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ABSTRACT 
For some professionally-, vocationally-, or technically-oriented careers, curricula delivered in higher 
education establishments may focus on teaching material related to a single discipline. By contrast, 
multidisciplinary, interdisciplinary, and transdisciplinary teaching (MITT) results in improved affective 
and cognitive learning and critical thinking, offering learners/students the opportunity to obtain a 
broad general knowledge base. Chemistry is a discipline that sits at the interface of science, 
technology, engineering, mathematics, and medicine (STEMM) subjects (and those aligned with or 
informed by STEMM subjects). This article discusses the significant potential of inclusion of chemistry 
in MITT activities in higher education and the real-world importance in personal, organizational, 
national, and global contexts. It outlines the development and implementation challenges attributed to 
legacy higher education infrastructures (that call for creative visionary leadership with strong and 
supportive management and administrative functions), curriculum design that ensures inclusivity, 
collaboration, and is pitched and balanced appropriately. It concludes with future possibilities, notably 
highlighting that chemistry, as a discipline, underpins industries that have multibillion dollar 
turnovers and employ millions of people across the world. 
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INTRODUCTION 

National education systems vary in structure and curricula content, which renders it difficult to 

accurately benchmark performance and monitor progress towards national and international goals. 

The International Standard Classification of Education (ISCED) is the standard framework used to 

categorize and report internationally comparable education statistics. The ISCED 2011 classification 

was adopted by the United Nations Educational, Scientific and Cultural Organization (UNESCO),1 

spanning education at pre-school, primary, secondary, and tertiary levels (summarized in Table 1). 

Studies emphasize the importance of starting career-related education in the 3–11 age group (early 



ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 4 of 32 

and primary education)2 to expose learners/students to a wide range of possible occupations 

(challenging diversity stereotypes, e.g., gendered perspectives of career prospects)3–9 and gradually 

build on their knowledge by increasing the sophistication of the activities (e.g., role play at early 

stages, thereafter discussion of guardians’ or family members’ jobs, and at later stages other activities, 

including CV workshops, mentoring from external speakers (e.g., work experience of guardians, family 

members, others, etc.); such interventions broaden the aspirations of children, helping them develop 

social and non-cognitive skills.2 As the workplace is ever evolving, many employers want children in 

the 3–11 age group to begin to develop science, technology, engineering, and mathematics (STEM) 

skills alongside high priority soft skills (e.g., listening, creativity, teamwork).10 At a secondary level, the 

shift from a teacher-centered classroom to a learner/student-centered classroom facilitates 

collaboration and creativity; placing the emphasis on the teacher being the “facilitator” and potentially 

fusing some activities with other subjects (e.g., art, technology). 

 
Table 1. International Standard Classification of 
Education Levels and Descriptions 

Level Description 

0 Early childhood education (i.e., prior to 

primary education) 

1 Primary education 

2 Lower secondary education 

3 Upper secondary education 

4 Post-secondary non-tertiary education 

5 Short-cycle tertiary education 

6 Bachelor’s or equivalent level 

7 Master’s or equivalent level 

8 Doctoral or equivalent level 

9 Not elsewhere classified 

 

When introduced effectively, “integrated” STEMM curricula help learners/students contextualize 

the real world importance of STEMM subjects. The manifestation of such integrated curricula varies 

dependent on the school system, examples of which include the UK “integrated science” general 

certificate of secondary education awarded by many schools,11 or the Montessori system found in 

many countries across the world that has been found to successfully integrate academic subjects in 

meaningful ways for the learners/students, better reflecting real-life situations and providing a more 

holistic education.12–16 The general consensus among teachers of the effectiveness of teaching 

integrated curricula (particularly project-based tasks) is supported by increases in academic 

achievement. A great deal of interest emerged in integrated curriculums and many studies have been 

conducted dating back to the 1990s.17,18 Most research on interdisciplinary programs is qualitative or 

anecdotal, the evidence collected is generally positive, highlighting the potential for increased student 

achievement and the development of an engaging, relevant curriculum.19 More than 200 studies have 

been carried out to assess the effectiveness of the various forms of integrative curriculum and 

instruction,20 and several authors have reported that students participating in interdisciplinary or 

integrated curriculums do as well as or better than, students in conventional program.19,21,22 While 

there is an appreciation for obstacles to implementation, studies show that teachers believe in the 

effectiveness of integrated curriculums.23,24 The benefits of integration are recognized internationally; a 

number of countries high in the PISA rankings are adopting policies for curriculum integration.25,26 

Application of these includes a shift toward project-based learning,16 which combined with a real-

world inquiry focus are naturally interdisciplinary in nature.25 Although research has been 

undertaken into teacher perception and the implementation of integrated curriculums, Shriner et al. 

argue that the question of whether or not teachers’ attitudes toward curriculum integration can be 

modified has not been addressed.27 Other advantages of integrated science teaching approaches 
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include: improved learner/student cooperation (concomitantly reducing disruptive behavior); improved 

learning and understanding; improved ability to apply concepts and engage in creative big picture 

thinking; improved reading, writing and mathematics skills; greater personal growth, self-confidence, 

motivation, and citizenship.13,25,28–31 

An academic discipline is a branch of knowledge that can be taught throughout primary, 

secondary and tertiary/higher education, and researched in higher education establishments 

(however, researchers of higher education suggest that the concept of a discipline is nuanced).32–37 The 

terms multidisciplinary, interdisciplinary and transdisciplinary are used in the literature, however, 

they can be ambiguously or interchangeably used (in part because of the ambiguity of the term 

“discipline” and evolution of new disciplines); nevertheless, disciplinary approaches were defined by 

Stember38 as follows: 

 Monodisciplinary or intradisciplinary: working within a single discipline. 

 Cross-disciplinary: viewing one discipline from the perspective of another. 

 Multidisciplinary: people from different disciplines working together, each drawing on their 

disciplinary knowledge. 

 Interdisciplinary: integrating knowledge and methods from different disciplines, using a real 

synthesis of approaches. 

 Transdisciplinary: understanding the unity of intellectual frameworks beyond the disciplinary 

perspectives. 

Some curricula delivered in higher education establishments worldwide focus on 

monodisciplinary/intradisciplinary teaching, which enables the learners/students to demonstrate 

depth of knowledge and expertise in practice upon completion of their course. However, 

multidisciplinary,39–41 interdisciplinary33,35,42–44 and transdisciplinary13,33,35,43,45–47 teaching (MITT) is 

reported to positively impact affective/cognitive learning and critical thinking,12,13,15,48,49 enabling 

learners/students the opportunity to obtain a broad general knowledge base. Such broad based 

curricula are appealing to some employers because they demonstrate that the job candidate is well-

rounded and capable of adapting to the changing workplace.46,50–57 

McClaskey offers a clear distinction between students and learners: a student undertakes formal 

elements of teaching in an educational institution or affiliated industry partner workplace environment 

such as an industry laboratory or plant, with a specific course curriculum to be awarded a higher 

education qualification; whereas, a learner may not follow a prescribed curriculum nor seek the award 

of a qualification (Table 2),58 and the continually changing workplace is motivation for students and 

graduates to transition to being learners at some point in their lives.59 While all learners/students can 

benefit from MITT activities, the focus of this article is on the potential for inclusion of chemistry in 

MITT activities in a higher education context,31 and therefore for the avoidance of ambiguity, the term 

“student” will be used for the remainder of the article. 

 
Table 2. Examples Highlighting Differences between Students and Learners 

A Student A Learner 

Learns in a classroom Learns anytime, anywhere 

Is directed by their teacher Directs and supports their own learning 

Works within a defined time Works at their own pace 

Is motivated by grades Is motivated by the mastery of skills 

Follows goals that are set and monitored by the 

teacher 

Develops their own learning goals and monitors their own 

progress 

Achieves by listening and following instruction Achieves by active collaboration and feedback with others 

Experiences teacher-designed activities and projects Designs learning experiences based on passions and 
interests 

Adapted with permission from an infographic designed by Kathleen McClaskey,58 co-author of Make Learning 
Personal60 and How to Personalize Learning.61  
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Educational research suggests that MITT promotes significant learning62–64 through the 

engagement of students with classroom experiences that offer opportunities to develop a range of skills 

important for employability, including: communication, IT literacy, numeracy, project and time 

management, and scientific and technical knowledge.31,51,52,65 MITT enables students to enhance their 

foundational knowledge of various disciplines through the acquisition and understanding of 

information and ideas. It also creates an opportunity for students to learn how and when to apply 

specific skills, to connect ideas and approaches from different disciplines, to integrate their knowledge 

base, and perhaps most importantly to learn how to learn, and thereby develop an appreciation of 

metacognition.66 This enables the integration and application of knowledge as part of the bigger 

picture which leads to more critical thinking and fosters the development of foresight to consider 

potential consequences of an action, thereby leading to recognition of ethical concerns (e.g. potential 

environmental and health impacts if a chemical entity is released).67,68 MITT involving academics from 

different disciplines offers students heterogeneous learning experiences and assessment strategies 

that mirror the heterogeneity of individual’s learning styles, and are therefore more inclusive in terms 

of the backgrounds, experiences, interests and talents of the staff and students involved in MITT 

environments, which enhances student engagement and therefore learning.37,69 MITT also offers 

opportunities for students to work as teams on multidisciplinary, interdisciplinary and 

transdisciplinary projects12,56,69–74 (e.g., problem-based and research-based learning activities),75 which 

is essential for many real-world applications of STEMM and other disciplines (e.g. development of 

chemicals [e.g., natural/synthetic drugs and/or polymers] for technical applications [e.g. computing, 

construction, engineering, textiles] and medical applications [e.g. pharmaceutical formulations, 

diagnosis and therapy]).37,51,52,67,68,76 This is recognized by governments and learned/professional 

bodies as a key skill for graduates, as it underpins their employability in sectors that support 

economies.47,51,52,77–81 MITT involving chemistry taught in combination with industry, product design 

(e.g., materials science and engineering), innovation, law and business/management science may 

facilitate the development of new technologies by reducing technical and market risk, thereby 

increasing the probability of success; such MITT offerings will help address the market need for people 

with scientific and technical skills, in addition to having business acumen, facilitating economies that 

employ graduates from the courses to become more competitive.82 Furthermore, MITT training has the 

potential to help employers to build agile teams to solve problems, differentiate levels of instruction 

necessary for individual team members, and to evaluate performance more authentically; likewise, 

MITT could offer training that helps graduates in industry draw on their foundational knowledgebase 

to rotate between multiple teams, contribute ideas and contribute more broadly to the success of the 

employer and progress more swiftly in their careers.83 

The skills required by new chemistry graduates31,51,52,84 and their development in courses have 

been the subject of studies co-authored by academics and a variety of Professional, Statutory and 

Regulatory Bodies (PSRBs) including learned bodies (some of which approve, recognize and accredit 

higher education programmes).84–90 Examples of such PSRBs include (but are not limited to): the 

American Chemical Society (ACS), the American Institute of Chemical Engineers (AIChe), Die 

Gesellschaft Deutscher Chemiker (GDCh), the Institution of Chemical Engineers (IChemE), the 

Institute of Materials, Minerals and Mining (IOM3), the International Union of Pure and Applied 

Chemistry (IUPAC), the Materials Research Society (MRS) and the Royal Society of Chemistry (RSC). 

This article discusses the potential for chemistry in MITT activities in higher education by illustrating 

their real-world importance in a variety of contexts (personal, organizational, national, and global), and 

some of the challenges of developing and implementing chemistry in MITT curricula that will deliver 

graduates to support economies across the world. 

MITT GROUPS ARE NEEDED TO STUDY COMPLEX AUTHENTIC PROBLEMS WITH REAL-WORLD 

IMPORTANCE 

A variety of complex problems currently encountered in the real-world need to be addressed 

carefully using the intervention of smart, creative and innovative solutions. Multidisciplinary, 

interdisciplinary and transdisciplinary perspectives offer opportunities to solve such complex problems 

when monodisciplinary/intradisciplinary approaches may be limited; particularly for globally 

important issues such as climate change, employment, health and medicine, migration, pollution, 
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security, etc.33,45,71,91–109 Multidisciplinary, interdisciplinary and transdisciplinary approaches are 

additive, interactive, and holistic, respectively. When the nature of involvement of multiple disciplines 

is unknown (or unspecified), multidisciplinary is the most appropriate term to use to avoid ambiguity. 

The success of chemistry as a lens to understand the natural world has resulted in it being 

subsumed into a variety of biological subjects. Molecular biology,110 biochemistry,111,112 pharmacology 

and pharmacy113–116 in particular draw heavily from chemistry but have long since moved to being 

independent disciplines in their own right. Their emphasis on observing biological processes as 

systems makes teaching every aspect from a detailed chemical viewpoint impractical. For example, 

gene expression in bacteria is largely dependent upon binding interactions of certain macromolecules 

and DNA, but it would simply take too long to teach and understand gene expression at this level of 

detail. The practical value of these chemistry related bioscience subjects has made them heavily 

integrated into other areas of biology, bioengineering and biomedicine curricula.92,111,117,118 

The Sustainable Development Goals (SDGs, also known as Global Goals) have been adopted by all 

United Nations (UN) member states with the aim of ending poverty, protecting the planet and ensuring 

all people enjoy peace and prosperity by 2030.119–124 There are 17 SDGs that, if acted upon in a 

knowledgeable and creative fashion, will enhance social, environmental and economic sustainability 

for the good of the world. The SDGs are complex real-world problems, and chemistry has the potential 

to play an important role in multidisciplinary, interdisciplinary and transdisciplinary solutions to 

these challenges, thereby improving the lives of millions of people across the world.104,125,126 Table 3 

displays the potential involvement of chemistry at the interface of other disciplines in solutions to 

address the SDGs. 

 
Table 3. The United Nations Sustainable Development Goals with Some Corresponding Examples of the Potential 

Involvement of Chemistry at the Interface of Other Disciplines in Their Solution 

Sustainable Development Goals Potential Solutions Involving Chemistry 

1 End poverty Creation of jobs involving chemistry integrated with biology, engineering, mathematics, 

physics, etc. 

2 Zero hunger Improved agricultural processes employing novel agrochemicals and chemical biology 

techniques, resulting in higher crop yields, nutritional value, food security and lowering the 

cost of food production 

3 Global health and well-being Production of affordable medications and/or materials for medical interventions, education 

about principles of chemistry in an MITT health context 

4 Quality education Development and delivery of affordable, accessible and inclusive educational resources for 
lifelong learners/students involving chemistry in an MITT context, such as 

pharmacodynamics 

5 Gender equality Achieving equality of representation and salaries for all gender identities across the 

industries involving chemistry, as well as negation or reduction of labor intensive traditional 
gender roles, such as palm oil production, waste management, etc. and thereby improving 

opportunities 

6 Clean water and sanitation Development of green and affordable water filtration and purification processes capable of 
deployment in a variety of environments,a,b because only 3% of the world’s water is fresh 

water, and the fact that 2.4 billion people worldwide lack access to fresh and clean water,c 

has been identified as the most understated global security riskd 

7 Affordable and clean energy Development of affordable, reliable, and sustainable materials for energy harvesting and 

storage 

8 Decent work and economic 

growth 

Creation of jobs involving chemistry integrated with other disciplines across the globe 

9 Industry, innovation and 

infrastructure 

Supporting jobs involving chemistry integrated with other disciplines across the globe, 

particularly entrepreneurship, invention, innovation, leadership, management, etc.e,f 

10 Reduced inequalities Achieving equality of representation and salaries for all diversity groups across the industries 

involving chemistry and reduce inequality between countries (concomitantly supporting 

global security) 

11 Sustainable cities and 

communities 

Development of cities and communities utilizing sustainable sources of energy, food, 

housing, transport, water, etc. (all of which involve chemistry in some way) 

12 Responsible consumption 

and production 

Consumption and production of goods integrated within a circular economyg,h,i,j 
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13 Climate action Comprehensive understanding of climate (biogeo)chemistry (combining theoretical and 
practical approaches) and development of sustainable materials and methods to combat 

climate change and its impacts 

14 Life below water Developing materials and methods to conserve oceans, seas and marine resources by 

minimizing or eradicating pollution from manufacturing and distribution, and the 

development of degradable polymers for packaging 

15 Life on land Development of chemicals, materials and methods to ensure the sustainability of terrestrial 

biodiversity and ecosystems 

16 Peace, justice and strong 

institutions 

Promotion of effective, equitable, inclusive and accountable institutions and societies 
involving chemistry at all levels, with specific, measurable, attainable, relevant and time-

bound goals to address such issues and a transparent reporting mechanism for assessing 

progress against these goals on a regular basis 

17 Partnership for the goals Implementing and supporting global partnerships uniting researchers in the public sector (e.g., 
academia), private sector (e.g., industry) and third sector (e.g., community, non-profit, 

voluntary), thereby facilitating capacity building for sustainable development through knowledge 

transfer activities to advance innovation at global, regional, national, and local levels) 

aSee ref 127. bSee ref 128. cSee ref 129. dSee ref 130. eSee ref 82. fSee ref 131. gSee ref 68. hSee ref 119. iSee ref 120. jSee refs 

132–135. 

 

Industries have evolved to address real-world problems, and chemistry (and its integration with 

biology, engineering, mathematics, physics, etc.) plays an important role in each of the different 

economic sectors which have multibillion-dollar turnovers and employ millions of people across the 

world (Table 4). Employability plays a role in league table rankings of universities (which has an 

impact on their financial viability), consequently imparting an appreciation of the complex real-world 

problems faced by industry and the application of multidisciplinary, interdisciplinary and 

transdisciplinary approaches to solving those problems (and their financial impact on the businesses) 

is fundamentally important.136 It is therefore logical that recognized year-long industrial or 

professional placements are becoming increasingly common in chemistry related undergraduate 

degree programs. 

