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Abstract 

The Covid-19 pandemic, evolving needs of students & mentors, and the drive for global educational 

equality are collectively shifting how courses are packaged/distributed, ushering a more holistic 

approach and blending of fields. We recently created interdisciplinary courses in chemical biology 

aimed at massive open online and small private levels. These courses cover biology, chemistry, & 

physics, and concepts underlying modern chemical-biology tools. We discuss what we learned while 

creating/overseeing these courses: content optimization and maintaining material freshness while 

fostering a stimulating learning environment. We outline mechanisms that help sustain student 

attention throughout rapidly-moving courses, how to integrate adaptability to students’ needs in the 

short & long term, and speculate how we could have improved. We believe this will be an important 

guide for anyone wanting to develop online learning formats ideal for nurturing interdisciplinary 

scientists of tomorrow. 
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Principally due to the Covid-19 pandemic, the last year has enforced numerous changes on the lives 

and lifestyles of everyone.[1] This impetus has brought significant shifts in how we spend our leisure 

time, travel,[2] and the ways in which we interact socially and professionally,[3] likely across all 

disciplines.[4] This strain was heavily felt in academic[5] [6]and industrial scientific circles, that rely heavily 

on interpersonnel interactions,[7] often through sharing samples,[8] techniques, and in-person 

seminars.[9] [10] Losses of these vital links and opportunities to share information also impinged, in a 

gender[11] [12]and disability imbalanced way,[13] on student–mentor/student–student relationships, 

which have historically been heavily leveraged for training and development of all levels of scientist. 

Although this may not always have been the case,[14] particularly for work centered on COVID19 

research,[15] for us, and we believe likely that of others working in similar areas, especially in developed 

countries,[16] we have found that interdisciplinary chemical biology collaborations and training have 

been particularly impacted. This is unsurprising as chemistry, biology and medicinal chemistry are 

considered some of the areas most affected by COVID19.[17] Furthermore, inderdisciplinary studies are 

fuelled by free movement of information and personnel between laboratories, departments, and 

potentially universities/industry[18] and the encouters such opportunities create.[19] Indeed, developing 

interdisciplinary scientists was already a complex process that is hampered by the traditional structure 

of universities.[20] Furthermore, many students eschew interdisciplinary science in favor of traditional 

field-centric routes which offer easier routes to funding[21] and involve less time investment.[22] Thus 

the pandemic has raised severe concerns for up-and-coming scientists drawn to heavily 

interdisciplinary areas. Nevertheless, the success of science, and in particular interdisciplinary science, 

to combat Covid-19 has opened the eyes of wider science communities,[23] [24] and indeed the broader 

population, to the power of interdisciplinary thinking and research.[1] Thus, it is critical that we harness 

the interest in science stoked by the pandemic and make the most of the new opportunities posed in 

the wake of the pandemic by making course content able to nurture and train interdisciplinary 

scientists of tomorrow.  

 

Several months prior to the start of the pandemic, The NCCR Chemical Biology, a network of 25 

laboratories in biology, chemistry and biophysics developing chemical tools to study life at the 

molecular level, embarked on a project to create a massive open online course (MOOC) and a small 

private online course (SPOC) focusing on interdisciplinary application of chemistry to the life 

sciences.[25] These courses are aimed primarily at senior undergraduates but, our goal was to be 

accessible to starting masters’, PhD students, and those looking to retrain. Both courses comprise a 

series of pre-recorded videos and custom-written texts in which we explain theory and discuss 

experimental data; supplementary videos where we go into the laboratory, and discuss techniques 
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and instrumentation; and finally computer-graded quiz content. The SPOC contains all the content (i.e. 

texts, videos etc) of the MOOC, but also has additional professor-guided information sessions and extra 

problem sets, that culminate in a final graded proposal and oral defence (Fig. 1).The goal of these 

courses from the outset was to stimulate consilience[26] across physics, chemistry, and biology by taking 

a unified approach, leveraging the experience within our consortium to provide well-rounded course 

content, while maintaining a clear structure and progression. Both the MOOC and SPOC have now 

been available online and at the University of Geneva, respectively, for one year. In this time, the total 

numbers of learners registered in the MOOC in Chemical Biology is ~10000. Examination of the 

