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I Summary 

The pursuit of a circular economy involves a heightened focus on carbon efficiency and the reduction of 

virgin fossil feedstocks. Biomass waste, often overlooked, emerges as a promising unconventional resource 

for value addition. However, challenges persist, especially with less defined feedstocks, concerning 

usability, feasibility, and safety. Industrial biotechnology utilises microorganisms and enzymes as tools, 

while synthetic biology, incorporating engineering principles, takes a lead role in transforming non-food 

agricultural and other feedstocks into high-value products. Recognising and addressing the inherent 

challenges and knowledge gaps in incorporating alternative biowaste feedstocks for the synthesis of high-

value products is crucial for enhancing the efficiency of the circular bioeconomy. 

 

This study involves a comprehensive focus on three key aspects: usability, feasibility, and safety in circular 

bioeconomy. Firstly, it aims to identify the critical steps, decisions, and risks that significantly influence the 

safety and circularity of bioprocess value chains. Secondly, the research endeavours to assess the feasibility 

of employing industrial waste as feedstock for synthetic biology, specifically in the generation of high-value 

compounds. Lastly, the study seeks to propose preliminary Safe-by-Design principles to be implemented 

throughout circular bioproduction value chains. By addressing these key aspects, the research aims to 

contribute to a comprehensive understanding and enhancement of safety and circularity in the context of 

bioprocess value chains. 

 

Employing a comprehensive methodology, this study incorporates a thorough literature review, conducts 

stakeholder interviews, and showcases experimentation involving an engineered Pseudomonas putida 

strain for the transformation of Soda Lignin, a by-product from the pulp and paper industry, into 

curcuminoids, a high value compound. 

 

This approach, incorporating a mix of methodologies, offers in-depth insights into our three principal goals. 

Initially, our focus was on identifying the pivotal steps, choices, and risks that impact the safety and 

circularity of bioprocess value chains. This entailed examining waste as feedstock, demanding a 

comprehensive evaluation of the entire value chain and related chains. Factors such as economic feasibility, 

quality, reliable supply, regulation, and public perception come into play when selecting a feedstock. 

Choosing the right biocatalyst is of utmost importance, involving considerations of economic efficiency 

comparable to the oil and gas sector, while also addressing safety and security issues linked to genetically 

engineered microorganisms. Dealing with novel fermentation processes requires the optimisation of 

technical efficiency, resource efficiency, and the utilisation of feedstocks. Additionally, evaluating the final 

product is essential to ensure that biotechnologies used in the process do not compromise the integrity of 
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the end product. This includes a rigorous assessment of safety, recyclability, degradability, adherence to 

local regulatory requirements, and integration into local production systems. Lastly, waste management 

circles back to the initial step, prompting considerations of the economic viability of waste produced, 

advocating for clear distinctions between wastes and by-products, and sharing responsibility for end-of-

life scenarios. Addressing all five of these critical steps in coordination is crucial before implementing a new 

process. Only by tackling these steps simultaneously can the safe implementation of these new 

technologies in industrial biotechnology be ensured. 

 

Moreover, this research delves into the assessment of the feasibility of utilising industrial waste as 

feedstock for synthetic biology to produce high-value compounds. As a case study, we use Soda Lignin as 

a “waste” feedstock for the bioproduction of curcuminoids. By assimilating monomers released by the 

fractionation of lignin into the curcuminoid biosynthetic pathway, our Pseudomonas putida curcumin-

producing strain was able to enhance its production credentials. Furthermore, the study reveals variations 

in waste characteristics and highlights challenges associated with regulatory labels on waste. These 

challenges significantly impact the economic feasibility of selecting specific waste for a given process. 

Further research is warranted to explore case-specific considerations and foster shared learning on the 

utilisation of waste. 

 

Early-stage Safe-by-Design principles for an entire circular bioproduction value chain involve considerations 

such as viewing feedstock holistically, optimising biocatalyst integration in both economic and socio-

technical systems, and sharing responsibility for product lifecycle sustainability through the use of diverse 

tools and expertise. 