 
Table 4. Chemistry Plays an Important Role in Each of the Different Economic Sectors 

Economic 

Sector 
Industries and Processes That Potentially Involve Chemistry 

Primary Involves the extraction and production of raw materials, including natural resources isolated 
from agricultural, marine or mining activities, with an increasing emphasis on ensuring the 
sustainability of supplies. 

Secondary The secondary economic sector involves manufacturing, including construction, electronics, 
plastics and textiles, all of which involve materials chemistry. 

Tertiary Services such as: distribution and transport (e.g., energy and fuel, packaging, security), 
healthcare (e.g., biomaterials, drugs, pharmacology), sustainable waste management and 
recycling (e.g., analysis, separation, purification, reformulation or repurposing). 

Quaternary Intellectual/knowledge services, including consultation, education, information technology, 
research, and development. 

Quinary Specialized services delivered by the highest level of decision or policy makers in government or 

industry. 

 

The necessity of working in MITT groups involving chemistry to solve complex problems 

encountered in the real-world can also be viewed through the lens of Maslow's hierarchy of 

needs.137,138 Problems related to our physiological needs involve chemistry at the interface of other 

disciplines (including biology, engineering, mathematics, physics, etc.) and the industries that provide 

the population with sustainable resources to satisfy our need for food, rest, water, and warmth (i.e., 

basic quality of life). Problems related to our safety and security needs involve MITT groups developing 

chemicals, materials and methods (including quantum technologies) for health (e.g., medication, 

personal protective equipment for clinic-, laboratory-, warfare-based activities) or counter terrorism 

(e.g., communication, sensors, etc.). Problems related to our belongingness and love needs involve 
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MITT groups developing chemicals, devices, materials, methods to facilitate or to enable intimate 

relationships (including contraceptives, fertility treatments, lubricants, perfumes, etc.) and/or platonic 

friendships (including food, drinks, drugs [alcohol, antidepressants, etc.]), being members of 

communities that potentially include membership of interdisciplinary learned and professional 

societies involving chemistry (including the American Chemical Society; American Institute of 

Chemical Engineers; Institution of Chemical Engineers; Institute of Materials Minerals and Mining; 

Materials Research Society; Royal Society of Chemistry; Society of Chemical Industry, etc.). Our 

esteem needs (prestige, status and feeling of accomplishment) for engagement in MITT activities can be 

met via awards, honors, prizes and other recognition of successful administration, leadership, 

management, research, and teaching; conference presentations, keynotes, named lectures and 

publications; editorial activity (journals, books, and other publications); engagement, partnership and 

collaboration nationally and internationally with other groups, institutions, industries and 

organizations; income from grants, teaching, commercialization; influence on industry, government, 

public policy, community and cultural organizations; membership of national and international 

committees (e.g. governmental, industrial, institutional or organizational); membership and fellowship 

of learned/professional academies and societies; publication of books, patents, registered designs, 

reports, research papers, reviews, etc. Our self-actualization needs (i.e., achieving one's full potential, 

including creative activities [which may concomitantly release dopamine, a neurotransmitter involved 

in thinking, planning and pleasure]) can be met by participation in activities with interdisciplinary and 

transdisciplinary teams and engagement in activities where our inherent disciplinary expertise can 

play a useful role in finding creative solutions to complex problems. Higher education institutions 

benefit from adopting this approach, providing students a holistic learning environment. 

While an exhaustive listing of examples of MITT groups managing complex problems of real-world 

importance is outside the scope of this article, we hope that the summary presented here offers 

insights into their importance in a variety of contexts (global, national, organizational, and personal). 

MITT CURRICULUM DEVELOPMENT AND IMPLEMENTATION IS A CHALLENGE 

As highlighted above, individuals capable of working in multidisciplinary, interdisciplinary and 

transdisciplinary teams are needed to address real-world problems in all economic sectors (Table 3), 

helping to deliver the UN SDGs.104,125,126 MITT offers individuals the opportunity to develop a range of 

skills necessary to work in such teams, including both hard skills (such as computer, 

instrumentation, operational skills; management skills; reporting and writing skills; 

monodisciplinary/intradisciplinary analytical and problem solving skills), and soft skills (cognitive 

flexibility and adaptability, collaboration, communication, critical thinking, curiosity, emotional 

intelligence, empathy, leadership, team working, time management), all of which are recognized and 

valued by industry. Those with MITT experience are well positioned for higher-skilled roles as one who 

has a more comprehensive perspective is more likely to efficiently identify and prioritize existing and 

future problems (however, extrapolation of this conclusion is not possible for all countries, due to the 

complexity of job markets).86,139,140 The results of studies by PSRBs, learned bodies and consultation 

with industrial partners help inform policy developed by governments to ensure a pipeline of highly 

skilled workers to meet economy demands. For example, the UK government developed frameworks to 

assess the performance of universities, namely, the Research Excellence Framework (REF),141 

Knowledge Exchange Framework (KEF)142 and Teaching Excellence and Student Outcomes Framework 

(TEF),143 each of which have the potential to encourage higher education establishments to develop 

MITT activities (e.g., research-based learning activities, knowledge exchange activities with non-

academic parties).144,145 These frameworks are each assessed via metrics and accompanying narratives 

which help to describe their specific situation (geography, socioeconomics, etc.) and efforts towards 

meeting the goals of each assessment. The results of the assessments yield publicly accessible reports 

and league tables that potentially guide and mentor other departments and institutions to improve 

performances via reflective practice, interdisciplinarity is emphasized in these assessments, 

particularly the more established REF assessments.146–148 Furthermore, the Times Higher Education 

Impact Rankings offer global performance tables assessing universities against the UN SDGs 

(comparing research, outreach and stewardship) which encourages the development of MITT activities 

within higher education establishments. 
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Integrative learning involves combining subject matter traditionally taught as separate curricula. 

This approach enables students to connect with and to apply theoretical/practical knowledge and 

skills developed in various settings (e.g., lecture theatres, tutorials, laboratories, and potentially 

industrial settings).12,31,48,65,149–152 This approach benefits from problem-, question-, theme-based 

integrative learning experiences in a thoughtfully structured MITT curriculum with a number of core 

courses that include interdisciplinary and transdisciplinary concepts, methods and 

theories.13,33,43,45,46,153 The development and delivery of coherent, effective and strongly MITT curricula 

offers a variety of challenges to higher education establishments.33,37,56,63,72,140,150,154–161 The most 

obvious barriers to the development and delivery of MITT curricula are organizational, particularly the 

traditional structures of university departments and faculties and their teaching and training 

programs, which tend to be focused on the necessity to guarantee standards of training and to secure 

externally recognized accreditation for the program of study.44,162 A direct consequence of this 

structure is that staff may not be encouraged to venture away from the safe ground of their 

disciplinary borders; which is mirrored by the historical scope of journals, and peer review models for 

research grants and outputs (books, conference proceedings, papers, reports, etc.). Other challenges 

include leadership (ideation, communication, championing change), management (change 

management, financial and human resource allocation for course development, staff support and 

training (e.g., practice sharing events)), administration (timetabling, credit-/finance-sharing between 

departments, etc.) and curriculum design (fundamental composition and balance of disciplinary 

content, accreditation, etc.).109 Tellingly, high profile MITT activities, such as the increasingly popular 

and lauded International Genetically Engineered Machine (iGEM) competition,163 take place over the 

summer months and out of term time, and are usually viewed as extra-curricular, added-value 

propositions for a limited numbers of students. 

MITT Requires Effective Leadership, Management, and Administration 

Leadership in the design and implementation of MITT offerings requires a combination of 

knowledge and creative vision (identifying an opportunity and having the confidence and interpersonal 

skills to develop a team to deliver that vision). In addition, effective management and administration 

skills, particularly planning and humility to acknowledge challenges and barriers and to develop 

mutually agreeable solutions, and effective communication skills are crucial in effective leadership of 

MITT offerings. Communication underpins the success of our daily lives, which is equally true 

regarding all aspects of curriculum design, implementation (leadership, management and 

administration), and delivery by staff. The staff may be experts in specific disciplines with a working 

knowledge of the language of different disciplines, including challenges presented by the same term 

being used with different meanings in distinct contexts.33,164,165 Effective communication is the key to 

convincing faculty members and senior management of the benefits of MITT (e.g., relative advantage, 

compatibility, complexity, trialability [i.e. opportunity for the initiative to be implemented in steps], 

and observability [i.e., opportunity for the initiative to strengthen the identity of the departments 

involved]). Lacking evidence of the benefits is likely to result in the conclusion that the status quo is 

better (i.e., maintaining disciplinary silos). In addition, adoption of innovation in curricula160 requires 

effective communication of: 

 Knowledge of the educational innovation (e.g., evidence in the education research literature to 

suggest this change will be an improvement) 

 Persuasiveness of the educational innovation (e.g., evidence to suggest feasibility and 

improvement for the institution). 

 Evidence-informed decision to adopt or to reject the innovation (e.g., based on evidence from 

points 1 and 2). 

 Evidence-informed implementation (i.e., adapt and adopt, communicating to staff and students 

why and how). 

 Evidence-informed confirmation (i.e., determine the future use of the innovation based on 

improvements in assessments, outcomes and student satisfaction). 
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Management of the design and implementation of MITT offerings requires: the interpersonal skills 

necessary to build trust and strong working relationships within the team; forward/strategic planning; 

“commercial” awareness (i.e. strategic fit at an institutional, regional, national and/or international 

level, identification of unique selling points, key differentiators, etc.); stakeholder mapping at an 

institutional, regional, national and/or international level; understanding the strengths, weaknesses, 

opportunities and threats to the endeavor (SWOT analysis), etc.; decision-making regarding 

organization and delegation of responsibilities within the team (e.g., motivation of staff from various 

departments, faculties and/or institutes to contribute); availability and accessibility for individual and 

team meetings to ensure project progress; facilitating and contributing to discussions; problem solving 

(e.g. dealing with disagreements; acknowledgement of professional challenges/barriers and the 

development of mutually agreeable solutions); and mentoring (e.g., facilitation of staff development via 

training provision, recognition of effective contributions [potentially via encouragement of membership 

and fellowship of relevant education-oriented learned/professional academies and societies], etc.). 

Financial and human resource allocation for course development (including staff support and 

training, e.g., practice sharing events) is a challenge for higher education establishments, particularly 

in resource constrained environments (e.g., institutions in developing and emerging economies). Such 

challenges/barriers within UN SDG 4 (quality education) may impact global economic inequality in 

years to come (i.e., UN SDG 10, reduce inequality). One potential solution is the collaborative 

development and delivery of MITT offerings involving staff and institutions in developed and developing 

and emerging economies, which has significant global impact, and is aligned with UN SDG 17 

(partnership to achieve the goals). This highlights the complex interrelated nature of the UN SDGs. 

Administration of the design and implementation of MITT offerings requires an appropriate 

mechanism for sharing credit and associated finances between contributors (i.e., departments, 

faculties, institutes) to ensure support from the various contributors and thereby success of the MITT 

activity. MITT activities involving chemistry within STEMM teaching must be underpinned by generic 

good teaching practice applicable to all teaching activities to ensure student, staff and employer 

satisfaction.166,167 From an administrative perspective good teaching practice necessitates an effective 

mechanism for timetabling of synchronous and asynchronous elements of teaching in a face-to-face or 

online environment, often employing a course management system and online learning platform such 

as Moodle (popular because it is free and open source, thereby supporting UN SDG 4).104,125,126 This 

requires staff training for academic and non-academic/support staff across the institution to ensure 

high quality teaching and subsequently achieve positive student outcomes and feedback.160 Moreover, 

assessment of an individual university’s contribution to the UN SDGs based on metrics associated 

with research, outreach, and stewardship and compiled within the Times Higher Education Impact 

Rankings is available. Global level metrics compiled by the UN assess international progress towards 

the UN SDGs which may be of interest to students and staff alike. Clearly, initiatives to support 

diversity, equity and inclusion will play an increasingly important role in the economy and society in 

years to come, as will effective engagement with and delivery of the UN SDGs.104,125,126,168–173 

MITT Curriculum Design in Higher/Tertiary Education 

The development of MITT curricula requires attention to detail (appropriate assessments, 

disciplinary balance, encouraging creativity, involving external collaboration [e.g., industry, NGOs, 

etc.], real-world problems, societal trends, etc.)174 to deliver a product that is appealing to students 

and supports economies across the world. While the individual PSRBs and learned societies may 

require elements of MITT embedded in curricula, there are some degrees that are accredited by more 

than one PSRB/learned society thereby ensuring the curricula do not “sacrifice” the original 

disciplinary content in the course (for a non-exhaustive list see Table 5). It is also noteworthy that 

qualification awarding higher education institutions are themselves subject to oversight by national 

and international higher education quality assurance agencies (examples in Table 6). 
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Table 5. Non-Exhaustive List of Examples of Dual Accredited MITT Degrees with Chemistry Content 

University/Universities Degree Accrediting Bodies 

Newcastle University (England) Chemical Engineering (BEng) Institution of Chemical Engineers and the 

Institute of Measurement and Control 

Swansea University (Wales) 
and Trent University (Canada) 

BEng Chemical Engineering 
and BSc Chemistry Dual Degree 

Canadian Society for Chemistry and the 
Institution of Chemical Engineers 

University of Bristol (England) Chemical Physics (BSc and 
MSci) 

Royal Society of Chemistry and the Institute 
of Physics 

University of Edinburgh 
(Scotland) 

Chemical Physics (BSc and 
MChemPhys) 

Royal Society of Chemistry and the Institute 
of Physics 

University of Strathclyde 

(Scotland) 

Chemistry with Teaching 

(MChem) 

Royal Society of Chemistry-accredited 

MChem course with professionally-
accredited teacher training (Professional 
Graduate Diploma in Education, Secondary) 

 
Table 6. Non-Exhaustive List of Examples of National or International Higher Education Quality 
Assurance Agencies. 

Accrediting Agency Focus: National 

or International 

Egyptian National Authority for Quality Assurance and Accreditation of Education (NAQAAE) National 

Higher Education Accreditation and Evaluation Agency of Portugal National 

Higher Education Accreditation Commission (HEAC) of Jordan National 

Iranian Ministry of Science, Research and Technology (MSRT) National 

Italian Ministry of University and Research (MIUR) National 

Ministry of Education of the People's Republic of China National 

Ministry of Higher Education of Saudi Arabia National 

Russian Federal Service for Supervision in Education and Science (Rosobrnadzor) National 

Swiss Agency of Accreditation and Quality Assurance (AAQ) National 

UK Quality Assurance Agency for Higher Education (QAA) National 

US Council for Higher Education Accreditation (CHEA) National 

African Quality Assurance Network (AfriQAN) International 

Asia-Pacific Quality Network (APQN) International 

Association of QA Agencies of the Islamic World (IQA/AQAAIW) International 

European Association for Quality Assurance in Higher Education (ENQA) International 

European Quality Assurance Register for Higher Education (EQAR) International 

International Network for Quality Assurance Agencies in Higher Education (INQAAHE) International 

 

Higher education establishments should aim to ensure their programs meet societal needs and 

trends in terms of industrial requirements of graduates.175–178 However, ensuring higher education 

curricula meet societal needs and trends requires a significant amount of foresight, and sometimes a 

willingness of the institution not to capture short term gains (via increased recruitment, and hence 

revenue) in response to short term trends. An example of this practice that negatively affected 

graduate employability in the UK, was the rapid implementation of forensic science degrees at some 

higher education institutions led by a surge in popularity due to the proliferation of TV shows focusing 

on crime scene investigation, which in turn led to an increase in the number of forensic science 

graduates that far exceeded the capacity of the forensic science sector. The drive to capitalize on this 

demand led to degrees that were not fit for purpose, having been formulated too quickly and not 

designed with an MITT approach, with graduates often requiring significant in-employment training, 

even within the specialism.179,180 However, some trends are difficult to predict, but show that higher 
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education establishments need to be able to adapt quickly, and to ensure graduates receive a 

sufficiently broad education that doesn’t preclude them from pursuing a career away from their 

initially intended specialty. For instance, since the disaster at the Fukushima Daiichi Power Plant in 

2011, Germany is undergoing a transition towards low-carbon energy production that no longer relies 

on nuclear power, which has a dramatic influence on the prospects of nuclear engineering graduates 

in Germany, who increasingly must look abroad for employment.181 In contrast to these examples 

there are exciting successful examples of interdisciplinary innovation in the Higher Education sector, 

including: the Dyson Institute of Engineering and Technology (a private institution of higher education 

in England, founded in 2017 by James Dyson) with initial cohorts of students awarded Bachelor of 

Engineering (BEng) degrees in partnership with the University of Warwick, and it was recently 

awarded its own degree-awarding powers from 2021 onwards;182 and the London Interdisciplinary 

School (a new university that aims to give students the knowledge and skills needed to address social 

and global problems in an increasingly interconnected world) with degree-awarding powers from 2021 

onwards, initially offering a BASc degree in Interdisciplinary Problems & Methods.183 

Changes in policies and societal trends can often be anticipated through consultation with 

governments and industrial partners. The use of industrial advisory boards is increasingly prevalent in 

the sciences, and commonplace within engineering disciplines. However, it is important to ensure 

diversity in the board membership (e.g., gender, ethnicity, etc., ideally in line with national census 

statistics, for example England and Wales184 or the USA);185 to attempt to ensure global geographical 

representation and reach of the board membership (i.e., avoiding over-representation of local 

employers that are most convenient to connect with); to remove bias towards any one industry, and to 

adhere to national and international accreditation requirements. 

