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This paper presents the first representative survey of U.S. adults’ opinions on microbiome engineering within the built environment, revealing public awareness, perceived benefits and risks, and attitudes toward genetically engineered microbiomes. Using data from a cross-sectional survey of 1,000 nationally representative U.S. residents over 18 years of age, we examined demographic and cultural factors influencing public sentiment. Results indicate that younger generations report higher knowledge levels, optimism, and perceived benefits of microbiome engineering, while older generations exhibit more caution and concern about risks. Political affiliation, education level, and trust in science also shape public attitudes, with Democrats, college-educated individuals, and those with higher trust in science more likely to view microbiome engineering positively. Notably, nearly half of respondents across demographic groups remain uncertain about the technology’s benefits and risks, and a majority of participants support government oversight to ensure ethical and responsible development. These insights provide a foundation for policymakers and researchers to foster informed public engagement and guide responsible innovation in microbiome engineering for built environments.
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Introduction

Microbiome engineering represents a frontier at the convergence of microbiology, genomics, and engineering, offering unprecedented opportunities to manipulate microbial communities in various environments (1). This field aims to enhance human health by selectively modifying the composition and function of these communities to achieve desired outcomes, such as mitigating disease risk or improving environmental conditions (2, 3). The built environment, encompassing all human-made spaces where people live, work, and play, serves as a critical focal point for research on the microbiome and interventions to improve public health (4). Here, the manipulation of microbial communities through microbiome engineering holds significant promise for public health, potentially transforming our living spaces into environments that actively contribute to health and well-being. For example, Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-edited microbes could be used to degrade antimicrobial resistant genes in the harmful microbes that plague hospital sinks and contribute to the hundreds of thousands of hospital-acquired infections each year (5). Heating, Ventilation, and Air Conditioning (HVAC) systems could employ microbe-sensing technology to detect fungal mold spores in office buildings and then deploy beneficial microbes to displace the fungal contamination. This study specifically explores microbiome engineering within the built environment, focusing on how targeted microbial interventions can improve public health in spaces where people live, work, and interact. Examples include engineered microbiomes delivered as probiotics in home HVAC systems to colonize indoor spaces and thus replace harmful microbes such as mold or pathogens, or gene-edited microbes containing CRISPR systems targeted to degrade antimicrobial resistance genes in pathogens that colonize hospital sinks [(e.g., 6)]. By examining public perceptions of these applications, this study addresses an emerging area within microbiome engineering with significant potential to impact health outcomes across diverse environments.

The United States, as a leader in microbiome research and biotechnology, provides a unique setting to understand public attitudes toward microbiome engineering in the built environment, especially as this field progresses toward practical applications. At this early stage, before genetically engineered microbiomes are deployed, insights into U.S. perspectives are crucial, as public opinion can significantly shape the governance and deployment of such technologies, not only domestically but as a model that may inform international efforts. Despite potential benefits, the introduction of microbiome engineering into the built environment raises complex societal and ethical implications (7). These range from considerations of privacy, informed consent, governance, and ownership to the equitable distribution of benefits and the management of risks. Moreover, the field’s rapid advancement underscores the urgent need for a comprehensive understanding of public perceptions. Public opinion can greatly influence the development, acceptance, and implementation of emerging technologies, making it a crucial factor in the successful integration of microbiome engineering into the built environment. Furthermore, the consideration and inclusion of public values early in the development of emerging technologies is a cornerstone of responsible research and innovation (RRI) (8). While applications of microbiome engineering are being considered but not yet deployed, it is a key time to assess public attitudes, hopes, and concerns about the technologies. As part of the team of a new National Science Foundation-funded Engineering Research Center on Precision Microbiome Engineering,1 one of the ways that we are working to employ a RRI approach in the early stages of the center’s technology development is through this assessment of U.S. public attitudes via a nation-wide survey.

Thus, this study provides a baseline assessment of public opinion on microbiome engineering within the built environment. This investigation is intended to serve as a primary touchstone to inform policymakers, researchers, and practitioners about the public’s stance on microbiome engineering, guiding responsible technology development and deployment as well as identification of strategies for public engagement, and anticipatory policy formation and oversight.

