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Abstract
Biotechnology offers vast benefits to the environment, animals, and human health, and contributes to improving so-
cioeconomic conditions for the public. However, biotechnology innovations continue to trigger public concern and
opposition over their potential social, health, and ecological risks. There is an opportunity to increase knowledge
and acceptance of biotechnology through engagement, education, and community participation. In this perspective,
we highlight crucial factors that shape the public perception of biotechnology and present opportunities for scientists
to effectively communicate their ideas while engaging with local and global communities. Initiatives that seek to in-
volve communities in design, development, and adoption processes are crucial for the successful implementation of
biotechnology-based solutions.

A primary goal of biotechnology ideas and innovation is to
translate biotechnology as products or services for soci-
ety. Yet, many of these technologies fail to reach their

target audience and fall into the translational gap also known
as the ‘‘the valley of death.’’1 Barriers against effective translation
include securing funding on high upfront costs of research and
development,2 and inadequate training of the workforce.3,4

Beyond these scientific limitations, a multitude of socioeco-
nomic factors and low awareness and understanding of biotech-
nology are additional barriers that impact acceptance by target
end users.5–8

For example, poor public perception of genetically modified
(GM) crops is common in Latin America despite efforts to im-
prove public perception of agricultural biotechnology through
print materials and town meetings.9 Acceptance of agricultural
biotechnology is influenced by perceived perception of risks
and benefits of GM crops. Poor perception may lead to confu-
sion, misunderstanding, and ignorance of information that im-
pedes an individual’s ability to make informed decisions on
how biotechnology should be used.10

Key stakeholders involved in developing and translating
these technologies include research institutions, governments
and regulatory bodies, health care industries, agricultural indus-
tries, and the nonprofit sector.11 The translation or implementa-
tion of biotechnology in society requires these stakeholders to

effectively inform end users on its risks and benefits. This pro-
cess involves engaging a variety of audiences to facilitate public
awareness and understanding of biotechnology before and dur-
ing its implementation. In this perspective, we highlight crucial
factors that shape the public perception of biotechnology and
present opportunities for scientists to effectively communicate
their ideas in close partnership with key community representa-
tives (Fig. 1).

Critical Factors That Influence Public Perception
of Biotechnology
Trust
Trust is a fundamental tenet of the scientific enterprise. The
Oxford Dictionary defines trust as a ‘‘firm belief in the reliability,
truth, ability, or strength of someone or something.’’ Trust is cru-
cial both for the process of developing knowledge and for the
public understanding of science and adoption of new technolo-
gies.12 This is particularly true in the field of biotechnology,
which includes topics of high public visibility and debate such
as GM foods and stem cells.

A 2019 survey of Chinese consumers found that trust in GM
scientists has a positive impact on acceptance of such foods.13

More recently, trust in domestic scientists and health care pro-
fessionals and the vaccine development process is strongly
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tied to COVID-19 vaccine acceptance in several countries includ-
ing the United States, Canada, Russia, Germany, China, Indone-
sia, Thailand, Turkey, and Vietnam.14,15

Public trust in science and biotechnology is affected by a vari-
ety of factors. For example, studies from 2015 and 2016 showed
that trust in GM foods increased with increasing science knowl-
edge in the United States.16 The commercialization of biotechnol-
ogy also leads to unintended consequences for mistrust due to
perceptions of funding sources. An Australian survey found de-
creased trust in privately funded stem cell scientists compared
with their publicly funded counterparts with no significant differ-
ences in perceived competence.17 Public trust also varies by ap-
plication. Global support for new technologies to help women
become pregnant averages 73% of respondents, whereas re-
search on animal cloning is opposed in most populations.18

Nonetheless, trust levels can change. In 2020, Americans’ atti-
tudes and trust in the scientific community increased by an aver-
age of 10% from 201919 likely due to the global pandemic and the
frequency with which science has been the focus of news and
treatments for COVID-19. In addition, a recent study by 3M
revealed that 83% of the audience surveyed across 17 countries
wants to hear more from scientists about their work.20 Thus,
there is a need for biotechnologists across academic, public, and
private sectors and all subfields to engage with the communities
they seek to impact. Relationship building is crucial for the devel-
opment of trust and effective interactions between stakeholders.