Coursera website shows that we have achieved above average attendance in the 18-24 age group 

(reflecting that we have attracted out target group), and a larger than average inscription from those 

who have a PhD, another goal of our course. As the course was developed and filmed during the Covid-

19 pandemic, we were forced to consider how online course content could be best tailored to cope 

with the new academic teaching and mentoring environment that was thrust on us. During these 

reflections, we realized that online learning platforms are, to a decent extent, ideal for teaching 

interdisciplinary science, and can also allow the successful transfer of interdisciplinary knowledge skills 

similar to what occurred prior to Covid-19. These observations apply especially to the SPOC, but also 

to the MOOC. It is our goal herein to discuss our personal perspectives that emerged during our 

development of the SPOC and MOOC and to give pointers on how to get the most out of such courses. 

We will use our courses as a backdrop, but we believe the points we raise are sufficiently general to 

apply to many if not all similar courses in the future.  
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Figure 1. Outline of the two courses (MOOC and SPOC) and their components. 

 

What are interdisciplinary scientists, and how do we assemble a team to nurture them? 

Given that the primary goal of interdisciplinary courses is to train and inspire interdisciplinary 

scientists, we must first ask the question: what is an interdisciplinary scientist? In our view, this is 

ideally, a researcher equally at home performing and designing experiments involving several 

disciplines, and also discussing/presenting their results and conclusions to a wider audience. Although 

such scientists do exist,[27] in reality, such a goal is attainable by a minority.[28] What is more readily 

achievable, and indeed necessarily common to all interdisciplinary scientists, is the ability to be 

communicative in numerous disciplines. People with such skills can aid other researchers to 

understand and evaluate problems from outside of the latters’ own field.[29] At the same time, such 

interdisciplinary scientists can present new solutions to problems from outside of their main area of 

understanding, using knowledge from their principal area of expertise. Indeed, each field has its own 

perspective, assumptions and in many instances terms and vernacular, making effectively a “language” 

and “culture”. [30] These differences can prevent inter-field information flow and restrict problem 

visualization by outsiders.[31] For instance, what is a photocleavable protecting group to a chemist[32], 

is a photocactivatable molecule to a biologist;[33] once deprotected (photouncaged) the residual 

protecting group/photocage is an entity requiring separation to a chemist, but can be a cause of 

artifacts during biological experimentation that require careful design to address.[34] We stress that the 
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conclusion of this discussion is that the science at the chemical level is identical, but the backdrop and 

goals of the experiments are different. These disparate goals and concerns serve to reinforce the 

disparate language used across fields and hamper transposition of concepts from one area to another. 

Indeed, it took almost 20 years for photocaging to transition from the chemical canon to the biological 

sciences.[32]  

Following the above logic, we identified that it is crucial that learners be exposed to field-specific 

speakers, giving their own perspective in their own words such that learners can experience precise 

field-specific discussion from a range of perspectives. To reinforce how perspectives differ, and notice 

how identical core concepts can be applied to ostensibly very different  problems in several cases, we 

identified speakers who leveraged similar experimental techniques (e.g., photocaging or fluorescence) 

but deployed them differently[35] [30], necessitating varied considerations to a broadly-similar problem 

or technique. In this way, learners recieve first-hand experience of how different fields/subfields 

package information and describe it. In traditional ex cathedra courses, this approach is not 

uncommon, but may pose consistency, logistical and scheduling problems. For instance, as 

organization of interdisciplinary courses is often informal, teaching is not always performed in a setting 

in which each speaker is comfortable/adequately prepared: many presenters are also not correctly 

informed of all the course goals, slide organization/standardization, and general themes of the course. 

Such issues, in our opinion, detract from the overall message of unification that we wanted to present. 

With an online platform, where content is centrally organized, discussed with all parties involved, and 

recorded in advance by well-prepared speakers, such issues transpired to be readily addressable.  