Existing research on public perceptions of biotechnology and microbiome engineering indicates a complex landscape influenced by factors such as knowledge, ethical considerations, cultural and demographic standpoints, risk and benefit distributions, trust in science, and governance (9–11). Studies highlight that while biotechnologies offer substantial benefits, concerns over safety, ethics, and the management of risks remain prevalent. Specifically, in the realm of microbiome engineering within built environments, there is a significant research gap on public opinions, despite the profound health implications of manipulating microbiomes where humans live and work (7, 12). Theoretical frameworks such as the deficit model, which suggests public skepticism of emerging technologies arises from a lack of knowledge (13), and more nuanced approaches like the contextual model, emphasize the importance of engaging public values to foster constructive dialogues about emerging technologies (14).

Additionally, the psychometric model (15) and the cultural cognition model (16) reveal that controllability and familiarity, cultural values, and worldviews significantly shape public perceptions and acceptance of scientific advancements. These insights underscore the necessity for anticipatory governance that integrates public values early in the development of technologies like microbiome engineering, aiming for alignment with societal needs and ethical standards, thereby addressing the critical need for focused research on public opinions toward microbiome engineering in built environments.



Method


Sampling procedure

A cross-sectional survey on public attitudes about microbiome engineering in the built environment was conducted using data collected from a nationally representative sample of 1,000 U.S. residents over 18 years of age, drawn from YouGov’s National Omnibus Panel during the first 2 weeks of December 2023 (17). 1,092 respondents were surveyed then matched down to a sample of 1,000 to produce the final dataset. The respondents were matched to a sampling frame on gender, age, race, and education. The sampling frame is a politically representative “modeled frame” of US adults, based upon the American Community Survey (ACS) public use microdata file, public voter file records, the 2020 Current Population Survey (CPS) Voting and Registration supplements, the 2020 National Election Pool (NEP) exit poll, and the 2020 CES surveys, including demographics and 2020 presidential vote. The results have an observed margin of error of ±3.38 percentage points. The National Omnibus is a compensated opt-in survey panel comprised of 1.8 million U.S. residents who have agreed to participate. Panel members are recruited through various methods to help ensure representativeness of the panel population, including web advertising, permission-based email contacts, partner-sponsored solicitations, telephone contacts using random digit dialing, and mail contacts using random address selection (18). While this study used an opt-in panel with demographic weighting to approximate a representative U.S. population, we acknowledge that some selection bias may still exist.



Respondent characteristics

The average age of respondents was close to 49 years old (SD = 17.71 years), with a range from 19 to 88 years old. Using Pew Research Center’s generation categories, there were 149 Generation Z respondents (birth year 1997 and beyond), 251 Millennials (birth year 1981–1996), 248 Generation X (birth year 1965–1980), 311 Baby Boomers (birth year 1946–1964), and 41 Silent Generation (birth year 1945 or earlier). There was a fairly even distribution of men (n = 480) and women (n = 510), with 4 non-binary/genderqueer respondents, 5 transgender respondents, 2 respondents preferring not to say, and 1 respondent who reported “no label.”

About a third of respondents (n = 346) earned a four-year college degree or beyond, with the other two-thirds reporting no four-year college degree (n = 654). There were 267 lower income respondents (earned less than $30,000 per year), 443 middle income respondents (earned $30,000 to $99,999 per year), and 290 higher income respondents (earned more than $100,000 per year). Respondents reported being Independent and unaffiliated (n = 370), Democrat (n = 345), and Republican (n = 285).



Measures

Beyond using demographic and socioeconomic variables as predictor measures, the study used cultural theory’s four value-orientations. There were three items each to measure hierarchist, individualist, egalitarian, and fatalist orientations (19, 20). The three items for each orientation were averaged to create a composite score: hierarchist (M = 2.20, SD = 0.91, Cronbach’s α = 0.64), individualist (M = 2.27, SD = 0.88, Cronbach’s α = 0.70), egalitarian (M = 2.34, SD = 0.88, Cronbach’s α = 0.75), and fatalist (M = 2.06, SD = 0.89, Cronbach’s α = 0.42). See Figure 1 for the question wording and descriptive statistics. All questions used the response scale of 1 = disagree, 2 = unsure, 3 = agree.
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FIGURE 1
 Descriptive statistics of cultural values scales, science and technology belief subscales, and key outcome variables. All questions used the response scale of 1 = disagree, 2 = unsure, 3 = agree.


