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Abstract 
Fashion industry is the second most polluting industry in the world representing a 2 trillion 
dollars and growing valuation (Pal, 2017). This dual context makes its challenges hard to address. 
From one side, fashion design education and practice systems have been perpetuating an 
industrial-focused approach which relies mostly in the economic improvement through fast 
cycles of product development (Pal, 2017). On the other side, fashion industry has also been 
closed to either multidisciplinary and transdisciplinary initiatives outside the scope of the artistic 
disciplines. Therefore, innovative approaches are needed to solve fashion industrial challenges. 
One of the most promising fields to tackle fashion current environment and technological 
problems is microbiology (Mazzoto et al., 2021). During the past 50 years, microbiology has 
played a vital role in solving human grand challenges in health, agriculture, food, and waste 
management sectors, and it also represents an opportunity for fashion industry as well. 
Microbiology biotechnological potential for the fashion industry relies mostly on the 
improvement of toxic waste bioremediation and the development of novel biomaterials and 
biomolecules. Moreover, the emergent field of synthetic biology is expanding the tools and 
approaches available, and they can already be seen in the development of engineered living 
materials that have functional properties (Mazzoto et al., 2021). Despite the urgent need for 
change, there is still a long way until a more sustainable fashion industry is achieved. Therefore, 
microbiological research and innovation need maturation to be able to scale-up and reach a 
global impact for tackling fashion industrial problems. 
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Introduction 
Modern fashion practices led to faster production and consumption cycles, which encompasses 
a greater waste generation (Pensupa et al., 2017). Two of the most abundant wastes generated 
by the fashion industry are fiber waste and wastewater. For instance, in 2015 alone, around 53 
million tons of fiber were manufactured, however, 12% were lost during production processes, 
and 2% were lost during collection and processing. Around 73% was landfilled or incinerated, 
and only 12% was recycled (Mazzoto et al., 2021). Therefore, it is estimated that underutilization 
and poor recycling practices represent more than 500 million euros in losses (Morlet et al., 
2017). Another environmental problem of the fashion industry is the extensive use of water and 
chemicals during manufacture. For manufacturing 1 kg of garment, it is necessary between 1.5 
and 6.9 kg of chemicals (Roos, 2017) and around 700 liters of water (Pensupa et al., 2017). The 
wastewater coming from the use of water to rinse and wash fabrics and garments during the 
manufacturing process is polluted and significantly toxic, possessing acids, alkalis, detergents, 
grease, oils, sulfates, solvents, heavy metals, other inorganic salts, fibers and surplus dyes 
(Madhu and Chakraborty, 2017). Additionally, fast fashion has accelerated the problem by 
increasing the production cycles. This creates a disposal culture, and the inevitably grow of a 
second-hand market in developing countries (Manieson and Ferrero-Regis, 2022). Therefore, 
the dual context between the Global North and the Global South has accentuated. Global South 
has become the endpoint of tons of discarded clothes, as exemplified by the Kantamanto 
second-hand market in Accra, Ghana, and a modern route of a colonialist relationship between 
the richer countries and the is perpetuated (Manieson and Ferreri-Regis, 2022). 
The current challenges for designers are systemic since the boundaries between objects, 
structures, systems, and processes are less defined and much more continuous and evolving 
(Meyer and Norman, 2020). Everywhere it is found global social, economic, and industrial frames 
that tailor design briefings. Due to the lack of standard frameworks and methodologies, some 
designers may professionally grow through experience and rely on learning by accident methods 
(Meyer and Norman, 2020). Concomitantly, the idea of shareholders is expanding, and they now 
must incorporate the mid- and long-term impact of projects, products, and services (Meyer and 
Norman, 2020). It may seem obvious, but the speed of change unveils a challenging question for 
the current design paradigm, which is the inability of approaches developed in the 20th century 
to solve 21th century challenges. This results into the hurdle of constantly defining content and 
methodologies for every project (Whitney and Nogueira, 2020). The hurdles are seen in design 
practice but also in design educational institutes and the crisis constitutes a problem of context 
and vision for the design field itself. 
One of the most promising fields to tackle fashion current environmental and technological 
problems is microbiology (Mazzoto et al., 2021). Sustainability is a global trend and every brand 
and textile manufacturer want to participate (Ertekin et al., 2020). Therefore, these industrial 
players are interested in introducing more sustainable materials and practices (Francesko et al., 
2010). Microbiologists have been researching towards a new approach to harness microbes to 
this end as well (Mazzoto et al., 2021). Current advances in the biotechnology field pushes 
forward the comprehension and engineering/fabrication of the coordinated supramolecular and 
cellular processes of microorganisms resulting in improved structures and functionalities (Hill et 
al., 2022). As exemplified by biofabrication approaches, which constitutes the automated 
bottom-up approach that generates biologically functional products through bioprinting or 
bioassembly (Groll et al., 2016)., microbiology has the potential to add a whole new range of 
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knowledge and practices to improve the designers’ arsenal and the industrial intellectual 
property portfolio. 
 
 
The design and fashion challenges 
A new educational approach for design 
The deep changes made during industrial revolution in the education system hit design 
education as well, which was repurposed from the interface practice in the arts, crafts, and 
architecture, to a more focused production for mass markets (Schwartz, 1996). Specifically in 
the design education case, the goal was to improve the inner country competitiveness in global 
markets which justified the creation of a partnership between manufacturers and designers 
(Weisberg, 1989). In the 90’s, the Bauhaus classes upgraded and widen the discussion held in 
the Werkbund. The focus was not the industrial challenges anymore, and it shifted towards the 
goal of shaping a modern and enlightened culture and society (Droste, 2002). Notwithstanding, 
a novel transformation in design is necessary, one that encompasses a refocus of the design 
practice, that merges the individual, industrial, and governmental behaviours that allow a 
healthier planet, safe from disastrous human activities that could potentially eliminate the risk 
of a global emergency.  
As László Moholy-Nagy did in Chicago in 1937, design must push forward its links with other 
fields and not only work side by side with industrialists (Malherek, 2018). Once failed, the 
interest for the cooperative effort of social and natural sciences must be tried once again 
(Findeli, 1990), for a truly and comprehensive societal transformation (Whitney and Nogueira, 
2020). Therefore, the recommendation for design students must be to search how things ought 
to be and not be conformed to how things currently are (Simon, 1969). This dissatisfied attitude 
will drive students for an improved learning experience guided by knowledge, practice, and 
freedom. However, the current unprecedent higher demand for design courses by Government 
leaders, large corporations and NGOs may stretch the resources of design schools thus limiting 
the learning experience it is delivering, reducing the quantity of unique and personal 
development experiences (Baha et al., 2020). So, a suitable approach in design education must 
embrace a deep awareness for a competency-based model that paints a picture for the student 
rather than starting from the ‘blank’ (Baha et al., 2020). It is imperative that a student becomes 
aware of the self-reflection of what it is mean to be a good designer, the type of designer she or 
he ought to be, and even if oneself sees her or himself as a designer (Baha et al., 2020). 
Nowadays, it is common that design students do not fully comprehend the scope of their choice 
in design disciplines (Julier and Kimbell, 2019). This handicap in their development can be carried 
over their professional practice causing a numbness in the purpose of designers’ careers, making 
them work towards no “life project” (Manzini, 2015, Escobar, 2018). Thus, design education 
needs rethinking for instance through improved design educational spaces that could drive and 
stimulate processes for an enriched design culture (Baha et al., 2020). One last challenge 
remains coupled to design schools themselves. Design schools must overcome their dominant 
view for design which executes curricula oversaturated with those visions (Glasser 2020, Fry 
2003, Mewburn, 2010). How design schools develop their identities should also change since 
the process must not be based on geopolitical preferences or based on the perspectives coming 
from their national and local leaders’ (Ghajargar and Bartzell, 2019). If not diverse and 
independent, design education will form students with tendencies for those biased and standard 
practices and strategies, hampering their career development. Whilst seeking confirmation and 
comfort design students will undermine their full unique potential that must also embrace the 
school and society expectations within the field (Adams et al., 2011, Gray, 2014, Kosonen, 2018, 
McDonnel, 2015, Tracey and Hutchinson, 2018, Baha et al., 2020). 
 
