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around a narrow envisioning of the RI principle of antic-
ipation — emphasizing product safety, efficacy, and effi-
ciency. We also found noteworthy tensions surrounding 
the less frequently mentioned RI principles. For exam-
ple, some researchers envisioned inclusion as a way to 
align products with industry interests while others saw 
it as a way to align products with the public good. Con-
cerning motivations for RI, some researchers viewed RI 
as a way to protect one’s reputation and avoid lawsuits 
while others viewed it as a way to improve human well-
being and solve societal problems. Given these findings, 
future efforts to foster RI within nano-agrifoods should 
promote discussions among researchers concerning 
what it means to responsibly innovate and what prac-
tices this could entail, particularly beyond ensuring 
product safety, efficacy, and efficiency.
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Introduction

Responsible innovation (RI) is a governance paradigm 
for emerging technologies and innovation more broadly 
that builds upon anticipatory governance [1], upstream 
engagement [2], and theories of technology assess-
ment such as constructive technology assessment [3] 
and real-time technology assessment [4]. As the litera-
ture on RI continues to grow and mature, a diversity of 
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RI definitions, practices, and motivations have emerged 
[5–9]. We begin this article by first demonstrating how RI 
definitions, practices, and motivations are not concretely 
defined nor universally agreed upon. In the face of this 
divergence of definitions, practices, and motivations, we 
review the importance of context when envisioning and 
pursuing RI. We then introduce our study on what form 
RI definitions, practices, and motivations take specifically 
among researchers in academia and industry working on 
nanotechnology in food and agriculture (nano-agrifoods).

Definitions of RI: While succinct definitions of RI 
exist, like the often cited “taking care of the future 
through collective stewardship of science and innovation 
in the present” [10], a key component of RI definitions 
are tenants or key principles. Most prominently, Stilgoe 
et al. [10] propose four key principles of RI: anticipation, 
inclusion, reflexivity, and responsiveness. Others suggest 
alternative principles to include within the definition of 
RI such as transparency/openness, sustainability, and 
care [5, 6, 11]. In addition, some scholars have defined RI 
through attributes to be realized in the products of inno-
vation like social desirability, ethical responsibility, high 
scientific quality, and market competitiveness [6]. The 
diversity of reported dimensions of RI is further compli-
cated by their independent meaning and conceptualiza-
tion. For example, one review of the RI literature found 
eleven ways of providing specific meaning to the RI prin-
ciple of “inclusion,” including diversify values, diversify 
expertise, democratize R&D decisions, earn public sup-
port for potential outcomes, define desirable outcomes, 
identify and clarify social-ethical impacts, diversify alter-
natives, assess social desirability, expand capacity for 
change, contribute to social desirability of outcome, and 
contribute to scientific quality of outcome [6].

RI definitions can also be differentiated from the 
“Responsible Research and Innovation” (RRI) para-
digm. While RI and RRI are sometimes conflated, 
they have different roots and key components. RI’s 
beginnings are more aligned with academia, while 
RRI emerged from a public policy and institutional 
context — namely the European Commission [11]. 
RRI emphasizes the principles of public engagement, 
open access/science, gender, science education, and 
ethics [11]. Our study focuses primarily on RI but 
acknowledges that the developments of RRI have 
influenced discourse in this area more broadly.

Practices of RI:  In addition to the breadth of defini-
tions and principles, there are also a host of action-ori-
ented practices or approaches for achieving RI. For example, 

Lubberink et  al. [12] identify four main approaches to 
achieve the RI principle of inclusion, specifically in the 
context of industry: (i) consult, integrate, or collaborate 
with key stakeholder groups (e.g., the public, supply-chain 
actors, end-users, non-governmental organizations, experts, 
and  governmental agencies); (ii) user-innovation through 
crowdsourcing, focus groups, or bottom-up innovation; (iii) 
community visits; and (iv) public platforms for expressing 
needs and concerns. Stilgoe et al. [10] identify nine main 
practices to pursue “inclusion,” focused more on methods: 
(i) consensus conferences, (ii) citizens’ juries and panels, (iii) 
focus groups, (iv) science shops, (v) deliberative mapping, 
(vi) deliberative polling, (vii) lay membership of expert 
bodies, (viii) user-centered design, and (ix) open innova-
tion. Similar to the RI principle of inclusion, various other 
practices exist for other RI principles such as anticipation 
(e.g., conducting safety studies to evaluate if a substance of 
new material may cause health or environmental impacts), 
reflection (e.g., codes of conduct), and responsiveness (e.g., 
adding food labels in response to consumer desired transpar-
ent information on what is in the food supply).

Motivations for RI: A wide range of potential moti-
vations exist for pursuing RI. Von Schomberg and 
Hankins [13] offer motivations for pursuing RI that 
include indictments of existing innovation systems:(i) 
moving from an exclusive focus on risk and safety 
issues in the governance of new technology to con-
sidering societal desirability; (ii) moving away from 
the idea that economic markets can alone achieve 
societally desirable innovations; (iii) moving from 
assuming innovation is an inherent good to steering 
innovation towards socially beneficial objectives; and 
(iv) moving from maximizing technological poten-
tial to aligning innovation with broadly shared public 
values and expectations. RI motivations may also be 
more applied and influenced by institutional context 
(e.g., industry, government, or academia) [12, 14–18]. 
For example, some innovators may pursue RI because 
it aligns with their desire to benefit the public good, 
while others may pursue RI to help achieve product 
success or avoid liability, outside of an explicit com-
mitment to the broader public good.

This brief description demonstrates the breadth of RI 
definitions, practices, and motivations and emphasizes 
the need for increased attention to how RI is defined 
and practiced in particular contexts [17, 19, 20]. Noting 
that RI takes different forms in different contexts sug-
gests it is more fluid than a prescriptive set of definitions 
and practices. Even so, there is still a need to match an 
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attentiveness to context with an awareness of what RI 
principles are being emphasized and left out of how RI is 
defined and practiced [17]. As a foundation, the four key 
principles articulated by the most cited article on RI [10] 
imply that a critical eye should be brought towards RI 
definitions and practices that do not (i) consider the future 
impacts and implications of innovation (anticipation), (ii) 
open questions and decisions concerning innovation to 
inclusive dialogue (inclusion), (iii) hold a mirror up to 
one’s motivations and assumptions (reflexivity), and (iv) 
change the direction of innovation based on stakeholder 
and public values and RI activities (responsiveness).

