement about human health benefits, and optimism about economic benefits. At the same time, most participants expressed concerns about the safety and long-term effects of synthetic cells on biological, environmental, and social life. Concerns include safety risks about human embodiment of synthetic cells, biosecurity risks about the potential nefarious misuses of synthetic cells, social risks about synthetic cells’ potential for accelerating inequality, and what we call moral risks to nature, naturalness, and evolution. 

Who will benefit?
Contributions to knowledge and science as a societal benefit
A large majority of our participants supported the idea of US scientists pursuing synthetic cell development to advance scientific knowledge about cellular life itself, without reference to potential applications. We used this language from the funding initiative to frame our question: “scientists talk about this research as investigating the rules of life and they see the mysteries of cells as a giant puzzle that they want to solve. Do you think that scientific puzzle solving is enough of a reason to pursue this kind of work?” Most of our participants enthusiastically agreed, including Albert (“Yeah, absolutely. I mean, that's how we learn”) (67, white, man), and Jesse (“Yes, definitely…The more we can learn, the better, especially with biology. It's one of the more confusing, not confusing, but…the more you can learn the better. And I think that'd be a huge key to learning a lot”) (32, white, man). These quotes illustrate the multiple reasons our participants were excited at the prospect of discovery of new basic scientific knowledge: to fulfill innate curiosity of humans, to make new discoveries, and to learn. Moreover, as Jesse suggested, there is perhaps a stronger, more compelling interest in understanding biology than in other types of science and technology. 
	However, about one third of the sample supported research into the rules of life, but with reservations. For example, Phillip shared, “every scientific effort should be motivated by a need to solve a problem. Not just curiosity” (36, African American, man). He shared the view that new technologies should be instrumentally useful and should benefit society. Zachary offered a similar perspective about the goals of innovation: 
“It's a double-edged sword for me…some of the best inventions have been created by mistakes…But, they don't have a general direction of where they're going, then why shouldn't the funds be going to someone else? Like schizophrenia research and like HIV like testing?” (22, white, man). 
Although this was a minority opinion, it illustrates a widely held perspective in our findings, namely that our participants believed that publicly funded science and technology research should benefit society and attend primarily to societal needs. 

Health benefits and novel medical discoveries
	Most participants gravitated toward health applications of both synthetic neurons and proteocells during the interviews and expressed excitement about their potential. While we deliberately probed health questions in the interview protocol (see SM), participants also made their own connections to human health beyond the scope of our protocol questions. In surprising unanimity, all 40 participants shared the view that using synthetic neurons to treat someone with a damaged spinal cord was useful and good. This kind of unanimous agreement is noteworthy by its rarity in social research on new technologies. For example, Jasmine imagined it could help people who have “spinal cord injuries…or some sort of loss of mobility” (31, Hispanic or Latinx, woman), and Zachary thought it could help “people with cerebral palsy” (22, white, man). This ready imagining of specific (human) recipient patient populations also suggests that our participants did not have difficulty making sense of these particular novel synthetic cell technologies and were able to fit the idea of a synthetic neuron into an existing rubric or template for medical technologies. These quotes illustrate how such potential novel medical treatments for severe health problems provoke clear and immediate expressions of optimism, enthusiasm, and hope among our participants.