Representation, diversity, and inclusion
Distrust in biotechnology is also fueled by past and current prac-
tices that harm populations historically excluded from the scien-

tific mainstream. Examples of these damaging practices include
the lack of informed consent in the collection of HeLa cells,21 un-
ethical pharmaceutical trial designs in the Global South,22 and
the prescription of crop programs designed in the Global
North for implementation in other parts of the world without
local input.23 In addition, the current landscape of participation
in biotechnology does not represent many communities. In the
United States, 75% of biotech management positions are occu-
pied by individuals who identify as non-Hispanic white com-
pared with 16.5% Asian, 3.8% Hispanic/Latino, and 3.1% black/
African American.24

At a global scale, countries in Latin America and Africa collec-
tively hold <0.5% of the value share of the health biotechnology
sector worldwide with the United States holding 58.8% of the
value share.25 Yet, biotechnology has the potential to solve
some of the biggest problems that contribute to local and
global inequities (e.g., food security, vitamin deficiencies, vector-
borne disease prevention, climate readiness). Diversity of expe-
riences and perspectives is crucial for innovation.26 Thus, inclu-
sive engagement strategies, such as those described in this
perspective, are imperative to increase the participation of di-
verse communities in the development, implementation, and
adoption of biotechnology.

Critical thought
The COVID-19 vaccine-related infodemic revealed the particular
vulnerability of biotechnology to the spread of misinformation
across the globe.27–29 The absence of critical thinking poses a
major threat to the development, implementation, and appro-
priation of scientific knowledge and technology. Critical

FIG. 1. Representation of the gap between biotechnology sources and end users with opportunities to
strengthen implementation by understanding.
(A) Critical factors influencing public perception of biotechnology.
(B) Community-driven strategies within the spheres of communication of biotechnology that bridge the gap.
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thinking, the process of connecting ‘‘thinking and reasoning
with the outcome of a decision or action,’’30 allows the individual
to find relevant information, consider the sources and data, and
make an informed decision based on reliable data. Although
many factors contribute to misinformation (e.g., education
level, age, pre-existing beliefs, political polarization),31,32 the
ability to think critically plays a crucial role in enabling individu-
als to distinguish between science-based data and ‘‘fake
news.’’33

O’Brien et al recently demonstrated that blind trust in science
without engaging in critical thinking made study participants
more susceptible to pseudoscience and false claims.34 In con-
trast, reminding participants about the importance of critical
analysis reduced belief in these claims. Priming critical thinking
by providing guidelines to analyze news stories is also an effec-
tive strategy to mitigate the impact of misinformation on social
media.35 Similarly, teaching audiences to identify logical flaws
and misleading rhetorical techniques in a game format has
been demonstrated to effectively ‘‘inoculate’’ players against mis-
information on climate change.36 Thus, strategies that boost,
prime, and support reasoning and analytical skills in both for-
mal37,38 and informal39 engagement settings are crucial for the
future of societies.

Improving Understanding Through Spheres
of Communication
Primary and secondary education
Today’s world faces wicked challenges that must be addressed
in interdisciplinary teams; designing solutions to pressing
problems such as food scarcity, waste management, climate
change, and emerging infectious diseases requires expertise
in multiple fields. Thus, an appropriate science curriculum
for the 21st century needs to address scientific topics in an in-
terdisciplinary way.40 Traditional science teaching methodolo-
gies are teacher centered and lack student-centered learning
activities that encourage critical thinking discussions similar
to scientists’ approach in building arguments for scientific
claims.41

New teaching strategies that combine design thinking and
science, technology, engineering, and math (STEM) disciplines
guide students to define problems within their contexts.42

With these tools, students explore needs, identify human and
nonhuman users, and search for the solution that is most appro-
priate to their context.

Biodesign in High Schools,43 an international 2021 Index
Award winner for the Play and Learning category, is a pedagog-
ical approach that guides students to define problems or oppor-
tunities within the framework of the sustainable development
goals and provides the tools to ideate solutions that are context
based. One aspect of this pedagogical approach is to create op-
portunities to think about a better and fairer future. Students
have worked on projects to clean contaminated water, process
food waste, and find sustainable alternatives to existing clothing
textiles, to name a few examples. By teaching and empowering
students to build ethically responsible solutions they can help
decrease negative impacts on the environment and communi-

ties, pursue fulfilling careers, and learn how to face and handle
challenges ahead.