RI of Nano-agrifoods: RI has often been called for 
with  emerging technologies such as synthetic biology, 
geoengineering, and nanotechnology because of  the 
high degrees of uncertainty, complexity, and contro-
versy associated with these technologies [16, 21]. In 
the context of nanotechnology, a variety of RI defini-
tions, practices, and motivations have been discussed. 
Some studies report that RI practices have occurred at 
the end of product design and innovation stages rather 
than in earlier stages of the innovation cycle [22], and 
that  most nano-innovation has occurred according to 
“business as usual” strategies rather than whole-hearted 
adoption of RI in practice [23]. Others have noted barri-
ers to putting RI theory into practice for fields of nano-
technology, including the lack of concrete guidelines for 
RI as well as the lack of institutionalization of principles 
and practices of responsible nano-innovation, leading to 
“interesting side projects” rather than meaningful and 
robust incorporation of RI practices within nano-inno-
vation cycles [24]. This stands in contrast to practices 
suggested in the literature [e.g., 10, 25] that incorporate 
inclusive and reflexive deliberation to not only ensure 
safe and ethical innovation but also to reflect on the pur-
poses and motivations driving innovation. Some com-
panies may also be motivated to pursue RI as a way to 
ensure the “responsible handling of nanomaterials” and 
to provide a “commitment to current employees, cus-
tomers, suppliers, and society,” as in the case of BASF’s 
Nanotechnology Code of Conduct [24].

While there have been other studies reporting on 
how RI has been applied to nanotechnology as a whole 
[e.g., 24, 26–28], there has not been work exploring 
what form RI takes for nano-agrifoods specifically. 
Given the importance of context for understanding RI, 
we were particularly interested in understanding how 
RI is being defined and practiced by researchers work-
ing in nano-agrifood sectors, and what factors motivate 

their pursuit of RI. There is a wide range of nano-
enabled applications on the market or in development 
in food and agriculture sectors (e.g., nano-fertilizers, 
nano-pesticides, nano-encapsulation, nano-emulsions, 
nano-scale food additives). These nano-agri-food appli-
cations are often touted for their potential ability to pro-
vide improved nutritional value of process foods, longer 
shelf lives of fresh cut produce, and most sustainable 
alternatives to conventional agrochemicals [29, 30].

To explore how RI is being envisioned and prac-
ticed by nano-agrifood researchers, we conducted in-
depth, semi-structured interviews with 20 researchers 
in industry and academia based in the United States 
(U.S.) working on a range of nano-agrifood appli-
cations. After outlining our methods, we begin our 
findings section by presenting a summary from each 
key area of the interview: How do nano-agrifood 
researchers define RI? How do they define non-RI? 
What practices do they use to achieve RI? What moti-
vations do nano-agrifood researchers see for pursuing 
RI? We then present findings on how the RI defini-
tions, practices, and motivations articulated by nano-
agrifood researchers relate to the four key principles 
of RI (i.e., anticipation, inclusion, reflexivity, and 
responsiveness). These results help better understand 
exactly how nanotechnology researchers are defining 
and practicing RI within food and agriculture sectors, 
as well as what aspects of RI they are emphasizing 
and (knowingly or unknowingly) sidelining. This 
study also sheds light on how well academic defini-
tions of RI are spreading to researchers — vital infor-
mation to help inform efforts to achieve a robust and 
balanced approach to RI for nano-agrifoods and other 
emerging technologies within food and agriculture.

Methods

To study how nano-agrifood researchers define and 
practice RI within nano-agrifood sectors, we conducted 
20 individual, in-depth, semi-structured interviews. To 
identify our pool of potential participants, we chose the 
selection criteria of (1) individuals from U.S. industry 
and academia that were (2) involved with research on 
nanotechnology applications within food and agricul-
ture sectors, including food production, food process-
ing, agriculture production, agrochemical production or 
use, and veterinary medicine. We searched for potential 
participants that matched these selection criteria within 
peer-reviewed literature, non-peer-reviewed reports, 
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conference attendee lists, the U.S. Department of Agri-
culture Current Research Information System database, 
and publicly accessible company websites. In total, we 
identified 45 potential participants from industry and 50 
from academic institutions using these search criteria.

We invited potential participants to take part in the study 
using email invitations. Twenty individuals, including eight 
from U.S.-based industry and twelve from U.S. academic 
institutions agreed to take part in the study. Of the partici-
pants from industry, two came from large companies that 
employed over 5000 employees and the rest came from 
small companies with fewer than 100 employees. Two of 
the participants’ companies employed less than five peo-
ple. A majority of industry participants held PhDs. Posi-
tions held by industry participants from small companies 
included CEO and President, while the positions of par-
ticipants from medium or large companies included Vice-
President of Research and Vice-President Product Devel-
opment. Of the participants from academia, they all held 
PhDs and were affiliated with a U.S.-based university, with 
the vast majority holding professorships. Our industry and 
academia interviewees worked in a range of nano-agrifood 
research areas including nano-pesticides, nano-fertilizers, 
nano-food processing, nano-dietary supplements, and 
nano-veterinary medicine. Some interviewees described 
being involved in more than one research area.

We received Institutional Review Board approval 
via NC State University for this study (Protocol 19207), 
and all participants provided written consent before 
participating in the interviews. We conducted the inter-
views using a web-meeting platform between Decem-
ber 2019 and June 2020.  Interviews generally lasted 
between 60 and 75  min. The interview protocol con-
sisted of eleven semi-structured questions exploring how 
researchers define and practice RI. We sent the interview 
questions to participants in advance of the interview. The 
first interview question had interviewees describe their 
area of expertise, current position, and nanotechnology 
research. After that introductory question, we asked the 
following four questions that we address in this article:

1. From your own point of view, what does it mean 
to innovate responsibly?

2. What does it mean to not innovate responsibly?
3. What formal or informal practices do you use to 

innovate responsibly with nanotechnology for 
food and agriculture?