Although such unquestioned enthusiasm for potential medical applications was more limited for the proteocell than for the synthetic neuron, most participants shared the view that the proteocell would offer important medical benefits. This includes Frank, who, when asked about using proteocells in the production of molecules for pharmaceuticals shared that he saw it as useful because it could help people better manage their health: “I think that would be very helpful…in the production of other unknown cures, or not necessarily cures, but maintenance issues for a myriad of diseases” (72, white, man). Similarly, when asked about using proteocells to spur the creation of a vaccine for a highly novel and lethal disease, participants quickly supported this potential application. Unsurprisingly, participants made a connection between this potential application and the COVID-19 context (at a time vaccines were in discussion but not yet available[footnoteRef:1]), as in the case of Claudia who said, “I think like with this virus, like anything is fair game…I think it's good to give it a shot” (31, Hispanic or Latinx, woman), and Evan, who shared, “it sounds like it could really help in current times” (23, white, male).  These quotes demonstrate how urgency, as in the importance of quickly developing a vaccine during a pandemic, can drive risk attenuation and acceptability (Partridge et al., 2018).   [1:  Interviews were conducted in August 2020, and the COVID-19 vaccine first became authorized for emergency use  in the US in December 2020 (FDA, 2021). ] 

However, a minority of participants questioned the limits of using synthetic cells for the “benefit” of human health out of concern for standardizing or limiting the diversity of humans.  For example, Cassandra shared that using a synthetic neuron to “get rid” of neurological abnormalities in people would be both useful and harmful because “when people have abnormalities it does make life difficult...but at the same time too, it's also what makes you. Like that's how God created you, that's how you were born.” These minority concerns raise questions about morality, disability, and justice and echoes what Benjamin (2016) shared in her essay on equity and gene editing technologies. She notes that such technologies “are seeded with values and interests—economic as well as social—and without careful examination, they will easily reproduce existing hierarchies, including assumptions about which lives are worth living and which are worth “editing” out of existence” (p. 52). 

Economic benefits and optimism about job creation 
	The majority of our interview participants also expressed enthusiasm about potential job creation from synthetic cell development. In response to the question, “How likely do you think that proteocell invention will lead to the creation of new jobs?” most participants were strongly optimistic about the potential economic benefits. Several of our participants saw job creation as an integral aspect of new inventions or discoveries. For example, Michael pointed to history to justify his perspective: “look at human history and you see plenty of instances of new technology coming around, creating new jobs that you would've never expected” (23, Hispanic or Latinx, man). Similarly, Claudia responded to this same question by saying: “I think if [synthetic cells are] created it will create a new industry…it will create a lot of jobs and a lot of opportunities for a lot of people, especially in developing countries” (31, Hispanic or Latinx, woman). Here, these participants shared optimistic views about economic opportunity, potentially on a global scale, as an unquestioned and essential positive effect of new science and technology developments. 
While most participants agreed that the creation of new jobs are a likely benefit of synthetic cells, many also believed that the jobs created would require specialized knowledge or training, and as such would not necessarily benefit them. When we probed participants about what kind of jobs proteocell invention would likely create, Jasmine thought proteocells could create “highly skilled jobs probably” (31, Hispanic or Latinx, woman), and Andrew supposed their development might lead to new jobs in “research” and “positions installing [it with] surgical procedures, consultants, everyone managing it and seeing how it works, counselors…I see it as a huge field, especially in medicine” (39, Hispanic or Latinx, man). 
However, some participants considered the possibility of resultant job losses alongside job gains (cf. Scheufele et al., 2007). Notably, this was an idea voiced only by the men in our sample. Kenneth suggested that synthetic cells would create new, high-status jobs but could also eliminate lower status jobs: “I'm sure there would be new jobs on the science side, or the R & D [research and development] side figuring out applications for these proteocells on an industrial scale. And also, potentially a reduction in jobs on the manufacturing side” (30, white, man). Frank also noted the potential for both job elimination and job creation and was curious about what the net gain of jobs would be: “It will definitely lead to the creation of new jobs. It's a matter of what the balance is--the creation of new [compared with the] elimination of what they're creating” (72, white, man). Here, Frank reserved his assessment of net benefit until he better understands the tradeoffs between jobs created and jobs lost. Cameron (23, white, man) had a more optimistic take on potential job losses—confidence that other, new jobs would emerge: “Advances in science always, always lead to new jobs, even the ones which end up removing jobs, it's new jobs to fill their place.” These concerns about potential job losses among men are likely a response to the increase of employment precarity in the US (Kalleberg, 2009) and the importance of employment and the persistence of male breadwinning norms (Myers and Demantas, 2016), particularly among the relatively higher status of white men in our sample. Moreover, these feelings of precarity may have been heightened in the context of the COVID-19 pandemic considering that 26 out of 40 participants reported that the pandemic affected their employment, 16 of them men. 