Academic and non-academic/support staff working in STEMM departments, faculties, institutes 

often have an element of chemical training (e.g. undergraduate/postgraduate study or postdoctoral 

experience), suggesting opportunities for institutions to deliver engaging MITT involving chemistry in 

inherently MITT STEMM curricula (e.g. biochemistry, engineering, forensic sciences, geology, liberal 

arts, materials science, natural sciences, etc.),42,92,109,186–188 and potentially specialist elements of other 

curricula (e.g. arts and humanities [e.g. archaeology and architecture,189,190 art and design,191 patent 

law], business and management,153 technician support, etc.). However, effective MITT curriculum 

design is a challenge, particularly achieving the appropriate balance of 

monodisciplinary/intradisciplinary content and integrated MITT options192 that ensure students have 

the opportunity to develop both in-depth knowledge of monodisciplinary subject matter193 and insight 

into different disciplinary approaches to problem solving.57 A notable barrier to MITT curriculum 

design is ensuring curricular coherence and integration,192 especially when there are disagreements 

between staff from different disciplines about the specific content and methodology of delivery.194 A 

potential solution to issues of curricular coherence and integration is to ensure interactions between 

academics during all stages of curriculum design with regular meetings with module leaders 

presenting module plans to ensure awareness of the curriculum structure (potentially including 

modules taught by a multidisciplinary team of academics talking about a particular phenomenon, e.g. 

enzyme binding as a cross-cutting example of structure and function in biology, biochemistry and 

chemistry).118 This broad awareness offers opportunities for constructive overlaps between modules, 

thereby ensuring the best eventual outcome for staff and students who may find it challenging to 

make a connection between their background knowledge and its relation to other topics, topic 

sequencing for students from different backgrounds, and effective communication in multidisciplinary 

teams.195 

Another challenge is the development of robust, cross-disciplinary assessment criteria to ensure 

fair assessments are used to encourage student engagement.174 Clearly at the highest level of MITT 

education (as the highest skill order) assessment in the traditional sense (e.g., exams) would be 

difficult, and assessment akin to postgraduate project evaluation would be more appropriate, however, 

project-based evaluation is time consuming, especially for courses with high student numbers. 

Project-based evaluation does offer opportunities for involvement of all department staff, and trains 

students to be assessors, which is good for employability. Moreover, depending on the structure of the 

curricula, particularly at the postgraduate level, there may be challenges teaching students from 

diverse disciplinary backgrounds and balancing the depth of material presented to ensure the 
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appropriate assimilation of knowledge and skills. However, the presence of students with diverse 

disciplinary backgrounds also has advantages that can be manifested via peer-to-peer learning during 

interactive activities in which students work together in teams on problem solving activities.196 It is 

noteworthy that the development of hard and soft skills (e.g., problem solving and team working) are 

some of the most important learning outcomes of courses at undergraduate and postgraduate levels, 

and MITT offers a variety of opportunities to enhance such learning experiences subject to what is 

possible at different higher education institutions (which may inadvertently introduce a bias/privilege 

gap based on the demographics of the students/staff and universality of adoption of MITT) and 

thereby employability.37,174,197 

MITT offers students teaching activities that can encourage creativity and improve critical 

thinking.48 Such activities enable students to learn to understand multiple viewpoints on a single topic 

(potential barriers to which include the communication skills of instructors and students) and to 

appreciate the differences between the techniques and/or data (factual information) and approaches 

(procedural knowledge) each discipline use to solve problems and draw informed conclusions; the 

complexity of such activities should develop over the duration of the course to ensure holistic 

understanding of concepts that transcend traditional disciplinary boundaries due to the holistic 

design of the curriculum.198 An interesting example of an engaging learning experience called the 

“Chemistry Connections Challenge”199 highlights the real-world applications of an introductory organic 

chemistry course via a combination of instructor-directed material in lectures and self-directed 

learning exercises (with students submitting work on the real-world application of organic chemistry to 

a variety of topics including: biological processes, botany, chemical warfare, cosmetics, gastronomy, 

materials, medical applications, natural products, pharmaceuticals and zoology). This engaging self-

directed learning activity stimulates creative thinking and a personal connection with the subject 

matter, is adaptable to courses in other institutions and has overwhelmingly positive student 

feedback;199 moreover, it helps students develop expertise in the discipline of choice and in the 

application of disciplinary expertise to other disciplines, thereby preparing them to work in MITT 

groups. 

MITT curricula offer opportunities to present cross-cutting concepts200 (e.g., energy for biology201 

and electronics202) in real-world scenarios (e.g., biology,69,92,100,101,203 engineering92,189,204,205) that 

reinforce the relevance to students, via different methodologies (lectures,188 tutorials/workhops,206 

and/or labs).207,208 MITT curricula also permit an efficiency of resource by encouraging the reuse of 

multidisciplinary facilities (e.g., additive manufacturing209,210 or computing for machine learning and 

augmented reality in chemistry and engineering),211–213 making programmes more flexible and 

sustainable. Drennan and co-workers described the creation of an interdisciplinary introductory 

chemistry course without time-intensive curriculum changes (overcoming a significant barrier to 

development and implementation of new curricula).188 The initiative equipped students with the skills 

to recognize underlying chemical principles in other disciplines and to solve interdisciplinary problems 

without "sacrificing" the original chemistry content in the course, using examples from biology and 

medicine to demonstrate applications of chemical principles in the lectures (see Table 7).174,188,214 

Examples that highlight the importance of the recognition of the underlying chemical principles in 

other disciplines include supramolecular interactions in biological processes (e.g., protein assembly, 

gene expression, etc.) that could be included in molecular biology and biochemistry curricula.117,118,215–

220 Drennan and co-workers’ interdisciplinary introductory chemistry course resulted in increases in 

student assessment that the course instructors “inspired interest” in chemistry and “used good 

examples” (old curriculum: 5.50 ± 1.29, new curriculum: 6.36 ± 0.97) and increases in the overall 

course rating (old curriculum: 5.15 ± 1.29, new curriculum: 5.99 ± 1.22).188 Frey and co-workers 

described interdisciplinary, application-oriented tutorials covering chemistry in the context of biology, 

engineering and environmental sciences, enhancing the students appreciation of chemistry in the 

world around them (with improvements in exam scores; old curriculum: ca. 69, new curriculum: ca. 

74).206 Baranger and co-workers described a green chemistry focused general chemistry laboratory 

curriculum incorporating over 30 new experiments that introduced students to green chemistry 

principles to explore and to solve real-world problems (summarized in Table 8), which resulted in 

measurable improvements in students’ understanding of green chemistry principles in 6 out of 7 

responses to the question “In your own words, define green chemistry”,207 and offers students an 
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opportunity to learn the 12 principles of green chemistry221–223 and to understand potential 

connections to the future courses and professions (another potential complementary/tangentially 

related topic include regulatory issues [e.g. environmental, health and safety, medical devices, 

etc.]).82,207,224 Another exciting initiative is the Freshman Research Initiative (FRI)225,226 wherein 

students participate in an interdisciplinary, inquiry-based research methods course, followed by two 

semesters of research; this integrates training in mandatory/accredited general chemistry skill sets 

with open-ended research experiences, and results in students who are trained in research methods 

and capable of contributing to peer-reviewed publications, presentation of research and winning 

awards at regional/national conferences. The success of this initiative was demonstrated by a number 

of variables with students with comparable grade point averages, with improvements in probability of 

graduating within 6 years (non-FRI curriculum: 66%, FRI curriculum: 83%), and with improvements 

in probability of graduating with a STEM degree (non-FRI curriculum: 71%, FRI curriculum: 94%). 

 
Table 7. General Chemistry Lecture Topics and Corresponding In-Class Biology and Medicine-Related 
Examplesa 

Chemistry Lecture Topics Biology-Related Examples 

Introduction and course overview Chemical principles in research at MIT 

Wave-particle duality of light and matter Quantum dot research at MIT 

Periodic trends Atomic size: sodium ion channels in neurons 

Covalent bonds, Lewis structures Cyanide ion in cassava plants, cigarettes. Thionyl chloride for 

the synthesis of novacaine 

Exceptions to Lewis structure rules Free radicals in biology: role in DNA damage and essential for 

life; Nitric oxide (NO) in vasodilation (and Viagra) 

Polar covalent bonds, ionic bonds Water-soluble versus fat-soluble vitamins: comparing folic 
acid and vitamin A 

VSEPR theory Molecular shape in enzyme-substrate complexes 

Valence bond theory and hybridization Restriction of rotation around double bonds: application to 
drug design; Hybridization example: ascorbic acid (vitamin C) 

Determining hybridization in complex molecules Identifying molecules that follow the “morphine rule” 

Thermodynamics Glucose oxidation: harnessing energy from plants 

Free energy and control of spontaneity ATP-coupled reactions in biology; Thermodynamics of H-
bonding: DNA replication 

Chemical equilibrium, Le Châtelier’s principle Maximizing the yield of nitrogen fixation: inspiration from 
bacteria; Le Châtelier’s principle and blood-oxygen levels 

Acid-base equilibrium, buffers, and titrations pH and blood: effects from vitamin B12 deficiency 

Balancing redox equations, electrochemical cells Oxidative metabolism of drugs 

Oxidation/reduction reactions Reduction of vitamin B12 in the body 

Transition metals Metal chelation in the treatment of lead poisoning; Geometric 
isomers and the anticancer drug cisplatin 

Crystal field theory, metals in biology Inspiration from metalloenzymes for the reduction of 
greenhouse gases 

Rate laws Kinetics of glucose oxidation in the body 

Nuclear chemistry and elementary reactions Medical applications of radioactive decay (99Tc) 

Reaction mechanism Reaction mechanism of ozone decomposition 

Enzyme catalysis Enzymes as the catalysts of life, inhibitors as drugs 

Biochemistry The methionine synthase case study 

aAdapted with permission from ref 188. 
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Table 8. Experimental Module, Chemistry Principles, and Green Chemistry Principles for Each 
Redesigned Experiment Used in the General Chemistry Laboratory Course at UC–Berkeleya 

Module (Number of Weeks) General Chemistry Principles Green Chemistry Principles 

How the Nose Knows (1) Functional groups, physical properties, 

formal charges, bond-line notation, VSEPR 

Designing safer chemicals, renewable 

feedstocks 

Polymers: Properties and 
Applications (1) 

Functional groups, density, solubility, 
structure–function relationship, 

dissolution, hydrolysis 

Waste prevention, designing safer 
chemicals, design for degradation 

Polymers: Cross-Linking and 
Toy Design (2) 

Cross-linking reactions, intermolecular 
interactions, bonding, mass ratios in 
mixtures 

Inherently safer chemistry, safer 
solvents, renewable feedstocks, atom 
economical 

Polymers: Density of Liquids 
and Solids (2) 

Precision and accuracy, systematic and 
random error, solubility, experimental 
design, polymer structure 

Waste prevention, designing safer 
chemicals, and designing for 
degradation 

Biofuels (3) Transesterification, combustion and 
calorimetry, solubility, extraction, Ccal and 

ΔHcomb 

Designing safer chemicals, renewable 
feedstocks, catalysis, safer solvent, 
atom economical, inherently safer 
chemistry, energy efficiency 

Spectroscopy: Food Dyes 
and Riboflavin in Beverages 
(1) 

UV–vis and fluorescence spectroscopy, 
Beer’s law, extinction coefficients, 
calibration curves, error propagation 

Inherently safer chemistry 

Extraction of Curcumin and 
Spectroscopic Analysis (1) 

Transmission, absorbance, extraction and 
separation, calibration curves, linearity of 
data 

Safer solvent, energy efficiency, waste 
prevention 

Equilibrium (1) Solubility, acid/base equilibria, gases, Le 

Châtelier’s principle, pH measurements 

Renewable feedstocks, safe solvents 

and auxiliaries, designed for 
degradation 

Depolymerization and 

Titration (2) 

Ester hydrolysis, dimensional analysis, 

ICE tables, indicator and potentiometric 
titrations 

Renewable feedstocks, designed for 

degradation 

Acids in the Environment (3) Solubility equilibria, acid/base titrations, 

gases and equilibrium, Le Châtelier’s 
principle, buffers 

Real-time analysis for pollution 

prevention, less hazardous chemical 
syntheses, waste prevention 

Extraction from Thyme 

Leaves (2) 

Extraction, IMFs, polarity, 

chromatography, diffusion, extraction, 
standard addition, uncertainty 

Waste prevention, design for 

degradation, use of renewable 
feedstocks 

Extraction and Analysis of 
Limonene (2) 

Chromatography, boiling points, 
sublimation, triple point, polarity, mass 
spectrometry, standard calibration 

curves, uncertainty 

Pollution prevention, safer solvents, 
energy efficiency, renewable feedstocks, 
design for degradation, safer chemistry 

and solvents 

Methanol/Glucose Fuel 
Cells and Dye-Sensitized 
Solar Cells (2) 

Electrochemistry, galvanic cells and 
batteries, catalysis and enzymes, cell 
potentials, net free energy calculations 

Energy efficiency, catalysis, renewable 
feedstocks, design for degradation, 
inherently safer chemistry 

Kinetics: Bleaching Organic 
Dyes and H2O2 
Decomposition (2) 

Catalysis, reaction rates, kinetics, 
reaction order, method of initial rates, 
visible spectroscopy, Beer’s law 

Catalysis, designing safer chemicals, 
inherently safer chemistry 

Computational and 
Experimental Investigation 
of Pesticides (2) 

MO theory, computer-based molecular 
modeling, solubility, UV–vis and 
fluorescence spectroscopy 

Waste prevention, designing safer 
chemicals, real-time analysis for 
pollution prevention 

aAdapted with permission from ref 207. 

 

Advancements in computer hardware and software over the last few decades have revolutionized 

our understanding of chemistry and developed new sub-fields offering opportunities for inclusion in 

curricula worldwide. The enhanced computer and technology literacy of students is reducing barriers 
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to learning computational aspects of chemistry and its implementation in MITT,227–232 also driven by 

the necessity to deliver increased levels of engaging online teaching.233–238 Chemoinformatics239–246 lies 

at the interface of chemistry and computer sciences, involving the: storage; classification and indexing; 

searching, mining, retrieving of information about chemical compounds (e.g. software developed for 

chemical analysis equipment, illustration of synthetic pathways, visualization of molecular docking of 

compounds with protein receptors, molecular dynamics simulations); and is particularly useful for 

dealing with large datasets (e.g. via data mining and statistical analysis) using mathematical 

techniques (e.g. machine learning [ML] and artificial intelligence [AI]).247–251 In pharmaceutical R&D, 

advances in genetics and molecular biology have revealed potential new targets for developing 

medicines and deciding which target to pursue is challenging and an area in which there is 

opportunity to increase productivity. ML/AI approaches such as deep learning correlation analysis252–

257 can be used to accelerate identification of biological pathways and targets in disease biology, to find 

potential drug molecules, to understand the biological effects of the compound and help design clinical 

trials to ensure the best outcomes are achieved. Clearly a multitude of other opportunities exist for 

inclusion of computational studies in a variety of disciplinary contexts (e.g., agrochemical/drug 

delivery/design,258,259 catalysis,260 materials chemistry,261 medical imaging and analysis,262,263 etc.). 

Computational chemistry can help engage students learning about important concepts such as 

kinetics and thermodynamics, molecular descriptors (i.e. constitutional, electronic, physico-chemical, 

topological), stereochemistry and 3D structures in an interactive virtual learning environment; and 

moreover, provides various platforms to study intramolecular and intermolecular interactions that can 

be used for research and development in a safe and cost effective fashion (e.g. informing the selection 

of candidates to bind to biological receptors or pharmaceutical carriers for drug delivery, while 

minimizing resource utilization and exposure to chemicals).264 Aspects of computational chemistry can 

be taught through inclusion of mathematics and computational skills (e.g. programming) in chemistry 

curricula, and computational chemistry for biologists, pharmacists, programmers, etc. in MITT 

curricula. This takes into account the student’s background and ensures that the teaching is done at 

an appropriate level for the audience, thereby helping to facilitate communication of concepts 

underpinning computational chemistry to various audiences in preparation for real-life 

multidisciplinary teamwork in various economic sectors (i.e., better educational outcomes). 

Research projects at various points throughout curricula (particularly Capstone projects) offer 

academics an opportunity to contribute to MITT activities in (potentially niche) topics of direct interest 

to themselves and/or the students (i.e. student-centered learning, which helps students to direct their 

learning of course material towards an outcome that is directly relevant to them [e.g. project 

management skills]).265–278 Such MITT research projects embedded in curricula can deliver positive 

short and long term impacts, including: increased collaborative research,42,56,57,73,77,191,279–287 increased 

research impact,43,77,78,80,164,281,288–290 increased grant income,80,279,280,291,292 increased student 

employability by training the next generation of research-active academics to comfortably work at 

disciplinary interfaces;51,52,144 societal impact by delivering graduates comfortable in the changing 

workplace,128,153,279,289,293 and economic impact by supporting the economies they contribute to (e.g., 

by generation of intellectual property).12,51,52,72,78,278 Metrics associated with these factors have the 

potential to make the course and/or university more attractive to students and/or staff, which may 

have beneficial effects on the student and/or staff demographics, particularly when supported by 

mentoring initiatives (e.g. the US NSF Research Experience and Mentoring program).80,288,289 

As noted above, industries have evolved to address complex real-world problems that are 

interdisciplinary in nature and support the employment of millions of people across the world. 