4. What motivations exist for pursuing nanotechnol-
ogy responsible innovation?

Interviewees were not provided a definition of 
“responsible innovation” or how to “innovate responsi-
bly” since we wanted to understand their own views on 
RI and how they compared to the academic literature. 
While interviewees could have researched RI between 
receiving our questions and when the interviews were 
conducted, none of the interviewees mentioned doing 
so and none of their answers directly quoted from the 
RI literature. Notes were taken during the interview to 
ensure comprehension and to inform follow-up ques-
tions. All interviews were audio-recorded and tran-
scribed, and de-identified transcriptions were qualita-
tively analyzed using the software program Dedoose.

The goal of the initial data analysis was to exam-
ine how interviewees articulated RI definitions, prac-
tices, and motivations, and to understand how widely 
shared these definitions, practices, and motivations 
were across interviewees. Using Dedoose, we coded 
the transcripts using descriptive coding and subcod-
ing [31]. In this process, we first read through the tran-
script of each interview and assigned parent codes to 
each excerpt of an interview that related to one of the 
key topics of our inquiry (i.e., RI definitions, practices, 
motivations). For each excerpt related to a parent code, 
we then created a child code to capture exactly how the 
interviewee articulated each topic. Second, once we 
had created the initial set of child codes for each parent 
code, we revisited each child codes to ensure the con-
sistency within each code — combining codes and cre-
ating new codes as needed. This final list of child codes 
represents the emergent themes for each key topic of 
our study. We also identified the number of interviews 
each theme was mentioned in. Finally, we identified 
key quotations that captured each theme to present 
in the results. One researcher conducted the coding, 
another team member reviewed the coding scheme for 
reliability, and all emerging findings were reviewed for 
consistency during research team meetings.

We also analyzed across topics and themes to inves-
tigate what principles of RI were present and absent in 
researcher RI definitions, practices, and motivations. 
Specifically, we asked: what form did anticipation, inclu-
sion, reflexivity, and responsiveness take in researcher RI 
definitions, practices, and motivations? We looked at each 
emergent theme and its associated quotations to examine 
whether it related to anticipation, inclusion, reflexivity, 
and/or responsiveness as defined by Stilgoe et al. [10]. The 
goal was to understand how narrowly or broadly nanotech-
nology researchers were envisioning RI. If, for example, 
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all RI definitions, practices, and motivations only included 
one key RI principle, then that would indicate a narrow 
envisioning of RI relative to the academic literature.

Findings

Below we describe our findings according to the key 
study questions of: How do nano-agrifood researchers 
define RI? How do they define non-RI? What practices 
do they use to achieve RI? What motivations do they 
see for pursuing RI? And finally, how do the RI defi-
nitions, practices, and motivations articulated by nano-
agrifood researchers relate to four key RI principles of 
anticipation, inclusion, reflexivity, and responsiveness?

Definitions of Responsible Innovation

Our analysis of researcher responses to the question 
“What does it mean to innovate responsibly?” yielded 
six emergent themes: (1) Products do not harm human 
health and/or the environment, (2) Create effective and 
efficient products, (3) Use systems thinking, life cycle 
analysis or sustainable practices, (4) Adhere to regu-
lations, (5) Develop products that are publicly accept-
able, and (6) Engage stakeholders (Table 1). Of these 
six themes, the two most frequently mentioned themes 
involved product safety, efficacy, and efficiency: (1) 

Products do not harm human health and/or the envi-
ronment (100% of study participants, i.e., 20/20 partici-
pants) and (2) Create effective and/or efficient products 
(80% of participants). For example, one respondent 
echoed these themes in response to this question: 
“Responsible commercialization is understanding that 
the products are safe and effective and you are a good 
steward of the environment.”

Two less frequently mentioned themes highlighted 
specific processes to achieve safe products: Use sys-
tems thinking, life cycle analysis, or sustainable prac-
tices, and Adhere to regulations. Another infrequently 
mentioned theme, Engage stakeholders, emphasized 
the importance of considering a breadth of perspec-
tives within innovation. Key to this definition of RI 
was not being solely motivated by a single company’s 
profits, and engaging stakeholders was seen as a way 
to accomplish that. As one industry researcher said, 
“You can tell when there’s responsible innovation, 
when there’s comfortable stakeholders, and sort of 
the more diverse the stakeholders the better…. When 
you collect those individuals or different entities and 
organizations, you start having to apply some of that 
public good, right? Because once you bring in diverse 
stakeholders together, you’re no longer motivated for 
one sector or one company’s profits.”

Table 1  Interviewee themes and exemplary quotes that 
emerged from the interview question: “What does it mean to 
innovate responsibly?” % = percentage of interview partici-

pants, out of 20 total, who mentioned the theme. [A] indicates 
the quote is from an academic researcher, and [I] indicates the 
quote is from an industry researcher

Themes -  Definition of responsi-
ble innovation

% Sample excerpts

Products do not harm human 
health and/or the environment 

100 “Just thinking about pros and cons of nanopesticides, where would they go, how will they 
affect the health of the consumer, the environment?” [A]

Create effective and/or efficient 
products

80 “Responsible commercialization is understanding that the products are safe and effective 
and you’re a good steward of the environment.” [I]

Use systems thinking, life cycle 
analysis, or sustainable practices 

55 “Well, to do your very best to look over the horizon and see what the possible implications 
might be of a new technology and to consider their entire life cycle impacts.” [A]

Adhere to regulations 15 “You also need to be aware of being compliant with the regulatory pathways, of course.  I 
mean, you know, you have to be following the rules.” [I]

Develop products that are pub-
licly acceptable 

15 “When I am defining a new product or thinking about a new research project, the first thing 
that comes into my mind is always about feasibility and also the acceptability of the final 
products. We have to make sure that we encapsulate a specific compound that is publicly 
acceptable.” [A]