	In summary, we found that our participants articulated clear positive uses of synthetic cells for individuals and society. The most salient benefits included the advancement of scientific knowledge and a deeper understanding of biological life, the development of new health technologies or medical treatments, and new job opportunities. However, these benefits were somewhat tempered by concerns about opportunity costs, the erosion of diversity among humans, and inequitable job losses that the men our sample raised. In the following section, we outline and discuss the most commonly articulated potential harms.

Who will be harmed?
Safety risks and concerns about embodying synthetic life 
Publics also articulated various potential downsides of synthetic cell development, both in response to possible harms we systematically probed in the protocol and by introducing their own emergent concerns during the interview. Our participants expressed concern about the safety of humans embodying bioengineered synthetic cells. In our interviews, we asked a series of questions pertinent to safety aspects, detailed in Figure 3. Of the 6 safety issues[footnoteRef:2] we asked about, participants were most concerned about: 1) making sure synthetic cells were safe before putting them in a human or animal body; and 2) making sure there is sufficient oversight or regulation to prevent potential misuse by troublemakers.  [2:  We developed this list of risks from the secondary literature on synthetic biology and from interviews with our expert science and technology collaborators.  ] 

	Participants expressed concern about future consumer safety of synthetic cell applications. Russell expressed a desire to ensure synthetic cells safety because the US regulatory apparatus has previously failed to ensure safe products: “that's a definite yes…they should have several years of tests to make sure that it works later on because things have been FDA approved [that now are proven] to be harmful, like talc powder. Everybody was using it and they thought it was gonna help. And now there- I think it's uterine cancer. So it's [an] unintended consequence of it” (59, white, man). Russell’s analogy about the toxicity of talc highlights how issues can arise even among products that were deemed “safe” by regulators. Others questioned how safety standards would be determined, like Cassandra, who asked: “how would you know that they were safe before you even do that?... what measures do you take to know if something's safe before you actually try it? You don't know until you try it” (34, Hispanic or Latinx, woman). These quotes highlight the broad concerns about the safety of synthetic cells and illustrates the skepticism among publics engendered by prior regulatory failures.
These emergent concerns about safety and embodiment are particularly notable in contrast with what we did not find. Scholars and ethicists interrogating the bioethics and morality of synthetic biology have focused primarily on presumed public concerns around scientists apocryphally creating life (Carter et al., 2021; Dragojlovic and Einsiedel, 2012; van den Belt, 2009). While concerns about scientists creating life were raised by a few of our participants, safety concerns about embodying synthetic life were a substantially more common concern. Participants were particularly apprehensive about what would happen if these new technologies failed to operate as intended. This included Lucas, who expressed concerns about the current and future safety of cellular technologies:  
“if you are going to be tweaking things at the cellular level, you have to make sure that it's safe right now. And you have to make sure that it's safe in the future. However long these are going to be ingrained in our bodies or [if] we're going to be working with it every day. It's important that it's always safe at all times.” 
Lucas’s (36, Hispanic or Latinx, man) response suggests that the stakes for safety are higher, and the tolerance for risk is lower, because of the potential for harm, including unknown future harm, at the cellular level. Lucas’s desire for the assured safety of with cells is consistent with how members of the public describe their preference for no risks, as opposed to acceptable risks, in intuitive toxicology research. For example, Kelly voiced hesitancy about the potential application of using proteocells to make pharmaceuticals. She notes that she would feel cautious about ingesting them because of uncertainty about how synthetic cells might interact with the existing cells in the body: “[putting] something synthetic into my body. How is that going to react long term, missing one building block of the other cells that I have?” (40, white, woman).  