 

Identifying topics : Go local for authenticity  

Having acknowledged that promoting communication and indeed fluency in several scientific tongues 

is the bedrock of interdisciplinary courses, we set about considering how to choose course content. 

We first acknowledged that neither us, nor likely any instutition can cover the gamut of 

interdisciplinary science as it applies to the life sciences. Each university that intends to create a course 

following our model will likely therefore have to leverage their own specific competences to create 

their own course. For this reason we have not gone into the specifics of our course too much, but focus 

on the basic structure, design concepts, and take home messages only. Nevertheless, in most 

universities there will be sufficient faculty to cover areas spanning biology, chemistry and physics, as 

it pertains to the life sciences allowing stimulating courses to be developed. In addition to leveraging 

faculty members from disparate areas, who are particularly well-versed in communication, we 

resolved to (i) show hitherto unseen data from our own interdisciplinary projects as examples that are 
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discussed in technical detail, and (ii) bring to the fore our own students to discuss the techniques that 

they use daily in their own laboratories. Point (i) pulls the learners into interdisciplinary science, giving 

them a taste for discovery by sharing personal unshared data from specific laboratories. Indeed, it is 

far more exciting to see unpublished primary data from the GFP-labeled beating heart of a transgenic 

fish collected on our microscopes to illustrate the use of fluorescent proteins, or see data from drug 

discovery screens illustrating compound induced DNA damage, than mock data or data the students 

could have found in a text book. This also provides the possibility to display failed experiments, which 

are rarely present in the literature, but help students to learn to evaluate data.[36] Point (ii) gave us the 

opportunity to allow our own students to explain how they entered interdisciplinary science, whose 

laboratory they work for, etc. This was intended to strengthen mentoring and role modeling among 

our own research students (who at the time were lacking social interaction themselves), and in turn to 

give some aspirational thoughts to the learners. All the above aspects are considered particularly 

important for mentoring interdisciplinary scientists.[22] Indeed, we deliberately chose student 

presenters whose paths were unconventional for the videos to highlight that deviations and changes 

in career goals are indeed possible and can be effectively achieved. Furthermore, as the student 

presenters work for lecturers in the course, this gives a further semblance of togetherness, and 

mentorship that is reinforcing for the learners. Such sentiments were further enforced by filming 

professors and their students interacting in a seminar session led by an education professional as one 

of our key discussion videos. Altogether, such content gives an overall high authenticity that is difficult 

to recapitulate in large courses where instructors and assistants are often recruited based on 

availability. Such systems are useful for mixed online and in person (blended) courses (like the SPOC), 

but are particularly effective for all online courses, like a MOOC.  

 

Centralize organization for consistency  

As counterpoint, the need to bring in >10 different presenters of different levels of experience, and 

indeed >5 changes of scenery into the course is prone to lead to a lack of focus, and consistency.[37] 

We think it is apparent that such shifts in consistency would have typically distracted learners from our 

key goal of focusing on communication. To sidestep this issue, we implemented a consistent backdrop 

for all our slides, and ensured all slides were prepared in advance by the same individual, using the 

same software (Chemdraw for chemical structures, Biorender for biology graphics, and Powerpoint for 

simple manipulations). To ensure that the speaker’s own voice would not be overridden in this process, 

slides were prepared based on notes from each speaker’s courses or their desired content, and all 

slides were discussed with each presenter at length in preparation sessions prior to final production. 
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This iterative approach also helped to prepare the speakers for their roles in terms of how to appear 

on camera and being familiar with course content, while limiting their time invested in harmonizing 

superficial aspects. This iterative collaborative effort, illustrates the critical nature of having robust ties 

and understanding between departments, ideally through joint research grants and shared students 

in place, prior to embarking on a multidisciplinary course.[38] Indeed, as most of the presenters were 

part of the NCCR Chemical Biology, the insider knowledge that each group has of each other was 

particularly helpful.  