Engage stakeholders 10 “You can tell when there’s responsible innovation, when there’s comfortable stakehold-
ers, and sort of the more diverse the stakeholders the better.... When you collect those 
individuals or different entities and organizations, you start having to apply some of that 
public good, right? Because once you bring in diverse stakeholders together, you’re no 
longer motivated for one sector or one company’s profits.” [I]
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Definitions of Non-responsible Innovation

To further explore nano-agrifood researcher perspec-
tives on the definition of RI, we also asked inter-
viewees what they thought it meant to not innovate 
responsibly (Table  2). In this case, we found that 
there was less agreement across participant responses 
compared to the previous question (Table 1). The two 
most frequently mentioned themes focused on prod-
uct safety: (1) Ignore non-target environmental and/
or human impacts of products (60% of participants) 
and (2) Use hazardous, unknown, and/or uncontrolla-
ble substances in products (35%). The most prevalent 
theme was captured by one academic researcher who 
described that to not innovate responsibly meant: “To 
purposely produce something that has an impact or 
an off-target impact and just ignore that. Not paying 
attention to the off-target impact.”

Three of the less frequently mentioned themes 
(i.e., Focus solely on profits, Avoid regulatory scru-
tiny, and Lack collaboration and interdisciplinarity) 

described actions that could get in the way of 
achieving a safe product (Table  2). For example, 
researchers alluded to the idea that safe, and in their 
eyes therefore responsible, innovation could not be 
achieved by focusing solely on profits and ignoring 
potential environmental and human health impacts 
of a product. Alternatively, some noted that if you 
lack collaboration and interdisciplinarity, there are 
limitations to understanding the complex issues sur-
rounding nano-agrifood products. For example, one 
academic researcher said, you need “partners who 
have skills in a wide range of subjects, including 
soil microbiologists, toxicologists, mechanical engi-
neers, chemists, modelers”; otherwise, you may not 
really understand a product. Another theme, Mis-
leading by underselling or overselling, concerned 
how people relate to nanotechnology and empha-
sized that considering “all nanotechnology” to be 
either good or bad oversimplifies the technology and 
neglects the importance of context in making such 
judgments.

Table 2  Interviewee themes and exemplary quotes that 
emerged from the interview question: “What does it mean to 
not innovate responsibly?” % = percentage of interview partic-

ipants, out of 20 total, who mentioned the theme. [A] indicates 
the quote is from an academic researcher and [I] indicates the 
quote is from an industry researcher

Themes - Not innovating responsibly % Sample excerpts

Ignore non-target environmental 
and/or human health impacts of 
products

60 “To purposely produce something that has an impact or an off target impact and just 
ignore that. Not paying attention to the off target impact.” [A]

Use hazardous, unknown and/
or uncontrollable substances in 
products

35 “During the technology development, we have to make sure we don’t use non-food 
materials. We don’t want to use toxic compounds.” [I]

Focus solely on profits 20 “Personally, that to me is putting profits over the safety and the efficacy and the 
responsibility for the end users and the people involved.” [I]

Avoid regulatory scrutiny 20 “You wouldn’t even tell the EPA [U.S. Environmental Protection Agency], ‘hey, we 
have these nanoparticles in them’, – you would try to hide that so that you could get 
the product out and just ignore the potential consequences.” [I]

Mislead by underselling or oversell-
ing technology & safety

20 “If we rush to judgment and say nano is bad - blanket statement - that’s wrong... It is 
so diverse that you cannot make that statement, nor can you make a statement that 
nano is safe for the same reason.” [A]

Create inefficient or ineffective 
products

15 “Focusing solely on function, trying to obtain increased yield using a nonrenewable 
finite resource that is critical to whatever the technology would be. So there would 
be cost implications for that down the road, there would be availability implications 
which would be intertwined with economic considerations.” [A]

Lack collaboration and interdiscipli-
narity

10 “You have to… learn the risk involved, and as long as you work with partners who 
have skills in a wide range of subjects, including soil microbiologists, toxicologists, 
mechanical engineers, chemists, modelers, then, you will have a better handle of this, 
and you’re able to understand what would innovate responsibly mean. Otherwise, you 
might be just in a testing phase of materials, and you don’t really understand.” [A]
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Practices of Responsible Innovation

Our analysis of researcher practices for achieving RI of 
nano-agrifoods yielded eight emergent themes. Similar to 
the definitions of RI, the three most frequently mentioned 
themes were dominated by concerns about safety: (1) Con-
sider, or conduct studies on, environmental and human 
health safety (100% of study participants); (2) Adhere 
to lab safety practices (60%); and (3) Use materials that 
are low risk (55%) (Table 3). In reality, the first category, 
because of its broad framing, includes both the following 
categories on lab safety and using low-risk materials. We 
specifically include the categories Adhere to lab safety 
practices and Use materials that are low risk on their own 
because they were frequently mentioned in their own right.

The next two most frequently mentioned practices (i.e., 
Engage stakeholders and Collaborate interdisciplinarily)  

both highlight the importance of collaboration, but in 
different ways (Table  3). First, interviewees mentioned 
the importance of collaboration when discussing how a 
single discipline cannot adequately study nano-enabled 
agrifood applications because of their complexity. As one 
academic interviewee said, “You can’t rely on yourself 
alone… We worked with a diverse body of experts, so we 
had toxicologists, we have life-cycle practitioners.” This 
version of collaboration across disciplines was specific 
to concerns about achieving product safety, efficacy, and 
efficiency. A different end of collaboration, not directly 
associated with product safety, was articulated with the 
theme Engage stakeholders. This practice included col-
laborating with and receiving feedback from stakeholders 
and was associated with how researchers determined what 
specific products to pursue. In other words, in addition to 
safety, efficacy, and efficiency, what other considerations 

Table 3  Interviewee themes and exemplary quotes that 
emerged from the interview questions “What formal or infor-
mal practices do you use to innovate responsibly with nano-
technology for food and agriculture?” % = percentage of inter-

view participants, out of 20 total, who mentioned the theme.  
[A] indicates the quote is from an academic researcher and [I] 
indicates the quote is from an industry researcher