Additionally, two subscales regarding science and technology beliefs were measured (21, 22). Four items comprised the ‘distrust in science/scientists’ subscale (M = 1.95, SD = 0.93, Cronbach’s α = 0.74) and three items comprised the ‘science improves society’ subscale (M = 2.67, SD = 0.66, Cronbach’s α = 0.64).

For analysis of the science and technology beliefs subscales and the cultural theory scales, a midpoint of 2 served as the differentiation between “more” and “less” categorization of a respondent’s composite score: hierarchist (“more” n = 535, “less” n = 336), individualist (“more” n = 562, “less” n = 293), egalitarian (“more” n = 611, “less” n = “274”), fatalist (“more” n = 436, “less” n = 371), distrust in science/scientists (“more” n = 406, “less” n = 454; note that “less” is phrased as “trust in science/scientists” in the figures), science improves society (“more” n = 780, “less” n = 108; note that “less” is phrased as “science does not improve society” in the figures). If a respondent’s composite score was at the midpoint, then they were not included in the results and figures for the sake of conserving space.

There were six distinct outcome measures used in the study to investigate (1) knowledge perceptions of microbiome engineering, (2) belief that microbiome engineering is a promising technology, (3) perceptions of benefit and (4) risk of the technology, (5) belief that government involvement is needed to oversee the technology, and (6) openness to using genetically engineered microbiomes. The full survey questions are listed at the bottom of Figure 1.




Results

The results of this study provide insights into U.S. public perceptions of microbiome engineering within the built environment, highlighting the complex interplay between demographic factors, cultural values, and beliefs about science and technology. We uncover key trends across generations, political affiliations, and education levels. These findings offer a foundation for understanding public sentiment on this emerging field and underscore the need for targeted communication and policy strategies that address both enthusiasm and concerns among diverse population segments.


Knowledge and promise of microbiome engineering

Younger generations feel more knowledgeable about microbiome engineering than older generations (see Figure 2A), Χ2(df = 8) = 81.47, p < 0.001, Cramer’s V = 0.202. About one-third of the Gen Z and Millennial generations feel knowledgeable, whereas only about 10% of Baby Boomer and Silent generations feel knowledgeable. Gen X falls in the middle, with 16% of that generation feeling knowledgeable. Going beyond age, Figure 2 shows that feeling knowledgeable about microbiome engineering varies by other demographics and social attitudes. In general, the respondents who feel most knowledgeable about microbiome engineering are Democrat (29% vs. 22% of Republicans and 12% of Independent/unaffiliated; Χ2(df = 4) = 36.16, p < 0.001, Cramer’s V = 0.190), men (24% vs. 18% of women; Χ2(df = 2) = 7.21, p < 0.05, Cramer’s V = 0.085), lower income (27% vs. 16% of middle income and 21% of higher income; Χ2(df = 4) = 18.06, p < 0.001, Cramer’s V = 0.095), and more hierarchist (29% vs. 9% less hierarchist; Χ2(df = 4) = 66.02, p < 0.001, Cramer’s V = 0.182), more egalitarian (28% vs. 9% less egalitarian; Χ2(df = 4) = 89.07, p < 0.001, Cramer’s V = 0.298), more fatalist (28% vs. 17% less fatalist; Χ2(df = 4) = 53.20, p < 0.001, Cramer’s V = 0.231), and more individualist (27% vs. 10% less individualist; Χ2(df = 4) = 44.31, p < 0.001, Cramer’s V = 0.210). Self-reported knowledge about microbiome engineering is lowest among respondents who say science does not improve society, which is at 5% (vs. 24% of respondents who say science improves society, Χ2(df = 8) = 35.63, p < 0.001, Cramer’s V = 0.133). In sum, there are low levels of knowledge among the public.
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FIGURE 2
 (A) Responses to the statement "I feel knowledgeable about the current research and developments in microbiome engineering for improving indoor spaces," according to respondents' demographic and psychographic characteristics. (B) Responses to the statement "I believe that microbiome engineering is a promising approach to improving indoor built environments," according to respondents' demographic and psychographic characteristics.