As one of the common weak points of interdisciplinary courses is that they are too varied and have 

little common thread,[39] we were keen to have clear modules, with obvious and distinct themes so 

that the learners know where they are going and where they have been.[40] In line with our drive for 

knowledge unification, these modules were deliberately chosen to blend numerous aspects of 

scientific fields together,[41] and promote transdisciplinary application of concepts.[42] To do this, we 

created a simple outline graphic (Fig. 2), which was colored based on the visible spectrum, reinforcing 

one of the underlying themes of the course (covering fluorescence, protein design, and 

photouncaging). Each module was given a clear title and the outline built up from first principles, i.e. 

typically more field-centric concepts, to larger-scale initiatives, either in terms of more detailed 

biological applications, or higher throughput. Care was taken to refer to previous course material, and 

reinforce topics already covered when they were reinvestigated in later parts of the course, through 

the eyes of another presenter. Once again, having course content created centrally significantly aids 

forming such links as individual lecturers would not be expected to have a global view of the course 

itself. This overall structure gives a feeling for the learners that they are synergistically building towards 

something, while also allowing learners to focus on the immediate goals of the course, amongst the 

variation of speakers and topics. We believe this is critical for interdisciplinary courses, and indeed 

facilitated by online platforms that require a rigid outline due to filming restrictions.  
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Figure 2. Outline of the two courses, including titles and schematic. Note each module aims to marry concepts from disparate fields to cement 

understanding, reinforce applications, and help breakdown barriers that exist in tradiaional education frameworks. TIRF – total internal 

reflection fluorescence; PRC2 polycomb repressive complex 2; FLIPPER a fluoreswcence probe for measuring membrane tension; SNIFITS a 

technique that uses fusion proteins to sense metabolite concentrations; T-REX a technique that uses photocaged electrophiles to probe 

cellular signaling pathways; G-REX a technique that uses proteomics to identify electrophile sensors in complex proteomes.  

 

Structuring the course : quantizing video content to maximize output 

One of the longstanding catchphrases of education is “less is more”.[43] On the face of it, this concept 

is inherently at odds with multidisciplinary courses. Indeed, multidisciplinary courses strive to show 

that more is more: i.e. that the sum of the intrinsic parts of physics, biology, and chemistry synergize 

to create something larger than themselves. Looking back at our previous efforts in interdisciplinary 

courses, however, we were struck that course content was typically identical to that used by lecturers 

in their own field-specific courses. Thus: too much information was covered in too little time and the 

focus was more to rote memorization of facts, rather than being able to describe or explain how 

interdisciplinary concepts were deployed. Oftentimes, information presented was redundant, for 

instance, discussing a range of protecting groups, cell lines, or experiments that lead to the same 

outcomes. Initially, our goal was not to change this stratagem. However, filming limitations, and 

restrictions on class time, etc., forced us to rethink. What came out of our discussions was that video 

content is best quantized into 5–10-minute segments, and that by picking our examples carefully we 

could cover multiple overlapping and mutually reinforcing concepts simultaneously and concisely.[44] 

Indeed, our analysis is consistent with that of others who have concluded that video teaching tends to 

lead to the removal of seductive details.[45] Indeed, the quantization imposed due to the nature of 

online courses made us appreciate that each video must be itself a journey. In this way, extending the 

story arch is more important than covering a panoply of similar examples of a single procedure. For 

instance, when faced with multiple possible topics for high-throughput screening of encoded chemical 
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libraries, we deliberately chose a story going from an initial screen to a target molecule, to chemical 

biology-based affinity procedures, via discussion of protease function and recognition.[46] This way, 

learners saw the utility of molecules from screens, and were introduced, serendipitously, to proteases, 

a crucial class of enzymes and important drug targets (including for Covid-19).[1] The story arch going 

from a tube to more complex biological experiments with mechanistic insights further serves to 

highlight how interdisciplinarity naturally leads to application. Other examples of this strategy include 

modules covering TORC pathway regulation (encompassing the interface of physical forces, molecular 

sensors, and pathway signaling)[47] and STING pathway inhibitors (encompassing structure activity 

relationships, mechanistic analysis, and drug screening)[48] that we also discussed in the course as other 

examples of druggable pathways/proteins, distinct from proteases. In our model each university would 

choose examples most pertinent to their own research that depict journeys covering diverse scientific 

concepts, highlighting the story arch.  