Industries are also engaged with learned/professional societies and PSRBs to offer guidance on the 

skills needed by graduates. There are a multitude of opportunities for the involvement of industrial 

partners in elements of MITT. These interactions vary depending on the scope of interaction between 

the higher education institution and industrial partner, including guest lectures about 

industrial/commercialization best practice,131 opportunities for industry-based internships (during 

summer vacations or an entire academic year of study) and research projects in collaboration with 

industry partners ranging from short term projects such as consultancy. This can involve 

undergraduate and postgraduate researchers, to long term projects such as PhD studentships. These 

interactions offer students opportunities for research oriented individual or team-based learning 
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activities such as students learning about research processes and methodologies, invention and 

innovation and project management. Of particular importance is how to align a technical academic 

solution to a problem or need early on, thereby enabling an early go/no go decision, and helping to 

deliver sustainable commercial success.82,131 

However, there are many challenges to industry engagement. Perhaps the most obvious challenge 

is the resources required to foster relationships with potential industry partners (and vice versa), 

which may necessitate the appointment of dedicated staff in academia and industry to facilitate 

introductions, cultivate collaborative relationships, deal with any communication issues between 

industry partners and students/academics, setting expectations (of companies, students, supervisors, 

funding bodies and administrators), planning projects, negotiate contracts, deal with intellectual 

property, mitigate risks, manage reputation, etc. Nevertheless, the engagement of industrial partners 

in educational activities offers many benefits for students, staff, institutions and industry partners 

alike. This engagement and the direct/indirect involvement of industry partners in the delivery of MITT 

activities involving chemistry in many departments in STEMM faculties42,92,186 (e.g., forensic science,294 

liberal arts, materials science, natural sciences, pharmacy, etc.) and beyond (e.g., arts and humanities 

[e.g., archaeology and architecture,189 art and design,191,295,296 patent law], business/management,153 

etc.) involving staff from other departments via experiential learning elements, problem-based and 

research-based learning activities related to real world problems.128,145,279,297 The skills developed while 

undertaking MITT curricula offer enhanced engagement, learning, and employability, and ultimately 

beneficially impacts the economy and society across the developed, developing and emerging 

economies of the world, and enable us to deliver on the promises of the UN SDGs.168–173 

ANALYSIS OF THE OUTCOMES OF MITT IN HIGHER/TERTIARY EDUCATION 

The analysis of the outcomes of MITT in higher education institutions is often qualitative, however, 

examples of quantitative analysis offer educators insights into what to expect when contemplating new 

interdisciplinary undertakings (e.g., potential benefits, effect size, etc.). It can be challenging to 

quantify the outcomes of MITT initiatives,174,298 and in some cases there may be little/no differences in 

quantitative outcomes,299 however, a selection of initiatives reporting quantitative outcomes are 

summarized hereafter. An initiative to offer general chemistry in just one semester for life science 

majors resulted in significant improvements in exam scores (out of 200 points) for organic chemistry I 

(old curriculum: 155.75 ± 33.21, new curriculum: 170.69 ± 27.49) and II (old curriculum: 153.16 ± 

31.17, new curriculum: 167.84 ± 27.31).300 An adapted version at another institution offer general 

chemistry in just one semester for all majors resulted in increases in the percentage of successful 

completions (old curriculum: 71.7%, new curriculum: 87.7%), with students achieving similar scores 

on a full-year ACS general chemistry exam (out of 70 points; old curriculum: 41.6 ± 9.7, new 

curriculum: 39.8 ± 10.3); there was also a subsequent increase in the enrollment in organic chemistry 

(36% in Organic Chemistry I and 39% in Organic Chemistry II) and a 33% increase in the number of 

chemistry majors (old curriculum: 16.8 ± 1.0, new curriculum: 22.3 ± 4.6).301 Another initiative to 

develop allied health courses with an entry level allied health chemistry course for non-majors showed 

enhanced student learning after 6 semesters (final exam score; old curriculum: 58.3 ± 16.1, new 

curriculum: 64.8 ± 14.2).109 An interdisciplinary introductory chemistry course resulted in increases in 

student assessment that the course instructors “inspired interest” in chemistry and “used good 

examples” (old curriculum: 5.50 ± 1.29, new curriculum: 6.36 ± 0.97) and increases in the overall 

course rating (old curriculum: 5.15 ± 1.29, new curriculum: 5.99 ± 1.22).188 Introducing an 

interdisciplinary guided-inquiry experience in chemistry and biology to the first year of a curriculum 

for forensic science students resulted in a significant decrease in fails and concomitant increase in 

distinctions and higher distinctions, and significant increases in the perception of the benefits in 

working in teams (old curriculum: 40%, new curriculum: >75%).302 Replacing junior- and senior-level 

laboratory curriculum with 2, 2-semester long, student-led research projects as part of an ACS-

accredited program was observed to enhance student perceptions of learning (old curriculum: ca. 5.8, 

new curriculum: ca. 6.4),303 which is understood to improve overall academic achievement, skills 

acquisition/performance and motivation for learning.304 The Freshman Research Initiative (FRI)225,226 

involving students in interdisciplinary research results in measurable improvements in their 
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probability of graduating within 6 years (non-FRI curriculum: 66%, FRI curriculum: 83%), and their 

probability of graduating with a STEM degree (non-FRI curriculum: 71%, FRI curriculum: 94%). 

The direct comparison of these quantitative analyses is itself challenging due to differences in 

curricula/innovation, socioeconomic factors of the student cohort and/or location of the higher 

education institution, however, it offers evidence to inform decision makers in higher education 

institutions of the costs/benefits of MITT initiatives enabling them to determine the future use of the 

innovation based on improvements in assessments, outcomes and student satisfaction. A few 

examples of the application of topics discussed in the paper (real world problems addressed, 

curriculum development and implementation, administration, and outcomes/feedback) to common 

elements of curricula (lectures/tutorials, instructed lab work and research) are highlighted in Table 9, 

with an interesting example of course design from scratch from McGill and coworkers also touching on 

these topics.192 Engagement with MITT activities in well-designed curricula should equip students with 

a 21st-century skills set28,72,305,306 that underpins their employability. 

 
Table 9. Examples Highlighting the Application of Topics Discussed in This Work 

Topics Interdisciplinary 

Introductory Chemistrya 

Green Chemistry 

Focused Laboratoryb 

Freshman Research Initiativec,d 

Real-world 

problems 
addressed 

Biology, health and 

medicine 

Green chemistry, 

energy, 
environment, 
health/safety issues 

Dependent on staff involvement, including 

health and medicine, sensing, 
catalysis/green chemistry, energy 
harvesting/storage, computational 
chemistry/biochemistry 

Curriculum 

development 
and 
implementation 

Lectures, problems and 

assessments use 
biological examples 
within a framework of 
chemistry 

Labs use energy, 

environment, 
health/safety 
examples to 
integrate general 
chemistry and green 
chemistry principles 

Interdisciplinary, inquiry-based research 

methods course, followed by two 
semesters of research 

Administration Financially supported by 
the institution 

Financially 
supported by the 
institution 

Initially financially supported by Howard 
Hughes Medical Institute and the National 
Science Foundation; thereafter, supported 
by the institution and research income 

Regular engagement with principal 
investigator (oversight and mentoring), a 
dedicated member of staff “research 
educator” (project design and 
management), peer mentor (peer to peer 
learning), initial training period (e.g., 
apparatus, health and safety), time 
management via Google Calendar/Forms 

Outcomes/ 
feedback 

Increase in the overall 
course rating; Increase 
in student assessment 
that the course 
instructors “Inspired 

interest” in chemistry 
and “used good 
examples” 

Improvements in 
students’ 
understanding of 
green chemistry 
principles in 6 out of 

7 responses to the 
question “In your 
own words, define 
green chemistry.” 

Improved probability of graduating with a 
STEM degree 

Improved probability of graduating within 
6 years 

Potential co-authorship of research 

papers; Potential to participate in 
research conferences and win awards 

aSee ref 188. bSee ref 207. cSee ref 225. dSee ref 226. 
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CONCLUSION 

Chemistry can serve as a bridge between various fields of knowledge offering students of MITT 

programs opportunities to develop hard and soft skills, and the ability to communicate ideas between 

these fields. Chemistry is therefore an important discipline to incorporate into MITT activities, because 

chemistry integrated with other fields of knowledge plays an important role in potential 

multidisciplinary, interdisciplinary and transdisciplinary solutions to the complex real-world problems 

encountered by each of the different economic sectors and in the UN SDGs. 

Effectively establishing and delivering MITT at a higher education institution requires creative and 

visionary leadership, supportive management and administration that fosters an environment for 

creative curriculum design. The curriculum design itself requires collaboration (staff, students, 

externals [e.g., government, industry, etc.]), creativity, and a well balanced approach (balancing 

disciplinary input and other issues relevant to curriculum design, e.g., assessment). All of this is 

important because chemistry as a discipline underpins the global success by supplying employers 

with graduates, enriching the graduates experience (as they care about the world) and equipping them 

with a 21st-century skill set that underpins their employability. 

AUTHOR INFORMATION 
Corresponding Authors 
*E-mail: j.g.hardy@lancaster.ac.uk (J.G.H.) or sdepanians@rsc.org (S.S.) 

ACKNOWLEDGMENTS 

J.G.H. thanks the colleagues and students who he has worked alongside during the years he has 

learned to engage in multidisciplinary, interdisciplinary and transdisciplinary teaching and research 

(and about the pedagogy underpinning them), and Dr Ann-Marie Houghton of the Educational 

Development team and Department of Educational Research at Lancaster University, and the 

reviewers and editors for constructive criticism that improved the scope and quality of this article. 

S.S. thanks the Royal Society of Chemistry for provision of opportunities to engage in interesting 

continuing professional development activities. 

We thank Geoff Akien, Maryam A. Almirabi, Nizar Almirabi, Mark Ashton, Sara Baldock, Nathan 

Halcovitch, Garry R. Harper, Mathew J. Haskew and David Rochester for insightful discussions and 

willingness to engage in MITT activities at Lancaster University. We thank Johannes Voges (GVS Filter 

Technology UK Ltd., Morecambe, UK), Andrew Dodd (Bonds Precision Castings Ltd., Alston, UK) and 

Daniela Presa (Lhasa Limited, Leeds, UK) for insightful discussions during the preparation of the 

article. We thank various industry partners for opportunities to undertake internships and engage in 

collaborative research, and the Business Partnerships and Enterprise Team for efforts to facilitate this. 

We thank the various funding bodies that have supported this via grants for various activities, 

specifically UK Research and Innovation: BBSRC (BB/L013738/1, BB/L013762/1, BB/L013819/1, 

BB/L0137971/1 [and POCVS18_03, POCVS18_04, POCVS18_05, POCVS18_06]), EPSRC 

(EP/K03099X/1; EP/R003823/1; EP/R511560/1; EP/R512564/1, 2065445; EP/R513076/1, 

2145109; EP/S004505/1), ESRC (ES/T501943/1, BEA7639), MRC (MC_PC_17192); the Royal Society 

(A103355, NF151479, RG160449) and the Royal Society of Chemistry (RM1601-2703). We thank the 

Ministry of Education of Saudi Arabia and the Saudi Cultural Bureau for support for A.D.A., and the 

University Cooperative Society of the University of Texas at Austin for supporting a number of 

Undergraduate Research Fellowships for students to undertake interdisciplinary projects that led to 

co-authorship of a number of collaborative research papers. 

REFERENCES 
1. UNESCO Institute for Statistics, International Standard Classification of Education (ISCED) 2011. 

UNESCO: Montreal, Canada, 2011. https://unesdoc.unesco.org/ark:/48223/pf0000219109 (accessed 
2021-02-02). 

2. Millard, W.; Bowen-Viner, K.; Baars, S.; Menzies, L. More than a job’s worth: making careers education age-
appropriate.; The Centre for Education & Youth, 2019. https://cfey.org/wp-
content/uploads/2019/04/Making-Careers-Education-Age-Appropriate-digi.pdf (accessed 2021-02-02). 

3. Guo, J. S.; Eccles, J. S.; Sortheix, F. M.; Salmela-Aro, K. Gendered Pathways Toward STEM Careers: The 
Incremental Roles of Work Value Profiles Above Academic Task Values. Frontiers in Psychology 2018, 9. 

mailto:j.g.hardy@lancaster.ac.uk
mailto:sdepanians@rsc.org
https://unesdoc.unesco.org/ark:/48223/pf0000219109
https://cfey.org/wp-content/uploads/2019/04/Making-Careers-Education-Age-Appropriate-digi.pdf
https://cfey.org/wp-content/uploads/2019/04/Making-Careers-Education-Age-Appropriate-digi.pdf


ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 21 of 32 

4. Reinking, A.; Martin, B. The Gender Gap in STEM Fields: Theories, Movements, and Ideas to Engage Girls 
in STEM. Journal of New Approaches in Educational Research 2018, 7 (2), 148-153. 

5. Larkin, T. L.; Vogel, V. A Phenomenological Study of Factors Influencing the Gender Gap in Physics and 
other STEM-Related Fields. 2014 ASEE Annual Conference, 2014. DOI: 10.18260/1-2—19975. 

6. Sansone, D. Teacher Characteristics, Student Beliefs, and the Gender Gap in STEM Fields. Educational 
Evaluation and Policy Analysis 2019, 41 (2), 127-144. 

7. Wang, M. T.; Degol, J. Motivational pathways to STEM career choices: Using expectancy-value perspective 
to understand individual and gender differences in STEM fields. Developmental Review 2013, 33 (4), 304-
340. 

8. Watt, H. M. G.; Richardson, P. W.; Devos, C. (How) Does Gender Matter in the Choice of a STEM Teaching 
Career and Later Teaching Behaviours? In First Network Gender & STEM Conference, International Journal 

of Gender, Science and Technology: Haarlem, The Netherlands, 2012; Vol. 5, pp 188-206. 
9. Urbina-Blanco, C. A.; Jilani, S. Z.; Speight, I. R.; Bojdys, M. J.; Friscic, T.; Stoddart, J. F.; Nelson, T. L.; 

Mack, J.; Robinson, R. A. S.; Waddell, E. A.; Lutkenhaus, J. L.; Godfrey, M.; Abboud, M. I.; Aderinto, S. O.; 
Aderohunmu, D.; Bibic, L.; Borges, J.; Dong, V. M.; Ferrins, L.; Fung, F. M.; John, T.; Lim, F. P. L.; 
Masters, S. L.; Mambwe, D.; Thordarson, P.; Titirici, M. M.; Tormet-Gonzalez, G. D.; Unterlass, M. M.; 
Wadle, A.; Yam, V. W. W.; Yang, Y. W. A Diverse View of Science to Catalyse Change. Journal of the 
American Chemical Society 2020, 142 (34), 14393-14396. 

10. Confederation of British Industry; Pearson. Educating For The Modern World CBI/Pearson Education And 
Skills Annual Report; Product code: 12377; London, 2018; p 92. 

11. Learning to Teach Science in the Secondary School: A Companion to School Experience. 2nd ed.; Toplis, R.; 
Frost, J., Eds. Routledge: London, 2004; p. 336. 

12. Kelley, T. R.; Knowles, J. G. A conceptual framework for integrated STEM education. International Journal of 
STEM Education 2016, 3 (1), 11. 

13. Daman Huri, N. H.; Karpudewan, M. Evaluating the effectiveness of Integrated STEM-lab activities in 
improving secondary school students’ understanding of electrolysis. Chemistry Education Research and 
Practice 2019, 20 (3), 495-508. 

14. Livstrom, I. C.; Szostkowski, A. H.; Roehrig, G. H. Integrated STEM in practice: Learning from Montessori 
philosophies and practices. School Science and Mathematics 2019, 119 (4), 190-202. 

15. Kang, N.-H. A review of the effect of integrated STEM or STEAM (science, technology, engineering, arts, and 
mathematics) education in South Korea. Asia-Pacific Science Education 2019, 5 (1), 6. 

16. Halinen, I. Curriculum reform in Finland: Finnish National Board of Education. In Opetushallitus 
Conference OPS 2016, Opetushallitus: Helsinki, 2016. 

17. Vars, G. F. Effects of integrative curriculum and instruction. In What current research says to the middle 
level practitioner., Irvin, J. L., Ed. National Middle School Association: Columbus, Ohio, USA., 1997; pp 

179-186. 
18. Jacobs, H. H. Interdisciplinary curriculum: Design and implementation; ASCD: Alexandria, VA, USA, 1989. 
19. Drake, S. M.; Burns, R. B. Meeting Standards Through Integrated Curriculum; ASCD: Alexandria, VA, USA, 

2004. 
20. Vars, G. F. Can curriculum integration survive in an era of high-stakes testing. Middle School Journal 2001, 

33 (2), 7-17. 

21. Vars, G. F.; Beane, J. A. Integrative Curriculum in a Standards-Based World; ERIC Digest, ERIC 
Clearinghouse on Elementary and Early Childhood Education: Champaign, IL, USA, 2000. 

22. Ross, J. A.; Hogaboam-Gray, A. Integrating mathematics, science, and technology: effects on students. 
International Journal of Science Education 1998, 20 (9), 1119-1135. 

23. Fu, Y.; Sibert, S. Teachers' Perspectives: Factors That Impact Implementation of Integrated Curriculum in 
K-3 Classrooms. International Journal of Instruction 2017, 10 (1), 169-186. 

24. Lam, C. C.; Alviar-Martin, T.; Adler, S. A.; Sim, J. B. Y. Curriculum integration in Singapore: Teachers' 
perspectives and practice. Teaching and Teacher Education 2013, 31, 23-34. 

25. Drake, S. M.; Reid, J. L. Integrated curriculum as an effective way to teach 21st century capabilities. Asia 
Pacific Journal of Educational Research 2018, 1 (1), 31-50. 