A revitalized design practice 
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We live in the storm of the fourth industrial revolution, and it is disrupting the production, 
management, and government realities we have known for several decades (Schawb, 2017). 
Therefore, designers need to be empowered by new competences in the physical, digital, and 
biological spheres (Wilde, 2020). Additionally, they must get comfortable in negotiating 
consensus throughout a variety of decision-making players in challenging contexts, and be able 
to simultaneously work with (Wilde, 2020) and against the status quo. At today’s perspective, 
the design practice has lost the critical thinking referential through which designers ask 
themselves what are the necessary “whys” and “hows” for a good design and for a certain 
desired effect (Dorst, 2003). The current limited scope of design practice, seen in the absence of 
designers in the decision-making activities was driven by the last major transformation it felt. 
From the merge of arts and crafts towards a practice for mass production of desirability, 
consumption and product development in a capitalist economy of scale, design has lost its 
natural ability of problem comprehension and tension alleviation. The modern world needs the 
creativity, flexibility, responsiveness, and speed embedded into design practices, mostly when a 
behavioural change, either individual or organizational, is within the scope of the target project’s 
objective (Whitney and Nogueira, 2020). Up until now, the evolution of design encompassed the 
competence of helping organization solving complex problems in the face of uncertainty that 
arise from cultural, social, and emotional factors (Whitney and Nogueira, 2020). However, this 
evolution still lacks the proper knowledge and practices’ standards that may be gathered and 
disseminated easily and widely by design practitioners (Whitney and Nogueira, 2020). 
One of the problems of the design field is related to its difficulty in changing paradigms. Contrary 
to science and economics, design knowledge is somehow fragmented and relies mostly in more 
informal standards and theories (Whitney and Nogueira, 2020). Science is fast in creating and 
implementing new information to format the old frameworks and methods which are constantly 
advancing. The idea is thus to mix general fields with sub-fields creating space for emergent 
discoveries that can challenge the current paradigm. However, in the design field, changes 
occurring through new knowledge takes more time to be perceived and to be implemented in 
the design community (Whitney and Nogueira, 2020). Additionally, an advancement within a 
sub-field does not automatically means the entire design field was improved, which is 
problematic for a collective modernisation, increasing the chance of appearance of neglected 
areas within design sub-fields (Talke et al., 2009. De Goey et al., 2019, Gallego et al., 2020). 
However, these facts did not inhibit the advancement of the design per si. The body of 
knowledge is immense, and it guides design practitioners and students alike. So, there is no 
single and uniform way of practicing design (Whitney and Nogueira, 2020). Still, the informality 
nature of the field is creating a gap between the study, research, and industrial design practice. 
Contrary to science or management areas, there is a lack of standardization in the design field 
(Whitney and Nogueira, 2020, Meyer and Norman, 2020). According to Whitney and Nogueira 
(2020), “design continues to produce novel solutions to specific problems but falls short in 
building knowledge that acts as a context for the various activities we call design”. For instance, 
in the case of prototyping, there is no standard framework for its practice, which implies that 
design students learn mostly by doing, without explicitly understanding the underlying principles 
of the activity (Whitney and Nogueira, 2020). Therefore, the inherent informality in design 
constitutes a major handicap in the field since it creates additional teaching challenges, and also 
creates barriers for adapting to changing contexts (Dewey, 1985). Also contrary to other 
disciplines where the focus is dedicated to the understanding and analysis of the target 
phenomena, design is a discipline focused on synthesis and creation of novel things (Meyer and 
Norman, 2020). Hence, it is obvious that design teaching and practice must incorporate a wide 
range of disciplines, mostly outside from the design scope, to be able to better fit into a 
multisectoral context. Examples of those broad range of fields might be core principles of 
business, experimental methods and statistics, ethics, and appropriate knowledge about the 
real world (Meyer and Norman, 2020) 
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As per the need for a paradigm shift, recently Whitney and Nogueira (2020) developed a 
conceptual model that works for the standardization of design. The model uses seven 
frameworks to focus designers and projects (Whitney, 2015). One of the main points of the 
Whole View Model is that it helps teams in complex projects, aiming the uncover of relevant 
issues by asking the question: “What do we need to know to make change?” (Whitney and 
Nogueira, 2020). Thus, Whitney and Nogueira (2020) challenge the current paradigm in design 
by asking if it shouldn’t be the norm for design practice to take into account simultaneously the 
wellbeing of society and the prosperity of the natural environment. Moreover, they state three 
claims that forces the design field to react: 1) “pay our real cost, not steal from the future; 2) 
designing for people, not markets; and 3) building trust, not information pollution.” (Whitney 
and Nogueira, 2020). 
The conceptual attempts to revolutionize design are not new. During the last 50 years, the 
interconnection between computation and strategy and design have increased. However, this 
openness is still scarce to fields outside artistic disciplines, but it is observed a higher interest in 
other fields such as cognitive science and anthropology (Whitney, 2015). At the design practice 
level, the shift changed from a predictable global economy to volatile and niched economy of 
choice. Sustainability trends tend to accentuate that shift. The COVID-19 crisis showed that this 
inadaptation to reality is not exclusive to the design field, thus felt throughout every aspect of 
human civilization (Wilde, 2020). However, COVID-19 crisis was an indication of the difficulties 
that humankind will have in the face of global, impactful, and fast occurring events. Climate 
change, ecosystems and biodiversity loss, social injustices, war, mass migrations, etc, may 
represent the next global crisis. Yet, design may address these challenges as opportunities to 
rapid reinvent itself either through improved education and modernized practices that better 
suit this age (Papanek, 1972). However, the need for change and the inevitability of a paradigm 
shift in design is a decades old issue, exemplified through the work of Ann Light and her team, 
Arturo Escobar, Buckminster Fuller, Eli Blevis, Ezio Manzini, Vitor Papanek, among others 
(Papanek, 1972, Wilde, 2020). 
Specifically, design approaches need to step beyond the Human-Centered practices and upgrade 
towards a better comprehension of today’s world. Formally started in 1989 in the Institute of 
Design, part of the Illinois Institute of Technology (United States of America), Human-Centered 
Design pioneered the anthropological and cognitive vision for design practice (Whitney and 
Nogueira, 2020). This led to the global adoption of Human-Centered Design throughout every 
school and design offices. However, as the current worldwide challenges are demonstrating, 
putting humans first might not be a wise choice. Since the user personas, user journeys, and 
ethnographical research are widespread terms for designers nowadays, these Human-Centered 
approaches paved the way for a more comprehensive approach for innovation (Weil and 
Mayfield, 2020) and design management (Kumar and Whitney, 2007), but left behind the 
comprehension of the design impact in the other spheres, such as the natural environment. 
However, the ability to merge distant domains is natural to design. As Staatliche Bauhaus 
imagined more than 100 years ago, the merging of disciplines remains at the core of the design 
practice. From the reconciliation between the fine and applied arts, now it is again time to 
develop a new formal language of design in order to do justice to the global world challenges 
(Meyer and Norman, 2020). The New European Bauhaus initiative represents a novel approach 
within this scope (Rosado-Garcia et al., 2021). However, contrary to the Bauhaus School, the 
main goal is not to improve industrial processes but rather to adapt human civilization to a 
sustainable and natural world. In accordance to the New European Bauhaus initiative, several 
authors have been encouraging a paradigm shift in design teaching and practice (Friedman et 
al., 2014a, Friedman et al., 2014b, Norman and Klemmer, 2014, Batra and Seifert, 2015, 
Norman, 2016, Norman and Spencer, 2019). Namely, it must be a common imperative the 
interrelation of people, organizations, and the natural environment, focusing the health, 
happiness, and prosperity of each of those dimensions (Whitney and Nogueira, 2020). Despite 
addressed by both social innovation and sustainable design subdomains, the field itself lacks the 
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capability to implement solutions to global problems at a global level. The truth is that a vast 
majority of design projects are neither sustainable nor prominently social (Whitney and 
Nogueira, 2020). One way to improve design practice in the abovementioned route is to add 
circular economy-based knowledge to it. In a recent study, Sumter and colleagues (2020) 
identified 7 novel competencies for a more circular design practice: 1) design for multiple use 
cycles; 2) design for recovery; 3) circular impact assessment; 4) circular business models; 5) 
circular user engagement; 6) circular economy collaboration; and 7) circular economy 
communication. In brief, the focus must target the limit of novel production from scratch and to 
bring a collaborative workplace throughout the value-chain in order to maximize the existing 
resources’ potential (Sumter et al., 2021). 
All the above-mentioned points also apply to fashion design teaching and practice. There are 
both personal, organizational, and other external challenges to build a more sustainable fashion 
design process (Hur and Cassidy, 2017). These challenges are: lack of consensus and knowledge 
about sustainable design; insufficient sustainable-based design approaches in fashion; 
insufficient perception of the benefits and trade-offs in styling, cost structure, trends, etc, when 
implementing such approaches; uncategorized consumer demand; low level of business-related 
incentives; and lagging behavioural changes and purchasing decisions towards sustainable 
chocies (Hur and Cassidy, 2019). But, the first step for change must be the embrace of conflict 
and failure as tools to success. Once and for all the tasks that may arise from conflict and failure 
must be devoided of judgment since they are inevitable in this multisectoral world context 
(Krippendorff, 1995). The new imperative for design practice must follows the values of 
integrity, imagination, freedom, cultural plurality, and must promote a conscious behaviour that 
brings the best in people (Baha et al., 2020). Stakeholders and shareholders must acknowledge 
that the status quo is capping the gains in the future, despite bringing them at the present. They 
must realize that only through a combined educational and industrial effort, the upcoming 
challenges may have a chance to be correctly addressed and, perhaps, solved. 
 