 

Overcoming inherent obstacles 

One significant issue with online pre-recorded video content, especially in multidisciplinary areas is the 

rapid changes that are made in interfacial fields.[49] Thus, there is a possibility that online content as 

well as the visual format used to convey the information, can rapidly become dated. Our model is 

admittedly rigid, and hence provides no complete solution to this problem. Shooting videos to 

supplement existing content, or, especially, writing new texts are workable patches which are 

compatible with the Coursera platform. Other more flexible models of online education, such as 

explaineverything,[50] could certainly present more ready workable solutions as they allow more 

informal educational videos to be created that can be shot at low budget, rapidly, potentially in a 

decentralized way. However, such approaches would in all liklihood suffer from lack of homogeneity, 

formality, and rigidity which are a key part of our model. In our case, aside from being prepared to 

provide supplements as needed, we chose to focus the content more on fundamental aspects of each 

topic, rather than gravitating to the latest papers/findings. Our thinking was that although 

fundamental concepts can shift, these concepts are much less subject to rapid change than vogue 

papers, or techniques. Fundamental ideas are also often more generally applicable than the latest 

findings.  

Interdisciplinary science is traditionally associated with complexity and indeed enabling innovative 

solutions to complex problems,[51] and overall project success[52] which is good for both society and the 

individual’s sense of satisfaction.[53] Indeed, there exists strong and reinforcing links between creativity 

and interdisciplinarity.[54] [55] But how can you promote creativity with primarily online content? In the 
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SPOC, we dealt with this through implementing a written proposal and oral defence, and in-person or 

Zoom-based meetings with professors to discuss course or proposal content. We further created a 

written pamphlet that discusses how to write a research proposal, and shows the grading scheme. 

Learners also have time to discuss with the professors who will grade their written work, about 

problems they are having with their proposal and their overall outline. The MOOC on the other hand, 

has no such mentoring opportunities and all quizzes are graded automatically, meaning we needed 

new ways to stimulate creativity. One function we found very useful, especially for topics on protein 

design, and chemical compound design, was quizzes using drag and drop (for instance those offered 

by H5P). These give learners the opportunity to get creative, and through automated quiz feedback 

they can see if their efforts have been successful. This sort of content has already been linked to 

successful online course development.[56] Of course, there is significant scope for improvement, such 

as though new software design, open-access seminars related to the course, or new readings, either 

of primary research papers linked to topics, or topical reviews tailored to the course (which could be 

published separately or added to the course). Virtual reality opportunities would also improve the 

experience even more, and further improve accessibility. We will be working with education 

professionals to improve this aspect the most in the future online courses we create.  

Nonetheless, it is important to understand that by breaking down the field structure that has been 

traditionally erected to help students conceptualize science, we can equally stimulate problem 

solving.[57] We further propose that in a field-fluid education system, innovative solutions to problems 

posed will be more likely. In this aspect, the MOOC remains somewhat restrictive, but the SPOC is a 

perfect forum.[56] 

 

Education is a life-long commitment 

Our consortium has been particularly involved in applying interdisciplinary concepts to important 

scientific problems. Several within the NCCR Chemical Biology have been involved in Covid-19 

research[58] or have discussed the response of science to Covid-19 generally[1]. Our outreach programs 

are further gearing up to meet shifting needs of students from high-school and above in Switzerland 

and beyond. By bringing a course online, especially in the setting of a MOOC, or something similar, 

learners are naturally encouraged to be inquisitive about the lecturers and their commitment to 

education and interdisciplinary research. It is thus crucial that departments aiming to embark on such 

a course strengthen their outreach, education, and interdisciplinary ties such that their all-round effort 

to be attractive to their target audiences in what is likely to be an increasingly competitive area of 

education. 
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Outlook 

In summary, we think that there are several benefits to online teaching over in-person, ex cathedra 