The biodesign methodology allows students to learn how to
Incorporate cutting-edge biotechnologies into solutions to real
and contextualized problems. Teachers instructing on biodesign
may not be expected to be primary experts in the fundamental
development and design of such biotechnologies. Yet, teachers
are uniquely capable of guiding students in contextualizing bio-
technology and connecting them with experts who can further
deepen learning. For example, the nonprofit organization, Skype
a Scientist, virtually connects classrooms with scientists to foster
conversations between students and experts.44

In this program, teachers all around the globe can request to
connect with scientists working in >25 fields including biomed-
ical engineering, plant pathology, and soil science to schedule
conversations between students and professionals tailored to
the interests and constrains of each classroom. Similarly, Science
Clubs Colombia engages scientists locally and in the diaspora to
develop experiential project-based workshops in partnership
with local teachers in rural areas of the country including topics
ranging from gene editing in bacteria using CRISPR technology,
COVID-19 detection and prevention, and muscle tissue engi-
neering.45 These teaching approaches may be used to discuss
biotechnology in further depth while simultaneously encourag-
ing the social and cultural practice of biotechnology.46

Higher education
Students in higher education institutions may develop social
networks among each other, local communities, and industry
partnerships. Within STEM fields, students may develop their so-
cial networks through student-led organizations, professional
societies, and extracurricular activities (e.g., sports). For example,
the Weill Cornell Biotech Club47 bridges students with industry
partnerships and Project Biotech at Shoreline Community Col-
lege connects college students with high school students for
summer camps on biotechnology education.48,49 Traditionally,
STEM students become active members of these social networks
by participating in science outreach and pitching ideas to re-
ceive funds for industry start-ups, as examples.

As noted in primary and secondary education pedagogical
approaches, young scientists are increasingly encouraged to in-
corporate biotechnology as solutions to complex societal prob-
lems. Thus, students pursuing STEM in higher education should
also be offered similar pedagogical approaches in social prob-
lem solving. One approach, focused on addressing health
inequities in society, engages STEM students on health dispar-
ities topics in the biomedical engineering curriculum,50–52

upper-division electives for biology majors,53 and pharmacy
coursework with community-site visits.54

In addition to health disparity pedagogical approaches, fem-
inists theory and social justice pedagogy have been used to in-
struct chemistry students on becoming ‘‘precautionary principle
chemists’’ who can codevelop solutions with communities to
address sustainability and environmental problems.55 STEM
students may benefit from these approaches by recognizing
critical problems facing their social networks and communities
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with an added social science perspective. Instructors and higher
education professionals should also become aware of these ap-
proaches to motivate and guide students in developing novel
solutions.

Ideally, by recognizing the social implications of complex so-
cietal problems, scientists in all levels of higher education may
be further motivated to develop biotechnology with society in
mind, which reinforces their innate extrinsic (e.g., fame and
money) and intrinsic (e.g., helping society and doing good) mo-
tivations for science.56

Public Engagement with Biotechnology
Social media
Over the past 15 years, social media platforms have become
powerful tools for the dissemination of scientific information.
Adults in the United States now cite the internet as their primary
source of scientific information.57 Likewise, global social media
use has risen to 4.6 billion active users representing 58% of
the world’s population.58 The interactive and responsive nature
of these platforms have the potential to lower barriers of access
to scientific knowledge. Unfortunately, social media has also fa-
cilitated the spread of misinformation related to biotechnology,
including in applications such as GM crops and COVID-19 mRNA
vaccines.59,60

A higher online presence of biotechnology stakeholders in
these arenas before and after technologies hit the market
could be crucial to combat misconceptions and increase adop-
tion rates. For example, scientists such as Dr. Samantha Yam-
mine (@science.sam), Dr. Bertha Hidalgo (@dr.berthahidalgo),
Jessica Malaty Rivera (@jessicamalatyrivera), Dr. Ana Maria Por-
ras (author of this piece, @anamaporras and @anaerobias), and
Laurel Bristow (@laurel_bristow) used Instagram throughout
the pandemic to engage with nonscientific audiences with the
goal of reducing vaccine hesitancy.