The fashion industry challenges 
One hundred and fifty billion garments are produced annually and roughly half are discarded 
within one year of use (Rudenko, 2018). Fashion environmental cost is dramatic (Pal, 2017). The 
value-chain is composed of several steps that mounts the resources necessary to produce 
fashion products. In detail, raw materials are extracted, fibers and yarn are produced before 
fabric is available, then fabrics undergo wet treatments. After ready, fabrics are distributed to 
garment makers who produce them and distribute to retailers and wholesalers. At the end of 
the value-chain, the end user terminates the process and the fashion piece, mostly, goes to 
waste (Kwon et al., 2020). It is not uncommon that clothes are used only during the first year 
after being bought, then the common route is disposal, which represent a problem worth more 
than 140 million euros in the UK alone (Moorhouse, 2020). Additionally, the entire supply chain 
is producing residues, either due to rejection or discard, and it may represent around 15% of 
total fabric manufactured in factories (Cooper et al., 2022). 
One endpoint of the fashion industry’s residues is the soil. Soil is one of the most diverse and 
rich habitats for microorganisms (Adhya and Annapurna, 2018, Biswas and Sarkar, 2018, Dubey 
et al., 2019). Climate change and human activities such as the use of hazardous agrochemicals, 
negligent discharge of industrial wastes, maluse of antibiotics, etc (Zhang et al., 2016, Ibekwe et 
al., 2018, Ji et al., 2018, Ou et al., 2019, Zhen et al., 2019, Wang et al., 2020, Anand et al., 2021, 
Yang et al., 2021, Feng et al., 2022, Wu et al., 2022) are damaging the ecological cycles and 
degrading the soil regulation which causes the reduction of diversity and the loss of natural 
resources that could be otherwise exploited (Cavicchioli et al., 2019, Dubey et al., 2019). 
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The fashion industry wastewaters represent an additional risk for the environment since the 
presence of colour blocks light penetration thus harming primary producers through 
photosynthesis rate reduction (Mazzoto et al., 2021). This reduction leads to a decrease rate of 
dissolved oxygen in the water which is prejudicial to the habitats (Lellis et al., 2019, Lalnunhlimi 
and Krishnaswamy, 2016). Moreover, many utilized dyes have carcinogenic and toxic properties, 
and they are persistent in the environment due to their chemical composition, which increase 
the chance of being ingested throughout the food chain (Lellis et al., 2019, Przystas et al., 2012, 
Chequer et al., 2013). Dyes generate hazardous waste through persistence in industrial 
wasteaters, and their decomposition is environmental unsafe (Dave et al., 2015, Usman et al., 
2017, Dawkar et al., 2009). The loss of dyes during fashion manufacture’s process is paramount, 
constituting a major problem. Despite not well documented, between 2-50% represent residues, 
accounting to almost 200,000 tons dumped into effluents each year (Chequer et al., 2013, 
Madamwar et al., 2019). However, azo dyes are widely used due to their low cost, and the 
variety and stability of colours available (Mazzoto et al., 2021). Representing around 70% of all 
dyes produced, they are resistant to microbial degradation (Sarata et al., 2011, Arora, 2014). 
Right after azo dyes, the second most used category of dyes is anthaquinone, which possess 
superb performance at a low cost albeit its toxicity to humans (Varjani et al., 2020). Despite 
being resistant to microbial degradation, azo dyes can be metabolized inside the gastrointestinal 
tract by the gut microbiota into aromatic amines, which are compounds with carcinogenic 
properties (Feng et al., 2012). Therefore, new protocols and processes need to be developed in 
order to eradicate the environmental and potential health problems associated with the use of 
dyes during the garments manufacturing process (Mazzoto et al., 2021). 
 
The textile composition is dependent on the fiber choice, fiber arrangement, which determines 
its strength, durability, appearance, and texture (Mazzoto et al., 2021). Fibers can be divided 
into two groups: man-made and natural fibers. Natural fibers include cellulosic-based materials, 
such as cotton and linen, and protein-based, such as wool and silk (Mazzoto et al., 2021). Cotton 
is the most used natural fiber on the market, representing around 35% of all fibers used (Roos, 
2017). However, the environmental footprint of carbon is high due to the extensive use of water, 
pesticides, insecticides, and fertilizers (Mazzoto et al., 2021). However, the majority of fibers on 
the market is synthetic, being manufactured from monomers sourced from fossil oil feedstocks 
(Mazzoto et al., 2021). Albeit their variety, the most common ones are polyester, polyamide, 
elastane, polyacrylic, and aramid (Sinclair, 2015). Unfortunately, the low biodegradability 
property of synthetic fibers is posing additional questions about its use in fashion industry, 
where their presence in the deep sea, in the Arctic sea ice, inside fish, and shellfish constitutes 
crucial evidence of the problem (House of Commons, 2019). Natural fibers also have 
environmental impacts. As an example, the Aral Sea in Central Asia has been suffering from 
intensive cotton farming practices and now it is depleted of water and other resources once 
plenty in the region (Spoor, 1998, Zhang et al., 2019). 
The fashion supply-chain is vast, and it is currently impossible to track the detailed 
environmental impact of its activity. Therefore, it is paramount to gather standard 
measurements throughout the supply chain and promote its wide documentation. Major 
suppliers must be aware of the full scope of the harming impacts of their activity. Moreover, 
they should improve the network of partners to be able to, collaboratively, address the 
environmental challenges in a robust, honest, and fast way. Ultimately, as seen in other 
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industries, microbiology is a field that represents a huge potential to guide mitigation and 
innovation projects for the fashion industry. There are already several projects underway with 
this mindset, however, the scope has been somehow limited and driven mostly by a marketing 
ambition. Start-ups together with mature enterprises must combine their efforts to improve the 
scale of the projects and so increase the speed of change towards an environmental safer 
industrial practice. 
 