variants that makes the online format ideally suited to training interdisciplinary scientists. Firstly, 

online content allows opening of the classroom to audiovisual materials not easily integrated into a 

traditional course. This is readily shown by the “in the laboratory” videos discussed above, but could 

easily be extended to purely technical videos, seminars, or prerecorded question and answer sessions, 

a pilot version of which was included in our course. Secondly, online content is necessarily quantized 

differently to traditional ex cathedra teaching. 10-minute-long videos shot professionally, offer an 

enriching environment that necessitates rethinking of course material, trimming away a lot of 

unnecessary information. With care and attention, the environment can thus be tailored to increase 

focus on learning overarching concepts, as well as stimulating critical thinking and creativity. Finally, 

there is a large amount of control that can be exerted through online teaching that is less accessible 

to traditional interdisciplinary courses, imposed through, for instance, the need to carefully plan 

filming. The keypoints suggested throughout the text are summarized in Fig.3.  

In conclusion, although we find ourselves in a very different post-Covid-19 world, we believe that there 

are new educational opportunities stemming from this situation that are ripe for aiding learners and 

mentors alike. Our consortium will continue to strive to improve online education and hope to partner 

with like-minded groups in the future.  
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Figure 3. (Upper) The multiples ways of viewing science, from field specific, to multiple separate fields, through to interdisciplinary 

(consilience). The outer blue circle depicts the gamut of knowledge applicable to science. (Lower) methods deployed in MOOC and SPOC to 

ensure effective knowledge transfer and learning.  

 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 January 2022                   doi:10.20944/preprints202201.0196.v1

https://doi.org/10.20944/preprints202201.0196.v1


 13 

Author contributions: 

All authors were involved in all aspects of manuscript preparation. 

Acknowledgements: 

We are deeply grateful to Dr. Phaedra Simitsek who aided in preparation of the figures, and Prof. 

Robbie Loewith who helped very much in the creation of the SPOC and MOOC and also in planning this 

paper. Furthermore, we extend our thanks to Mrs. Nolwenn Chavan, science communicator officer 

(NCCR Chemical Biology), for her insightful contributions and thorough proof-editing of the MOOC and 

SPOC content; Mr. Robin Petermann and Mrs. Christelle Bozelle (UNIGE MOOC cell) for their dedicated 

project management and the RTS film crew as well as ‘La souris vert’” for the quality of their audiovisual 

work. This project was supported by the UNIGE and the NCCR Chemical Biology, which is funded by 

the Swiss National Science Foundation. 

References:  

[1] M. J. C. Long, Y. Aye, ChemMedChem 2021, 16, 2288–2314. 

[2] E. A. Mack, S. Agrawal, S. Wang, Transp. Res. Interdiscip. Perspect. 2021, 12, 100470. 

[3] E. Alwafi, J. Comput. Assist. Learn. 2021, 37, 1653–1665. 

[4] T. Hoff, J. Manag. Stud. 2021, 10.1111/joms.12694. 

[5] K. Angasu, T. Bekela, M. Gelan, D. Wakjira, E. Melkamu, B. Belachew, T. Diribsa, A. 

A. Ahmed, A. Eba, K. Tadesse, B. Boche, Adv. Med. Educ. Pract. 2021, 12, 1411–1417. 

[6] B. Alexander, Chron. High. Educ. 2020 How the Coronavirus Will Change Faculty Life 

Forever  

[7] S. Asgari, J. Trajkovic, M. Rahmani, W. Zhang, R. C. Lo, A. Sciortino, PloS One 2021, 

16, e0250041–e0250041. 

[8] L. Stenvot, CNRS Labs: Research Under Lockdown https://news.cnrs.fr/articles/cnrs-

labs-research-under-lockdown 

[9] OCDE (2021),COVID-19: A pivot point for science, technology and innovation?, in 

OECD Science, Technology and Innovation Outlook 2021 : Times of Crisis and 

Opportunity, Éditions OCDE, Paris, https://doi.org/10.1787/8ea017be-en 

[10] OCDE, COVID-19: A Pivot Point for Science, Technology and Innovation?, 2021. 