Social media allows for the types of personal interactions
that can impact public perception of science and scientists.
The #ScientistsWhoSelfie study highlighted the power of so-
cial media to increase public trust in scientists—particularly
women—without affecting perceptions of competence.61

These types of strategies do not need to be limited to individ-
uals, organizations can also create strategies to interact with
specific communities. The Black Bass Conservation Committee
runs its ‘‘What’s That Bass Wednesday’’ Facebook posts to chal-
lenge its followers (mostly, anglers) to identify fish specimens
using photographs while highlighting conservation chal-
lenges.62 Major biotech companies have also started to recog-
nize the impact of social media to raise awareness and
support for their technology.63 The Boehringer Ingelheim com-
munications team runs tweet chats around specific topics (e.g.,
#COPDchat) that allow patients, doctors, and scientists alike to
interact in the same forum.64

Likewise, Novartis features patient views and scientist ex-
plainer on their social media accounts covering the science
of the rare diseases they treat, the clinical trial process, and fi-
nancial results.64 Nonetheless, the lack of messaging geared to
local (rather than global) populations is a key failure in current

digital communication strategies within large biotechnology
companies.65

To that end, the design of inclusive social media strategies
that engage diverse communities is crucial. The dominance of
the English language in science poses an important barrier for
the participation of most of the world’s populations in STEM.66

Thus, selecting the appropriate language for the intended
audience should be a major consideration. These strategies
should be paired with culturally responsive communication ap-
proaches. The #SaludTues tweetchat campaign by Salud
America! for example used bilingual content specifically geared
toward Latinx communities in the United States cohosted with
experts, advocates, and community representatives to raise
awareness on Latinx health equity issues and campaigns.67

Owing to the low barriers of access to social media platforms,
individuals who identify with groups historically excluded in bio-
technology also have opportunities to connect directly with one
another and with their respective communities outside of sci-
ence.68 Finally, it is important to build accessibility practices69

(e.g., captions, alt image, and video descriptions) into social
media approaches to ensure participation is not limited to
able-bodied individuals.

Informal education
Informal education takes place outside the traditional classroom
setting and includes museums, community events, festivals,
after school programs, and more.70 These programs allow scien-
tists to connect with multiple audiences and age groups. A wide
variety of approaches can provide environments for meaningful
interactions with children, youth, and adults in these settings.
For example, BioBuilder (founded at MIT) has created free curric-
ula with hand-on activities to explore synthetic biology in formal
or informal education settings.71 The World Biotech Tour, orga-
nized by the Association of Science-Technology Centers and
Biogen Foundation, brought biotechnology festivals and activi-
ties to 12 international science centers and communities from
2015 to 2017.72

These types of events provide opportunities for short engage-
ments between practicing scientists and different audiences
that impact the participant’s perception on science and learn-
ing.73 Nonetheless, these types of engagements should not be
limited to academic or nonprofit organizations. Private entities
can also build relationships with stakeholder communities. The
Corteva Grows Science Outreach Program (formerly Dow Agro-
Sciences Science Ambassadors) provides direct interactions
through hands-on activities and answering questions between
individuals working in science and the general public in the
United States and abroad.74 Activities take place in a variety of
settings from classroom visits to community days to museums
with the objective to engage people and allow them to experi-
ence discovery.

Regardless of the organizers, a key challenge to these initia-
tives is their evaluation process.75 Resources to collect data at
events are limited and often are not a priority or area of exper-
tise for scientists engaging in the event. In addition, there are
specific protocols around collecting data from youth. A more
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thorough compilation of resources and ideas can be found at
the Center for the Advancement of Informal Science Educa-
tion.70 Creating relationships with organizations involved in in-
formal education allows scientists access and a platform to
engage in public discussions, provide answers to questions,
and debunk misconceptions.