 

Overall, our findings reveal various dilemmas and challenges across the circular bioprocess value chain, 

emphasising the complexity of the issue. Notably, challenges related to the terminology and classification 

of waste, (pre)treatment of waste, public perception, gaps in research, and technical and economic issues 

were more pronounced than concerns related to the use of genetically modified organisms or potential 

interference from residues in agricultural or industrial side-streams. Finally, we provided insights and 

recommendations to guide the incorporation of Safe-by-Design principles into a circular bioeconomy 

workflow, acknowledging the multifaceted nature of these challenges. the pursuit of a circular economy, 

an increased focus on carbon efficiency and the minimisation of virgin fossil feedstocks is crucial. To reach 

this goal, utilising biomass waste for added value offers promising avenues. Industrial biotechnology, which 

leverages microorganisms and enzymes, is at the forefront of converting biomass, i.e., non-food 

agricultural and other feedstocks into high-value products. One game-changer for this sector is synthetic 

biology, which applies engineering principles to design and construct artificial biological systems for diverse 

applications, fostering innovation and customised solutions. 
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I Openbare samenvatting 
 

Het streven naar een circulaire economie impliceert een grotere focus op de vermindering van nieuwe 

fossiele grondstoffen. Biomassa afval, dat vaak over het hoofd wordt gezien, komt naar voren als een 

veelbelovend, onconventioneel alternatief. Echter, vooral bij deze minder gedefinieerde grondstoffen 

blijven er uitdagingen bestaan op het gebied van bruikbaarheid, haalbaarheid en veiligheid. Industriële 

biotechnologie maakt gebruik van micro-organismen en enzymen, terwijl synthetische biologie technische 

principes integreert en daarmee een leidende rol speelt bij het omzetten van niet eetbare landbouw- en 

andere grondstoffen in hoogwaardige producten. Het herkennen en aanpakken van deze inherente 

uitdagingen en kennistekorten bij het integreren van alternatieve bioafvalgrondstoffen is van cruciaal 

belang voor het verbeteren van de efficiëntie van de circulaire bio-economie. 

 

Deze studie omvat een uitgebreide focus op drie belangrijke aspecten: bruikbaarheid, haalbaarheid en 

veiligheid in de circulaire bio-economie. Het eerste doel is het identificeren van de kritische stappen, 

beslissingen en risico’s die de veiligheid en circulariteit van de waardeketens van bioprocessen aanzienlijk 

beïnvloeden. Als tweede doel probeert het onderzoek de haalbaarheid te beoordelen van het gebruik van 

industrieel afval als grondstof voor synthetische biologie, met name bij het genereren van hoogwaardige 

producten. Ten slotte probeert de studie voorlopige Safe-by-Design-principes voor te stellen die in de 

gehele waardeketen van de circulaire bioproductie kunnen worden geïmplementeerd. Door deze 

belangrijke aspecten aan te pakken, wil het onderzoek bijdragen aan een alomvattend begrip en 

verbetering van veiligheid en circulariteit in de context van bioproceswaardeketens. 

 

Deze studie maakt gebruik van een alomvattende methodologie, omvat een grondig literatuuronderzoek, 

voert interviews uit met belanghebbenden en demonstreert experimenten met een ontwikkelde 

Pseudomonas putida-stam voor de transformatie van Soda Lignine, een bijproduct uit de pulp- en 

papierindustrie, in curcuminoïden. 

 

Deze aanpak, die een mix van methodologieën omvat, biedt diepgaande inzichten in onze drie hoofddoelen. 

In eerste instantie lag onze focus op het identificeren van de cruciale stappen, keuzes en risico’s die van 

invloed zijn op de veiligheid en circulariteit van de waardeketens van bioprocessen. Dit bracht met zich 

mee het onderzoeken van het afval als grondstof, wat een alomvattende evaluatie van de gehele 

waardeketen en aanverwante ketens vereiste. Factoren zoals economische haalbaarheid, kwaliteit, 

betrouwbare levering, regelgeving en publieke perceptie spelen een rol bij het selecteren van een 

grondstof.  
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Het kiezen van de juiste biokatalysator is van het allergrootste belang, waarbij rekening wordt gehouden 

met economische overwegingen in efficiëntie die vergelijkbaar zijn met die van de olie- en gassector. 

Tegelijkertijd, veiligheids- en beveiligingskwesties worden aangepakt die in verband staan met het houden 

met genetisch gemanipuleerde micro-organismen.  

 

Nieuwe fermentatieprocessen vereist de optimalisatie van de technische efficiëntie, de 

hulpbronnenefficiëntie en het gebruik van grondstoffen. Bovendien is het evalueren van het eindproduct 

essentieel om ervoor te zorgen dat de biotechnologieën die in het proces worden gebruikt de integriteit 

van het eindproduct niet in gevaar brengen. Dit omvat een rigoureuze beoordeling van de veiligheid, 

recycleerbaarheid, afbreekbaarheid, naleving van lokale wettelijke vereisten en integratie in lokale 

productiesystemen. Ten slotte keert het afvalbeheer terug naar de eerste stap, waarbij overwegingen over 

de economische levensvatbaarheid van het geproduceerde afval worden overwogen, waarbij wordt gepleit 

voor een duidelijk onderscheid tussen afval en bijproducten, en het delen van de verantwoordelijkheid 

voor scenario's aan het einde van de levensduur. Het aanpakken van al deze vijf stappen is van cruciaal 

belang voordat een nieuw proces kan worden geïmplementeerd. Alleen door deze stappen gelijktijdig aan 

te pakken kan de veilige implementatie van nieuwe technologieën in de industriële biotechnologie worden 

gewaarborgd. 