[11] J. Kramer, Sci. Am. 2020 Women in Science May Suffer Lasting Career Damage from 

COVID-19 

[12] J. Kramer, The New York Times 2020 The Virus Moved Female Faculty to the Brink. 

Will Universities Help? 

[13] A. Lebrasseur, N. Fortin-Bédard, J. Lettre, E.-L. Bussières, K. Best, N. Boucher, M. 

Hotton, S. Beaulieu-Bonneau, C. Mercier, M.-E. Lamontagne, F. Routhier, Disabil. 

Health J. 2021, 14, 101014. 

[14] M.-E. Barabas, R. Chakrabarti, M. Muzzio, iScience 2021, 24, 102992–102992. 

[15] Y. Zhao, L. Liu, C. Zhang, Technol. Forecast. Soc. Change 2021, 121344–121344. 

[16] J. J. Lee, J. P. Haupt, High. Educ. 2021, 81, 949–966. 

[17] G. Baynes, M. Hahnel, Research Practices in the wake of COVID-19: Busting open the 

myths around open data  

[18] B. Maher, R. Van Noorden, Nature 2021, 316–319. 

[19] H. Bridle, A. Vrieling, M. Cardillo, Y. Araya, L. Hinojosa, Futures 2013, 53, 22–32. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 January 2022                   doi:10.20944/preprints202201.0196.v1

https://doi.org/10.1787/8ea017be-en
https://doi.org/10.20944/preprints202201.0196.v1


 14 

[20] C. M. Golde, H. A. Gallagher, Ecosystems 1999, 2, 281–285. 

[21] C. C. Hicks, C. Fitzsimmons, N. V. C. Polunin, Environ. Conserv. 2010, 37, 464–477. 

[22] C. Lyall, L. Meagher, Futures 2012, 44, 608–617. 

[23] R. Baxter, W. B. Jemberie, X. Li, M. Naseer, M. Pauelsen, J. Shebehe, E. W. E. 

Viklund, X. Xia, L. E. Zulka, A. Badache, Scand. J. Public Health 2021, 49, 29–32. 

[24] N. Moradian, H. D. Ochs, C. Sedikies, M. R. Hamblin, C. A. Camargo, J. A. Martinez, J. 

D. Biamonte, M. Abdollahi, P. J. Torres, J. J. Nieto, S. Ogino, J. F. Seymour, A. 

Abraham, V. Cauda, S. Gupta, S. Ramakrishna, F. W. Sellke, A. Sorooshian, A. Wallace 

Hayes, M. Martinez-Urbistondo, M. Gupta, L. Azadbakht, A. Esmaillzadeh, R. 

Kelishadi, A. Esteghamati, Z. Emam-Djomeh, R. Majdzadeh, P. Palit, H. Badali, I. Rao, 

A. A. Saboury, L. Jagan Mohan Rao, H. Ahmadieh, A. Montazeri, G. P. Fadini, D. 

Pauly, S. Thomas, A. A. Moosavi-Movahed, A. Aghamohammadi, M. Behmanesh, V. 

Rahimi-Movaghar, S. Ghavami, R. Mehran, L. Q. Uddin, M. Von Herrath, B. Mobasher, 

N. Rezaei, J. Transl. Med. 2020, 18, 205. 

[25] https://www.coursera.org/lecture/chemical-biology/trailer-OVTS9 

[26] E. O. Wilson, Ann. N. Y. Acad. Sci. 2001, 935, 12–17. 

[27] J. Walker, Nature 2014, 505, 27–27. 

[28] Schmidgen H, Nature 2018, 561, 175–175. 

[29] W. H. Newell, Issues Integr. Stud. 1983, 1–19. 

[30] C. P. Snow, The Two Cultures and the Scientific Revolution, New York :Cambridge 

University Press, 1959. 

[31] S. E. Domino, Y. R. Smith, T. R. B. Johnson, J. Womens Health 2002 2007, 16, 256–

261. 

[32] P. Klán, T. Šolomek, C. G. Bochet, A. Blanc, R. Givens, M. Rubina, V. Popik, A. 