Citizen Science and Community Participatory
Research
Communities can also become more involved with biotechnol-
ogy as stakeholders in research projects. Citizen science and
community-based participatory research (CBPR) are two com-
plementary approaches to engage communities with develop-
ing and understanding biotechnology. Citizen science refers to
the participation of members of the public in scientific research,
which may involve data collection or analysis.76 Within the realm
of biotechnology, multiple research groups have turned to
online science discovery games to accelerate the discovery of bi-
ological structures.77 For example, the Eterna project challenges
players to develop stable mRNA vaccines and CRISPR guides.78

Nonetheless, a variety of factors including access to technol-
ogy, participation, and language requirements, and data inter-
pretation may turn into bottlenecks that limit the participation
of specific populations in these types of projects.79 Therefore,
the intentional design of citizen science activities is paramount
to engage the intended communities. CBPR aims to actively in-
volve community members in all aspects of the research pro-
cess, including providing their expertise in the initial research
design phase and carrying out research studies.80 A few charac-
teristics of this approach include building on the strengths and
resources of the community, promoting colearning among re-
search partners, and employing an iterative process to maintain
community partnerships.81

A common application of biotechnology in CBPR is through
the use of molecular diagnostic platforms including studies on
HIV screening in African American church attendees82 and cer-
vical cancer screening among underserved communities in
the island nation of Federated States of Micronesia.83 The two
approaches offer opportunities for community members to
work closely with scientists and research organizations on bio-
technology innovations and implementation.

Policy Making
Public concerns about biotechnology reflect risk perceptions
and distrust in regulatory agencies’ capacity and competence
to address potential threats to public welfare.84,85 Nonetheless,
excessive oversight of biotechnologies can increase the public’s
vulnerability to biotechnologies that pose a great threat to pub-
lic welfare if regulatory resources are improperly expended on
governing low risk biotechnologies. It can also stifle the pace of
innovation by encouraging biotech developers to create imitation
biotechnologies to avoid significant upfront product develop-
ment and marketing costs, and delay the commercialization of
novel biotechnologies if biotech developers must prove their bio-
technologies are optimally safe through a prolonged and costly
regulatory review process.84

Risk assessment and management policies that align with the
public’s values and provide opportunities for public input can al-
leviate these concerns.86,87 Regulatory agencies can develop
consumer education and outreach policies that communicate
the social, economic, environmental, and human health risks
and benefits of biotechnologies and how these risks are
assessed and mitigated in a manner that is comprehensible
and relatable to the public. This builds public trust in the gover-
nance of biotechnologies.88,89 For instance, regulatory agencies
can use different communication methods (e.g., internet, radio,
television, newspapers, brochures, postcards, magazines, jour-
nals, and conferences) to effectively convey policy information
that is accessible and culturally and linguistically appropriate
to the public.

To resonate with the public, these policies can be written in
plain language (i.e., common words and phrases, and avoid sci-
entific or technical jargon and complex or long sentences) with
infographics that clearly show why these policies are important
to the public, how these policies address the public’s needs
and align with the public’s values and priorities, and what
actions the public can take to safeguard their health and the
environments where they live, learn, work, and participate in
extracurricular activities once they are aware of these poli-
cies.89–93 Similar policies can be created for agencies that
fund biotechnology research and development (R&D). These
policies can require public transparency on how funded bio-
technologies will impact society and address research-to-
practice gaps, and the effectiveness and societal implications
of accountability measures for grantees.

For example, the National Institutes of Health’s Small Business
Innovation Research (SBIR) and Small Business Technology
Transfer (STTR) programs fund biotechnology R&D for their po-
tential to improve clinical practice. According to the Small Busi-
ness Act (15 U.S. Code x638), these programs are mandated to
inform the public about suboptimal program operations and
recommendations for improvement that can impact human
well-being and the economy.94,95

Policies created to involve the public in decision-making
processes regarding biotechnologies are another alternative
to addressing the public’s apprehension of biotechnology
impacts. Regulatory agencies are required by law to inform
the public about risk-assessment policies for biotechnologies
and allow public comment on those policies to consider the
comments in policy reform.96–98 For example, the U.S. Food
and Drug Administration (FDA) hosts public meetings to ob-
tain consumer perspectives on biotechnologies and uses
the information to develop policies that set patient-reported
outcome metrics to assess how biotechnologies affect the
public’s quality of life and performance benchmarks for
biotechnologies.99

However, public comment on new policies for biotechnolo-
gies being considered by a regulatory agency does not always
influence that agency’s actions on those policies. Regulatory
agencies base their actions for upholding, modifying, or termi-
nating a new policy on several factors, including public com-
ments, scientific, technical, and economic data, expert
opinions, laws, and facts. Public comments are more likely to
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influence policy reform when they provide clear, concise, and
compelling information relevant to analyzing the proposed pol-
icy and its implications.