 

Bovendien gaat dit onderzoek dieper in op de beoordeling van de haalbaarheid van het gebruik van 

industrieel afval als grondstof voor synthetische biologie om hoogwaardige verbindingen te produceren. 

Als case study gebruiken we Soda Lignine als “afval” grondstof voor de bioproductie van curcuminoïden. 

Door de monomeren die vrijkomen bij de fractionering van lignine te assimileren kon onze Pseudomonas 

putida-stam de productie van curcuminoïden verbeteren. Bovendien brengt de studie variaties in 

afvalkenmerken aan het licht en worden de uitdagingen benadrukt die geassocieerd zijn met wettelijke 

etiketten op afval. Deze uitdagingen hebben een aanzienlijke invloed op de economische haalbaarheid van 

het selecteren van specifiek afval voor een bepaald proces. Verder onderzoek is nodig om specifieke 

overwegingen te onderzoeken en het gebruik van afval te bevorderen. 

 

De Safe-by-Design-principes in een vroeg stadium voor een volledige waardeketen voor circulaire 

bioproductie omvatten overwegingen zoals het holistisch bekijken van grondstoffen, het optimaliseren van 

de integratie van biokatalysatoren in zowel economische als sociaal-technische systemen, en het delen van 

de verantwoordelijkheid voor de duurzaamheid van de productlevenscyclus door het gebruik van diverse 

instrumenten en expertise. 

 

Onze bevindingen brengen verschillende dilemma’s en uitdagingen aan het licht in de waardeketen van 

circulaire bioprocessen, waarbij de complexiteit van het probleem wordt benadrukt. Met name de 
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uitdagingen in verband met de terminologie en classificatie van afval, de (voor)behandeling van afval, de 

publieke perceptie, kennistekorten in het onderzoek en technische en economische kwesties waren groter 

dan de zorgen in verband met het gebruik van genetisch gemodificeerde organismen of mogelijke 

interferentie door residuen in de productie van afval. agrarische of industriële zijstromen. Ten slotte 

hebben we inzichten en aanbevelingen gegeven om de integratie van Safe-by-Design-principes in een 

circulaire bio-economie workflow te begeleiden, waarbij we de veelzijdige aard van deze uitdagingen 

erkennen. 
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II Introduction 

II.1 Relevance of Safe-by-Design for circular bioeconomic workflows 

In order to transition towards a circular economy, challenges include increased carbon efficiency, divesting 

from virgin fossil feedstocks, and developing an integrative approach between industrial production and 

end-of-life waste management.1,2 A key role to this transition plays the industrial biotechnology sector, 

which harnesses microorganisms and enzymes to convert agricultural or industrial feedstocks into valuable 

products.3,4 In this context, synthetic biology approaches have the potential to revolutionise industrial 

biotechnology. By implementing high-throughput genome engineering and model-driven designs, 

synthetic biology provides pathways for process developments previously deemed impossible, non-

scalable, or economically non-viable.5–9 

 

In the recent history of industrial biotechnology, microbial production predominantly relied on defined, 

costly, and often unsustainable feedstocks like glucose.10 Such practices, grounded in a linear economy, 

necessitate change. The spotlight is now on harnessing synthetic biology to engineer microbes capable of 

utilising non-conventional feedstocks, predominantly waste side-streams from agriculture and industry 

(second-generation feedstocks and beyond). These abundant yet under-exploited resources, when 

transformed into high-value products, herald a dual benefit: environmental pollution mitigation and waste 

reduction.1,11,12 This seamlessly aligns with the concept of circularity, converting waste into valuable 

products in line with circular economy principles. Circular practices in industrial biotechnology involve 

continuous recycling and repurposing of materials, establishing a closed-loop system that minimises waste 

and optimises resource utilization. This paradigm shift towards circularity underscores a commitment 

towards sustainability, fostering a more resilient and environmentally friendly bioproduction landscape. 