Notably, these discussions of risks connected to embodying synthetic life represent the flip side to enthusiasm about the potential for new health technologies. Participants drew on their knowledge of other health technologies to describe their doubts about synthetic cell technologies’ fully realizing promised benefits. When prompted to consider if he could think of any unanticipated consequences associated with synthetic neuron development, Scott responded: “Does it replicate? Does it naturally create all of its buddies and, and not lose efficiency over time?” He goes on to compare the synthetic neuron to Lasik eye surgery:
“It’s kind of like LASIK, right? Where people get LASIK and it's fantastic. And then 20 years later, the first early adopters of LASIK are like, oh, crap now I'm wearing glasses again. I think that's kind of the less consequential way that something like this could kind of break down… It's supposed to be a permanent solution, but if that permanence doesn't actually happen in the real world, because it's really hard to replicate what…someone would go through in the real world… if it works in the beginning, will it continue to work well?”
Scott (36, Asian/Asian American, man) uses the analogy of Lasik eye surgery to think through the shortcomings of promised technological ‘cures’, like the inability to know what the long-term behavior of synthetic cells in human bodies will be and his knowledge that other treatments that are sold as “permanent solution[s]” have fallen short of that promise. Notably, by using the metaphor of Lasik surgery, he brings a highly individual and consumerist orientation to potential synthetic cell technologies. Scott’s perspective sheds light on a tension in the synthetic cell technology itself: are synthetic cells more similar to mechanical medical technologies, like a pacemaker in a heart that lasts several years before being replaced, than to existing cells in the body? Can synthetic cells outlive their host? Here, he is parsing the differences between the mechanical “regenerative” solution of the synthetic cell and how it might be distinctly different from the way that bodies heal themselves. How these synthetic cells take on the characteristics of living cells or machines is still unknown in these early stages of development. Although this kind of ambiguity is common in basic research, where scientists can suggest potential applications without committing to deliver any one application (Calvert 2008), clear evidence-based communication about longevity and durability of synthetic cells will be critical for maintaining the public’s trust.

Biosecurity risks 
In addition to safety and biosafety concerns, our participants were also quite worried about biosecurity, bioterrorism, and broad potential misuse. Many shared their fears that synthetic cells could be turned into weapons. This included Albert, who imagined that synthetic cells could be used to make “new forms of explosives or chemical weapons” (67, white, man), or Marc who was concerned about synthetic cells being used to make a “deadly virus [as] biological warfare” (21, Hispanic or Latino/Latinx, man). These examples, intentional uses of chemical weapons or weaponized viruses, were not topics prompted by the interviewers, but instead were concerns that participants introduced into the interview. The potential for weaponizing synthetic cells led some to express worry about institutional misuse in the hands of governments. This includes Megan (39, white, woman), who shared her concern about misuse by governments: “North Korea or some of these countries where you have some rulers that are, to our standards, a little off the rocker, we don't want them to have control of something like this for sure.”
Other participants expressed concern about potential misuse by scientists, including Kenneth (30, white, man), who said, “I think you would need to have steps in place within the scientific community, to make sure that only the right people have access to the research and cells themselves.” Kenneth’s statement echoes recent calls among scientists to self-regulate synthetic cell development. Although publics clearly and definitively articulated the importance of regulating synthetic cells, there was less agreement about what forms this regulation should take, whether existing regulations in the US were sufficient, and who should be responsible for synthetic cell development.  
	Appropriate regulations for ensuring safe and responsible synthetic cell development were a topic that participants struggled to talk fluently about, even though they felt strongly that they were important. Some participants simply assumed that the appropriate regulations would be or are already in place in the US to prevent misuse, like Claudia, who shared, “I think like with regulations from the government or the FDA, that stuff can be prevented… I think it's going to be very controlled” (31, Hispanic or Latinx, woman). Others, like Mia (20, Hispanic or Latino/Latinx, woman), asserted that regulation was important but offered no further context: “Yeah, I think that is really important…and I would be really interested in seeing ways [misuse] can be prevented.” Trust is clearly a critical component of the assumption by US participants that regulation is in place and sufficient. Research modeling in other research of betrayal effects produced by governance failure and loss of trust provides a cautionary tale about how conditional and malleable these kinds of upstream benefit-centric views of technological governance might be (Conti et al., 2011; Poortinga and Pidgeon, 2006; Satterfield et al., 2009; Slovic, 1993).  