 
Solution through microbiology 
Bioremediation, biomaterials and biomolecules 
During the past 50 years, microbiology has played a vital role in solving human grand challenges 
in fields such as health, agriculture, food security, waste management, among others (Thallinger 
et al., 2013, Singh et al., 2016, De Giani et al., 2021, Fu et al., 2021, Gilmour et al., 2021, Iyer et 
al., 2021, Kaur et al., 2021, Soh et al., 2021, Liu et al., 2022, Montano Lopez et al., 2022). The 
economic benefit of inhabiting a microbial world is manyfold and accounts for billions of euros 
annually (Anand et al., 2021). The ecosystem services microbes provide to humanity and nature 
as a whole are related to the economic and ecological sustainability, adaptation and mitigation 
of climate change, biotechnology and agricultural applications, and biogeochemical cycles 
(Rousk and Bengston, 2014, Zhu et al., 2017, Martines-Espinosa, 2020, Bakker and Berendsen, 
2022).  
The advancement of novel and upgraded techniques for isolation and characterization of 
microorganisms have increased their study as a tool for biotechnological research, 
development, and innovation (Anand et al., 2021). Microbial Culture Collections represent a 
resource where microorganisms can be investigated for potentially applications (Guidice and 
Rizzo, 2020). Started one century ago, these collections, under management of the Biological 
Resource Centre’s (BRC), have the goal to collect, preserve, distribute, and to disseminate 
relevant information of microbial strains (Anand et al., 2021). The work of the BRCs relate to the 
conservation, quality control and curation; identification, and authentication, and taxonomical 
classification; data gathering, management, and sharing of microorganisms-related information 
and good practices. Microorganisms, DNA, genomes, plasmids, and viable but not yet culturable 
microorganisms can be sourced in biological or environmental matrices (Smith et al., 2014, Diaz 
et al., 2021). The Organization for Economic Cooperation and Development have been 
supporting the improvement, utilization, and maintenance of these collections (Smith et al., 
2014). The main purpose of these microbial culture collections is twofold. Firstly, it guides the 
conservation of natural and built habitats through isolation and conservation of microbial 
diversity. Secondly, it facilitates the research and development of such microorganisms by the 
wider public through generation of biotechnological strategies (Diaz et al., 2021). One of the 
pitfalls of their work is the focus on reference strains, thus limiting the work on the phenotypical 
variation of other potentially interesting strains. Another handicap of BRC’s is the need for an 
improved capacity to account for a less fragmented activity and better-quality materials and 
support, allowing both academic and industry researchers access to the required strains (Anand 
et al., 2021). Microbial collections will need more funding in order to hire experts in taxonomy 
science, upgrade their infrastructure to work with modern technologies such as next-generation 
sequencing, and to increase their communication strategies to a wider public, improving their 
recognition, specifically in terms of their capability to tackle biodiversity challenges (Anand et 
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al., 2021). One example is the production of novel biopigments and biocolorants. The non-
carcinogenic and non-toxic potential nature represent advantages of biopigments and 
biocolorants (Malik et al., 2012). This trend is gaining traction also due to the biodegradability 
of these natural compounds.  
Currently, several approaches of using biological processes, based on microbial degradation of 
the pollutants and toxic compounds present in fashion industrial wastewater are being 
attempted and they have been fully reviewed elsewhere (Romore et al., 2006, Singh et al., 2015, 
Mazzoto et al., 2021). Microbial biomass and microbial fibers, biosurfactants, and biocatalysts 
can be explored instead of other less sustainable products (and practices), such as pesticides, 
solvents, monomers, etc (Mazzoto et al., 2021). Additionally, biobleach, microbial dyes, and 
microbial-based degradation processes, like waste remediation, recovery, and transformation 
can also be investigated and developed according to the industrial needs (Mazzoto et al., 2021). 
The current industrial practices of textile recycling involve the second-hand markets and 
reprocessing rags, which corresponds to low added value (Hu et al., 2018). From the dumped 
fibers, only natural fibers have potential for further microbial exploration, for instance by 
microbial use as carbon source, thereafter, producing ethanol, organic acids, enzymes, and 
polysaccharides (Mazzoto et al., 2021). However, efforts have been recently made to develop 
microbial-based solutions to waste generated by the use of synthetic fibers (Mishra et al., 2020, 
Mishra et al., 2022). 
Besides natural products produced by microbes found in the wild, there is also other approaches 
under investigation. One of those approaches is to increase the performance of textiles though 
incorporation of living microbes that can functionalize the garment. In 2015, Yao and colleagues 
(2015) developed a material that responded to body moisture using the absorbent properties of 
Bacillus subtilis natto. In the same context, the skin microbiome is being widely studied in a 
project that has gained media attention under the name of “Dr Armpit” (https://drarmpit.com). 
Broadhead and colleagues (2021) recently studied the impact of living microbes in the future of 
clothing. In their view the fashion industry must pay attention to the skin microbiome and 
improve the care related to the antimicrobial finishing of garments, alongside with the potential 
of functionalizing garments with living microbes that can diminish malodour and eventual skin 
infections (Broadhead et al., 2021). Therefore, a new subcategory of products is emerging, the 
skin probiotics (Knackstedt et al., 2020). Another example is the engineering of microbes to 
produce spider silk (Fahnerstock and Bedzyk 2000, Foong et al., 2020). Spider silk light, strength, 
and resistant properties make it a good material for clothing (Mazzoto et al., 2021). Although, 
the limitation is its challenging industrial production and thus the ability to engineer microbes 
in order to surpass that handicap may represent an opportunity for designers and 
microbiologists alike (Scheibel, 2004, Bai et al., 2015, Foong et al., 2020, Zhu et al., 2020).  
In terms of biomaterials, bacterial cellulose has been recently studied (Chiesa et al., 2018, 
Mazzoto et al., 2021, Wang et al., 2021). Cellulose is the most abundant material on the planet 
and bacteria can produce it with diverse properties, like morphology and structure, make it 
applicable to different uses (Wang et al., 2021). Bacterial cellulose is constituted of an 
unbranched polymer of β-1,4-linked glucopyranosyl residues (Cacicedo et al., 2016) resembling 
plant cellulose and it is easily isolated as a fiber (Mazzoto et al., 2021). Bacterial cellulose is 
formed by the assemblage of subfibrils into nanofibrils which in turn are assembled into 
microfibrils (Cacicedo et al., 2016). The absence of lignin, hemicellulose, and pectin represents 
an advantage of bacterial cellulose when compared with plant cellulose (Mazzoto et al., 2021). 
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Several bacteria are cellulose producers, and the members of the recently reclassified genus 
Komagateibacter are the most well studied (Mazzoto et al., 2021). Recently, media attention 
was given to kombucha, a slightly fermented drink with oriental origins 
(https://www.nytimes.com/2019/10/16/style/self-care/kombucha-benefits.html). Kombucha 
is produced through the infusion of black and or green tea to a sugary broth (e.g., 5%-8% v/v 
sucrose) inoculated with yeasts and bacteria (known as “scoby” – symbiotic community of 
bacteria and yeasts) (Dima et al., 2017). During the fermentation process, bacteria present in 
the mixture tend to produce cellulose at the surface-liquid layer which thickens with time. 
Amongst the fashion designers exploring bacterial cellulose, Suzanne Lee from BioCouture is 
producing it as a textile material, however, bacterial cellulose may also be developed as fibers 
and yarns, therefore expanding its application (Chiesa et al., 2018). Bacterial cellulose produced 
using methods inspired by kombucha fermentation constitutes a biofilm or a mat that can be 
removed from the liquor, rinsed, dried, and potentially tailored to obtain other features such as 
impermeability (Fernandes et al., 2019). This product can perform as a textile and works with 
aesthetics and properties similar to animal leather (Wood, 2019). Despite being termed a 
“vegetable leather”, bacterial cellulose micro and nanostructure is different and resemble a 
nonwoven fabric (Wood, 2019). However, research is underway to test techniques of garment 
construction such as stitching, bonding, and three-dimensional shaping (Kaminski et al., 2020, 
Costa et al., 2021, Bolzan et al., 2022), and despite its extensive research, intrinsic limitations 
may hinder its wide use at scale. For instance, bacterial cellulose is a naturally hydrophilic 
material and thus cannot be worn during raining and under high humidity levels, neither it 
withstands washing without degrading (Wood, 2019). Our skin can also get wet occasionally and 
this fact can limit the application of bacterial cellulose per si as a textile material (Wood, 2019).  
Besides bacterial cellulose, mycelium-based composites haven also been studied for potential 
use as fibers (Mazzoto et al., 2021). Growing in an aqueous substrate, a complex network of 
fungal hyphae is formed and its intertwined network of fibers can be recovered, deactivated, 
and dried for further use (Camere and Karana, 2018). The low cost and easy laboratory feasibility 
of mycelium makes it attractive for manufacturers (Mazzoto et al., 2021). The mycelium 
structure and mechanical strength comes from its composition of chitin, glucans, and 
glycoproteins (Haneef et al., 2017). Two of the fungi that can be investigated to mycelium 
production are Ganoderma lucidum and Pleurotus ostreatus (Haneed et al., 2017). One of the 
first scientists to research onto mycelium and its fiber application in clothing was Aniela Hoitink 
(Nai and Meyer, 2016). She developed a composite product made by Schizophyllum mycelium 
called MycoTEX by Neffa (Nayak et al., 2020). Other initiatives and projects are Mylo from Bolt 
Threads, MycoFlez from Ecovative, Reishi Fine Mycelium from MycoWorks, among others 
(Mazzoto et al., 2021). These initiatives have been gathering media attention and collaborations 
with major brands like Adidas 
(https://www.forbes.com/sites/timnewcomb/2021/04/22/creating-adidas-mushroom-based-
stan-smith-mylo-sneakers/?sh=7c632b527c0d). The manufacturing process of mycelium 
represents several advantages comparing with cotton, such as fast production and the 
elimination of the sipping, weaving, cutting, and sewing steps. Moreover, it uses less water, less 
intermediary chemical products, and therefore, it produces less waste (Nai and Meyer, 2016, 
Camere and Karana, 2018). However, challenges remain for the widescale industrial production 
that could account for the replacement, for instance, of animal leather in fashion manufacturing. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


Synthetic biology 
Apart from natural biomaterials, engineered living materials constitutes another frame of 
opportunity. Once stated as science fiction, these applications might convert into reality since 
synthetic biology field could develop standardized frameworks to allow the edition of desired 
properties and functions within complex cellular matrices (Gallup et al., 2020). As plants possess 
genomes that allow them to programme the precise growth and differentiation in an array of 
tissues such soft flowers, petals, nut shells, the same can be achieved for biotechnological 
purposes as well. In practical terms, the biotechnological revolution of synthetic biology 
represents an opportunity to surpass the limitations seen in the microbial growth and target-
compound production. Temperature, pH, dissolved oxygen, available nutrients, dissolved 
organic matter, metals, among others impose stress to the microorganisms which may handicap 
their biotechnological potential (Mazzoto et al., 2021). Therefore, tailoring microbes to surpass 
those limitations and improve their resistance to stressors and increase the production yields 
constitute a via towards novel microbiology-led innovations. The potential of synthetic biology 
can be addressed by the manipulation of community communication networks, extensive and 
precise regulation of gene expression, and engineering of syntrophic interactions (McCarty and 
Ledesma-Amaro, 2019). The predictive understanding of synthetic biology is expanding the 
applications in several fields, since the computational models are increasing the efficacy of 
biotechnological developments (Carbonelli et al., 2019, Radivojevic et al., 2020, Gallup et al., 
2021, Leggieri et al., 2021). Recently, Radivojevic (2020) developed an automated 
recommendation tool that performs machine learning and predictive modelling techniques to 
inform synthetic biology approaches without the need of a comprehensive understanding of the 
biological system. As people do not need to understand how to build a vehicle to drive it, the 
same might be a reality for the synthetic biology field soon.  
Rather using single microorganisms, scientists are now engineering whole communities for 
biotechnological purposes (McCarty and Ledesma-Amaro, 2019). The progress in synthetic 
biology has pave the way for construction microbial consortia aimed at tailored behaviours like 
bioproduction of drugs, biofuels, biomaterials in defined environments. The advantages of 
working with microbial consortia are the division of labour between the community members, 
spatial organization, and resilience to a myriad of stressors (Bassler and Losick, 2006, Stenuit 
and Agathos, 2015, Tsoi et al., 2018, McCarty and Ledesma-Amaro, 2019). Still, the engineering 
scope of dynamic communities presents a new range of challenges and successful applications 
are scarce (Zenlges and Palsson, 2012, Johns et al., 2016, Faust, 2019). The biological chassis is 
more complex when millions of microorganisms are intended to work towards a single objective. 
Noack and Baumgart (2019) recently studied the impact of genome reductions on the 
performance of biotechnological relevant microorganisms. They developed the concept of 
Community of Niche-optimized Strains that indicates that the energy conserved by deletion of 
expressed genes lead to a simplified strain that gained fitness performance only inside its 
community. This means that the environment guides the genome reduction by the proper 
community management of the common goods (Noack and Baumgart, 2019). Therefore, the 
Black Queen Hypothesis may be revisited in order to expand the toolset of synthetic biology for 
the improved utilization of microbial consortia in biotechnological applications (Liu and Xu, 
2022). The Black Queen Hypothesis theory assumes that biological systems evolve to simplify 
(Morris et al., 2012, Liu and Xu, 2022). In practice, this means that some community members 
make a selfish, or cheater, use of the common goods by taking advantage of cooperation (van 
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Tatenhove-Pel et al., 2021). The free use of metabolites produced by others (bacteria, or other 
organisms) originates the loss of those metabolic functions and genes in the taker, representing 
a coevolution scenario (Morris et al., 2012). The comprehension of the interplay between 
parasitic, symbiotic, and mutualistic interactions within a single community can increase the 
arsenal of approaches that synthetic biology can use to develop microbial consortia with 
efficient cost and yields (Zomorrodi and Segre, 2016). 
Consequently, synthetic biology represents the next opportunity for the industrial revolution. 
Its potential can be summarized by a full-range of automation-fuelled industrialization, 
improved DNA design, creation of synthetic genomes and artificial cells, experimenting with 
data from whole-cell simulations, all around biosensing capacity, real-time tailored evolution, 
harness of whole communities and multicellularity, and materials with enhanced DNA-encoded 
properties (Gallup et al., 2021). Since we live in a climate emergency era (McHugh et al., 2021), 
all these features can be used for engineering microorganisms and entire microbial communities 
to reach sustainable goals. For the fashion industry for instance, the production of bacterial 
cellulose, spider-microbial silk, and mushroom mats are being increasingly explored. However, 
industrial applications are still in its infancy and further research and pilot projects are needed 
before a full industrialization can be achieved (Gandia et al., 2021, D’Itria and Colombi, 2022, 
Ramezaniaghdam et al., 2022). 
 