 

However, the journey is not devoid of challenges. The utilisation of these variable-quality feedstocks 

presents safety concerns. Specifically, how do feedstock fluctuations and contaminants impact the 

reproducibility and safety of microbial cell factory processes? Ensuring product safety, avoiding unwanted 

toxic by-products, and determining the optimal method for biomass disposal or reuse post-cultivation are 

all paramount.13–15 

 

Amid this complexity, the “Safe-by-Design” (SbD) principle stands out as a fundamental concept. SbD is a 

proactive approach that seamlessly integrates safety and risk management considerations into the design 

and development phase of new products and processes. This integration encompasses the entire chain and 

involves stakeholders, incorporating their perspectives on Responsible Research and Innovation (RRI) 
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aspects. The overarching goal of this pre-emptive framework is to prevent harmful consequences in the 

future. Recognising the interconnectedness of safety and sustainability, especially against the backdrop of 

climate change, has evolved SbD into “Safe-and-Sustainable-by-Design” (SSbD) in some contexts.16–21 While 

some sectors have embraced these ideals, there remains a pressing need for a more widespread 

acknowledgment and seamless integration of “sustainability” as a core and inherent quality, thereby 

reinforcing the crucial role of environmental responsibility in the design and innovation process. While we 

acknowledge this interconnectedness of the two aspects, and even though sustainability will be a recurrent 

topic throughout, this report was envisioned and has been elaborated from an initial SbD standpoint.   

 

The ambition of the EU's Green Deal, aspiring for a zero-pollution environment and a circular economy, 

aligns seamlessly with the SbD and SSbD approaches.22,23 Alongside, the Dutch government is committed 

to realising a fully circular bioeconomy by 2050.24 While technical nuances, like the choice of host 

organisms or energy sources, can be addressed through collaborative efforts between scientists and 

industry stakeholders, broader issues require a more diverse dialogue involving ethicists, ecologists, and 

policymakers. For instance, the origin of renewable feedstocks and their societal implications necessitate 

holistic discussions. Creating awareness for SbD principles remains a great challenge. Prior studies have 

indicated a marked lack of responsibility and care among stakeholders, attributes crucial for the success of 

the SbD strategy.16,25–28 While tools and models have emerged in recent times to embed SbD principles 

from product conceptualisation to manufacturing29–31, a comprehensive model addressing a variety of 

value chains in industrial biotechnology processes, including end of life scenarios remains to be formulated. 

 

In addressing the prevailing challenges of integrating safety into research, the existing frameworks have 

often fallen short of providing tangible, experimentally validated methodologies in the context of 

biotechnological innovations and processes. There remains a gap between the conceptual underpinnings 

of SbD principles and their concrete implementation across an entire bioeconomic value chain. With this 

study we endeavour to bridge this gap by linking the SbD framework to a hands-on experimental showcase, 

examining the major steps phase of a process value chain. 

II.2 Bridging theory and practice: SbD in an experimental contexts 

In an effort to bridge the theoretical SbD principles with experimental applications, our study delves into a 

comprehensive exploration evaluating the applicability of the SbD framework17 within a lab-scale 

experimental context. Going beyond theoretical considerations, our focus actively engages with the 

practical implementation of SbD choices, assessing their effectiveness in a real-world application scenario. 

To achieve this, we leverage one of our research lines within the Biomanufacturing and Digital Twins 

division of the Bioprocess Engineering chair group at Wageningen University & Research. As an academic 
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research group in biomanufacturing, we focus on developing bioproduction strategies and more 

sustainable bioprocesses, which serve as suitable subjects for SbD analysis. The chosen research line 

illustrates a bioeconomic workflow that spans from feedstock to product and value-added waste, providing 

an ideal case for bridging SbD theory with day-to-day biotechnology practices. The term bioeconomic 

workflow is often used in the context of bioprocessing and industrial biotechnology, where the goal is to 

optimize both biological and economic aspects of the production process. In this report, we refrain from 

investigating and discussing purely economic considerations, but still refer to our case study as 

bioeconomic workflow. This is because it encompasses the entire process from the selection of raw 

materials (such as feedstocks) to the final production of valuable products, and because it works as a lab-

scale example of biotechnological efforts towards the bioeconomy. 

 

Using this case study, our emphasis is on elucidating critical stages, inherent risks, decision-making 

paradigms, and challenges involved in integrating safety and circularity across the bioeconomic workflow, 

from feedstock sourcing to product end-of-life (Figure 1).  

The trajectory begins with the selection of plant-based sustainable second-generation feedstocks, 

particularly from agricultural and industrial waste streams. We explore various feedstock pre-treatment 

Figure 1. Simplified scheme of a (circular) bioprocess workflow. Depiction of the various bioprocess 
stages, where choices need to be made and risks identified, especially regarding waste valorisation, 
reusability/ recyclability or side-streams, end-of-life scenarios of (by-) products. On top of the entire 
process are the regulatory confinements that need to be established for new innovations and followed by 
the respective industries that want to apply these.  
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REGULATION 
Concept Phase I 

Virgin feedstock

Process 
(1st Generation)

Supplier?