They should provide content that (1) states whether the pub-
lic supports or disagrees with the new policy; (2) supports the
public’s objectives for commenting, while noting any distinctive
credentials or lived experiences that explain the public’s interest
in the proposed policy; (3) provides subject headings to reiterate
main points; (4) describes legal or factual issues with the policy
while quoting or citing laws and scientific, technical, economic,
or other facts overlooked; (5) critiques how the policy was
designed, including the involved parties, and its cost effective-
ness and potential to disproportionately impact an individual
or group of people; (6) includes examples to highlight concerns
with the policy; and (7) offers alternative solutions to problems
the policy intends to address with evidence, including existing
agency policies that have contributed to the problem.

Furthermore, the public can increase the likelihood that their
comments will be addressed if they mobilize support for their
position among community organizations, lobby the regulatory
agency, garner support from a legislator, or obtain press cover-
age on their position.100–102

Policies can also promote the use of implementation science
methods during biotechnology R&D. These methods use stake-
holder input to identify barriers and facilitators to the uptake of
biotechnologies in real-world settings, including safety aspects,
and test strategies to mitigate those barriers.103–105 Policies can
as well establish community engagement advisory boards
(CEABs) to provide the public with shared decision making,
open communication, and transparency about the benefits
and risks of introducing biotechnologies into their communities.

CEABs are composed of members from the public and STEM
communities that have diverse expertise and lived experiences
(e.g., lay members and advocates, leaders of community organi-
zations, research staff, biotechnologists, and engineers). Public
members can provide recommendations on the design and
implementation of the R&D and commercialization strategy
for biotechnologies.

Insights may address how to identify potential community
partners; research questions and methods; interpretation of re-
search findings; whether dissemination of research findings is
culturally and linguistically sensitive; whether product design
processes are informed by user experience, recruitment, and re-
tention plans for clinical trials; implementation approaches; pub-
lic engagement strategies to reach target communities; and
biosafety and environmental issues of concern to citizens.106,107

Policy development at different levels of influence can facili-
tate the adoption and uptake of biotechnology innovations in
communities. It can empower the public to actively engage
in ongoing dialogue with biotech stakeholders and share in
decision-making processes through public–private partnerships
that support the formation of community-based advisory
boards for biotech R&D and implementation science processes.
It can also provide mechanisms for the public to gain a better
understanding of how perceived benefits outweigh perceived
challenges from integrating biotechnology innovations in their
communities. Furthermore, policies made for agencies that pro-

vide social, human, and physical capital to support biotech R&D
efforts can foster transparency and accountability of biotechnol-
ogy innovations that are in the best interests of the public and
their communities.

Conclusions
Biotechnology offers vast benefits to the environment, animals,
and human health, and contributes to improving socioeconomic
conditions for the public. However, biotechnology innovations
continue to trigger public concern and opposition over their po-
tential social, health, and ecological risks. In general, citizens are
risk averse in biotechnology adoption. Thus, initiatives that seek
to engage communities in design, development, and adoption
processes are crucial for the successful implementation of
biotechnology-based solutions. Ideally, these initiatives should
arise from all types of sectors (e.g., academic institutions, non-
profit organizations, government agencies, health care, and ag-
ricultural industrial organizations) and build relationships with
community partners.

Here, we have described a variety of approaches that biotech-
nologists can use to engage with the public beyond simply com-
municating information. This access, interaction, and discussion
encourages critical thinking, addresses local needs, provides in-
clusive solutions, and develops trusting relationships with the
communities our biotechnology seeks to serve.
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dent Engagement Outside the Classroom: Analysis of a Challenge-Based
Learning Strategy in Biotechnology Engineering. In: 2019 IEEE Global
Engineering Education Conference (EDUCON); 2019; pp. 617–621.

39. Luxem KE, Weber EU. Combining storytelling and critical thinking to im-
prove information flow between geoscience experts and local decision-
makers. Am Geophys Union 2020;2020:SY010-01.