 
Challenges/ opportunities 
Despite recent research and development advances, there are still industrial, performance, and 
market challenges regarding the potential of microbiology to be explored in major fashion 
industry’s issues. These challenges are related to the uniqueness and innovative nature of the 
newly generated products (Mazzoto et al., 2021). The need of research and development is 
paramount to improve the new biomaterials’ and microbial processes’ comprehension, making 
them easier for scaling up and to develop more competitive products (and microbial services) in 
terms of quality and performance. Still, the promise of microbiology as a tool for fashion industry 
improvement is clear but perhaps far. Nonetheless, it would benefit from the discovery of better 
fitted microorganisms, enzymes, biopolymers, molecules, and better-quality industrial 
processes and bioreactors (Mazzoto et al., 2021). Genetic engineering of microbes through 
systems and synthetic biology holds a relevant future for the field as well (Yu et al., 2009, 
McCarty and Ledesma-Amaro, 2019). Additionally, through the increase of society awareness 
towards sustainability, the need of more sustainable products and services, and new legislation 
pushing forward environmentally focused laws, fashion industry is feeling the pressure of a 
paradigm shift. Besides the microbes tanned in the wild and studied towards industrial 
applications, a renewed attention must be made into the microbial culture collections (Anand 
et al., 2021). Curated by the BRCs, these collections harbour a truly gold mine for biotechnology. 
In summary, the true revolution is to see biology as a manufacturing discipline: cells as 
miniaturised factories with the potential to be deployed anywhere at scale with no extra costs 
to upgrade (Gallup et al., 2020). This is far from what has been observed so far with bio-based 
materials’ substitutes for a predominantly linear manufacturing industrial value-chain. However, 
designers must embrace the biological disciplines in general, specifically microbiology and 
biotechnology interpreted as a manufacturing discipline, and include their processes into 
consideration throughout design education and practice. So, a shift in design practice will 
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encourage a new wave of design education and vice versa, constituting a proliferation of an 
improved body of knowledge and practical frameworks to tackle the most urgent planetary 
challenges. 
 
 
Conclusion 
Design teaching and practicing need a paradigm shift and it will constitute the normal evolution 
of the design field. This evolution will gain impetus from the historical Bauhaus School and the 
new European approaches such as the New European Bauhaus. The realistic movement of the 
design from its tendency to be informal and the synthesis basis of its practice will dramatically 
change to better accommodate information and methods from other fields such as natural and 
behavioural sciences. Therefore, a wider view of design is mandatory. As seen in the recent 
biotechnological endeavours to tackle fashion industrial challenges, microbiology represents an 
escape route from the current crisis. Innovative and circular-based projects are aiming to close 
the resources’ gap, with the long-term goal of eliminating the need of virgin materials.  
Currently, there may be enough technologies and innovations to solve fashion industry’s main 
problems. However, there is a long way until sustainability be achieved. Fashion industry value-
chain is complex, and it will take global cooperation to reinvent it. Ultimately, fashion and other 
industries must cope with the natural system and not the other way around. Innovation must 
stay in focus because punctual and small initiatives cannot hold the solution by themselves. If 
they are only and foremost communicated throughout the value-chain and to the end users, 
they must be interpreted as greenwashing. 
Additionally, an improved applied research and development of microbial culture collections, 
the extensive use of biomaterials and biomolecules, and bioremediation solutions are necessary 
to improve the resilience of the current fashion industry models. However, these approaches 
might not be sufficient to foster an ethical and sustainable change. The promise of synthetic 
biology to engineer functional and living materials are routes that both designers, scientists, 
stakeholders, and governmental entities must embrace to speed up the pace for a paradigm 
shift in design practice, which will acknowledge an update in design education as well. 
 
 
References 
Adams, R. S., Daly, S. R., Mann, L. M., & Dall'Alba, G. (2011). Being a professional: Three lenses 
into design thinking, acting, and being. Design Studies, 32(6), 588-607. 
 
Adhya, T. K., & Annapurna, K. (2018). Soil microbiology research in the coming decades: 
translational research opportunities. In Advances in soil microbiology: recent trends and future 
prospects (pp. 1-8). Springer, Singapore. 
 
Anand, U., Reddy, B., Singh, V.K., Singh, A.K., Kesari, K.K., Tripathi, P., Kumar, P., Tripathi, V., 
Simal-Gandara, J., 2021. Potential environmental and human health risks caused by antibiotic-
resistant bacteria (ARB), antibiotic resistance genes (ARGs) and emerging contaminants (ECs) 
from municipal solid waste (MSW) landfill. Antibiotics 10 (4), 374. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


Arora, S. (2014). Textile dyes: it's impact on environment and its treatment. Journal of 
Bioremediation & Biodegredation, 5(3), 1. 
 
Baha, S. E., Koch, M. D. C., Sturkenboom, N., Price, R. A., & Snelders, H. M. J. J. (2020). Why am 
I studying design?. In DRS 2020 International Conference, Held online: Synergy (pp. 1898-1915). 
Design Research Society. 
 
Bai, X., Sakaguchi, M., Yamaguchi, Y., Ishihara, S., Tsukada, M., Hirabayashi, K., ... & Arai, R. 
(2015). Molecular cloning, gene expression analysis, and recombinant protein expression of 
novel silk proteins from larvae of a retreat-maker caddisfly, Stenopsyche 
marmorata. Biochemical and Biophysical Research Communications, 464(3), 814-819. 
 
Bakker, P.A., Berendsen, R.L., 2022. The soil-borne ultimatum, microbial biotechnology and 
sustainable agriculture. Microb. Biotechnol. 15 (1), 84. 
 
Barlocher, C., Holland, R., Gujja, B., 1999. The Impact of Cotton on Freshwater Resources and 
Ecosystems a Preliminary Synthesis. WWF report, 
 
Batra, R., Seifert, C., & Brei, D. (2015). The Psychology of Design. Routledge. 
 
Biswas, R., & Sarkar, A. (2018). ‘Omics’ tools in soil microbiology: the state of the art. Advances 
in soil microbiology: Recent trends and future prospects, 35-64. 
 
Bolzan, P., Casciani, D., & Regaglia, A. (2022). New perspectives in fashion sustainability through 
the use of bacterial cellulose. DRS2022: Bilbao, 25. 

Broadhead, R., Craeye, L., & Callewaert, C. (2021). The future of functional clothing for an 
improved skin and textile microbiome relationship. Microorganisms, 9(6), 1192. 
 
Cacicedo, M. L., Castro, M. C., Servetas, I., Bosnea, L., Boura, K., Tsafrakidou, P., ... & Castro, G. 
R. (2016). Progress in bacterial cellulose matrices for biotechnological applications. Bioresource 
technology, 213, 172-180. 
 
Camere, S., & Karana, E. (2018). Fabricating materials from living organisms: An emerging design 
practice. Journal of Cleaner Production, 186, 570-584. 
 
Carbonell, P., Radivojevic, T., & Garcia Martin, H. (2019). Opportunities at the intersection of 
synthetic biology, machine learning, and automation. ACS synthetic biology, 8(7), 1474-1477. 
 
Chequer, F. D., De Oliveira, G. R., Ferraz, E. A., Cardoso, J. C., Zanoni, M. B., & De Oliveira, D. P. 
(2013). Textile dyes: dyeing process and environmental impact. Eco-friendly textile dyeing and 
finishing, 6(6), 151-176. 
 
Chieza, N., Ginsberg, A. D., Lee, S., Agapakis, C., & Vilutis, J. (2018). Design With Science. Journal 
of Design and Science. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


 
Commons, House.of., 2019. Fixing Fashion: Clothing Consumption and Sustainability. House of 
Commons, Environmental Audit Committee. Sixteenth 
 
Cooper, T., & Claxton, S. (2022). Garment failure causes and solutions: Slowing the cycles for 
circular fashion. Journal of Cleaner Production, 351, 131394. 
 