2nd Gen feedstock

Genetic 
Engineering

Concept Phase II 

Biocatalyst

Side product



Embedding SbD in bioeconomic workflows  Introduction 

 13 

options and identify a suitable biocatalyst. The discussion includes synthetic biology engineering 

methodologies to facilitate the production of high-value added products from waste-stream derived 

feedstock. A fermentation process is followed by downstream processing (DSP), where we critically 

examine DSP treatments, solvents used, and the resulting wastes or side-streams. To achieve a truly 

circular process, the recycling or valorisation of most side-streams is essential, which may involve serving 

as feedstock for another bioproduction process, finding material applications, or producing a by-product 

that can be purified for other purposes. This approach also incorporates the safe disposal or re-use of 

bacterial waste. The workflow concludes with the synthesis of a high-value aromatic compound. While we 

underscore the integration and application of SbD principles in laboratory workflows, it is essential to 

acknowledge the study's limitations. Notably, our investigation did not delve into the safety nor into the 

sustainability aspects encompassing social and economic dimensions. While, these facets are integral to a 

comprehensive SbD approach, which is holistic in nature, this research provides valuable insights into the 

challenges that can be addressed in a research-lab setting. This focus on practice helps situating what 

decisions are possible for scientists in the bigger picture of SbD.  

II.3 Research question and aims of the study 

This study aims to bridge the gap between theoretical ambitions and the practical reality of incorporating 

Safe-by-Design values throughout a circular bioproduction process.  

 

Central research question 

 

What are the essential challenges that must be addressed to successfully integrate Safe-by-

Design into an actual circular bioeconomic workflow using a synthetic biology approach for 

valorising industrial wastes to a value-added product? 

 

Specific aims of the study 

 

1. Make an inventory of the critical steps, choices and risks that affect safety and circularity 
of the various steps in a bioprocess value chain.  
 

2. Investigate the feasibility and usability of (industrial) waste as feedstock for synthetic 
biology applications to produce high-value added compounds. 
 

3. Formulate recommendations (lessons learned) on how to embed Safe-and-Sustainable-
by-Design principles in an early stage and throughout an entire circular bioproduction 
value chain.  
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A note on the research approach of this report 

 

In this section, three streams of data collection are presented: literature review, interviews and 

experimental showcase. The streams complement each other in that the literature review gives us a state 

of the art, that not all practitioners may be aware of. In turn, literature reviews may miss important tacit 

knowledge on SbD that are then gathered throughout the interviews. The sources of this information come 

from different specific practices within industrial biotechnology. These are then contrasted with a real-life 

experimental showcase, as a site of reflection for SbD in the practice of a bioprocessing university research 

laboratory. In section III, the methods for each stream are described. 

 

Subsequently, results are presented in section IV as five main critical steps along with a reflection on their 

implications. As Figure 1 above demonstrates, there are many more steps than these five where decisions 

for SbD are relevant. As a result of this research, we selected five critical steps not only where impact can 

be made at the level of practice of a research laboratory, but also where sufficient literature and attention 

in interviews was given to these issues. This focus is the result of an iterative process considering the 

different types of data collected, as well as group discussions reflecting on the data. 

 

Finally, there are some salient overarching issues where we find better coordination and communication 

would benefit implementing SbD that we present in section V.  
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III Methodology 

III.1 Literature review 

This literature review intended to address the main research question of this report by identifying and 

making an inventory of critical steps, choices and risks in the production workflow of plant-derived 

aromatic compounds through microbial conversion from the viewpoint of product and process safety. 

 

The universal procedure of (i) formulating the problem, (ii) searching the literature (used databases: google, 

google scholar, Science Direct), (iii) screening for inclusion, (iv) assessing the quality, (iv) extracting the data 

and (v) analysing the data was followed, to present a combination of a narrative and developmental review 

for this interdisciplinary study.32 First, the procedure was followed on the general topics and terms of Safe-

by-Design/ Safe-and-Sustainable-by-Design, circular economy, bioeconomy, bioprocess value chains, and 

second, on the steps of a bioprocess workflow. Next, we expanded by going further to the more specific 

parts of the experimental showcase that dealt with the valorisation of Soda Lignin to curcuminoids using a 

genetically engineering Pseudomonas putida strain. Problem formulations linked to the sub-topics and 

keywords used for the literature study can be found in Annex III (Literature study details). The literature 

study was carried out between 20-09-2022 and 12-10-2023.   