Themes - Responsible innovation practices % Sample excerpts

Consider, or conduct studies on, product 
environmental and human health safety

100 “We - not just me - all of my colleagues and collaborators, we understand very 
well that because we’re working with materials that have smaller particle size, 
everything from worker safety to environmental safety to product effectiveness, 
they all have to go in tandem.” [A]

Adhere to lab safety practices 60 “We follow all of the general normal safety procedures when we handle the 
nanoparticles; we treat them as any other biological agents as far as using PPE 
[personal protective equipment].” [A]

Use low risk materials in products 55 “My lab already knows we’re only working with … [a certain type of] nanoparti-
cles and not venturing out of this area. I found it very broad still. We can innovate 
a lot but at least I feel like it’s a safe area to work with when it comes to risk.” [A]

Engage stakeholders 45 “We’re trying to avoid some kind of technology that they [the company] don’t 
like... So, we always try to learn their views… then we take those back to the lab 
to see how our research, our technology can be developed to meet those expecta-
tions from them.” [A]

Collaborate interdisciplinarily 30 You can’t rely on yourself alone... because if you work on something on yourself, 
you really cannot disclose the full picture of the product, or the material... We 
worked with a diverse body of experts, so we had toxicologists, we have life-
cycle practitioners.” [A]

Adhere to regulations 20 “The first question is, you know, what are the regulatory compliance pathways... 
what studies do we need to do to convince first ourselves, then the regulators 
that this can get a green light and doesn’t have problems.” [I]

Hold lab meetings to discuss research 20 “They all have this overarching theme or this underlying sustainability, or really the 
green chemistry principles that guide the work that they do. And so, you know, in 
group meetings when they all take turns presenting their work... my hope is that 
these messages and the broader applicability of how you innovate responsibly, or 
how you would apply these principles in different contexts comes through.” [A]

Conduct literature reviews 20 “Then as a scientist you do a really good job in literature review… understand the 
toxicological profile, understand how the plant is going to respond, understand, are 
they going to be degraded? If they’re not degraded what happens over time?” [A]
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should inform what paths nano-agrifoods innovation 
take? For example, academic researchers discussed the 
importance of reaching out to industry or product users to 
determine if potential research trajectories were promis-
ing. As one academic interviewee said: “We’re trying to 
avoid some kind of technology that they [the company] 
don’t like… So, we always try to learn their views… then 
we take those back to the lab to see how our research, 
our technology, can be developed to meet those expecta-
tions from them.” As discussed in our  section “Key RI 
Principles Across Researcher RI Definitions, Practices, 
and Motivations,” however, the desire to align innovation 
with the interests of industry was not the only end that 
researchers articulated, as they also mentioned aligning 
innovation with the pursuit of public goods that benefit 
society.

Safety, efficacy, and efficiency were once again 
key factors in the three least frequently mentioned 
themes (i.e., Adhere to regulations; Hold lab meet-
ings to discuss research; and Conduct literature 
reviews) (Table  3). These themes represent prac-
tices that interviewees found important for ensuring 
that proper research was conducted to help support 
product safety and effectiveness.

Motivations for Pursuing Responsible Innovation

Our analysis of the question “What motivations 
exist for pursuing nanotechnology responsible inno-
vation?” yielded eight emergent themes, each rep-
resenting a reason why researchers pursue RI for 
nano-agrifoods. Similar to the previously described 
themes, the most prevalent motivations involved 
safety, effectiveness, and efficiency: Not harm human 
health and/or the environment (80%) and Create 
more efficient and effective products (60%). The 
prevalence of these two themes reinforces how cen-
tral environmental and human health safety as well 
as efficiency and efficacy were to researcher notions 
of RI. The third most prevalent theme, however, was 
the motivation to Improve human well-being and/or 
solve societal problems. This broadened the focus 
beyond safe, effective, and efficient products to the 
purpose of innovation itself. One industry researcher 
articulated the desire to solve societal problems in 
the following way: “It’s exciting to see somebody 
who has had a problem, has not been able to solve 

it, and I can help them solve that problem, and I can 
help them rescue a crop, or rescue a yield, or just 
frankly use less fertilizer.”

Because of the topic area of our study, many of the 
societal problems that researchers articulated had to 
do with the environmental and human health impacts 
of intensive agriculture. The solutions they discussed 
involved using nanotechnologies and/or engineered 
nanomaterials to create agrifood products that were 
more efficient, effective, and safe than conventional 
counterparts. The emphasis on solving societal prob-
lems as the motivation for RI stands in contrast to 
three other motivations articulated by researchers 
that align with industry interests: (1) Protect reputa-
tion, (2) Avoid liability, and (3) Better understand and 
market your product. The emphasis on safety and effi-
cacy highlighted across our findings was also embed-
ded in participant comments on these three themes 
— participants linked protecting their reputations and 
liability with demonstrating adequate product safety 
and efficacy (see Table  4). Researchers also articu-
lated the RI motivation of Better understand and 
market your product in terms of safety and efficacy, 
as described by one industry researcher: “To really 
understand your product and its points of differentia-
tion against the competition you do a lot of research 
that’s not in that regulatory framework context. And 
so, understanding your competitive advantage a lot of 
times will include this product is more effective and/
or safer, and/or better in these ways.” This researcher, 
then, sees RI as aligning with the need to conduct 
research beyond what is required by regulations and 
recognizes how this can support finding one’s com-
petitive advantage.

Finally, two of the other motivations that research-
ers mentioned — Responsible innovation aligns with 
the mission of academic discipline and Research 
integrity and ethics — show that some researchers 
view RI as aligning with the general norms of pro-
ducing high quality research and products of innova-
tion. For example, one academic researcher discussed 
the motivations for pursuing responsible nano-inno-
vation in the context of their environmental engi-
neering academic discipline: “The key motivation if 
you’re an environmental engineer is that you don’t 
want to do any harm. You want to make sure that 
sustainability is at the forefront of all discovery and 
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you want to avoid the unintended consequences from 
a change from the status quo.” This researcher sees 
both the environmental engineering discipline and RI 
as being about innovation that is sustainable and that 
avoids unintended consequences. Another academic 
researcher described their motivation for RI in terms 
of general research integrity and ethics: “We know, 
as a scientist, that research integrity, ethics, that’s a 
foundation.”