Even though knowledge levels about microbiome engineering are low, there are signs of hope among the public. Figure 2B shows that when considering respondents’ belief that microbiome engineering is a promising approach to improving the indoor built environment, statistically significant age differences emerge again, Χ2(df = 8) = 27.56, p < 0.001, Cramer’s V = 0.166. Majorities of the Gen Z (57%) and Millennial (56%) generations believe that microbiome engineering is a promising approach, but that is not the case with Gen X (44%), Baby Boomer (45%), and Silent (41%) generations. Other demographic groups who see promise in microbiome engineering are Democrats (64% vs. 40% of Republicans and 42% of Independent/unaffiliated; Χ2(df = 4) = 61.58, p < 0.001, Cramer’s V = 0.175) and individuals with college-education (59% vs. 44% of non-college-educated; Χ2(df = 2) = 18.36, p < 0.001, Cramer’s V = 0.135). Respondents with trust in science/scientists held strong belief that microbiome engineering is a promising approach compared to respondents who distrust in science/scientists (66% vs. 34%; Χ2(df = 4) = 130.85, p < 0.001, Cramer’s V = 0.256). Likewise, there are large differences in respondents who say science improves society vs. science does not improve society (58% vs. 17%; Χ2(df = 4) = 180.72, p < 0.001, Cramer’s V = 0.301). In short, while many respondents hold promise for microbiome engineering to improve the indoor built environment, there are consistently about one-third or more of respondents in all demographic groups who are unsure about the technology’s promise.



Benefits and risks

In addition to knowledge perceptions and belief that microbiome engineering is a promising approach, it is also important to understand how the public is weighing the direct benefits and risks of using introduced microbiomes in indoor spaces (see Figure 3A). Younger generations see more direct benefits (42% of Gen Z and 38% of Millennials) compared to older generations (23% of Gen X, 19% of Baby Boomers, and 15% of Silent), Χ2(df = 8) = 49.86, p < 0.001, Cramer’s V = 0.158. Differences are also found among political party affiliation (Χ2(df = 4) = 69.25, p < 0.001, Cramer’s V = 0.186) and education levels (Χ2(df = 2) = 16.27, p < 0.001, Cramer’s V = 0.128). Specifically, 43% of Democrats think using introduced microbiomes in indoor spaces will benefit them directly (vs. 25% of Republicans and 17% of Independent/unaffiliated) and 35% of college-educated respondents think the practice will benefit them (vs. 24% of non-college-educated respondents). Respondents who are more egalitarian (38% vs. 12% of less egalitarian; Χ2(df = 4) = 93.89, p < 0.001, Cramer’s V = 0.217) and more fatalist (34% vs. 27% of less fatalist; Χ2(df = 4) = 30.07, p < 0.001, Cramer’s V = 0.123) in their cultural values are also among the respondents who agreed the most that introducing microbiomes in indoor spaces will benefit them directly. About a third of respondents who trust in science/scientists and believe that science improves society agreed that the practice will benefit them as well, which were statistically significant differences from those who distrust science/scientists (Χ2(df = 4) = 82.77, p < 0.001, Cramer’s V = 0.203) and believe that science does not improve society (Χ2(df = 8) = 95.87, p < 0.001, Cramer’s V = 0.219).
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FIGURE 3
 (A) Responses to the statement "The use of introduced microbiomes in indoor spaces will benefit me directly," according to respondents' demographic and psychographic characteristics. (B) Responses to the statement "The use of introduced microbiomes in indoor spaces will directly put me at risk," according to respondents' demographic and psychographic characteristics.


Risk perceptions of new technologies are also critical to assess (see Figure 3B). Results show that there are generational differences in risk perceptions (Χ2(df = 8) = 17.50, p < 0.001, Cramer’s V = 0.094), with Gen Z and Millennials disagreeing significantly more than Gen X and Baby Boomers that introduced microbiomes in indoor spaces will put them at risk. Moving to other demographic and socioeconomic indicators, there are significant differences in disagreement about direct risks according to education (Χ2(df = 2) = 11.04, p < 0.001, Cramer’s V = 0.105) and political party (Χ2(df = 4) = 25.08, p < 0.001, Cramer’s V = 0.112). In particular, college degree earners are more likely to disagree that there are direct risks (35% vs. 26% of non-college-degree earners), and Democrats are more likely than Republicans and Independent/unaffiliated to disagree there are direct risks (37% vs. 27% and 23%, respectively). There are statistically significant differences among respondents according to their science and technology beliefs: 45% of respondents who think science does not improve society are concerned about introduced microbiomes in indoor spaces putting them directly at risk, while only 17% of respondents who think science improves society are concerned (Χ2(df = 4) = 76.67, p < 0.001, Cramer’s V = 0.196). Likewise, 33% of respondents who report distrust in science/scientists are concerned vs. 11% of respondents who report trust in science/scientists (Χ2(df = 4) = 131.47, p < 0.001, Cramer’s V = 0.256).