III.2 Stakeholder interviews 

To complement our literature review and its objectives, we resorted on models for reflexive research by 

engaging stakeholders involved in various phases of the process. In this approach, stakeholders critically 

examine and reflect on their own role, assumptions, biases, and the influence of their presence on the 

research process. Their intervention helped us identify and make an inventory of critical steps, choices and 

risks that affect safety of the processes, study the disposal of waste and the safety aspects of reuse of the 

waste after bioreactor operation, and explore different feedstocks and their fate as well as that of the 

biocatalysts. These interviews were also instrumental for the formulation of recommendations included at 

the end of this report. 

 

III.2.1 Recruitment of interview participants 

Prospective participants were identified based on their roles as direct stakeholders in industrial 

biotechnology and the circular bioeconomy, spanning three key categories: academia (A), industry 

professionals (I), and regulatory authorities (R).33 These categories of stakeholders are selected because 

they have a direct influence in implementing SbD. More stakeholders that are typically qualified as indirect 
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stakeholder are relevant to SbD but are beyond the scope of this study. An effort was made to find 

participants from the industrial sector, with biotech firms being sourced through online searches, 

recommendations from Bioprocess Engineering colleagues at Wageningen University & Research (WUR), 

and referrals from the Ministry of Infrastructure and Water Management (IenW) and the Dutch National 

Institute for Public Health and the Environment (RIVM) representatives. Additionally, the professional 

platform LinkedIn, was instrumental in identifying potential interviewees. During the interview sessions, 

current participants were also asked to recommend other potential candidates, using a snowballing 

technique to widen our reach. Of the 30 individuals approached (A=3, A/I=3, I=19, R=5) via email with a 

detailed project description and a consent form, ten (N=10) responded positively. Between 06-06-2023 and 

17-10-2023, these interviews were facilitated online using the Microsoft Teams (MS Teams) platform. An 

overview of the study's respondents is presented in table 1. Our approach based on reflexive research 

involves self-awareness and acknowledgement of the interviewees’ subjectivity and the limitations of the 

study derived from the size of the list of participants. More than a comprehensive analysis of the landscape, 

our stakeholder interviews aim to enhance the rigor and transparency of the literature research by 

considering the authors’ position in shaping the study.  

Sectors/Categories Area of expertise Participant codes 
Academia/Industry Biopolymer research A/I1 
Academia/Industry Sustainable chemistry & technology  A/I2 
Academia/Industry Bio-based chemistry & technology  A/I3 
Industry Biotechnology innovation/Bacterial cell factories I1 
Industry Bioprocess engineering I2 
Industry Sustainable bio-based and chemistry innovation 

and technology 
I3 

Industry Mixed culture fermentation for plant oil 
production 

I4 

Industry Bio-based F&F production  I5 
Regulator Microbiology/ Food safety R1 
Regulator Safety of substances and products R2 

 

During the period of this study, the project was discussed with several colleagues from academia who have 

shown great interest in the project, as well as in its transdisciplinary nature, incorporating natural, social, 

and health sciences into a humanities context, transcending traditional boundaries. During the discussions 

with senior colleagues (assistant and full professors) in the fields of biorefinery and synthetic biology/ 

metabolic engineering, interesting points were raised, of which some are included in the report findings 

and are marked as an external reference with E1 to E5.  

Table 1. Overview of interview participants. All companies are part of the food and fragrance (F&F) production 
sector, and two are as well producing biomedical or biochemical compounds. Only I5 uses GMMs in their process. 
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III.2.2 Interview structure 

Participants were invited for a one-hour semi-structured interview to delve into discussions about safety 

and SbD implementation in the biomanufacturing process, industrial biotechnology waste management, 

and circularity. A predefined set of questions (Annex IV) served as the foundation for these discussions, 

though interviewers had the flexibility to pursue follow-up questions or delve into areas pertinent to each 

participant's experiences. While the MS Teams programme was utilised for both recording and 

transcription, manual reviews were conducted to ensure the accuracy of transcriptions. To foster an 

environment of trust and honesty, participants' identities and their respective transcripts were anonymised. 

Each interview began with an inquiry about the participant’s background and their familiarity with safety 

measures within biotech manufacturing or research sectors. They were also questioned about their specific 

roles within bioeconomic workflows. The interview questions were framed around two primary themes 

related to the SbD approach: safety measures in the biomanufacturing process (spanning upstream, 

processing, and downstream), and safety evaluations regarding the approach of circular waste 

management and recycling of elements derived from a previous fermentation. The questions tailored for 

each participant were grounded in their expertise and their role in integrating SbD practices that underpin 

a circular bioeconomy. Participants first outlined key safety protocols relevant to their roles, and 

subsequent questions further probed these areas. Later, they shared their views on harmonising safety 

with sustainability of the bioprocess, particularly in waste management and promoting circularity. 