26. Drake, S. M.; Savage, M. J. Negotiating Accountability and Integrated Curriculum from a Global 
Perspective. International Journal of Learning, Teaching and Educational Research 2016, 15 (6), 127-144. 

27. Shriner, M.; Schlee, B. M.; Libler, R. Teachers' Perceptions, Attitudes and Beliefs Regarding Curriculum 
Integration. Australian Educational Researcher 2010, 37 (1), 51-62. 

28. Fadel, C. 21st Century Skills: How can you prepare students for the new Global Economy? OECD/CERI: 
Paris, 2008. 

29. Drake, S. Integrated Curriculum: A Chapter of the ASCD Curriculum Handbook;  Association for Supervision 
and Curriculum Development: Alexandria, VA, USA, 2000. 

30. Sunarti, T.; Wasis, W.; Madlazin, M.; Suyidno, S. Multidisciplinary, Interdisciplinary, and Transdisciplinary 
Approaches in Literacy Learning Model. Journal of Physics: Conference Series 2020, 1491 (1). 



ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 22 of 32 

31. Seery, M. K.; McDonnell, C. Teaching Chemistry in Higher Education. Creathach Press: 2019. 
32. Becher, T.; Trowler, P. R. Academic Tribes and Territories: Intellectual enquiry and the culture of disciplines. 

2nd ed.; Society for Research into Higher Education & Open University Press: Buckingham, 2001. 

33. Darbellay, F. Rethinking inter- and transdisciplinarity: Undisciplined knowledge and the emergence of a 
new thought style. Futures 2015, 65, 163-174. 

34. Krishnan, A. What Are Academic Disciplines? Some observations on the Disciplinarity vs. Interdisciplinarity 
debate.; National Centre for Research Methods, 2009. 

35. Guimarães, M. H.; Pohl, C.; Bina, O.; Varanda, M. Who is doing inter- and transdisciplinary research, and 
why? An empirical study of motivations, attitudes, skills, and behaviours. Futures 2019, 112, 102441. 

36. Davies, M.; Devlin, M. Interdisciplinary higher education. In Interdisciplinary Higher Education: Perspectives 
and Practicalities, Davies, M.; Devlin, M.; Tight, M., Eds. Emerald Group Publishing Limited: Bingley, 2010; 
pp 3-28. 

37. Klaassen, R. G. Interdisciplinary education: a case study. European Journal of Engineering Education 2018, 
43 (6), 842-859. 

38. Stember, M. Advancing the social sciences through the interdisciplinary enterprise. The Social Science 
Journal 1991, 28 (1), 1-14. 

39. Winsløw, C. A Comparative Perspective on Teacher Collaboration: The Cases of Lesson Study in Japan and 
of Multidisciplinary Teaching in Denmark. In From Text to ‘Lived’ Resources, Gueudet, G.; Pepin, B.; 
Trouche, L., Eds.; Springer: Dordrecht, 2011. 

40. Wiggins, M. B.; Heath, E.; Alcantara-Garcia, J. Multidisciplinary Learning: Redox Chemistry and Pigment 
History. Journal of Chemical Education 2019, 96 (2), 317-322. 

41. Holbrook, J.; Rannikmäe, M.; Soobard, R. STEAM Education—A Transdisciplinary Teaching and Learning 
Approach. In Science Education in Theory and Practice, Akpan, B.; Kennedy, T. J., Eds.; Springer: Cham, 
2020. 

42. Zoller, U. Interdisciplinary Systemic HOCS Development—The Key for Meaningful STES Oriented Chemical 
Education. Chemistry Education Research and Practice 2000, 1 (2), 189-200. 

43. Klein, J. T. Evaluation of Interdisciplinary and Transdisciplinary Research: A Literature Review. American 
Journal of Preventive Medicine 2008, 35 (2, Supplement), S116-S123. 

44. Lindvig, K.; Lyall, C.; Meagher, L. R. Creating interdisciplinary education within monodisciplinary 
structures: the art of managing interstitiality. Studies in Higher Education 2019, 44 (2), 347-360. 

45. Evans, T. L. Transdisciplinary collaborations for sustainability education: Institutional and intragroup 
challenges and opportunities. Policy Futures in Education 2015, 13 (1), 70-96. 

46. Park, J.-Y.; Son, J.-B. Transitioning toward Transdisciplinary Learning in a Multidisciplinary Environment. 
International Journal of Pedagogies and Learning 2010, 6 (1), 82-93. 

47. Stokols, D.; Misra, S.; Moser, R. P.; Hall, K. L.; Taylor, B. K. The Ecology of Team Science: Understanding 
Contextual Influences on Transdisciplinary Collaboration. American Journal of Preventive Medicine 2008, 35 
(2, Supplement), S96-S115. 

48. Park, E. J. Nanotechnology Course Designed for Non-Science Majors To Promote Critical Thinking and 
Integrative Learning Skills. Journal of Chemical Education 2019, 96 (6), 1278-1282. 

49. Thibaut, L.; Ceuppens, S.; De Loof, H.; De Meester, J.; Goovaerts, L.; Struyf, A.; Boeve-de Pauw, J.; 
Dehaene, W.; Deprez, J.; De Cock, M.; Hellinckx, L.; Knipprath, H.; Langie, G.; Struyven, K.; Van de Velde, 
D.; Van Petegem, P.; Depaepe, F. Integrated STEM Education: A Systematic Review of Instructional 
Practices in Secondary Education. European Journal of STEM Education 2018, 3 (1), 02. 

50. Kleiman, J. Why Getting A Liberal Arts College Education Is Not A Mistake. Forbes 2014. 
51. OECD. Getting Skills Right: Skills for Jobs Indicators, Getting Skills Right. 

https://doi.org/10.1787/9789264277878-en (accessed 2021-02-02). 
52. OECD. Skills for Jobs 2018—Insights. 

https://www.oecdskillsforjobsdatabase.org/data/Skills%20SfJ_PDF%20for%20WEBSITE%20final.pdf 
(accessed 2021-02-02). 

53. OECD. Skills at Work: How Skills and their Use Matter in the Labour Market. 
https://doi.org/10.1787/5jz44fdfjm7j-en (accessed 2021-02-02). 

54. Orgill, M.; York, S.; MacKellar, J. Introduction to Systems Thinking for the Chemistry Education 

Community. Journal of Chemical Education 2019, 96 (12), 2720-2729. 
55. York, S.; Lavi, R.; Dori, Y. J.; Orgill, M. Applications of Systems Thinking in STEM Education. Journal of 

Chemical Education 2019, 96 (12), 2742-2751. 
56. Nandan, M. Interdisciplinary professional education: Training college students for collaborative social 

change. Education + Training 2013, 55 (8/9), 815-835. 
57. Fowler, D. A.; Arroyave, R.; Ross, J.; Malak, R.; Banerjee, S. Looking Outwards from the “Central Science”: 

An Interdisciplinary Perspective on Graduate Education in Materials Chemistry. In Educational and 
Outreach Projects from the Cottrell Scholars Collaborative Undergraduate and Graduate Education Volume 1, 
American Chemical Society: 2017; Vol. 1248, pp 65-89. 

https://doi.org/10.1787/9789264277878-en
https://www.oecdskillsforjobsdatabase.org/data/Skills%20SfJ_PDF%20for%20WEBSITE%20final.pdf
https://doi.org/10.1787/5jz44fdfjm7j-en


ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 23 of 32 

58. McClaskey, K. Learner vs. Student: Who Do you Want in Your Classroom? 
http://kathleenmcclaskey.com/2018/09/30/learner-vs-student/ (accessed 2021-02-02). 

59. Brooks, R. The construction of 'age difference' and the impact of age-mixing within UK further education 
colleges. British Journal of Sociology of Education 2005, 26 (1), 55-70. 

60. Bray, B.; McClaskey, K. Make Learning Personal: The What, Who, WOW, Where, and Why; Corwin, 2014. 

61. Bray, B. A.; McClaskey, K. A. How to Personalize Learning: A Practical Guide for Getting Started and Going 
Deeper; Corwin, 2016. 

62. Lattuca, L. R.; Voight, L. J.; Fath, K. Q. Does interdisciplinarity promote learning? Theoretical support and 
researchable questions. Review of Higher Education 2004, 28 (1), 23-48. 

63. Blackmore, P.; Kandiko, C. B. Strategic Curriculum Change in Universities: Global Trends. 1st ed.; Routledge: 

Abingdon, 2012; p 232. 
64. Taber, K. S. Progressing chemistry education research as a disciplinary field. Disciplinary and 

Interdisciplinary Science Education Research 2019, 1, 5. 
65. Sumsion, J.; Goodfellow, J. Identifying generic skills through curriculum mapping: a critical evaluation. 

Higher Education Research & Development 2004, 23 (3), 329-346. 
66. Gouvea, J. S.; Sawtelle, V.; Geller, B. D.; Turpen, C. A Framework for Analyzing Interdisciplinary Tasks: 

Implications for Student Learning and Curricular Design. CBE-Life Sciences Education 2013, 12 (2), 187-
205. 

67. McClure, C. P.; Lucius, A. L. Implementing and Evaluating a Chemistry Course in Chemical Ethics and 
Civic Responsibility. J. Chem. Educ. 2010, 87 (11), 1171-1175. 

68. Cole-Hamilton, D. The Role of Chemists and Chemical Engineers in a Sustainable World. Chemistry-a 
European Journal 2020, 26 (9), 1894-1899. 

69. Basu, A. C.; Mondoux, M. A.; Whitt, J. L.; Isaacs, A. K.; Narita, T. An Integrative Approach to STEM 
Concepts in an Introductory Neuroscience Course: Gains in Interdisciplinary Awareness. Journal of 
undergraduate neuroscience education: JUNE : a publication of FUN, Faculty for Undergraduate Neuroscience 
2017, 16 (1), A102-A111. 

70. Levine, A. Handbook on undergraduate curriculum. Jossey-Bass: San Francisco, 1981. 
71. Pellmar, C. T.; Eisenberg, L. Bridging Disciplines in the Brain, Behavioral, and Clinical Sciences. The National 

Academies Press: Washington, DC, 2000; DOI: 10.17226/9942. 
72. Mainzer, K. Challenges of Complexity in the 21st Century. An Interdisciplinary Introduction. European 

Review 2009, 17 (2), 219-236. 
73. Bridle, H. Following Up on Interdisciplinary Encounters: Benefits for Early Career Researchers. European 

Review 2018, 26 (S2), S6-S20. 

74. MacLeod, M. What makes interdisciplinarity difficult? Some consequences of domain specificity in 
interdisciplinary practice. Synthese 2018, 195 (2), 697-720. 

75. Cowden, C. D.; Santiago, M. F. Interdisciplinary Explorations: Promoting Critical Thinking via Problem-
Based Learning in an Advanced Biochemistry Class. Journal of Chemical Education 2016, 93 (3), 464-469. 

76. Lattuca, L. R.; Knight, D. B.; Bergom, I. M. Ac 2012-3116: Developing a Measure of Interdisciplinary 
Competence for Engineers. 2012 ASEE Annual Conference, 2012. 

77. Fagan, J.; Eddens, K. S.; Dolly, J.; Vanderford, N. L.; Weiss, H.; Levens, J. S. Assessing Research 
Collaboration through Co-authorship Network Analysis. Journal of Research Administration 2018, 49 (1), 

76-99. 
78. Wu, L.; Wang, D.; Evans, J. A. Large teams develop and small teams disrupt science and technology. Nature 

2019, 566 (7744), 378-382. 
79. Nancarrow, S. A.; Booth, A.; Ariss, S.; Smith, T.; Enderby, P.; Roots, A. Ten principles of good 

interdisciplinary team work. Human Resources for Health 2013, 11 (1), 19. 

80. Lungeanu, A.; Huang, Y.; Contractor, N. S. Understanding the assembly of interdisciplinary teams and its 
impact on performance. J. Informetr. 2014, 8 (1), 59-70. 

81. Stozhko, N.; Bortnik, B.; Mironova, L.; Tchernysheva, A.; Podshivalova, E. Interdisciplinary project-based 
learning: technology for improving student cognition. Research in Learning Technology 2015, 23, DOI: 
10.3402/rlt.v23.27577. 

82. Trotter, P. J. A new modified total front end framework for innovation: new insights from health related 
industries. International Journal of Innovation Management 2001, 15 (5), 1013-1041. 

83. Bear, A.; Skorton, D. The World Needs Students with Interdisciplinary Education. Issues in Science and 
Technology 2019, 35 (2), 60-62. 

84. Hanson, S.; Overton, T. Skills required by new chemistry graduates and their development in degree 
programmes. http://www.rsc.org/learn-chemistry/resources/business-skills-and-commercial-awareness-
for-chemists/docs/skillsdoc1.pdf (accessed 2021-02-02). 

85. Holman, J. Supporting Technical Skills in the Chemical Industry. https://www.rsc.org/globalassets/04-
campaigning-outreach/policy/education-policy/supporting-technical-skills-in-the-chemical-industry-
2013.pdf (accessed 2021-02-02). 

http://kathleenmcclaskey.com/2018/09/30/learner-vs-student/
http://www.rsc.org/learn-chemistry/resources/business-skills-and-commercial-awareness-for-chemists/docs/skillsdoc1.pdf
http://www.rsc.org/learn-chemistry/resources/business-skills-and-commercial-awareness-for-chemists/docs/skillsdoc1.pdf
https://www.rsc.org/globalassets/04-campaigning-outreach/policy/education-policy/supporting-technical-skills-in-the-chemical-industry-2013.pdf
https://www.rsc.org/globalassets/04-campaigning-outreach/policy/education-policy/supporting-technical-skills-in-the-chemical-industry-2013.pdf
https://www.rsc.org/globalassets/04-campaigning-outreach/policy/education-policy/supporting-technical-skills-in-the-chemical-industry-2013.pdf


ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 24 of 32 

86. Confederation of British Industry (Great Britain) (CBI). The Right Combination. 2016. 
https://epale.ec.europa.eu/sites/default/files/cbi-education-and-skills-survey2016.pdf (accessed 2021-02-
02). 

87. Grant, L. Lab skills of new undergraduates. 
https://www.gatsby.org.uk/uploads/education/reports/pdf/russell-group-survey-of-lab-skills-report-
laura-grant-may-2011.pdf (accessed 2021-02-02). 

88. Report of the Independent Panel on Technical Education. 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/536
046/Report_of_the_Independent_Panel_on_Technical_Education.pdf (accessed 2021-02-02). 

89. Open for Business. A chemistry department perspective on university–business engagement. 
https://www.rsc.org/globalassets/04-campaigning-outreach/campaigning/university-business-
engagement/open-for-business-report-royal-society-of-chemistry-2016.pdf (accessed 2021-02-02). 

90. Overton, T.; McGarvey, D. J. Development of key skills and attributes in chemistry. Chemistry Education 
Research and Practice 2017, 18 (3), 401-402. 

91. Elliot, E. A.; Hayes, N. W. Chapter Thirty - Crossing the Boundaries: Delivering Trans-disciplinary Science 
in a Disciplinary World. In Methods in Enzymology, Jameson, D.; Verma, M.; Westerhoff, H. V., Eds. 

Academic Press: 2011; Vol. 500, pp 657-672. 
92. Sumter, T. F.; Owens, P. M. An approach to teaching general chemistry II that highlights the 

interdisciplinary nature of science. Biochemistry and molecular biology education : a bimonthly publication of 
the International Union of Biochemistry and Molecular Biology 2011, 39 (2), 110-116. 

93. Fatokun, J. O.; Fatokun, K. V. F. A problem based learning (PBL) application for the teaching of 
Mathematics and Chemistry in higher schools and tertiary education: An integrative approach. Educational 
Research and Reviews 2013, 8 (11), 663-667. 

94. Mahaffy, P. G.; Holme, T. A.; Martin-Visscher, L.; Martin, B. E.; Versprille, A.; Kirchoff, M.; McKenzie, L.; 
Towns, M. Beyond “Inert” Ideas to Teaching General Chemistry from Rich Contexts: Visualizing the 
Chemistry of Climate Change (VC3). J. Chem. Educ. 2017, 94 (8), 1027-1035. 

95. Eisen, L. P. The Science of Terrorism: An Interdisciplinary Course for Nonscience Majors. In Making 
Chemistry Relevant: Strategies for Including All Students in a Learner‐Sensitive Classroom Environment, 1st 

ed., Basu‐Dutt, S., Ed. John Wiley & Sons, Inc.: Hoboken, 2010. 
96. Bhattacharyya, G. Chemistry for the Twenty‐First Century: Bringing the “Real World” into the Lab. In 

Making Chemistry Relevant: Strategies for Including All Students in a Learner‐Sensitive Classroom 
Environment, 1st ed., Basu-Dutt, S., Ed.; John Wiley & Sons, Inc.: Hoboken, 2010. 

97. Schachter, A. M. Chemistry and The Environment: A SENCER Model Course. In Making Chemistry Relevant: 
Strategies for Including All Students in a Learner‐Sensitive Classroom Environment, 1st ed., Basu-Dutt, S., 

Ed.; John Wiley & Sons, Inc.: Hoboken, 2010. 

98. Gentili, P. L. Designing and Teaching a Novel Interdisciplinary Course on Complex Systems To Prepare New 
Generations To Address 21st-Century Challenges. J. Chem. Educ. 2019, 96 (12), 2704-2709. 

99. Vallarino, L. M.; Wnek, G. E. Industrial Applications of Inorganic Chemistry: A Junior-Senior-Level 
Interdisciplinary Course. J. Chem. Educ. 2002, 79 (7), 832-836. 