Overall, when comparing benefit vs. risk perceptions, respondents exhibit slightly more belief that the use of introduced microbiomes in indoor spaces will directly benefit them than put them at risk. However, it is important to emphasize the very large number of respondents who are unsure what to believe about the benefits and risks, as evidenced by the nearly 50% of respondents among various demographic, socioeconomic, cultural value beliefs, and science and technology beliefs who report being unsure.



Government involvement and openness to genetically engineered microbiomes

With so much uncertainty among the public about the benefits and risks microbiome engineering for the built environment, it is not surprising that majorities of nearly all generations want government involvement to ensure ethical and responsible practices for the developing technology (see Figure 4). Specifically, Gen Z has the highest support for government involvement (61%), followed by Baby Boomers (57%), Millennials (56%), Gen X (50%), and the Silent Generation (46%), with the only statistically significant difference occurring between Gen Z and Gen X (Χ2(df = 8) = 17.75, p < 0.001, Cramer’s V = 0.094). The group with the most support for government involvement are Democrats (69%), and their support is significantly higher than Republicans (46%) and Independents/unaffiliated (49%), Χ2(df = 4) = 54.55, p < 0.001, Cramer’s V = 0.165. College-educated respondents show significantly higher levels of support for government involvement as well (62% vs. 52% of non-college-educated; Χ2(df = 2) = 9.19, p < 0.05, Cramer’s V = 0.096). There is also more support for government involvement among respondents with more egalitarian values (68% vs. 36% of less egalitarian; Χ2(df = 4) = 45.96, p < 0.001, Cramer’s V = 0.152) and less individualist values (67% vs. 52% of more individualist; Χ2(df = 8) = 32.96, p < 0.001, Cramer’s V = 0.128). Interestingly, among respondents who trust in science/scientists, there is still strong support for government involvement to ensure ethical and responsible practices (67% vs. 47% of respondents who distrust in science/scientists; Χ2(df = 4) = 58.39, p < 0.001, Cramer’s V = 0.171). The lowest levels of support for government involvement exist among respondents who think science does not improve society (37% vs. 61% who science improves society; Χ2(df = 4) = 60.85, p < 0.001, Cramer’s V = 0.174).
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FIGURE 4
 (A) Responses to the statement "I think that government involvement is necessary to ensure ethical and responsible practices in microbiome engineering," according to respondents' demographic and psychographic characteristics. (B) Responses to the statement "I am open to the idea of using genetically engineered microbiomes if their benefits are well-documented and their risks are carefully managed," according to respondents' demographic and psychographic characteristics.


In looking ahead to the public’s openness to using genetically engineered microbiomes in indoor spaces, younger generations are significantly more inclined to be open to the technology compared to older generations (Χ2(df = 8) = 32.96, p < 0.001, Cramer’s V = 0.128), as both Gen Z and Millennials show 61% openness, which is more than Gen X (52%), Baby Boomers (48%), and the Silent Generation (44%). There are statistically significant gaps in openness to genetically engineered microbiomes according to political identification (Χ2(df = 4) = 42.45, p < 0.001, Cramer’s V = 0.146) and education levels (Χ2(df = 2) = 14.31, p < 0.001, Cramer’s V = 0.120). Democrats (66% vs. 42% of Republicans and 53% of Independents/unaffiliated) and college-educated respondents (62% vs. 49% of non-college-educated) are among the most likely to be open. Cultural values continue to contribute to significant differences in views on microbiome engineering, with less individualist (66% vs. 50% more individualist; Χ2(df = 4) = 27.82, p < 0.001, Cramer’s V = 0.118) and more egalitarian (63% vs. 40% less egalitarian; Χ2(df = 4) = 82.51, p < 0.001, Cramer’s V = 0.203) respondents showing high levels of openness. Respondents with trust in science/scientists exhibit the highest levels of openness to genetically engineered microbiomes (72% vs. 40% of respondents with distrust in science/scientists; Χ2(df = 4) = 138.44, p < 0.001, Cramer’s V = 0.372). Additionally, 62% of respondents who believe science improves society are open vs. 25% of respondents who believe science does not improve society (Χ2(df = 4) = 131.47, p < 0.001, Cramer’s V = 0.256).