III.2.3 Analysis interviews 

The analysis of interview results followed a systematic approach. We began by categorising the interview 

questions (Annex V) and arranging them into primary tables in Microsoft Excel. These tables served as 

predefined categories, corresponding to critical steps of a value chain, streamlining the organisation of 

participants' feedback. These tables were then enriched with additional participant details, such as their 

specific sectors and unique identification codes (Table 1). Following this, the transcribed interviews were 

methodically sorted in Microsoft Excel, aligning responses with their corresponding categories. This 

methodology allowed us to classify interview data to the topics of interest, promoting coherent data 

management. We subsequently delved into reviewing pivotal responses, insightful remarks, and standout 

statements, specifically inductively relating them to key categories identified through desk research. 

Analysis of these statements led to the formulation of recommendations and insights designed to bolster 

the integration of SbD within circular bioeconomy workflows. 
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III.3 Experimental case study 

To bridge the experimental and theoretical grounds of SbD implementation in biotechnology, we 

undertook a laboratory exploration focused on the production of an aromatic compound as a building block 

for industrial applications, using agricultural waste as feedstock. The specific showcase involved Soda Lignin, 

an industrial by-product from the pulp and paper sector, as our chosen waste material. This waste material 

stands out as one of the most prolific yet underutilized across several industries, particularly generated 

from the pulping process in the paper industry using the Soda-Anthraquinone process. To convert Soda 

Lignin into high-value products, we employed an in-house engineered Pseudomonas putida strain, 

thoughtfully chosen for its biosafety level-1 (BSL-1) status. The P. putida strain was kindly provided by our 

colleague María Martín Pascual, a PhD candidate within the Biomanufacturing and Digital Twins division of 

the Bioprocess Engineering chair group of Wageningen University & Research. The Soda Lignin was, in turn, 

generously supplied by Dr. Richard Gosselink from Wageningen Food & Biobased Research, BBP Biorefinery 

& Sustainable Value Chains. Its generation was therefore not considered as part of this research. 

 

The rationale for selecting this showcase extends beyond its successful ongoing status in our research 

laboratory. It aligns seamlessly with the objectives and scheme of our workflow, which involves second-

generation feedstock, microbial cell factories, and the production of aromatic target products along with 

the presence of by-products. This approach provided an insightful preliminary evaluation of the intricacies 

associated with incorporating SbD principles and aspects gathered in the literature study and the 

stakeholder interviews in a lab-scale bioprocess. 

 

The strategic choices in waste stream selection, strain engineering, and process conditions were deliberate 

and are critical aspects that warrant attention. The use of Soda Lignin not only serves as a representative 

example of an abundant waste material but also addresses the dual challenge of waste reduction and the 

generation of high-value products. The chosen P. putida strain, being a BSL-1 organism, adds an extra layer 

of value, aligning with safety considerations in bioprocessing. Our focus on the production of aromatic 

molecules such as bisdemethoxycurcumin, demethoxycurcumin, and curcumin is significant given their 

therapeutic, dietary, and cosmetic applications. As the name suggests, we use this strain for showcase 

purposes. It is beyond the scope of the study to investigate the social and economic contexts of curcuma 

production. Like a lot of research done in university laboratories, the focus is on discovering possibilities. 

This report does not investigate the ethical justifiability of producing curcuma. The research team, however, 

is collaborating with an ethics of technology research project on this matter led by one of the co-authors 

of this report.    
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Looking ahead, as we move from lab-scale experiments to larger-scale endeavours, we foresee potential 

challenges and considerations. The successful conversion of Soda Lignin in a controlled laboratory setting 

prompts questions about the scalability of this process, potential variations in waste composition, and the 

broader applicability of SbD principles in an industrial context. These are key issues that could potentially 

be addressed in a follow-up study, as we transition from the insights gained at the lab-scale to the 

complexities of large-scale experiments. 

 

In conclusion, this showcase not only exemplifies the practical application of SbD principles but also sets 

the stage for a more comprehensive understanding of the challenges and opportunities associated with 

scaling up sustainable bioprocesses. The chosen case study serves as a valuable starting point for further 

exploration and integration of SbD principles in the broader landscape of industrial biotechnology. While 

this study does not extensively explore the sustainability and socioeconomic aspects of bioproduction, it 

highlights, connects and puts into perspective relevant insights from literature and stakeholder discussions. 