100. Wiertelak, E. P.; Ramirez, J. J. Undergraduate Neuroscience Education: Blueprints for the 21st Century. J. 
Undergrad. Neurosci. Educ. 2008, 6 (2), A34-A39. 

101. Wiertelak, E. P.; Hardwick, J.; Kerchner, M.; Parfitt, K.; Ramirez, J. J. The New Blueprints: Undergraduate 
Neuroscience Education in the Twenty-First Century. J. Undergrad. Neurosci. Educ. 2018, 16 (3), A244-
A251. 

102. Iyere, P. A. Chemistry in Sustainable Development and Global Environment. J. Chem. Educ. 2008, 85 (12). 
103. Gahan, L.; Lawrie, G.; Matthews, K.; Adams, P.; Long, P.; Kavanagh, L.; Weaver, G. IS-IT Learning? Online 

interdisciplinary scenario-inquiry tasks for active learning in large, first year STEM courses: Draft/Final 
report. Australian Learning and Teaching Council: Australia, 2011. 

104. Beynaghi, A.; Trencher, G.; Moztarzadeh, F.; Mozafari, M.; Maknoon, R.; Leal, W. Future sustainability 
scenarios for universities: moving beyond the United Nations Decade of Education for Sustainable 
Development. Journal of Cleaner Production 2016, 112, 3464-3478. 

105. The Global Risks Report 2020; World Economic Forum: Geneva, Switzerland, 2020. 
106. Haskew, M. J.; Hardy, J. G. A Mini-Review of Shape-Memory Polymer-Based Materials. Johnson Matthey 

Technol. Rev. 2020, 64 (4). 

107. Hardy, J. G.; Palma, M.; Wind, S. J.; Biggs, M. J. Responsive Biomaterials: Advances in Materials Based on 
Shape-Memory Polymers. Advanced Materials 2016, 28 (27), 5717-5724. 

108. Spelt, E. J. H.; Biemans, H. J. A.; Tobi, H.; Luning, P. A.; Mulder, M. Teaching and Learning in 
Interdisciplinary Higher Education: A Systematic Review. Educational Psychology Review 2009, 21 (4), 365-
378. 

https://epale.ec.europa.eu/sites/default/files/cbi-education-and-skills-survey2016.pdf
https://www.gatsby.org.uk/uploads/education/reports/pdf/russell-group-survey-of-lab-skills-report-laura-grant-may-2011.pdf
https://www.gatsby.org.uk/uploads/education/reports/pdf/russell-group-survey-of-lab-skills-report-laura-grant-may-2011.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/536046/Report_of_the_Independent_Panel_on_Technical_Education.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/536046/Report_of_the_Independent_Panel_on_Technical_Education.pdf
https://www.rsc.org/globalassets/04-campaigning-outreach/campaigning/university-business-engagement/open-for-business-report-royal-society-of-chemistry-2016.pdf
https://www.rsc.org/globalassets/04-campaigning-outreach/campaigning/university-business-engagement/open-for-business-report-royal-society-of-chemistry-2016.pdf


ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 25 of 32 

109. Frost, L. D. Creating a Relevant, Learner‐Centered Classroom for Allied Health Chemistry. In Making 
Chemistry Relevant: Strategies for Including All Students in a Learner‐Sensitive Classroom Environment, 
Basu-Dutt, S., Ed.; John Wiley & Sons, Inc.: Hoboken, 2010. 

110. Alberts, B.; Johnson, A.; Lewis, J.; Morgan, D.; Raff, M.; Roberts, K.; Walter, P. Molecular Biology of the Cell, 
6th ed.; W. W. Norton & Company, 2015; 1–1342. 

111. Mehler, A. H. Strategies of Biochemical Education. Biochemical Education 1983, 11 (3), 95-118. 
112. Lang, F. K.; Bodner, G. M. A Review of Biochemistry Education Research. Journal of Chemical Education 

2020, 97 (8), 2091-2103. 
113. Low, W. L.; Kenward, M. A.; Martin, C. Antimicrobial effect of tea tree oil and silver: potential enhancement 

with liposomal encapsulation. Journal of Pharmacy and Pharmacology 2009, 61, A90-A90. 
114. Low, W. L.; Martin, C.; Kenward, M. A. Approaches to controlled release of antimicrobial tea tree oil (TTO) 

and silver ions (Ag+) by liposome encapsulation. Journal of Pharmacy and Pharmacology 2010, 62 (10), 
1250-1251. 

115. Gupta, A.; Low, W. L.; Britland, S.; Radecka, I.; Martin, C. Physicochemical characterisation of biosynthetic 
bacterial cellulose as a potential wound dressing material. British Journal of Pharmacy 2018, 2 (2), DOI: 
10.5920/bjpharm.2017.27. 

116. Low, W. L.; Kenward, M. A.; Amin, M. C. I. M.; Martin, C. Ionically Crosslinked Chitosan Hydrogels for the 
Controlled Release of Antimicrobial Essential Oils and Metal Ions for Wound Management Applications. 
Medicines 2016, 3 (1), 8. 

117. Heinrich, B.; Graulich, N.; Vazquez, O. Spicing Up an Interdisciplinary Chemical Biology Course with the 
Authentic Big Picture of Epigenetic Research. Journal of Chemical Education 2020, 97 (5), 1316-1326. 

118. Yoho, R.; Foster, T.; Urban-Lurain, M.; Merrill, J.; Haudek, K. C. Interdisciplinary insights from instructor 
interviews reconciling “structure and function” in biology, biochemistry, and chemistry through the context 
of enzyme binding. Disciplinary and Interdisciplinary Science Education Research 2019, 1 (1), 1-17. 

119. Axon, S.; James, D. The UN Sustainable Development Goals: How can sustainable chemistry contribute? A 
view from the chemical industry. Current Opinion in Green and Sustainable Chemistry 2018, 13, 140-145. 

120. Anastas, P. T.; Zimmerman, J. B. The United Nations sustainability goals: How can sustainable chemistry 
contribute? Current Opinion in Green and Sustainable Chemistry 2018, 13, 150-153. 

121. Hitce, J.; Xu, J. Z.; Brossat, M.; Frantz, M. C.; Dublanchet, A. C.; Philippe, M.; Dalko-Csiba, M. UN 
sustainable development goals: How can sustainable/green chemistry contribute? Green chemistry as a 
source of sustainable innovations in the cosmetic industry. Current Opinion in Green and Sustainable 
Chemistry 2018, 13, 164-169. 

122. O'Riordan, T. J. C. UN sustainable development goals: How can sustainable/green chemistry contribute? 
The view from the agrochemical industry. Current Opinion in Green and Sustainable Chemistry 2018, 13, 
172-173. 

123. Pavez, P.; Honores, J.; Millán, D.; Isaacs, M. UN sustainable development goals: How can sustainable/green 
chemistry contribute? Current Opinion in Green and Sustainable Chemistry 2018, 13, 154-157. 

124. Poliakoff, M.; Licence, P.; George, M. W. UN sustainable development goals: How can sustainable/green 
chemistry contribute? By doing things differently. Current Opinion in Green and Sustainable Chemistry 
2018, 13, 146-149. 

125. Blake, J.; Sterling, S.; Kagawa, F. Getting it together. Interdisciplinarity and Sustainability in the Higher 
Education Institution. PedRIO paper 2013. 

126. Beynaghi, A.; Moztarzadeh, F.; Maknoon, R.; Waas, T.; Mozafari, M.; Huge, J.; Leal, W. Towards an 
orientation of higher education in the post Rio+20 process: How is the game changing? Futures 2014, 63, 
49-67. 

127. L., L. W.; Lee, C.; Wilkes, M.; Roberts, C.; Hill, D. J. Development of a rapid, effective method for seeding 
biofiltration systems using alginate bead immobilized cells. International Journal of Chemical and 
Environmental Engineering 2014, 5, 1-4. 

128. Pan, A.; Roy, S. G.; Haldar, U.; Mahapatra, R. D.; Harper, G. R.; Low, W. L.; De, P.; Hardy, J. G. Uptake and 
Release of Species from Carbohydrate Containing Organogels and Hydrogels. Gels 2019, 5 (4), 43. 

129. United Nations. Sustainable Development Goal 6. Synthesis Report on Water and Sanitation. United Nations 

Publications: New York, 2018. 
130. Stuckenberg, D. J.; Contento, A. L. Water Scarcity: The Most Understated Global Security Risk. Harvard 

Law School National Security Journal 2018. https://harvardnsj.org/2018/05/water-scarcity-the-most-
understated-global-security-risk/ (accessed 2021-02-02). 

131. Trotter, P.; Vaughan, J. Innovation in UK companies. An Evaluation of the Implementation of Best Practice 
in Front End Innovation Processes and Methodologies. International Journal of Innovation Science 2012, 4 
(4), 191-204. 

132. Linder, M. Ripe for disruption: reimagining the role of green chemistry in a circular economy. Green 
Chemistry Letters and Reviews 2017, 10 (4), 428-435. 

https://harvardnsj.org/2018/05/water-scarcity-the-most-understated-global-security-risk/
https://harvardnsj.org/2018/05/water-scarcity-the-most-understated-global-security-risk/


ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 26 of 32 

133. Kummerer, K.; Clark, J. H.; Zuin, V. G. Rethinking chemistry for a circular economy. Science 2020, 367 
(6476), 369-370. 

134. Slootweg, J. C. Using waste as resource to realize a circular economy: Circular use of C, N and P. Current 
Opinion in Green and Sustainable Chemistry 2020, 23, 61-66. 

135. Iaquaniello, G.; Centi, G.; Salladini, A.; Palo, E.; Perathoner, S. Waste to Chemicals for a Circular Economy. 
Chemistry—A European Journal 2018, 24 (46), 11831-11839. 

136. Smith, A. Guest Editorial: The Importance of Interdisciplinary Science: When Chemistry Needs Physics. 
Johnson Matthey Technology Review 2020, 64 (2), 101. 

137. Kenrick, D. T.; Griskevicius, V.; Neuberg, S. L.; Schaller, M. Renovating the Pyramid of Needs: 
Contemporary Extensions Built Upon Ancient Foundations. Perspectives on Psychological Science 2010, 5 

(3), 292-314. 
138. Neubauer, A. C.; Martskvishvili, K. Creativity and intelligence: A link to different levels of human needs 

hierarchy? Heliyon 2018, 4 (5), e00623. 
139. Chettiparamb, A. Interdisciplinarity: a literature review. https://www.advance-he.ac.uk/knowledge-

hub/interdisciplinarity-literature-review (accessed 2021-02-02). 
140. Lyall, C.; Meagher, M.; Bandola, J.; Kettle, A. Interdisciplinary provision in higher education: current and 

future challenges. https://www.advance-he.ac.uk/knowledge-hub/interdisciplinary-provision-higher-
education-current-and-future-challenges (accessed 2021-02-02). 

141. Research Excellence Framework (REF). https://www.ref.ac.uk (accessed 2021-02-02). 
142. Knowledge exchange framework (KEF). https://re.ukri.org/knowledge-exchange/knowledge-exchange-

framework/ (accessed 2021-02-02). 
143. The Teaching Excellence and Student Outcomes Framework (TEF). 

https://www.officeforstudents.org.uk/advice-and-guidance/teaching/about-the-tef/ (accessed 2021-02-
02). 

144. Ishengoma, E. Can university-industry linkages stimulate student employability? Education + Training 
2016, 58 (1), 18-44. 

145. Samuel, G.; Stowell, A.; Williams, A.; Irwin, R. Transferring Interdisciplinary Sustainability Research to 
Practice: Barriers and Solutions to the Practitioner-Academic Gap. In Interdisciplinary Research for 
Sustainable Business: Perspectives of Female Business Scholars, Sjafjell, B.; Russell, R.; van der Velden’s, 
M., Eds. Springer Nature: 2020. 

146. REF 2021: Overview of arrangements for submission and assessment of interdisciplinary research. 
https://www.ref.ac.uk/media/1114/idr-overview-document.pdf (accessed 2021-02-02). 

147. Townsend, T.; Pisapia, J.; Razzaq, J. Fostering interdisciplinary research in universities: a case study of 
leadership, alignment and support. Studies in Higher Education 2015, 40 (4), 658-675. 

148. Rafols, I.; Leydesdorff, L.; O'Hare, A.; Nightingale, P.; Stirling, A. How journal rankings can suppress 
interdisciplinary research: A comparison between Innovation Studies and Business & Management. 
Research Policy 2012, 41 (7), 1262-1282. 

149. Ebenezer, J. V. Making chemistry learning more meaningful. Journal of Chemical Education 1992, 69 (6), 
464-467. 

150. Nadelson, L. S.; Seifert, A. L. Integrated STEM defined: Contexts, challenges, and the future. The Journal of 
Educational Research 2017, 110 (3), 221-223. 

151. Avila-Bront, L. G. An Experiential Learning Chemistry Course for Nonmajors Taught through the Lens of 
Science Fiction. Journal of Chemical Education 2020, 97 (10), 3588-3594. 

152. Mousavi, S. T.; Harper, G. R.; Municoy, S.; Ashton, M. D.; Townsend, D.; Alsharif, G. H. K.; Oikonomou, V. 
K.; Firlak, M.; Au-Yong, S.; Murdock, B. E.; Akien, G. R.; Halcovitch, N. R.; Baldock, S. J.; Fazilati, M.; 
Kolosov, O. V.; Robinson, B. J.; Desimone, M. F.; Hardy, J. G. Electroactive Silk Fibroin Films for 
Electrochemically Enhanced Delivery of Drugs. Macromolecular Materials and Engineering 2020, 305 (6), 
2000130. 

153. van der Waldt, G. Public administration teaching and interdisciplinarity: considering the consequences. 
Teaching Public Administration 2014, 32 (2), 169-193. 

154. Strober, M. Interdisciplinary Conversations: Challenging Habits of Thought. Stanford University Press: 

Stanford, 2010; p 232. 
155. Gombrich, C. Implementing Interdisciplinary Curricula: Some Philosophical and Practical Remarks. 

European Review 2018, 26 (S2), S41-S54. 
156. Muzur, A. Interdisciplinarity as a State of Mind: How Can Individuals and Societies Reach It? European 

Review 2018, 26 (S2), S76-S84. 

157. Uskoković, V., Major Challenges for the Modern Chemistry in Particular and Science in General. 
Foundations of Science 2010, 15 (4), 303-344. 

158. Ma, G., Sparking interdisciplinarity: let’s take framing students as customers in higher education seriously. 
Interdisciplinary Science Reviews 2019, 1-16. 

https://www.advance-he.ac.uk/knowledge-hub/interdisciplinarity-literature-review
https://www.advance-he.ac.uk/knowledge-hub/interdisciplinarity-literature-review
https://www.advance-he.ac.uk/knowledge-hub/interdisciplinary-provision-higher-education-current-and-future-challenges
https://www.advance-he.ac.uk/knowledge-hub/interdisciplinary-provision-higher-education-current-and-future-challenges
https://www.ref.ac.uk/
https://re.ukri.org/knowledge-exchange/knowledge-exchange-framework/
https://re.ukri.org/knowledge-exchange/knowledge-exchange-framework/
https://www.officeforstudents.org.uk/advice-and-guidance/teaching/about-the-tef/
https://www.ref.ac.uk/media/1114/idr-overview-document.pdf


ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 27 of 32 

159. Trifiro, F. Inter-agency cooperation in the quality assurance of transnational education: challenges and 
opportunities. Quality in Higher Education 2018, 24 (2), 136-153. 

160. National Research Council. Undergraduate Chemistry Education. A Workshop Summary. The National 

Academies Press: Washington, DC, 2014. 
161. Baker, D.; Koliba, C.; Kolodinsky, J.; Liang, K.; McMahon, E.; Patterson, T.; Wang, Q. Moving toward a 

Trans-disciplinary Approach in the Land Grant System: A Case Study. NACTA Journal 2009, 53 (2), 34-42. 
162. You, H. S. Why Teach Science with an Interdisciplinary Approach: History, Trends, and Conceptual 

Frameworks. Journal of Education and Learning 2017, 6 (4), 66-77. 
163. The International Genetically Engineered Machine (iGEM) Competition. https://igem.org/Main_Page 

(accessed 2021-02-02). 
164. Mazzocchi, F. Scientific research across and beyond disciplines: Challenges and opportunities of 

interdisciplinarity. EMBO Rep 2019, 20 (6). 

165. Engwall, L. Structural Conditions for Interdisciplinarity. European Review 2018, 26 (S2), S30-S40. 
166. Ayuob, N. N.; Eldeek, B. S.; Alshawa, L. A.; Alsaba, A. F. Interdisciplinary Integration of the CVS Module 

and Its Effect on Faculty and Student Satisfaction as Well as Student Performance. BMC Medical Education 
2012, 12 (1), 50. 

167. Amaral, K. E.; Shank, J. D.; Shibley, I. A.; Shibley, L. R. Web-Enhanced General Chemistry Increases 
Student Completion Rates, Success, and Satisfaction. Journal of Chemical Education 2013, 90 (3), 296-302. 

168. Kioupi, V.; Voulvoulis, N. Education for Sustainable Development: A Systemic Framework for Connecting 
the SDGs to Educational Outcomes. Sustainability 2019, 11 (21), 6104. 

169. Ali, S.; Hussain, T.; Zhang, G.; Nurunnabi, M.; Li, B. The Implementation of Sustainable Development Goals 
in “BRICS” Countries. Sustainability 2018, 10 (7), 2513. 

170. Morton, S.; Pencheon, D.; Squires, N. Sustainable Development Goals (SDGs), and their implementation: A 
national global framework for health, development and equity needs a systems approach at every level. 
British Medical Bulletin 2017, 124 (1), 81-90. 