40. Acedo C, Hughes C. Principles for learning and competences in the 21st-
century curriculum. PROSPECTS 2014;44(4):503–525; doi: 10.1007/s11125-
014-9330-1.

41. Akkus R, Gunel M, Hand B. Comparing an inquiry-based approach known as
the science writing heuristic to traditional science teaching practices: Are
there differences? Int J Sci Educ 2007;29(14):1745–1765; doi: 10.1080/
09500690601075629.

42. Arifin NR, Mahmud SND. A systematic literature review of design thinking
application in STEM integration. Creat Educ 2021;12(7):1558–1571; doi:
10.4236/ce.2021.127118.
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77. Waldispühl J, Szantner A, Knight R, et al. Leveling up citizen science. Nat
Biotechnol 2020;38(10):1124–1126; doi: 10.1038/s41587-020-0694-x.

78. Andreasson JOL, Gotrik MR, Wu MJ, et al. Crowdsourced RNA design dis-
covers diverse, reversible, efficient, self-contained molecular switches.
Proc Natl Acad Sci 2022;119(18):e2112979119; doi: 10.1073/
pnas.2112979119.

79. Paleco C, Garcı́a Peter S, Salas Seoane N, et al. Inclusiveness and Diversity in
Citizen Science. In: The Science of Citizen Science. (Vohland K, Land-
Zandstra A, Ceccaroni L, et al. eds.) Springer International Publishing:
Cham; 2021; pp. 261–281.

80. Balazs CL, Morello-Frosch R. The three Rs: How community-based partici-
patory research strengthens the rigor, relevance, and reach of science.
Environ Justice 2013;6(1):9–16; doi: 10.1089/env.2012.0017.

81. Holkup PA, Tripp-Reimer T, Salois EM, et al. Community-based participatory
research: An approach to intervention research with a Native American
Community. Adv Nurs Sci 2004;27(3):162–175.

82. Berkley-Patton J, Bowe-Thompson C, Bradley-Ewing A, et al. taking it to the
pews: A CBPR-guided HIV awareness and screening project with Black
Churches. AIDS Educ Prev 2010;22(3):218–237; doi: 10.1521/
aeap.2010.22.3.218.

83. Sy AU, Hernandez BY, Tareg A, et al. Acceptability and feasibility of a com-
munity based participatory research project comparing cytology and
urine HPV DNA testing for cervical cancer screening in Yap, Federated
States of Micronesia. Cancer Epidemiol 2017;50:283–288; doi: 10.1016/
j.canep.2017.07.008.

84. National Academies of Sciences, Engineering, and Medicine, Division on
Earth and Life Studies, Board on Chemical Sciences and Technology, et al.
Preparing for Future Products of Biotechnology. National Academies Press
(US): Washington, DC; 2017.

85. Savadori L, Savio S, Nicotra E, et al. Expert and public perception of risk from
biotechnology. Risk Anal 2004;24(5):1289–1299; doi: 10.1111/j.0272-
4332.2004.00526.x.

86. National Academies of Sciences Engineering. Gene Drives on the Horizon:
Advancing Science, Navigating Uncertainty, and Aligning Research with
Public Values. National Academies of Sciences Engineering: Washington,
DC; 2016.

87. National Research Council. Public Participation in Environmental Assessment
and Decision Making. National Research Council: Washington, DC; 2008.

88. Toyserkani GA, Huynh L, Morrato EH. Adaptation for regulatory application:
A content analysis of FDA risk evaluation and mitigation strategies as-
sessment plans (2014–2018) using RE-AIM. Front Public Health 2020;8:43;
doi: 10.3389/fpubh.2020.00043.

89. Hallerman EM, Bredlau JP, Camargo LSA, et al. Towards progressive
regulatory approaches for agricultural applications of animal biotechnol-
ogy. Transgenic Res 2022;31(2):167–199; doi: 10.1007/s11248-021-
00294-3.

90. Rudd RE, Kaphingst K, Colton T, et al. Rewriting public health information in
plain language. J Health Commun 2004;9(3):195–206; doi: 10.1080/
10810730490447039.

91. McCrea D. Risk communication related to animal products derived from
biotechnology. Rev Sci Tech Int Off Epizoot 2005;24(1):141–148.