Costa, A. F. D. S., Rocha, M. A. V., Fenrnandes, L. M. A., Queiroz, J. A., Agra, A. C. M. G., Amorim, 
J. D. P., & Sarubbo, L. A. (2021). Bacterial cellulose: characterization of a biomaterial for apparel 
products application. Research Journal of Textile and Apparel. 

D’Itria, E., & Colombi, C. (2022). Biobased Innovation as a Fashion and Textile Design Must: A 
European Perspective. Sustainability, 14(1), 570. 
 
Dave, S. R., Patel, T. L., & Tipre, D. R. (2015). Bacterial degradation of azo dye containing wastes. 
In Microbial degradation of synthetic dyes in wastewaters (pp. 57-83). Springer, Cham. 
 
Dawkar, V. V., Jadhav, U. U., Ghodake, G. S., & Govindwar, S. P. (2009). Effect of inducers on the 
decolorization and biodegradation of textile azo dye Navy blue 2GL by Bacillus sp. 
VUS. Biodegradation, 20(6), 777-787. 
 
De Giani, A., Zampolli, J., Di Gennaro, P., 2021. Recent trends on biosurfactants with 
antimicrobial activity produced by bacteria associated with human health: different 
perspectives on their properties, challenges, and potential applications. Front.Microbiol. 12, 
678. 
 
De Goey, H., Hilletofth, P., & Eriksson, L. (2019). Design-driven innovation: a systematic literature 
review. European Business Review. 
 
Dewey, J. (1985). Democracy and education, The middle works, vol. 9. Jo Ann Boydston, 
Southern Illinois University Press, Carbondale, IL, 88-92. 
 
Díaz-Rodríguez, A.M., Salcedo Gastelum, L.A., Félix Pablos, C.M., Parra-Cota, F.I., Santoyo, G., 
Puente, M.L., Bhattacharya, D., Mukherjee, J., de los Santos-Villalobos, S., 2021. The current and 
future role of microbial culture collections in food security worldwide. Front. Sustain. Food Syst. 
4, 614739.  
 
Dima, S. O., Panaitescu, D. M., Orban, C., Ghiurea, M., Doncea, S. M., Fierascu, R. C., ... & Oancea, 
F. (2017). Bacterial nanocellulose from side-streams of kombucha beverages production: 
Preparation and physical-chemical properties. Polymers, 9(8), 374. 
 
Dorst, K. (2003). Understanding design: 150 ways of looking at design. BIS. 
 
Droste, M. (2002). Bauhaus, 1919-1933. Taschen. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


Dubey, A., Malla, M. A., Khan, F., Chowdhary, K., Yadav, S., Kumar, A., ... & Khan, M. L. (2019). 
Soil microbiome: a key player for conservation of soil health under changing climate. Biodiversity 
and Conservation, 28(8), 2405-2429. 
 
Escobar, A. (2018). Autonomous design and the emergent transnational critical design studies 
field. Strategic Design Research Journal, 11(2), 139-146. 
 
Fahnestock, S. R., Yao, Z., & Bedzyk, L. A. (2000). Microbial production of spider silk 
proteins. Reviews in Molecular Biotechnology, 74(2), 105-119. 
 
Feng, J., Cerniglia, C. E., & Chen, H. (2012). Toxicological significance of azo dye metabolism by 
human intestinal microbiota. Frontiers in bioscience (Elite edition), 4, 568. 
 
Feng, X., Wang, Q., Sun, Y., Zhang, S., Wang, F., 2022. Microplastics change soil properties, heavy 
metal availability and bacterial community in a Pb-Zn-contaminated soil. J. Hazard. Mater. 424, 
127364 
 
Fernandes, M., Gama, M., Dourado, F., & Souto, A. P. (2019). Development of novel bacterial 
cellulose composites for the textile and shoe industry. Microbial biotechnology, 12(4), 650-661. 

Findeli, A. (1990). Moholy-Nagy's design pedagogy in Chicago (1937-46). Design Issues, 7(1), 4-
19. 
 
Foong, C. P., Higuchi-Takeuchi, M., Malay, A. D., Oktaviani, N. A., Thagun, C., & Numata, K. 
(2020). A marine photosynthetic microbial cell factory as a platform for spider silk 
production. Communications biology, 3(1), 1-8. 
 
Francesko, A., González, M. D., Lozano, G. R., & Tzanov, T. (2010). Developments in the 
processing of chitin, chitosan and bacterial cellulose for textile and other applications. Advances 
in textile biotechnology, 288-311. 
 
Friedman, K., Lou, Y., Norman, D., Stappers, P. J., Voûte, E., & Whitney, P. (2014a). DesignX: A 
future path for design.  
 
Friedman, K., Lou, Y., Norman, D., Stappers, P. J., Voûte, E., & Whitney, P. (2014b). Why designX? 
Designers and complex systems. Core77. 
 
Fry, T. (2003). Dead institution walking: the university, crisis, design and remaking (hot 
debate). Design Philosophy Papers, 1(5), 267-282. 
 
Fu, X., Ou, Z., Zhang, M., Meng, Y., Li, Y., Chen, Q., Jiang, J., Zhang, X., Norbäck, D., Zhao, Z., Sun, 
Y., 2021. Classroom microbiome, functional pathways and sick-building syndrome (SBS) in urban 
and rural schools-potential roles of indoor microbial amino acids and vitamin metabolites. Sci. 
Total Environ. 795, 148879. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


Gallego, Carmenza, G. Mauricio Mejía, and Gregorio Calderón. "Strategic design: origins and 
contributions to intellectual capital in organizations." Journal of Intellectual Capital 21.6 (2020): 
873-891. 
 
Gallup, O., Ming, H., & Ellis, T. (2021). Ten future challenges for synthetic biology. Engineering 
Biology, 5(3), 51-59. 
 
Gandia, A., van den Brandhof, J. G., Appels, F. V., & Jones, M. P. (2021). Flexible fungal materials: 
shaping the future. Trends in Biotechnology, 39(12), 1321-1331. 
 
Ghajargar, M., & Bardzell, J. (2019). What design education tells us about design theory: a 
pedagogical genealogy. Digital Creativity, 30(4), 277-299. 
 
Gilmour, K.A., Davie, C.T., Gray, N., 2021. Survival and activity of an indigenous iron-reducing 
microbial community from MX80 bentonite in high temperature/low water environments with 
relevance to a proposed method of nuclear waste disposal. Sci. Total Environ. 152660. 
 
Glasser, D. E. (2000). Reflections on architectural education. Journal of Architectural 
Education, 53(4), 250-252. 
 
Gray, C. M. (2014). Locating the emerging design identity of students through visual and textual 
reflection. 
 
Groll, J., Boland, T., Blunk, T., Burdick, J. A., Cho, D. W., Dalton, P. D., ... & Malda, J. (2016). 
Biofabrication: reappraising the definition of an evolving field. Biofabrication, 8(1), 013001. 
 
Giudice, A. L., & Rizzo, C. (2020). Culture Collections as Hidden Sources of Microbial Biomolecules 
and Biodiversity. Diversity, 12(7), 264. 
 
Haneef, M., Ceseracciu, L., Canale, C., Bayer, I. S., Heredia-Guerrero, J. A., & Athanassiou, A. 
(2017). Advanced materials from fungal mycelium: fabrication and tuning of physical 
properties. Scientific reports, 7(1), 1-11. 
 
Hill, J., Wildman, R., & Mata, A. (2022). Exploiting the fundamentals of biological organization 
for the advancement of biofabrication. Current Opinion in Biotechnology, 74, 42-54. 
 
Hu, Y., Du, C., Leu, S. Y., Jing, H., Li, X., & Lin, C. S. K. (2018). Valorisation of textile waste by fungal 
solid state fermentation: An example of circular waste-based biorefinery. Resources, 
conservation and recycling, 129, 27-35. 
 
Hur, E., & Cassidy, T. (2019). Perceptions and attitudes towards sustainable fashion design: 
challenges and opportunities for implementing sustainability in fashion. International Journal of 
Fashion Design, Technology and Education. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


Ibekwe, A.M., Gonzalez-Rubio, A., Suarez, D.L., 2018. Impact of treated wastewater for irrigation 
on soil microbial communities. Sci. Total Environ. 622, 1603–1610. 
 
Iyer, M., Tiwari, S., Renu, K., Pasha, M.Y., Pandit, S., Singh, B., Raj, N., Krothapalli, S., Kwak, H.J., 
Balasubramanian, V., Jang, S.B., 2021. Environmental survival of SARS-CoV-2–a solid waste 
perspective. Environ. Res. 197, 111015. 
 
Ji, H., Zhang, Y., Bararunyeretse, P., Li, H., 2018. Characterization of microbial communities of 
soils from gold mine tailings and identification of mercury-resistant strain. Ecotoxicol. Environ. 
Saf. 165, 182–193. 
 
Johns, N. I., Blazejewski, T., Gomes, A. L., & Wang, H. H. (2016). Principles for designing synthetic 
microbial communities. Current Opinion in Microbiology, 31, 146-153. 
 