171. Kroll, C.; Warchold, A.; Pradhan, P. Sustainable Development Goals (SDGs): Are we successful in turning 
trade-offs into synergies? Palgrave Communications 2019, 5 (1), 140. 

172. Pradhan, P.; Costa, L.; Rybski, D.; Lucht, W.; Kropp, J. P. A Systematic Study of Sustainable Development 
Goal (SDG) Interactions. Earth's Future 2017, 5 (11), 1169-1179. 

173. Pedersen, C. S. The UN Sustainable Development Goals (SDGs) are a Great Gift to Business! Procedia CIRP 
2018, 69, 21-24. 

174. Gao, X. Y.; Li, P. S.; Shen, J.; Sun, H. F. Reviewing assessment of student learning in interdisciplinary 
STEM education. International Journal of Stem Education 2020, 7 (1), 24. 

175. Palermo, A. Future of the Chemical Sciences; 2015. 
176. National Research Council. Challenges in Chemistry Graduate Education: A Workshop Summary. The 

National Academies Press: Washington, DC., 2012. 
177. Malcom, S. M. Minority participation in graduate education: Challenges for the chemistry community. 

Abstracts of Papers of the American Chemical Society 2000, 219, U425-U426. 

178. Avargil, S.; Kohen, Z.; Dori, Y. J. Trends and perceptions of choosing chemistry as a major and a career. 
Chemistry Education Research and Practice 2020, 21 (2), 668-684. 

179. Welsh, C.; Hannis, M. Are UK undergraduate Forensic Science degrees fit for purpose? Science & Justice 
2011, 51 (3), 139-142. 

180. Rankin, B. W. J.; Taylor, G.; Thompson, T. J. U. Should Higher Education respond to recent changes in the 
forensic science marketplace? New Directions in the Teaching of Physical Sciences 2012, 8, 27-32. 

181. Bosman, L.; Brinker, J.; Walz, K. A comparison of the renewable energy and energy storage sectors in 
Germany and the United States, with recommendations for engineering teaching practices. In 2020 ASEE 
Virtual Annual Conference, American Society for Engineering Education: Virtual Online, 2020. 

182. Dyson Institute of Engineering and Technology. https://www.dysoninstitute.com/the-degree/ (accessed 
2021-02-02). 

183. The London Interdisciplinary School. https://www.londoninterdisciplinaryschool.org/ (accessed 2021-02-
02). 

184. Office for National Statistics (ONS) for England and Wales Census Website. 

https://www.ons.gov.uk/census (accessed 2021-02-02). 
185. United States Census Bureau Website. https://www.census.gov/data.html (accessed 2021-02-02). 
186. Calascibetta, F.; Campanella, L.; Favero, G.; Nicoletti, L. An Aquarium as a Means for the Interdisciplinary 

Teaching of Chemistry. Journal of Chemical Education 2000, 77 (10), 1311-1313. 
187. Crute III, T. D. Effective use of Games and Puzzles in the Chemistry Classroom. In Making Chemistry 

Relevant: Strategies for Including All Students in a Learner‐Sensitive Classroom Environment, Basu-Dutt, S., 

Ed.; John Wiley & Sons, Inc.: Hoboken, 2010. 
188. Vogel Taylor, E. M.; Mitchell, R.; Drennan, C. L. Creating an Interdisciplinary Introductory Chemistry 

Course without Time-Intensive Curriculum Changes. ACS Chemical Biology 2009, 4 (12), 979-982. 

https://igem.org/Main_Page
https://www.dysoninstitute.com/the-degree/
https://www.londoninterdisciplinaryschool.org/
https://www.ons.gov.uk/census
https://www.census.gov/data.html


ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 28 of 32 

189. Knapp, E. P.; Desjardins, S. G.; Pleva, M. A. An Interdisciplinary Approach to Teaching Introductory 
Chemistry to Geology Students. Journal of Geoscience Education 2003, 51 (5), 481-483. 

190. Blaney, A.; Dunn, N.; Alexander, J.; Richards, D.; Rennie, A. E. W.; Anwar, J. Directing self-assembly to 
grow adaptive physical structures. International Journal of Rapid Manufacturing 2017, 6 (2/3), 114-133. 

191. Bennion, A.; Locke, W. The Early Career Paths and Employment Conditions of the Academic Profession in 
17 Countries. European Review 2010, 18 (S1), S7-S33. 

192. McGill, T. L.; Williams, L. C.; Mulford, D. R.; Blakey, S. B.; Harris, R. J.; Kindt, J. T.; Lynn, D. G.; 
Marsteller, P. A.; McDonald, F. E.; Powell, N. L. Chemistry Unbound: Designing a New Four-Year 
Undergraduate Curriculum. J. Chem. Educ. 2018, 96 (1), 35-46. 

193. Epp, E. M.; Weaver, G. C. A Walk on the Applied Side: Developing Hypermedia for Physical Chemistry. In 
Making Chemistry Relevant: Strategies for Including All Students in a Learner‐Sensitive Classroom 
Environment, Basu-Dutt, S., Ed.; John Wiley & Sons, Inc.: Hoboken, 2010. 

194. Pountney, R.; McPhail, G. Researching the interdisciplinary curriculum: The need for ‘translation devices’. 
British Educational Research Journal 2017, 43 (6), 1068-1082. 

195. Sharma, B.; Steward, B.; Ong, S. K.; Miguez, F. E. Evaluation of teaching approach and student learning in 
a multidisciplinary sustainable engineering course. Journal of Cleaner Production 2017, 142, 4032-4040. 

196. Gantogtokh, O.; Quinlan, K. M. Challenges of designing interdisciplinary postgraduate curricula: case 
studies of interdisciplinary master’s programmes at a research-intensive UK university. Teaching in Higher 
Education Critical Perspectives 2015, 22 (5), 569-586. 

197. Brown, B. Interdisciplinary Research. European Review 2018, 26 (S2), S21-S29. 
198. Baloche, L.; Hynes, J.; Berger, H. Moving toward the Integration of Professional and General Education. 

Action in Teacher Education 1996, 18 (1), 1-9. 
199. Morra, B. The Chemistry Connections Challenge: Encouraging Students To Connect Course Concepts with 

Real-World Applications. J. Chem. Educ. 2018, 95 (12), 2212-2215. 

200. Dillner, D. K.; Ferrante, R. F.; Fitzgerald, J. P.; Schroeder, M. J. Integrated Laboratories: Laying the 
Foundation for Undergraduate Research Experiences. J. Chem. Educ. 2011, 88 (12), 1623-1629. 

201. Kohn, K. P.; Underwood, S. M.; Cooper, M. M. Energy Connections and Misconnections across Chemistry 
and Biology. CBE Life Sci. Educ. 2018, 17 (1), ar3. 

202. Kohlstedt, K. L.; Jackson, N. E.; Savoie, B. A.; Ratner, M. A. Introduction to Organic Semiconductors Using 
Accessible Undergraduate Chemistry Concepts. J. Chem. Educ. 2018, 95 (9), 1500-1511. 

203. Baier, G.; Barnes, C.; Crowe, D.; Gilmore, S.; Grimm, U.; Lewis, P.; Morse, D.; Sansom, C.; Saunders, R. D. 
C.; Shepherd, A.; Thomas, G. SysMIC: A Blueprint for interdisciplinary online training in the life sciences. 

PeerJ Preprints 2016, 4, e2523v1. 
204. Bartley, J. K.; Basu-Dutt, S.; Geisler, V. J.; Khan, F. A.; Swamy-Mruthinti, S. Making Chemistry Relevant to 

Science and Engineering Majors. In Making Chemistry Relevant: Strategies for Including All Students in a 
Learner‐Sensitive Classroom Environment, Basu-Dutt, S., Ed. John Wiley & Sons, Inc.: Hoboken, 2010. 

205. Marcu, L. Science Education: The need for an interdisciplinary approach. Analele Universităţii din Oradea, 
Fascicula Biologie 2007, XIV, 53-56. 

206. Herman, C.; Casiday, R. E.; Deppe, R. K.; Gilbertson, M.; Spees, W. M.; Holten, D.; Frey, R. F. 
Interdisciplinary, Application-Oriented Tutorials: Design, Implementation, and Evaluation. J. Chem. Educ. 
2005, 82 (12), 1871-1879. 

207. Armstrong, L. B.; Rivas, M. C.; Zhou, Z.; Irie, L. M.; Kerstiens, G. A.; Robak, M. T.; Douskey, M. C.; 
Baranger, A. M. Developing a Green Chemistry Focused General Chemistry Laboratory Curriculum: What 
Do Students Understand and Value about Green Chemistry. J. Chem. Educ. 2019, 96 (11), 2410-2419. 

208. Trivedi, D.; Thomas, H. N.; Potter, M.; Dale, B. L.; Baum, J. V.; Toghill, K. E.; Hardy, J. G. Non-enzymatic 
Electrochemical Determination of Glucose Concentration. World Journal of Chemical Education 2020, 8 (3), 
107-113. 

209. Eom, T. Y. 3D Bioprinting Technology in Biochemical Engineering. Korean Chemical Engineering Research 
2016, 54 (3), 285-292. 

210. Pinger, C. W.; Geiger, M. K.; Spence, D. M. Applications of 3D-Printing for Improving Chemistry Education. 

Journal of Chemical Education 2020, 97 (1), 112-117. 
211. Buj, M. L. R. Augmented Reality (AR) in teaching Chemistry. Actas Del Congreso Virtual: Avances En 

Tecnologias, Innovacion Y Desafio De La Educacion Superior (Atides 2018) 2018, 19. 
212. Nechypurenko, P. P.; Starova, T. V.; Selivanova, T. V.; Tomilina, A. O.; Uchitel, A. D. In Use of augmented 

reality in chemistry education., Proceedings of the 1st International Workshop on Augmented Reality in 

Education, Kryvyi Rih, Ukraine, CEUR Workshop Proceedings.: Kryvyi Rih, Ukraine, 2018; pp 15-23. 
213. Venkatasubramanian, V. The promise of artificial intelligence in chemical engineering: Is it here, finally? 

Aiche Journal 2019, 65 (2), 466-478. 
214. Pienta, N. J. The Role of Chemistry Education for Medical Preprofessionals. Journal of Chemical Education 

2017, 94 (8), 981-982. 



ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 29 of 32 

215. Minchin, S.; Lodge, J. Understanding biochemistry: structure and function of nucleic acids. Understanding 
Biochemistry 5 2019, 63 (4), 433-456. 

216. Spitzer, J. From Water and Ions to Crowded Biomacromolecules: In Vivo Structuring of a Prokaryotic Cell. 

Microbiology and Molecular Biology Reviews 2011, 75 (3), 491-506. 
217. Hagn, F.; Eisoldt, L.; Hardy, J. G.; Vendrely, C.; Coles, M.; Scheibel, T.; Kessler, H. A conserved spider silk 

domain acts as a molecular switch that controls fibre assembly. Nature 2010, 465 (7295), 239-242. 
218. Eisoldt, L.; Hardy, J. G.; Heim, M.; Scheibel, T. R. The role of salt and shear on the storage and assembly of 

spider silk proteins. Journal of Structural Biology 2010, 170 (2), 413-419. 
219. Denison, C.; Kodadek, T. Small-molecule-based strategies for controlling gene expression. Chemistry & 

Biology 1998, 5 (6), R129-R145. 
220. dos Santos-Pinto, J. R. A.; Lamprecht, G.; Chen, W. Q.; Heo, S.; Hardy, J. G.; Priewalder, H.; Scheibel, T. 

R.; Palma, M. S.; Lubec, G. Structure and post-translational modifications of the web silk protein spidroin-1 
from Nephila spiders. Journal of Proteomics 2014, 105, 174-185. 

221. Wahyuningsih, A. S.; Multazam, M. T.; Nandiyanto, A. B. D.; Abdullah, A. G.; Widiaty, I. Green Chemistry 
Principles: An Alternative Approach to Practice Laboratory Safety and Health. 2nd Annual Applied Science 
and Engineering Conference (AASEC 2017) 2018, 288, 012001. 

222. Anastas, P.; Eghbali, N. Green Chemistry: Principles and Practice. Chemical Society Reviews 2010, 39 (1), 
301-312. 

223. Taylor, D. A. Principles into Practice Setting the Bar for Green Chemistry. Environmental Health Perspectives 
2010, 118 (6), A254-A257. 

224. Perosa, A.; Gonella, F.; Spagnolo, S. Systems Thinking: Adopting an Emergy Perspective as a Tool for 
Teaching Green Chemistry. Journal of Chemical Education 2019, 96 (12), 2784-2793. 

225. Ghanem, E.; Long, S. R.; Rodenbusch, S. E.; Shear, R. I.; Beckham, J. T.; Procko, K.; DePue, L.; Stevenson, 
K. J.; Robertus, J. D.; Martin, S.; Holliday, B.; Jones, R. A.; Anslyn, E. V.; Simmons, S. L. Teaching through 
Research: Alignment of Core Chemistry Competencies and Skills within a Multidisciplinary Research 
Framework. Journal of Chemical Education 2018, 95 (2), 248-258. 

226. Rodenbusch, S. E.; Hernandez, P. R.; Simmons, S. L.; Dolan, E. L. Early Engagement in Course-Based 
Research Increases Graduation Rates and Completion of Science, Engineering, and Mathematics Degrees. 
CBE-Life Sciences Education 2016, 15 (2), ar20. 

227. Fan, H.-J.; Heads, J.; Tran, D.; Elechi, N. Teaching Chemistry with Computers. International Journal of 
Information and Education Technology 2015, 5 (3), 184-188. 

228. Dori, Y. J.; Rodrigues, S.; Schanze, S. How to Promote Chemistry Learning Through the use of ICT. In 
Teaching Chemistry – A Studybook., Eilks, I.; Hofstein, A., Eds. SensePublishers: Rotterdam, 2013; pp 213-
240. 

229. Bennie, S. J.; Ranaghan, K. E.; Deeks, H.; Goldsmith, H. E.; O'Connor, M. B.; Mulholland, A. J.; Glowacki, 
D. R. Teaching Enzyme Catalysis Using Interactive Molecular Dynamics in Virtual Reality. Journal of 
Chemical Education 2019, 96 (11), 2488-2496. 

230. Tan, S. W. B.; Naraharisetti, P. K.; Chin, S. K.; Lee, L. Y. Simple Visual-Aided Automated Titration Using the 
Python Programming Language. Journal of Chemical Education 2020, 97 (3), 850-854. 

231. Vargas, S.; Zamirpour, S.; Menon, S.; Rothman, A.; Hase, F.; Tamayo-Mendoza, T.; Romero, J.; Sim, S.; 
Menke, T.; Aspuru-Guzik, A. Team-Based Learning for Scientific Computing and Automated 
Experimentation: Visualization of Colored Reactions. Journal of Chemical Education 2020, 97 (3), 689-694. 

232. Shi, X. X.; Li, J. Y.; Chen, Q.; Zhu, X. L.; Hao, G. F.; Yang, G. F. Development of a Web-Based Laboratory 

Class to Reduce the Challenges in Teaching Fragment-Based Drug Design. Journal of Chemical Education 
2020, 97 (2), 427-436. 

233. Plunkett, K. N. A Simple and Practical Method for Incorporating Augmented Reality into the Classroom and 
Laboratory. Journal of Chemical Education 2019, 96 (11), 2628-2631. 

234. Easdon, J. Stay at Home Laboratories for Chemistry Courses. Journal of Chemical Education 2020, 97 (9), 

3070-3073. 
235. Healy, E. F.; Blade, G. Tips and Tools for Teaching Organic Synthesis Online. Journal of Chemical Education 

2020, 97 (9), 3163-3167. 
236. Talanquer, V.; Bucat, R.; Tasker, R.; Mahaffy, P. G. Lessons from a Pandemic: Educating for Complexity, 

Change, Uncertainty, Vulnerability, and Resilience. Journal of Chemical Education 2020, 97 (9), 2696-2700. 
237. Donovan, W. J. The Whiplash of a COVID-19 Teaching Pivot and the Lessons Learned for the Future. 

Journal of Chemical Education 2020, 97 (9), 2917-2921. 

238. Campbell, J.; Macey, A.; Chen, W.; Shah, U. V.; Brechtelsbauer, C. Creating a Confident and Curious 
Cohort: The Effect of Video-Led Instructions on Teaching First-Year Chemical Engineering Laboratories. J. 
Chem. Educ. 2020, 97 (11), 4001–4007. 

239. Varnek, A.; Baskin, I. I. Chemoinformatics as a Theoretical Chemistry Discipline. Molecular Informatics 
2011, 30 (1), 20-32. 

240. Harvey, J. Computational Chemistry; Oxford University Press, 2018. 



ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 30 of 32 

241. Willett, P. The Literature of Chemoinformatics: 1978-2018. International Journal of Molecular Sciences 2020, 
21 (15), 5576. 

242. Pence, H. E.; Williams, A. ChemSpider: An Online Chemical Information Resource. Journal of Chemical 
Education 2010, 87 (11), 1123-1124. 

243. Price, G. W.; Gould, P. S.; Marsh, A. Use of Freely Available and Open Source Tools for In Silico Screening in 
Chemical Biology. Journal of Chemical Education 2014, 91 (4), 602-604. 

244. Voicu, A.; Duteanu, N.; Voicu, M.; Vlad, D.; Dumitrascu, V.,The rcdk and cluster R packages applied to 
drug candidate selection. Journal of Cheminformatics 2020, 12 (1), 3. 