92. Stableford S, Mettger W. Plain language: A strategic response to the health
literacy challenge. J Public Health Policy 2007;28(1):71–93; doi: 10.1057/
palgrave.jphp.3200102.

93. Armbrust K, Burns M, Crossan AN, et al. Perspectives on communicating risks
of chemicals. J Agric Food Chem 2013;61(20):4676–4691; doi: 10.1021/
jf305281c.

94. House of Representatives C. 15 U.S.C. 638—Research and Development.
Government. U.S. Government Publishing Office; 2011. Available from:
https://www.govinfo.gov/app/details/USCODE-2011-title15/USCODE-
2011-title15-chap14A-sec638/https%3A%2F%2Fwww.govinfo.gov%
2Fapp%2Fdetails%2FUSCODE-2011-title15%2FUSCODE-2011-title15-
chap14A-sec638%2Fsummary [Last accessed: July 10, 2022].

95. National Academies of Sciences Engineering. Assessment of the SBIR and
STTR Programs at the National Institutes of Health. National Academies of
Sciences Engineering: Washington, DC; 2022.

96. Anonymous. Administrative Procedure Act (5 U.S.C. Subchapter II). 2016.
Available from: https://www.archives.gov/federal-register/laws/
administrative-procedure [Last accessed: July 10, 2022].

97. Anonymous. The Freedom of Information Act, 5 U.S.C. x 552. 2016. Available
from: https://www.justice.gov/oip/freedom-information-act-5-usc-552
[Last accessed: July 10, 2022].

COMMUNITY ENGAGEMENT WITH BIOTECHNOLOGY 353

D
ow

nl
oa

de
d 

by
 1

36
.1

58
.1

1.
12

4 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
8/

30
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



98. National Research Council (US) Committee on Improving Risk Analysis
Approaches Used by the U.S. EPA. Science and Decisions: Advancing Risk
Assessment. National Academies Press (US): Washington (DC); 2009.

99. Office of the Commissioner of the Food and Drug Administration. Focus
Areas of Regulatory Science. FDA; Silver Spring, MD; 2021.

100. U.S. Office of Science and Technology Policy. Coordinated framework for
regulation of biotechnology; Announcement of Policy; Notice for Public
Comment. Fed Regist 1986;51(123):23302–23350.

101. Rados C. The importance of public comment to the FDA. FDA Consum
2004;38(6):21–23.

102. Mullin ED. The Art of Commenting: How to Influence Environmental Deci-
sionmaking with Effective Comments. Environmental Law Institute;
Washington, DC 2013.

103. Bauer MS, Damschroder L, Hagedorn H, et al. An introduction to imple-
mentation science for the non-specialist. BMC Psychol 2015;3(1):32; doi:
10.1186/s40359-015-0089-9.

104. Lieshout F van, Yang R, Stamenova V, et al. Evaluating the implementation
of a Remote-Monitoring Program for chronic obstructive pulmonary dis-

ease: Qualitative methods from a service design perspective. J Med In-
ternet Res 2020;22(10):e18148; doi: 10.2196/18148.

105. Gamble-George JC, Longenecker CT, Webel AR, et al. ImPlementation
REsearCh to DEvelop Interventions for People Living with HIV (the PRE-
CluDE Consortium): Combatting chronic disease comorbidities in HIV
populations through implementation research. Prog Cardiovasc Dis
2020;63(2):79–91; doi: 10.1016/j.pcad.2020.03.006.

106. Matthews AK, Newman S, Anderson EE, et al. Development, implementation,
and evaluation of a community engagement advisory board: Strategies for
maximizing success. J Clin Transl Sci 2018;2(1):8–13; doi: 10.1017/cts.2018.13.

107. Matthews AK, Anderson EE, Willis M, et al. A community engagement ad-
visory board as a strategy to improve research engagement and build
institutional capacity for community-engaged research. J Clin Transl Sci
2018;2(2):66–72; doi: 10.1017/cts.2018.14.

Received: July 10, 2022
Accepted: July 29, 2022

Issue Publication Date: August 18, 2022

354 JIMENEZ ET AL.

D
ow

nl
oa

de
d 

by
 1

36
.1

58
.1

1.
12

4 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
8/

30
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 