Julier, G., & Kimbell, L. (2019). Keeping the system going: Social design and the reproduction of 
inequalities in neoliberal times. Design Issues, 35(4), 12-22. 
 
Kamiński, K., Jarosz, M., Grudzień, J., Pawlik, J., Zastawnik, F., Pandyra, P., & Kołodziejczyk, A. M. 
(2020). Hydrogel bacterial cellulose: A path to improved materials for new eco-friendly 
textiles. Cellulose, 27(9), 5353-5365. 

Kaur, K., Reddy, S., Barathe, P., Shriram, V., Anand, U., Proćków, J., Kumar, V., 2021. Combating 
drug-resistant bacteria using photothermally active nanomaterials: a perspective review. Front. 
Microbiol. 12, 747019. 
 
Knackstedt, R., Knackstedt, T., & Gatherwright, J. (2020). The role of topical probiotics in skin 
conditions: A systematic review of animal and human studies and implications for future 
therapies. Experimental dermatology, 29(1), 15-21. 
 
Kosonen, K. (2018). Finding One's Own Way In Design-Reflections On Narrative Professional 
Identity. Aalto University. 
 
Krippendorff, K. (1995). Redesigning design; an invitation to a responsible future. Departmental 
Papers (ASC), 46. 
 
Kumar, V., & Whitney, P. (2007). Daily life, not markets: customer-centered design. Journal of 
Business Strategy. 
 
Kwon, T. A., Choo, H. J., & Kim, Y. K. (2020). Why do we feel bored with our clothing and where 
does it end up?. International journal of consumer studies, 44(1), 1-13. 
 
Lalnunhlimi, S., & Krishnaswamy, V. (2016). Decolorization of azo dyes (Direct Blue 151 and 
Direct Red 31) by moderately alkaliphilic bacterial consortium. brazilian journal of 
microbiology, 47, 39-46. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


Leggieri, P. A., Liu, Y., Hayes, M., Connors, B., Seppälä, S., O'Malley, M. A., & Venturelli, O. S. 
(2021). Integrating systems and synthetic biology to understand and engineer 
microbiomes. Annual Review of Biomedical Engineering, 23, 169-201. 
 
Lellis, B., Fávaro-Polonio, C. Z., Pamphile, J. A., & Polonio, J. C. (2019). Effects of textile dyes on 
health and the environment and bioremediation potential of living organisms. Biotechnology 
Research and Innovation, 3(2), 275-290. 
 
Liu, S., Li, H., Daigger, G.T., Huang, J., Song, G., 2022. Material biosynthesis, mechanism 
regulation and resource recycling of biomass and high-value substances from wastewater 
treatment by photosynthetic bacteria: a review. Sci. Total Environ. 153200. 
 
Liu, Y., & Xu, P. (2022). Quantitative and analytical tools to analyze the spatiotemporal 
population dynamics of microbial consortia. Current Opinion in Biotechnology, 76, 102754. 
 
Madamwar, D., Tiwari, O., & Jain, K. (2019). Mapping of Research Outcome on Remediation of 
Dyes, dye Intermediates and Textile Industrial Waste. A Research Compendium. 
 
Madhu, A., & Chakraborty, J. N. (2017). Developments in application of enzymes for textile 
processing. Journal of cleaner production, 145, 114-133. 
 
Malherek, J. (2018). The Industrialist and the Artist: László Moholy-Nagy, Walter Paepcke, and 
the New Bauhaus in Chicago, 1918–46. Journal of Austrian-American History, 2(1), 51-76. 
 
Malik, K., Tokkas, J., & Goyal, S. (2012). Microbial pigments: a review. Int J Microbial Res 
Technol, 1(4), 361-365. 
 
Manieson, L. A., & Ferrero-Regis, T. (2022). Castoff from the West, pearls in Kantamanto?: A 
critique of second-hand clothes trade. Journal of Industrial Ecology. 
 
Manzini, E. (2015). Design, when everybody designs: An introduction to design for social 
innovation. MIT press. 
 
Martínez-Espinosa, R.M., 2020. Microorganisms and their metabolic capabilities in the context 
of the biogeochemical nitrogen cycle at extreme environments. Int. J. Mol. Sci. 21 (12), 4228. 
 
Mazotto, A. M., de Ramos Silva, J., de Brito, L. A. A., Rocha, N. U., & de Souza Soares, A. (2021). 
How can microbiology help to improve sustainability in the fashion industry?. Environmental 
Technology & Innovation, 101760. 
 
McCarty, N. S., & Ledesma-Amaro, R. (2019). Synthetic biology tools to engineer microbial 
communities for biotechnology. Trends in biotechnology, 37(2), 181-197. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


McDonnell, J. (2015). Becoming a designer: Some contributions of design reviews. Analyzing 
Design Review Conversations, 355. 
 
McHugh, L. H., Lemos, M. C., & Morrison, T. H. (2021). Risk? Crisis? Emergency? Implications of 
the new climate emergency framing for governance and policy. Wiley Interdisciplinary Reviews: 
Climate Change, 12(6), e736. 
 
Mewburn, I. (2012). Lost in translation: Reconsidering reflective practice and design studio 
pedagogy. Arts and humanities in higher education, 11(4), 363-379. 
 
Meyer, M. W., & Norman, D. (2020). Changing design education for the 21st century. She Ji: The 
Journal of Design, Economics, and Innovation, 6(1), 13-49. 
 
Mishra, S., Singh, R. P., Rath, C. C., & Das, A. P. (2020). Synthetic microfibers: Source, transport 
and their remediation. Journal of Water Process Engineering, 38, 101612. 
 
Mishra, S., Swain, S., Sahoo, M., Mishra, S., & Das, A. P. (2022). Microbial colonization and 
degradation of microplastics in aquatic ecosystem: a review. Geomicrobiology Journal, 39(3-5), 
259-269. 
 
Montaño López, J., Duran, L., Avalos, J.L., 2022. Physiological limitations and opportunities in 
microbial metabolic engineering. Nat. Rev. Microbiol. 20 (1), 35–48. 
 
Moorhouse, D. (2020). Making fashion sustainable: waste and collective responsibility. One 
Earth, 3(1), 17-19. 
 
Morlet, A., Opsomer, R., Herrmann, S., Balmond, L., Gillet, C., & Fuchs, L. (2017). A new textiles 
economy: Redesigning fashion’s future. Ellen MacArthur Foundation. 
 
Morris, J. J., Lenski, R. E., & Zinser, E. R. (2012). The Black Queen Hypothesis: evolution of 
dependencies through adaptive gene loss. MBio, 3(2), e00036-12. 
 
Nai, C., & Meyer, V. (2016). The beauty and the morbid: fungi as source of inspiration in 
contemporary art. Fungal biology and biotechnology, 3(1), 1-5. 
 
Nayak, R., Nguyen, L. V. T., Panwar, T., & Jajpura, L. (2020). Sustainable technologies and 
processes adapted by fashion brands. In Sustainable Technologies for Fashion and Textiles (pp. 
233-248). Woodhead Publishing. 
 
Norman, D. A. (2016). When you come to a fork in the road, take it: The future of design. She Ji: 
The Journal of Design, Economics, and Innovation, 2(4), 343-348. 
 
Norman, D., & Klemmer, S. (2014). State of design: How design education must change. Linkedin, 
Donald Norman. Pieejams: https://www. linkedin. com/today/post/article/20140325102438-
12181762-state-of-design-how-design-education-must-change Skatīts, 10, 2015. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


 
Norman, D., & Spencer, E. (2019). Community-based, Human-centered design. Accessed on 
Jan, 14. 
 
Ou, Y., Rousseau, A.N., Wang, L., Yan, B., Gumiere, T., Zhu, H., 2019. Identification of the 
alteration of riparian wetland on soil properties, enzyme activities and microbial communities 
following extreme flooding. Geoderma 337, 825–833. 
 
Ozdamar Ertekin, Z., Atik, D., & Murray, J. B. (2020). The logic of sustainability: Institutional 
transformation towards a new culture of fashion. Journal of Marketing Management, 36(15-16), 
1447-1480.  
 
Pal, R. (2017). Sustainable design and business models in textile and fashion industry. 
In Sustainability in the textile industry(pp. 109-138). Springer, Singapore. 
 
Papanek, V., & Fuller, R. B. (1972). Design for the real world. 
 
Pensupa, N., Leu, S. Y., Hu, Y., Du, C., Liu, H., Jing, H., ... & Lin, C. S. K. (2017). Recent trends in 
sustainable textile waste recycling methods: Current situation and future prospects. Chemistry 
and Chemical Technologies in Waste Valorization, 189-228 
 
Przystaś, W., Zabłocka-Godlewska, E., & Grabińska-Sota, E. (2012). Biological removal of azo and 
triphenylmethane dyes and toxicity of process by-products. Water, Air, & Soil Pollution, 223(4), 
1581-1592. 
 
Radivojević, T., Costello, Z., Workman, K., & Garcia Martin, H. (2020). A machine learning 
Automated Recommendation Tool for synthetic biology. Nature communications, 11(1), 1-14. 
 
Ramezaniaghdam, M., Nahdi, N. D., & Reski, R. (2022). Recombinant spider silk: promises and 
bottlenecks. Frontiers in Bioengineering and Biotechnology, 10. Report of Session 2017–19. 
 