245. Guha, R. Chemical Informatics functionality in R. Journal of Statistical Software 2007, 18 (5), DOI: 

10.18637/jss.v018.i05. 
246. Guha, R.; Willighagen, E. Learning cheminformatics. Journal of Cheminformatics 2020, 12 (1), 4. 
247. Hathout, R. M.; Metwally, A. A. Towards better modelling of drug-loading in solid lipid nanoparticles: 

Molecular dynamics, docking experiments and Gaussian Processes machine learning. European Journal of 
Pharmaceutics and Biopharmaceutics 2016, 108, 262-268. 

248. Joss, L.; Muller, E. A. Machine Learning for Fluid Property Correlations: Classroom Examples with 
MATLAB. Journal of Chemical Education 2019, 96 (4), 697-703. 

249. Cova, T. F. G. G.; Pais, A. A. C. C. Deep Learning for Deep Chemistry: Optimizing the Prediction of Chemical 
Patterns. Frontiers in Chemistry 2019, 7, 809. 

250. Figueiredo, M.; Esteves, M. L.; Neves, J.; Vicente, H. Lab Classes in Chemistry Learning an Artificial 
Intelligence View. International Joint Conference Soco'14-Cisis'14-Iceute'14 2014, 299, 565-575. 

251. Cartwright, H. M. Machine Learning in Chemistry: The Impact of Artificial Intelligence; Royal Society of 

Chemistry: Croydon, 2020; p 546. 
252. Ching, T.; Himmelstein, D. S.; Beaulieu-Jones, B. K.; Kalinin, A. A.; Do, B. T.; Way, G. P.; Ferrero, E.; 

Agapow, P. M.; Zietz, M.; Hoffman, M. M.; Xie, W.; Rosen, G. L.; Lengerich, B. J.; Israeli, J.; Lanchantin, J.; 
Woloszynek, S.; Carpenter, A. E.; Shrikumar, A.; Xu, J. B.; Cofer, E. M.; Lavender, C. A.; Turaga, S. C.; 
Alexandari, A. M.; Lu, Z. Y.; Harris, D. J.; DeCaprio, D.; Qi, Y. J.; Kundaje, A.; Peng, Y. F.; Wiley, L. K.; 
Segler, M. H. S.; Boca, S. M.; Swamidass, S. J.; Huang, A.; Gitter, A.; Greene, C. S. Opportunities and 
obstacles for deep learning in biology and medicine. Journal of the Royal Society Interface 2018, 15 (141), 
20170387. 

253. Perakakis, N.; Yazdani, A.; Karniadakis, G. E.; Mantzoros, C. Omics, big data and machine learning as tools 
to propel understanding of biological mechanisms and to discover novel diagnostics and therapeutics. 
Metabolism-Clinical and Experimental 2018, 87, A1-A9. 

254. Chen, H. M.; Engkvist, O.; Wang, Y. H.; Olivecrona, M.; Blaschke, T. The rise of deep learning in drug 
discovery. Drug Discovery Today 2018, 23 (6), 1241-1250. 

255. Barrett, S. J.; Langdon, W. B. Advances in the application of machine learning techniques in drug 
discovery, design and development. Applications of Soft Computing: Recent Trends 2006, 99-110. 

256. Vamathevan, J.; Clark, D.; Czodrowski, P.; Dunham, I.; Ferran, E.; Lee, G.; Li, B.; Madabhushi, A.; Shah, 
P.; Spitzer, M.; Zhao, S. R. Applications of machine learning in drug discovery and development. Nature 
Reviews Drug Discovery 2019, 18 (6), 463-477. 

257. Talevi, A.; Morales, J. F.; Hather, G.; Podichetty, J. T.; Kim, S.; Bloomingdale, P. C.; Kim, S.; Burton, J.; 
Brown, J. D.; Winterstein, A. G.; Schmidt, S.; White, J. K.; Conrado, D. J. Machine Learning in Drug 
Discovery and Development Part 1: A Primer. Cpt-Pharmacometrics & Systems Pharmacology 2020, 9 (3), 
129-142. 

258. Metwally, A. A.; Hathout, R. M. Computer-Assisted Drug Formulation Design: Novel Approach in Drug 
Delivery. Molecular Pharmaceutics 2015, 12 (8), 2800-2810. 

259. Magaz, A.; Ashton, M. D.; Hathout, R. M.; Li, X.; Hardy, J. G.; Blaker, J. J. Electroresponsive Silk-Based 
Biohybrid Composites for Electrochemically Controlled Growth Factor Delivery. Pharmaceutics 2020, 12 (8), 
742. 

260. Matera, S.; Schneider, W. F.; Heyden, A.; Savara, A. Progress in Accurate Chemical Kinetic Modeling, 
Simulations, and Parameter Estimation for Heterogeneous Catalysis. ACS Catalysis 2019, 9 (8), 6624-6647. 

261. Lee, W. E.; Gilbert, M.; Murphy, S. T.; Grimes, R. W. Opportunities for Advanced Ceramics and Composites 
in the Nuclear Sector. Journal of the American Ceramic Society 2013, 96 (7), 2005-2030. 

262. Jiang, R. M.; Crookes, D.; Luo, N.; Davidson, M. W. Live-Cell Tracking Using SIFT Features in DIC 
Microscopic Videos. Ieee Transactions on Biomedical Engineering 2010, 57 (9), 2219-2228. 

263. Wall, C.; Young, F.; Zhang, L.; Phillips, E.-J.; Jiang, R.; Yu, Y. In Deep learning based melanoma diagnosis 
using dermoscopic images, Proceedings of the 14th International FLINS Conference (FLINS 2020), World 
Scientific, 2020. 

264. Hathout, R. M.; Metwally, A. A.; Woodman, T. J.; Hardy, J. G. Prediction of Drug Loading in the Gelatin 
Matrix Using Computational Methods. ACS Omega 2020, 5 (3), 1549-1556. 

265. Works, C.; Fukuto, J.; Lares, M.; Negru, B.; Lillig, J. Teaching Upper Division Chemistry and Biochemistry 
Capstone Lab Courses During a Pandemic. J. Chem. Educ. 2020. 97 (9), 2987–2991. 



ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 31 of 32 

266. Canaria, J. A.; Schoffstall, A. M.; Weiss, D. J.; Henry, R. M.; Braun-Sand, S. B. A Model for an Introductory 
Undergraduate Research Experience. J. Chem. Educ. 2012, 89 (11), 1371-1377. 

267. Piunno, P. A. E.; Boyd, C.; Barzda, V.; Gradinaru, C. C.; Krull, U. J.; Stefanovic, S.; Stewart, B. The 
Advanced Interdisciplinary Research Laboratory: A Student Team Approach to the Fourth-Year Research 
Thesis Project Experience. J. Chem. Educ. 2014, 91 (5), 655-661. 

268. Stozhko, N.; Bortnik, B.; Mironova, L.; Tchernysheva, A.; Podshivalova, E. Interdisciplinary project-based 
learning: technology for improving student cognition. Research in Learning Technology 2015, 23, 27577. 

269. Van Hecke, G. R.; Karukstis, K. K.; Haskell, R. C.; McFadden, C. S.; Wettack, F. S. An Integration of 
Chemistry, Biology, and Physics: The Interdisciplinary Laboratory. J. Chem. Educ. 2002, 79 (7), 837-844. 

270. Amaris, Z. N.; Freitas, D. N.; Mac, K.; Gerner, K. T.; Nameth, C.; Wheeler, K. E. Nanoparticle Synthesis, 
Characterization, and Ecotoxicity: A Research-Based Set of Laboratory Experiments for a General 
Chemistry Course. J. Chem. Educ. 2017, 94 (12), 1939-1945. 

271. Clauss, A. W. Creative Real-World Scenarios or Independent Projects for Students. J. Chem. Educ. 2009, 86 
(9), 1094. 

272. Villanueva, O.; Zimmermann, K. Transitioning an Upper-Level, Integrated Laboratory Course to Remote and 
Online Instruction During the COVID-19 Pandemic. J. Chem. Educ. 2020, 97 (9), 3114–3120. 

273. Russell, C. B.; Bentley, A. K.; Wink, D. J.; Weaver, G. C. The Center for Authentic Science Practice in 
Education: Integrating Science Research into the Undergraduate Laboratory Curriculum. In Making 
Chemistry Relevant: Strategies for Including All Students in a Learner‐Sensitive Classroom Environment, 
Basu-Dutt, S., Ed.; John Wiley & Sons, Inc.: Hoboken, 2010. 

274. Spence, J. D.; Urbach, A. R.; Pursell, C. J. Supramolecular Chemistry: A Capstone Course. J. Chem. Educ. 
2007, 84 (11), 1785-1787. 

275. Bucholtz, K. M.; Copeland, M. M.; Swanger, S. D. Development of a Highly Flexible, Interdisciplinary 
Program in Chemical Commerce and a Capstone Course in Commercial Chemistry. J. Chem. Educ. 2019, 

96, 640-646. 
276. Hense, N., Ed. Characteristics of Excellence in Undergraduate Research; The Council on Undergraduate 

Research: Washington, DC, 2012. https://www.cur.org/assets/1/23/COEUR_final.pdf (accessed 2021-02-
02). 

277. Walkington, H. Students as researchers: Supporting undergraduate research in the disciplines in higher 
education. The Higher Education Academy: York, 2015. 

278. Mayes, S. M.; Davis, J.; Scott, J.; Aguilar, V.; Zawko, S. A.; Swinnea, S.; Peterson, D. L.; Hardy, J. G.; 
Schmidt, C. E. Polysaccharide-based films for the prevention of unwanted postoperative adhesions at 
biological interfaces. Acta Biomaterialia 2020, 106, 92-101. 

279. Leone, F.; Firlak, M.; Challen, K.; Bonnefin, W.; Onida, B.; Wright, K. L.; Hardy, J. G. In Situ Crosslinking 
Bionanocomposite Hydrogels with Potential for Wound Healing Applications. Journal of Functional 
Biomaterials 2019, 10 (4), 50. 

280. Galeb, H. A.; Wilkinson, E. L.; Stowell, A. F.; Lin, H. Y.; Murphy, S. T.; Martin-Hirsch, P. L.; Mort, R. L.; 
Taylor, A. M.; Hardy, J. G. Melanins as Sustainable Resources for Advanced Biotechnological Applications. 
Global Challenges 2021, 5 (2), 2000102. 

281. Hardy, J. G.; Mouser, D. J.; Arroyo-Curras, N.; Geissler, S.; Chow, J. K.; Nguy, L.; Kim, J. M.; Schmidt, C. 
E. Biodegradable electroactive polymers for electrochemically-triggered drug delivery. Journal of Materials 
Chemistry B 2014, 2 (39), 6809-6822. 

282. Podder, S.; Paul, S.; Basak, P.; Xie, B.; Fullwood, N. J.; Baldock, S. J.; Yang, Y.; Hardy, J. G.; Ghosh, C.K. 
Bioactive silver phosphate/polyindole nanocomposites. RSC Advances 2020, 10, 11060-11073. 

283. Edwards, A. V.; Hann, C.; Ivill, H.; Leeson, H.; Tymczyszyn, L.; Cummings, D. M.; Ashton, M. D.; Harper, G. 
R.; Spencer, D. T.; Low, W. L.; Rajeev, K.; Martin-Hirsch, P.; Edwards, F. A.; Hardy, J. G.; Rennie, A. E. W.; 
Cheneler, D. Additive manufacturing of multielectrode arrays for biotechnological applications. Materials 
Advances 2021, DOI: 10.1039/D0MA00484G. 

284. Gholipourmalekabadi, M.; Seifalian, A. M.; Urbanska, A. M.; Omrani, M. D.; Hardy, J. G.; Madjd, Z.; 
Hashemi, S. M.; Ghanbarian, H.; Milan, P. B.; Mozafari, M.; Reis, R. L.; Kundu, S. C.; Samadikuchaksaraei, 
A. 3D Protein-Based Bilayer Artificial Skin for the Guided Scarless Healing of Third-Degree Burn Wounds in 
Vivo. Biomacromolecules 2018, 19 (7), 2409-2422. 

285. Al-Kazwini, A. T.; Sdepanian, S.; Said, A. J. Determination of Macro and Trace Elements in Moassel Used in 
Waterpipe in Jordan. Public Health Research 2014, 4 (1), 39-44. 

286. Al-Kazwini, A. T.; Said, A. J.; Sdepanian, S. Compartmental analysis of metals in waterpipe smoking 
technique. BMC Public Health 2015, 15, 153. 

287. Jones, O. A. H.; Sdepanian, S.; Lofts, S.; Svendsen, C.; Spurgeon, D. J.; Maguire, M. L.; Griffin, J. L. 
Metabolomic Analysis of Soil Communities Can Be Used for Pollution Assessment. Environmental Toxicology 
and Chemistry 2014, 33 (1), 61-64. 

288. Huenneke, L. F.; Stearns, D. M.; Martinez, J. D.; Laurila, K. Key Strategies for Building Research Capacity 

of University Faculty Members. Innovative Higher Education 2017, 42 (5), 421-435. 

https://www.cur.org/assets/1/23/COEUR_final.pdf


ed-2020-01363x.accepted Article 

Journal of Chemical Education 3/4/21 Page 32 of 32 

289. Sivertsen, G.; Meijer, I. Normal versus extraordinary societal impact: how to understand, evaluate, and 
improve research activities in their relations to society? Research Evaluation 2019, 29 (1), 66-70. 

290. Hardy, J. G.; Geissler, S. A.; Aguilar, D.; Villancio-Wolter, M. K.; Mouser, D. J.; Sukhavasi, R. C.; 
Cornelison, R. C.; Tien, L. W.; Preda, R. C.; Hayden, R. S.; Chow, J. K.; Nguy, L.; Kaplan, D. L.; Schmidt, C. 
E. Instructive Conductive 3D Silk Foam-Based Bone Tissue Scaffolds Enable Electrical Stimulation of Stem 

Cells for Enhanced Osteogenic Differentiation. Macromolecular Bioscience 2015, 15 (11), 1490-1496. 
291. Mutz, R.; Bornmann, L.; Daniel, H.-D. Cross-disciplinary research: What configurations of fields of science 

are found in grant proposals today? Research Evaluation 2014, 24 (1), 30-36. 
292. National Research Council. Convergence: Facilitating Transdisciplinary Integration of Life Sciences, Physical 

Sciences, Engineering, and Beyond; National Academies Press: Washington, DC, 2014; DOI: 
10.17226/18722. 

293. Kassab, O.; Mutz, R.; Daniel, H.-D. Introducing and testing an advanced quantitative methodological 
approach for the evaluation of research centers: a case study on sustainability science. Research Evaluation 
2020, 29 (2), 135-149. 

294. Harper-Leatherman, A. S.; Huang, L. Introduction to Teaching Chemistry with Forensic Science. In 
Teaching Chemistry with Forensic Science, Harper-Leatherman, A. S.; Huang, L., Eds.; American Chemical 
Society, 2019; pp 1-11. 

295. Tallman, K. A. Introducing Students to Fundamental Chemistry Concepts and Basic Research through a 

Chemistry of Fashion Course for Nonscience Majors. J. Chem. Educ. 2019, 96 (9), 1906-1913. 
296. Stammes, H.; Henze, I.; Barendsen, E.; de Vries, M. Bringing design practices to chemistry classrooms: 

studying teachers’ pedagogical ideas in the context of a professional learning community. International 
Journal of Science Education 2020, 42 (4), 526-546. 

297. Hardy, J. G.; Hernandez, D. S.; Cummings, D. M.; Edwards, F. A.; Shear, J. B.; Schmidt, C. E. Multiphoton 
microfabrication of conducting polymer-based biomaterials. Journal of Materials Chemistry B 2015, 3 (25), 

5001-5004. 
298. Field, M. C.; Lee, R. Assessment of Interdisciplinary Programmes. European Journal of Education 1992, 27 

(3), 277-283. 
299. Reid, S. A. Restructuring a General College Chemistry Sequence Using the ACS Anchoring Concepts 

Content Map. Journal of Chemical Education 2020, 97 (3), 651-658. 
300. Schnoebelen, C.; Towns, M. H.; Chmielewski, J.; Hrycyna, C. A. Design and Evaluation of a One-Semester 

General Chemistry Course for Undergraduate Life Science Majors. Journal of Chemical Education 2018, 95 
(5), 734-740. 

301. Kennerly, W. W.; Frederick, K. A.; Sheppard, K. General Chemistry in Just One Semester for All Majors. 
Journal of Chemical Education 2020, 97 (5), 1295-1302. 

302. Cresswell, S. L.; Loughlin, W. A. A Case-Based Scenario with Interdisciplinary Guided-Inquiry in Chemistry 
and Biology: Experiences of First Year Forensic Science Students. Journal of Chemical Education 2017, 94 
(8), 1074-1082. 

303. Hartings, M. R.; Fox, D. M.; Miller, A. E.; Muratore, K. E. A Hybrid Integrated Laboratory and Inquiry-Based 
Research Experience: Replacing Traditional Laboratory Instruction with a Sustainable Student-Led 
Research Project. Journal of Chemical Education 2015, 92 (6), 1016-1023. 

304. Vereijken, M. W. C.; van der Rijst, R. M.; van Driel, J. H.; Dekker, F. W. Student learning outcomes, 
perceptions and beliefs in the context of strengthening research integration into the first year of medical 
school. Advances in Health Sciences Education 2018, 23 (2), 371-385. 

305. Drake, S. M.; Reid, J. L. 21st Century Competencies in Light of the History of Integrated Curriculum. Front. 
Educ. 2020, 5, 122. 

306. Hadinugrahaningsih, T.; Rahmawati, Y.; Ridwan, A. Developing 21st century skills in chemistry classrooms: 
Opportunities and challenges of STEAM integration. AIP Conference Proceedings 2017, 1868 (1), 030008. 