Key RI Principles Across Researcher RI Definitions, 
Practices, and Motivations

In our analysis, we also looked across the emergent 
themes from nano-agrifood researcher RI definitions, 

practices, and motivations to examine whether and 
how four key RI principles (i.e., anticipation, inclu-
sion, reflexivity, and responsiveness) were present. 
Here we describe how each RI principle emerged 
across researcher RI definitions, practices, and 
motivations.

Anticipation. Anticipation — simply defined as 
considering the future impacts and implications of 
innovation [25] — was an essential component of 
researcher discussions of RI definitions, practices, 
and motivations, although it was primarily envisioned 
through the lens of product safety, efficacy, and effi-
ciency. In reviewing the themes relating to anticipa-
tion, we found that they all concerned product safety, 
efficacy, and efficiency (Table 5). Table 5 also shows 

Table 4  Interviewee themes and exemplary quotes that 
emerged from the interview questions “What motivations 
exist for pursuing nanotechnology responsible innovation?” 
% = percentage of interview participants, out of 20 total, who 

mentioned the theme. [A] indicates the quote is from an aca-
demic researcher and [I] indicates the quote is from an industry 
researcher

Themes - Responsible innovation motivations % Sample excerpts

Not harm human health and/or the environ-
ment with products

80 “I think, food safety and in agriculture, food safety is our most, our highest 
priority. We’re responsible for feeding people that could get sick if we chose 
the wrong product.” [A]

Create more efficient and effective products 60 “We want to improve the efficacy of the pesticides, but we do not want to dam-
age the environment while we’re at it.” [A]

Improve human well-being and/or solve soci-
etal problems

55 “It’s exciting to see somebody who has had a problem, has not been able to 
solve it, and I can help them solve that problem, and I can help them rescue 
a crop, or rescue a yield, or just frankly use less fertilizer, which is the one I 
get the most excited about.” [I]

Responsible innovation aligns with mission of 
academic discipline 

35 “The key motivation if you’re an environmental engineer is that you don’t want 
to do any harm. You want to make sure that sustainability is at the forefront 
of all discovery and you want to avoid the unintended consequences from 
a change from the status quo. The thing is, we know the status quo is so 
bad in terms of the environmental impacts of agriculture that we have to do 
something.” [A]

Protect reputation 25 “Simply put, because the company and the investors plan to be in this game 
for the long term, it’s about covering your butt. If we’re going to be in it 20 
years, we can’t find out in 10 years… something that affects our reputation or 
affects our growers or the environment they’re growing in.” [I]

Avoid liability 20 “I think the motivation is obviously you don’t want to get sued, right...  Once 
the farmer puts stuff on his field, that’s it. If something goes wrong, then he 
could go back to say what the heck, you said you would do this, but it actu-
ally killed everything, right, so you don’t want that to happen, so that’s one 
major driver.” [I]

Better understand and market your product 15 “To really understand your product and its points of differentiation against the 
competition you do a lot of research that’s not in that regulatory framework 
context. And so, understanding your competitive advantage a lot of times 
will include this product is more effective and/or safer, and/or better in these 
ways.” [I]

Research integrity and ethics 15 “Well, we know, as a scientist, that research integrity, ethics, that’s a founda-
tion.” [A]
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that the number of themes relating to anticipation 
(and in this instance, product safety, efficacy, and  
efficiency) far outnumbered those having to do with 
other key principles of RI. Furthermore, as shown 
within Table  1-4, the most frequently mentioned 
themes by researchers all had to do with safety, effi-
cacy, and efficiency. While the presence of product 
safety, efficacy, and efficiency is not surprising, the 
fact that it so overpowered other considerations is 
noteworthy. Safety, efficacy, and efficiency represent 
only part of anticipation (e.g., it can also include con- 
sidering political, social, and economic implications  
of a technology), and moving past a sole focus on  
safety, efficacy, and efficiency in innovation govern-
ance was one of the justifications for the development 
of RI in the first place [13].

Inclusion. Inclusion — opening questions and deci-
sions concerning innovation to inclusive dialogue 
[25] — was much less frequently mentioned across 
researcher RI definitions, practices, and motivations. 
It was present, however, in the context of the themes: 
Collaborate interdisciplinarily and Engage stake-
holders. First, the inclusion of a diversity of types of 
expertise was seen as a necessary means to achieve 
safe, effective, and efficient products (see Collabo-
rate interdisciplinarily in Table 3). The complexity of 
nanotechnologies and the systems in which they are 
used required an interdisciplinary approach to, as one 
academic researcher put it, “disclose the full picture of 
the product.” The second form of inclusion involved 
the reoccurring theme of Engage stakeholders. Within 

Table 5  How emergent themes from nano-agrifood researcher RI definitions, practices, and motivations relate to four key RI princi-
ples (i.e., anticipation, inclusions, reflexivity, and responsiveness). Note, in the table “w.r.t.” = with regard to

Interview topics Interview themes related to each RI principle

Anticipation Inclusion Reflexivity Responsiveness

Definitions of RI • Products do not harm human 
health and/or the environment

• Create effective and efficient 
products

• Use systems thinking, life 
cycle analysis or sustainable 
practices

• Adhere to regulations

• Engage stakehold-
ers

• Engage stakeholders • Develop  
products that  
are publicly 
acceptable

Definitions of NOT RI • Ignore non-target environ-
mental and/or human health 
impacts

• Use hazardous unknown and/
or uncontrollable substances

• Avoid regulatory scrutiny
• Create ineffective or inef-

ficient products
• Lack collaboration and inter-

disciplinarity
• Focus solely on profits
• Mislead by underselling or over-

selling technology and safety

• Lack collaboration 
and interdiscipli-
narity

RI practices • Consider, or conduct studies 
on, environmental and human 
health safety

• Adhere to lab safety practices
• Use low risk materials in 

products
• Collaborate interdisciplinarily
• Adhere to regulations
• Hold lab meetings
• Conduct literature reviews

• Engage stakehold-
ers

• Collaborate inter-
disciplinarily

• Engage stakeholders
• Collaborate interdisciplinarily

RI motivations • Not harm human health and 
the environment

• Create more efficient and 
effective products

• Responsible innovation aligns 
with mission of discipline

• Research integrity and ethics

Purpose w.r.t. the public 
good

Purpose w.r.t. the 
private sector

• Improve human well-
being and/or solve 
societal problems

• Protect reputation
• Avoid liability
• Better understand and 

market your product
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this theme, however, there were tensions surround-
ing who counts as a stakeholder and what ends are 
pursued through this stakeholder engagement. Some 
interviewees defined stakeholders mainly as industry 
and envisioned stakeholder engagement as a way to 
ensure that their products aligned with the interests 
of industry (e.g., see quote from Engage Stakeholders 
in Table  3), while others defined stakeholders more 
broadly and envisioned engagement as a way to ensure 
their products aligned with the public good (e.g., see 
quote from Engage Stakeholders in Table 1).