Interfering with nature 
	Notably, many of our participants expressed concern about the potential for synthetic cells to interfere with the natural environment or naturalness of living things. These concerns spanned various scales—ranging from interfering with natural human intelligence, intervening in the natural course of evolution, or, most apocalyptically, ending life on earth. 
Some participants judged interferences with natural human intelligence to be harmful because they are unnecessary. For example, Joy voiced concern for “messing with” the intelligence people are born with: “I think you're born with innate intelligence, and people can use what they have and better themselves…it's like creating superhumans and that's just...for me morally that's just not right. I mean, you're messing with things there.” This perspective was shared by Holly, who pointed out that people can already make themselves smarter “without messing with chemistry and science.” These quotes illustrate how some participants objected to unnecessarily adding “chemistry and science” to existing aspects of human life and intelligence. Others viewed these human enhancement applications harmful because of the complexities of measuring human intelligence. Linda (68, white, woman) expressed concern about how measuring intelligence would be evaluated: “That one's hard…someone could appear to be less intelligent, but maybe they're just not working at something. I think it would be really hard to evaluate who's a candidate for that. Do you want to make some people less intelligent or make everybody more? That one sounds dicey to me.” Similarly, Cameron (23, white, man) worries that intelligence generated by synthetic cells might not match the complexity of “true intelligence:”
“Intelligence is only based off the perception of intelligence from the person trying to design it. And it it's really hard to quantify what true intelligence really is or what it really means. So, I mean, in theory, you could give somebody a lot of intelligence about certain subjects, but you could be missing core components and you could end up creating something which would be worse than the original.” 
Here, Cameron suggests that manufactured intelligence would be limited by the designer of the new technology and that natural intelligence could be more complex than the designer realizes. Ultimately, he suggests that engineered intelligence that is incomplete or “missing core components” would cause harm. 
	Beyond intelligence, others expressed more concern about the possibility of synthetic cells causing evolutionary, or forever, changes in nature. Importantly, our sample was about evenly split on how harmful our participants believed it would be for synthetic cells to interfere with evolution, with about half viewing it as harmful and half expressing positive or ambivalent views on synthetic cells affecting evolution. However, among those who did believe it was harmful for synthetic cells to cause evolutionary changes, many pointed to interfering with natural processes as the source of harm. For example, Melissa shared: “I don't think that that's something that you should mess around with, the natural course of evolution…I feel like that could cause harm.” This idea that evolution had a “natural course” that should not be tampered with was also expressed by Kenneth (“makes you feel a little uncomfortable deviating from nature's path”) and Lori (“I don't really want to alter things so much that it changes our timeline down the road”). These responses show how some participants viewed this application as potentially harmful because it involved direct technological or human interference with the process of evolution. This idea of altering the “natural course” of evolution also provoked fears of negative unanticipated environmental consequences: 
“there's a reason why there's a scorpion in the world because it might kill something else. And if you kill off one of those or create something that's going to destroy that or change it, then you're disrupting the natural source of the whole biology of plants and animals and everything else in the world…you mess with one thing it's going to affect a million others.” 
Melanie was one of several participants who raised the issue of disrupting some important link in nature. This view draws on the idea the nature is in a state of equilibrium, and interfering with it could disrupt an important natural balance. 