Kostikov, J. Wirz, Chem. Rev. 2013, 113, 119–191. 

[33] M. J. C. Long, C. Rogg, Y. Aye, Acc. Chem. Res. 2021, 54, 618–631. 

[34] M. J. C. Long, D. A. Urul, Y. Aye, in Methods Enzymol. (Ed.: A.K. Shukla), Academic 

Press, 2020, pp. 203–230. 

[35] S. Feng, T. Harayama, D. Chang, J. T. Hannich, N. Winssinger, H. Riezman, Chem. Sci. 

2018, 10, 2253–2258. 

[36] A.-S. Barwich, Front. Neurosci. 2019, 13, 1121. 

[37] J. Balsiger, Adv. Transdiscipl. 2004-2014 2015, 65, 185–194. 

[38] J. Robinson, Futures 2008, 40, 70–86. 

[39] T. C. Benson, ISSUES Integr. Stud. 1982, 38–48. 

[40] J. I. Welch, Issues Integr. Stud. 2003, 170–203. 

[41] N. Seery, L. Gumaelius, A. Pears, in 2018 IEEE Front. Educ. Conf. FIE, 2018, pp. 1–6. 

[42] B. Hursh, P. Haas, M. Moore, J. High. Educ. 1983, 42–59. 

[43] J. Pigott, Glob. Soc. Educ. 2021, 1–11. 

[44] T. de Jong, Instr. Sci. 2010, 38, 105–134. 

[45] G. D. Rey, Educ. Res. Rev. 2012, 7, 216–237. 

[46] J. Harris, D. E. Mason, J. Li, K. W. Burdick, B. J. Backes, T. Chen, A. Shipway, G. Van 

Heeke, L. Gough, A. Ghaemmaghami, F. Shakib, F. Debaene, N. Winssinger, Chem. 

Biol. 2004, 11, 1361–1372. 

[47] M. Riggi, C. Bourgoint, M. Macchione, S. Matile, R. Loewith, A. Roux, J. Cell Biol. 

2019, 218, 2265–2276. 

[48] S. M. Haag, M. F. Gulen, L. Reymond, A. Gibelin, L. Abrami, A. Decout, M. Heymann, 

F. G. van der Goot, G. Turcatti, R. Behrendt, A. Ablasser, Nature 2018, 559, 269–273. 

[49] M. J. C. Long, Y. Zhao, Y. Aye, RSC Chem Biol 2020, 1, 42–55. 

[50] Explain Everything, https://explaineverything.com/ 

[51] E. Cunningham, B. Smyth, D. Greene, Humanit. Soc. Sci. Commun. 2021, 8, 240. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 January 2022                   doi:10.20944/preprints202201.0196.v1

https://doi.org/10.20944/preprints202201.0196.v1


 15 

[52] K. Okamura, Palgrave Commun. 2019, 5, 141. 

[53] B. Skorton, A. Skorton, D. Skorton, Issues Sci. Technol. 2019, 60–62. 

[54] F. Darbellay, Z. Moody, & L. Todd (Eds.), Creative design thinking: Interdisciplinary 

perspectives (Creativity in the twenty first century) (Vol. 1, 1st ed.). Springer.  

[55] J. P. Collins, BioScience 2002, 52, 75–83. 

[56] M. Noetel, S. Griffith, O. Delaney, T. Sanders, P. Parker, B. del Pozo Cruz, C. Lonsdale, 

Rev. Educ. Res. 2021, 91, 204–236. 

[57] R. C. Wicklein, J. W. Shell, J. Techology Educ. 1995, 59–76. 

[58] L. Farrera-Soler, J.-P. Daguer, S. Barluenga, O. Vadas, P. Cohen, S. Pagano, S. Yerly, L. 

Kaiser, N. Vuilleumier, N. Winssinger, PloS One 2020, 15, e0238089–e0238089. 
 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 January 2022                   doi:10.20944/preprints202201.0196.v1

https://doi.org/10.20944/preprints202201.0196.v1