Reflexivity. Reflexivity — holding a mirror up 
to one’s motivations and assumptions [10, 25] — 
took two main forms across researcher RI defini-
tions, practices, and motivations. First, reflexivity 
was related to inclusion, as both interdisciplinarity 
and stakeholder engagement were discussed as ways 
to reflect on one’s assumptions. As one academic 
researcher stated when discussing the importance of 
interdisciplinarity for reflecting on one’s assumptions, 
“Working with people from diverse backgrounds, we 
learn more about experiments, too. We learn more 
about how the questions posed may or may not accu-
rately answer exactly what you want to. And even if it 
answers certain things, what are the potential flaws in 
that argument?” Second, reflexivity was also present 
in the ways researchers articulated and considered 
their motivations for RI. There was a tension between 
researcher motivations related to the public good 
(Improve human well-being and/or solve societal 
problems) and those related to the private sector (Pro-
tect reputation, Avoid liability, and Better understand 
and market your product). The tension arises because 
one can pursue the latter three motivations while 
being agnostic as to whether the resulting product 
improves well-being or solves societal problems. That 
is, simply pursuing a marketable product that does not 
cause liability or reputation concerns is not the same 
as pursuing products that align with broader notions 
of the public good. One can see this tension in the dif-
ferent ways that the following two researchers articu-
late their motivation for RI. One industry researcher 
who focuses on liability said: “Well, number one, you 
know, we all have this big problem of liability con-
cerns. For a company that is a very huge concern… 
We want to put out things which are not going to be 
indefensible in terms of liability. That simply would 

be foolish.” Another industry researcher viewed their 
motivation for pursuing RI in a broader lens: “What 
can I do to help the agricultural community? What 
can I do to help them be better and be safer? Versus 
waking up every morning and watching glyphosate 
commercials; who’s going to sue who kind of deal… 
It’s about helping others. And I can do that with nano-
technology. I can’t do it with a chemical.”

Responsiveness. Responsiveness — changing the 
direction of innovation based on stakeholder and pub-
lic values and RI activities [10, 25] — was frequently 
present in researcher RI definitions, practices, and 
motivations, but mainly in implicit ways. For exam-
ple, when researchers discussed the importance of 
conducting studies on product safety, efficacy, and 
efficiency, it was implied that the point was to make 
products more safe, effective, and efficient. Inclu-
sion, in terms of interdisciplinarity and stakeholder 
engagement, was also seen as important for inform-
ing nano-agrifood innovation (see Inclusion above). 
Responsiveness emerged more explicitly in terms 
of public acceptability. As one academic researcher 
said: “When I am defining a new product or think-
ing about a new research project, the first thing that 
comes into my mind is always about feasibility and 
also the acceptability of the final products. We have 
to make sure that we encapsulate a specific compound 
that is publicly acceptable.” This sentiment acknowl-
edges the importance of having a market for one’s 
product — i.e., not developing a product deemed pub-
licly unacceptable. Yet, “the public” that research-
ers were being responsive to was framed in different 
ways by researchers. Some framed the public as an 
entity wanting safe products  (e.g., that components 
of a nanotechnology are “food grade”) while others 
framed the public as a potential barrier to technol-
ogy that  researchers deem as desirable, as one aca-
demic researcher said: “We don’t want to end up in 
something that is similar to GMO which is good for 
some applications but still people are not accepting 
even though it is very powerful.” Therefore, some 
researchers viewed the public as having legitimate 
concerns and other researchers viewed them as hav-
ing illegitimate ones; either way, researchers thought 
they needed to be responsive to the public because of 
their potential to impact the uptake of technology.
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Discussion and Conclusion

As the literature on RI has expanded over the past 
decade, a variety of potential RI definitions, practices, 
and motivations have emerged. This has resulted in a 
recognition of the importance of context when con-
sidering how to approach RI. For example, RI should 
be informed by differing national, cultural, epistemic, 
institutional, economic, regulatory, organizational, 
and technological contexts and circumstances [19, 
20]. However, with so many definitions, practices, 
and motivations available, it is also possible that inno-
vators pursuing RI may — consciously or not — take 
the path of least resistance when enacting RI. That is, 
researchers may primarily choose RI definitions and 
practices that align with what they are already doing, 
for example pursuing readily available toxicity test-
ing rather than exploring new ways of incorporating 
inclusion and reflexivity into their innovation. There-
fore, in addition to considering context, there is a need 
to consider the presence or absence of established RI 
principles when assessing what form RI takes. Van 
de Poel et  al. [17] describe the need to combine a 
bottom-up approach that reflects realistic practices 
and circumstances “on the ground” or in a real-life 
case study, with a top-down approach that uses and 
applies acknowledged RI principles and practices. 
In our study, we attempted to fill this need by asking 
nano-agrifood researchers about their practices on the 
ground and tying them to key RI principles from the 
literature to look for congruencies and deficiencies. 
We show how efforts to understand and improve RI 
can be furthered by an analytical approach that pays 
attention to context while also considering overarch-
ing RI principles.