Finally, some participants connected interfering with nature to having the potential to cause doomsday scenarios. When asked if he would be concerned about making sure proteocells could not escape labs and get into the environment, Phillip responded: “I'm concerned about that. Cause, again, whatever leaves the regulated environment and gets into the open without restriction could get into the wrong hands, and that could spell doom for this society” (36, African American, man). Phillip highlights his concern for uncontrolled or unregulated nefarious uses of synthetic cells. And this concern over controllability was shared by Lisa, who in response to a question about ensuring, sufficient oversight or regulation to prevent potential misuse by troublemakers, said, [it would need to] be very controlled. Otherwise, it could get out of hand or, mixed with someone else or something else, and cause big problems whether it was to humans or to the earth in and of itself” (46, white, woman). Both Lisa and Phillip express concern that uncontrolled release of synthetic cells into the world could lead to apocalyptic outcomes for society, humans, or the earth. And concern about catastrophic outcomes was also shared by Patricia when considering the potential harm of using synthetic neurons to create super intelligent entities, offered this:  

Patricia: Because if there was a super, super, super brain out there could control everything and everybody just goes like some scientific science fiction craziness… I think that, that if things are created that go beyond what nature can handle, there would just be some wipe out situation, that the earth or the whatever, just balances naturally.
Interviewer: Okay and you think.
Patricia: That it wouldn't work.
Interviewer: That it would overwhelm.
Patricia: It wouldn't work. And, and nature would just obliterate, and the earth would keep spinning without that.
Interviewer: So apocalypse now.
Patricia: Yeah yeah. 
Here, Patricia (70, white, woman) imagines a scenario where humans interfere with nature at too large a scale, and all life on earth is destroyed. These concerns, about human enhancement, altering the course of evolution, and apocalyptic destruction, illustrate the range of harms that our participants imagined could stem from potential synthetic cell technologies. Publics’ concerns about unsettling nature provide a new way of thinking about new technologies where changes to humanness and naturalness are implicated in potential synthetic cells technologies. 

Conclusions
We find that lay members of the US public are well equipped to thoughtfully discuss the nuances of potential benefits and harms of new synthetic cell technologies. Even participants who had never heard of synthetic cells readily demonstrated understanding of the technologies we described, formed emergent views, and were able to articulate potential harms and benefits. And this was true even during the COVID-19 pandemic in the summer of 2020 with its many distractions. Further, this empirical study and these narratives lay the foundation for meaningful public engagement. This is critical, because assumptions about publics’ views often fail to capture the full range of values, beliefs and experiences that drive perceptions. For example, experts in the Royal Society synthetic cell meeting assumed that “the highest level of public skepticism and societal resistance arises when the entity being engineered is alive, and therefore self-sustaining, autonomous, and evolving” (Elani and Seddon, 2023: 2). We found substantial ambivalence about synthetic cells’ role in potentially altering the course of evolution, and the highest levels of skepticism centering on the embodiment, misuse, and interfering with nature, at both an individual and global scale. 
These narratives reveal new findings about public perceptions of bottom-up synthetic cells. As with other novel technologies, we find evidence that lay publics are ambivalent about bioengineered synthetic cells, expressing both excitement and fear about the uses and implications of developing these new technologies. The findings reflect both the socially situated views of diverse respondents and, perhaps, this moment in time, in addition to the characteristics of the synthetic cells themselves, perceived ramifications of potential applications, and governance issues. In particular, our participants shared enthusiasm about the potential benefits of synthetic cells, including potential contributions to scientific knowledge, human health, and job opportunities. Simultaneously, they also expressed concern about the safety of embodying synthetic cells, biosecurity risks and the weaponization of synthetic cells, and the potential for synthetic cells to disturb human and natural life, naturalness, and evolution. Overall, potential synthetic cell development provoked feelings of unsettling nature—in pursuit of both potential benefits and risks—where changes to humanness and naturalness are implicated in these technologies. Notably, these emergent concerns were not violations of some abstract category (“life,” “nature”), but rather were inherently social concerns about valuing different people societally and what different perspectives bring to society. These findings underscore the idea that the effects of technology are always, already inherently social.  
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