In sum, most respondents are open to the idea of using genetically engineered microbiomes if the benefits are well-documented and the risks are carefully managed. Even still, there are about a quarter to a third of respondents in various groups who are uncertain about genetically engineered microbiomes. Fairly low numbers of respondents among various groups disagree that government involvement is necessary and disagree that they are open to genetically engineered microbiomes.




Discussion

This study provides an initial exploration of U.S. public perceptions of microbiome engineering within the built environment, uncovering notable generational, political, and educational differences in knowledge, perceived benefits and risks, and support for government oversight. The findings reveal a blend of optimism and caution, highlighting both enthusiasm for the potential benefits of microbiome engineering and significant uncertainty due to limited familiarity with its specific applications. This suggests that targeted engagement strategies may be essential to build public awareness and understanding of this emerging field.

The results offer a valuable snapshot of public sentiment, underscoring the importance of transparent communication to clarify both the capabilities and limitations of microbiome technologies as they advance. Public support for microbiome engineering is intertwined with perceptions of its potential to enhance indoor environments, but uncertainties around risks highlight a need for improved public discourse and responsible development as the field matures. By addressing these perceptions and questions early in the field’s development, stakeholders can better align technological advancements with public values, fostering a responsible pathway for microbiome engineering within built environments. The results of this study highlight the nuanced landscape of public perceptions surrounding microbiome engineering in the built environment, including significant generational differences. Younger generations, such as Gen Z and Millennials, generally report higher optimism toward microbiome engineering—57 and 56%, respectively, view it as promising—potentially reflecting their familiarity with biotechnology and digital advancements. In contrast, older generations like Baby Boomers (45%) and the Silent Generation (41%) demonstrate more cautious views, which may relate to lower exposure to such technologies and a more conservative perspective. This suggests that tailored information approaches may be beneficial to support independent attitude formation and informed decision-making across generations, enabling individuals to consider microbiome technology adoption in ways that align with their knowledge levels and concerns. For example, younger audiences might benefit from practical information on applications and risk management, while older audiences may find foundational and context-setting information more helpful in building informed perspectives.

Furthermore, the results suggest a substantial demand for government oversight. The public’s call for regulatory involvement underscores a collective desire for assurances that the development and implementation of microbiome technologies will adhere to ethical standards and responsible practices. This is not only a plea for safeguarding against risks but also an indication of the public’s readiness to accept and adopt genetically engineered microbiomes, similar to other biotechnologies, provided their benefits are convincingly demonstrated, potential risks are managed, and that ethical and social implications are judiciously considered (23). This aligns with the principles of the RRI framework which emphasizes the integration of public values, societal needs, and ethical considerations from the early stages of technological development. By leveraging insights from this survey, policymakers and researchers are better positioned to anticipate and navigate the societal impacts and public receptivity toward microbiome engineering. In practice, this means cultivating a research and development ecosystem that not only pushes the boundaries of scientific innovation but also remains deeply attuned to the ethical, social, and cultural implications of such advancements. Effective public engagement strategies that invite community participation in the decision-making processes are crucial for building trust and fostering a sense of ownership among stakeholders, thereby ensuring that the development of microbiome technologies does not just proceed with technical and scientific rigor but also with societal consent and foresight. Thus, this survey not only maps the current landscape of public opinion but also acts as a directive for future actions—calling for a proactive approach to integrate public insights into the scientific discourse, which will strengthen the ethical development of technologies as well as the governance frameworks guiding microbiome engineering deployment.

Future research could also seek to identify factors influencing individuals’ intentions either to adopt or purposefully avoid microbiome engineering technologies, examining variables such as perceived benefits, risks, trust in science, and cultural or generational values. Qualitative research exploring the underlying motivations and concerns across different demographics would offer a richer understanding of these factors, while international comparisons could reveal cultural variations that inform a global approach to public engagement and policy. Together, these approaches ensure that the evolution of microbiome technologies in the built environment is responsibly aligned with both scientific possibilities and public expectations, facilitating a balanced advancement that is technically feasible and socially endorsed.
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