Our study contributes to the RI and nanotechnol-
ogy literatures by identifying and analyzing how 
nano-agrifood researchers articulate RI definitions, 
practices, and motivations (Tables  1-4). We also 
examined how researcher RI definitions, practices, 
and motivations align with four prominent RI princi-
ples (i.e., anticipation, inclusion, reflexivity, respon-
siveness) (Table  5). We found that nano-agrifood 
researchers largely focused their discussion of RI 
definitions, practices, and motivations on the RI prin-
ciple of anticipation, narrowly defined, however, in 
terms of product safety, efficacy, and efficiency. Far 
less frequently mentioned were other principles of 
RI, such as inclusion, reflexivity, and responsiveness. 

For example, the most frequently mentioned theme 
in researcher RI definitions and motivations was 
Do not harm human health and/or the environment 
with products, while the most frequently mentioned 
theme in research RI practices was Consider, or con-
duct studies on, environmental and human health 
safety. These findings align with other studies that 
have found an emphasis on safety in discussions of 
responsibility in nanotechnology development and 
use [32–34] and of other emerging technologies [35]. 
The focus on product safety, efficacy, and efficiency 
reproduces what Wiek et al. [23] refer to as the “busi-
ness-as-usual” approach to nanotechnology innova-
tion that is in conflict with RI because it emphasizes, 
for example, product commercialization and using 
risk-based approaches, and less often considers soci-
etal issues like the equitable distribution of benefits 
from nanotechnology. At the same time, our results 
also show that some nano-agrifood researchers are 
challenging parts of the business-as-usual approach 
by building coordination, cooperation, and learning 
across different sectors, specifically by fostering inter-
disciplinary collaboration and stakeholder engage-
ment. While these efforts are largely envisioned as a 
way to pursue safe, effective, and efficient products, 
they provide a potential starting point for a broaden-
ing of RI approaches.

Another key finding from our study is that when RI 
principles of inclusion, reflexivity, and responsiveness 
were present in researcher RI definitions, practices, 
and motivations, they contained noteworthy tensions. 
For example, the inclusion of stakeholders was seen by 
some researchers as a way to align products with the 
interests of industry and by others as a way to align 
innovation with the public good. Further, the purpose 
of RI was seen by some researchers as a way to protect 
reputation and avoid lawsuits and by others as a way 
to improve human well-being and solve societal prob-
lems. This tension between aligning RI with private 
industry and aligning RI with the public good has been 
noted in discussions about nanotechnology RI [26] 
and about  RI more broadly [17, 36]. These tensions 
emphasize the need to carefully pay attention to how 
RI is envisioned, as the desire to “engage stakehold-
ers” can be for very different ends. The goal of paying 
attention to how RI is envisioned should not be an invi-
tation, however, to police RI and question all applica-
tions of RI that are in alignment with the private sector; 
indeed such alignments may open the space to explore 

240 Nanoethics (2021) 15:229–243



1 3
Vol.: (0123456789)

how private sector innovation can pursue a broader 
set of ends than just economic profit. Rather the goal 
should be to increase awareness of how RI is being 
envisioned and enacted in different contexts. Such 
awareness is essential to reflecting on what is at stake 
in how RI envisioned and enacted, as well as on what 
we should expect from RI in different contexts. To con-
sider an example, if RI is widely being envisioned as 
unproblematically aligning with the interests of pri-
vate industry, even in government and academic pub-
lic institutions, this may indicate an imbalance in need 
of addressing; in this example, potentially, the trend of 
marketization and academic capitalism [16].

There are three important limitations of this study. 
First, most study participants from industry were 
from small-to-medium-sized companies, with only 
two participants from large companies. While we 
reached out to many individuals from larger food 
and agricultural companies, we found little interest 
to participate. Participation from more large compa-
nies may have revealed a broader set of views con-
cerning nano-agrifood RI. Second, study participants 
all shared a commitment to RI; that is, none of our 
participants said they were not interested in RI. Dif-
ferent understanding of RI may have emerged from 
conversations with individuals who do not see RI as 
important. Third, we did not provide a definition of 
“responsible innovation” or “innovate responsibly” to 
study participants, since we were interested in their 
own views concerning what that term means in con-
text of their nano-agrifood applications. A different 
approach that provided a host of existing RI defini-
tions and related practices would have likely led inter-
viewees to broaden their discussions of RI. While 
the lack of researcher familiarity with RI literature is 
a recognized challenge [17], it also makes clear the 
importance of researchers’ own views on RI, which 
was the very purpose of this study.

We conclude by highlighting some of the implica-
tions of our study for RI, particularly within the nano-
agrifood context. First, because of the different views 
nano-agrifood researchers hold concerning what con-
stitutes RI and because of the narrow overall focus 
on product safety, efficacy, and efficiency, future RI 
efforts should foster discussions among researchers 
on what it means to responsibly innovate and what 
practices fall under the umbrella of RI within nano-
agrifood sectors. These conversations can serve as 
a forum for researchers to understand the breadth of 

potential definitions and practices that exist, and can 
help nano-agrifood researchers grapple with the chal-
lenges they face in pursuing RI practices and how to 
navigate them. Particular work on tying the principles 
of reflexivity, responsivity and inclusion to the con-
texts of nano-agrifood researchers is needed, perhaps 
through collaborations between scholars that study RI 
and these researchers. As a starting point for broad-
ening beyond a focus on product safety, efficacy, and 
efficiency, one could highlight and discuss the broader 
themes that emerged in our interviews such as engag-
ing stakeholders, collaborating interdisciplinarily, and 
considering the purpose of RI. Second, we also rec-
ommend strengthening the institutionalization of RI 
principles to better and more effectively translate theo-
retical principles into tangible, concrete, and practical 
efforts. One version of this could be the integration of 
existing practical approaches to achieve RI principles 
such as value-sensitive design [37, 38]. This will help 
ensure researchers see the concepts of RI as realizable 
and not as abstract academic theories. This aligns with 
calls for more concrete guidance to translate the the-
oretical framings of RI into actions that can be taken 
within institutions conducting research, development, 
and innovation [e.g., 9, 18, 24]. Finally, future work 
could focus on applying this study’s process to other 
technological fields relevant for food and agriculture 
sectors in order to explore how researchers and innova-
tors envision and practice RI more generally.
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