Romero, S., Blánquez, P., Caminal, G., Font, X., Sarrà, M., Gabarrell, X., & Vicent, T. (2006). 
Different approaches to improving the textile dye degradation capacity of Trametes 
versicolor. Biochemical Engineering Journal, 31(1), 42-47. 
 
Roos, S. (2017). Advancing life cycle assessment of textile products to include textile chemicals. 
Inventory data and toxicity impact assessment. Chalmers Tekniska Hogskola (Sweden). 
 
Rosado-García, M. J., Kubus, R., Argüelles-Bustillo, R., & García-García, M. J. (2021). A New 
European Bauhaus for a Culture of Transversality and Sustainability. Sustainability, 13(21), 
11844. 
 
Rousk, J., Bengtson, P., 2014. Microbial regulation of global biogeochemical cycles. Front. 
Microbiol. 5, 103 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


Rudenko, O. (2018). The 2018 apparel industry overproduction report and 
infographic. Sharecloth. com [online]. 
 
Saratale, R. G., Saratale, G. D., Chang, J. S., & Govindwar, S. P. (2011). Bacterial decolorization 
and degradation of azo dyes: a review. Journal of the Taiwan institute of Chemical 
Engineers, 42(1), 138-157. 
 
Scheibel, T. (2004). Spider silks: recombinant synthesis, assembly, spinning, and engineering of 
synthetic proteins. Microbial cell factories, 3(1), 1-10. 
 
Schwab, K. (2017). The fourth industrial revolution. Currency. 
 
Schwartz, F. J. (1996). The Werkbund: design theory and mass culture before the First World War. 
Yale University Press. 
 
Simon, H. A. (1969). The sciences of the artificial MIT Press. Cambridge, MA. 
 
Sinclair, R. (2015). Understanding textile fibres and their properties: what is a textile fibre?. 
In Textiles and fashion (pp. 3-27). Woodhead Publishing. 
 
Singh, R. L., Singh, P. K., & Singh, R. P. (2015). Enzymatic decolorization and degradation of azo 
dyes–A review. International Biodeterioration & Biodegradation, 104, 21-31. 
 
Singh, R., Kumar, M., Mittal, A., Mehta, P.K., 2016. Microbial enzymes: industrial progress in 21st 
century. 3 Biotech 6, 174. 
 
Smith, D., McCluskey, K., Stackebrandt, E., 2014. Investment into the future of microbial 
resources: culture collection funding models and BRC business plans for biological resource 
centres. Springer Plus 3 (1), 1–12. 
 
Soh, Y.N.A., Kunacheva, C., Menon, S.,Webster, R.D., Stuckey, D.C., 2021. Comparison of soluble 
microbial product (SMP) production in full-scale anaerobic/aerobic industrial wastewater 
treatment and a laboratory based synthetic feed anaerobic membrane system. Sci. 
 
Spoor, M. (1998). The Aral Sea basin crisis: transition and environment in former Soviet Central 
Asia. Development and Change, 29(3), 409-435. 
 
Sumter, D., de Koning, J., Bakker, C., & Balkenende, R. (2020). Circular economy competencies 
for design. Sustainability, 12(4), 1561. 
 
Sumter, D., de Koning, J., Bakker, C., & Balkenende, R. (2021). Key competencies for design in a 
circular economy: Exploring gaps in design knowledge and skills for a circular 
economy. Sustainability, 13(2), 776. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


Talke, K., Salomo, S., Wieringa, J. E., & Lutz, A. (2009). What about design newness? Investigating 
the relevance of a neglected dimension of product innovativeness. Journal of product innovation 
management, 26(6), 601-615. 
 
Thallinger, B., Prasetyo, E.N., Nyanhongo, G.S., Guebitz, G.M., 2013. Antimicrobial enzymes: an 
emerging strategy to fight microbes and microbial biofilms. Biotechnol. J. 8 (1), 97–109. Total 
Environ. 754, 142173. 
 
Tracey, M. W., & Hutchinson, A. (2018). Reflection and professional identity development in 
design education. International Journal of Technology and Design Education, 28(1), 263-285. 
 
Usman, H. M., Abdulkadir, N., Gani, M., & Maiturare, H. M. (2017). Bacterial pigments and its 
significance. MOJ Bioequiv Availab, 4(3), 00073. 
 
van Tatenhove-Pel, R. J., de Groot, D. H., Bisseswar, A. S., Teusink, B., & Bachmann, H. (2021). 
Population dynamics of microbial cross-feeding are determined by co-localization probabilities 
and cooperation-independent cheater growth. The ISME journal, 15(10), 3050-3061. 
 
Varjani, S., Rakholiya, P., Ng, H. Y., You, S., & Teixeira, J. A. (2020). Microbial degradation of dyes: 
an overview. Bioresource Technology, 314, 123728. 
 
Wang, J., Tavakoli, J., & Tang, Y. (2019). Bacterial cellulose production, properties and 
applications with different culture methods–A review. Carbohydrate polymers, 219, 63-76. 
 
Wang, Z., Han, M., Li, E., Liu, X., Wei, H., Yang, C., Lu, S., Ning, K., 2020a. Distribution of antibiotic 
resistance genes in an agriculturally disturbed lake in China: their links with microbial 
communities, antibiotics, and water quality. J. Hazard. Mater. 393, 122426. 
 
Weil, D., & Mayfield, M. (2020). Tomorrow’s critical design competencies: building a course 
system for 21st century designers. She Ji: The Journal of Design, Economics, and Innovation, 6(2), 
157-169. 
 
Weisberg, G. P. (1989). Italy and France: The Cosmopolitanism of the New Art. The Journal of 
Decorative and Propaganda Arts, 13, 110-127. 
 
Whitney, P. (2015). Design and the Economy of Choice. She Ji: The Journal of Design, Economics, 
and Innovation, 1(1), 58-80. 
 
Whitney, P., & Nogueira, A. (2020). Cutting Cubes Out of Fog: The Whole View of Design. She Ji: 
The Journal of Design, Economics, and Innovation, 6(2), 129-156. 
 
Whitney, Patrick. "Design and the Economy of Choice." She Ji: The Journal of Design, Economics, 
and Innovation 1.1 (2015): 58-80. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1


Wilde, D. (2020). Design research education and global concerns. She Ji: The Journal of Design, 
Economics, and Innovation, 6(2), 170-212. 
 
Wood, J. (2019). Bioinspiration in fashion—A review. Biomimetics, 4(1), 16. 

Wu, B., Luo, H., Wang, X., Liu, H., Peng, H., Sheng, M., Xu, F., Xu, H., 2022. Effects of 
environmental factors on soil bacterial community structure and diversity in different 
contaminated districts of Southwest China mine tailings. Sci. Total Environ. 802, 149899. 
 
Yang, T., Lupwayi, N., Marc, S.A., Siddique, K.H., Bainard, L.D., 2021b. Anthropogenic drivers of 
soil microbial communities and impacts on soil biological functions in agroecosystems. Glob. 
Ecol. Conserv. 27, e01521. 
 
Yao, L., Ou, J., Cheng, C. Y., Steiner, H., Wang, W., Wang, G., & Ishii, H. (2015, April). BioLogic: 
natto cells as nanoactuators for shape changing interfaces. In Proceedings of the 33rd Annual 
ACM Conference on Human Factors in Computing Systems (pp. 1-10). 
 
Zengler, K., & Palsson, B. O. (2012). A road map for the development of community systems 
(CoSy) biology. Nature Reviews Microbiology, 10(5), 366-372. 
 
Zhang, J., Chen, Y., Li, Z., Song, J., Fang, G., Li, Y., & Zhang, Q. (2019). Study on the utilization 
efficiency of land and water resources in the Aral Sea Basin, Central Asia. Sustainable Cities and 
Society, 51, 101693. 
 
Zhang, Y., Dong, S., Gao, Q., Liu, S., Zhou, H., Ganjurjav, H., Wang, X., 2016. Climate change and 
human activities altered the diversity and composition of soil microbial community in alpine 
grasslands of the Qinghai-Tibetan Plateau. Sci. Total Environ. 562, 353–363. 
 
Zhen, Z., Wang, S., Luo, S., Ren, L., Liang, Y., Yang, R., Li, Y., Zhang, Y., Deng, S., Zou, L., Lin, Z., 
2019. Significant impacts of both total amount and availability of heavy metals on the functions 
and assembly of soil microbial communities in different land use patterns. Front. Microbiol. 10, 
2293. 
 
Zhu, H., Rising, A., Johansson, J., Zhang, X., Lin, Y., Zhang, L., ... & Meng, Q. (2020). Tensile 
properties of synthetic pyriform spider silk fibers depend on the number of repetitive units as 
well as the presence of N-and C-terminal domains. International journal of biological 
macromolecules, 154, 765-772. 
 
Zhu, Y.G., Xue, X.M., Kappler, A., Rosen, B.P., Meharg, A.A., 2017. Linking genes to microbial 
biogeochemical cycling: lessons from arsenic. Environ. Sci. Technol. 51 (13), 7326–7339. 
 
Zomorrodi, A. R., & Segrè, D. (2016). Synthetic ecology of microbes: mathematical models and 
applications. Journal of molecular biology, 428(5), 837-861. 
 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2022                   doi:10.20944/preprints202211.0259.v1

https://doi.org/10.20944/preprints202211.0259.v1