At this point, it is worth mentioning that each biomanufacturing process is unique, and no broad guidelines 

can be derived from a single case study; however, critical steps can be identified in every value chain with 

the potential of being generally extrapolated to other cases.  

 

§ Showcase: Soda Lignin to curcuminoids by P. putida 

Solubilising and depolymerisation of Soda Lignin 

Lignin, an intricate aromatic polymer, must be depolymerised into accessible monomers for effective 

microbial valorisation of lignin-derived wastes.11,34,35 P. putida has demonstrated the capacity to 

enzymatically degrade lignin polymers autonomously, harnessing them for growth, making it an ideal 

choice for lignin valorisation.36,37 Additionally, our engineered P. putida strain can utilize aromatic 

molecules such as tyrosine, ferulic acid, coumaric acid, and caffeic acid for curcuminoid synthesis (María 

Martín Pascual, 2024, Manuscript in preparation). These aromatic compounds become available through 

further depolymerisation of the complex lignin structures.11 Different depolymerisation strategies were 

considered and assessed. Given the resource and time constraints for this study, we adapted a mild-alkali 

extraction method to solubilise lignin, with prospect to fractionise the lignin for higher monomer 

availability to be used by P. putida for product synthesis.38–40  

 

Assessment of usability of Soda Lignin as microbial feedstock  

A series of experiments were carried out to analyse the composition and usability of the solubilised Soda 

Lignin for microbial product synthesis. Initially, the monomer content of the feedstock was assessed using 

high-performance liquid chromatography (HPLC), that allows to quantify molecules in solution by detection 

of certain wavelengths linked to the molecules chemical structure. This was followed by growth and 
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production experiments where the solubilised Soda Lignin was supplemented to the engineered producer 

strain. Subsequent HPLC analysis followed to quantify lignin-derived monomer utilisation and curcuminoid 

production.  
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IV Results, lessons learned and implications 

This report examines the details of establishing a circular bioeconomic workflow, encompassing critical 

decisions at every phase. Based on a thorough examination of literature, policies, and guidelines, coupled 

with interactions with stakeholders and a parallel lab-scale experiment which covered some of the most 

crucial process phases, this research delivered a number of outcomes, including the interconnected nature 

of safety and sustainability. Safety, traditionally viewed as primarily focused on human protection, has 

expanded to include a broader definition that extends to environmental, social, and economic dimensions.  

 

§ How to read this report section 

This results section will predominantly feature tables elucidating challenges at critical steps: (I) feedstock 

selection and pre-treatment choice, (II) biocatalyst selection, (III) fermentation process and downstream 

processing, (IV) product assessment and (V) waste management. These stages ultimately represent the 

critical steps in which major safety (and sustainability) decisions must be addressed. However, the most 

pressing challenges due to their novelty in research and only recent advancements and consideration, are 

the (less-defined) waste feedstock, their required pre-treatment and the needed optimisation of 

downstream processing (including side-stream separation, solvent recovery, etc.). 

 

The results are presented as a combination of the literature study and the conducted interviews 

(referenced as codes, see Table 1) in text and tabular form. The critical choices, risks and/or challenges are 

summarised in tables in each section of a critical step in the biomanufacturing workflow. Interesting 

findings from the desk study are highlighted in framed textboxes. Results specifically related to the 

experimental case study are highlighted in the blue ‘SHOWCASE’ boxes and under VI.6 Lessons learned 

from the experimental showcase. 

 

Lessons learned and implications (aim three) regarding the outcomes of the critical bioprocess steps are 

highlighted at the end of each subsection, with aims one (identifying critical steps, choices, and risks that 

affect embedding SbD principles) and two (investigating the feasibility and usability of waste valorisation 

approaches for biomanufacturing) of this project in mind.  

IV.1 Sustainable feedstock selection and pre-treatment issues 

The circular bioeconomy seeks to reduce waste and pollution.41,42 Research into sustainable feedstocks 

focuses on exploring unconventional renewable materials, emphasising safety in feedstock selection, 

especially concerning environmental impact, product safety, and waste management.43–46 Sustainable 
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feedstocks include gaseous emissions like CO2 and solid organic materials such as plant residues.45,46 

Recently, microbial biomass has emerged as an innovative feedstock option.47,48 Using these materials in 

industry can shift away from fossil-based chemicals, promoting a low-carbon economy, reducing resource 

depletion, and aligning with next-generation biotechnology goals of affordability, reduced freshwater use, 

and energy conservation.46,49,50 

  

Safety evaluations of using intricate agricultural or industrial by-products as carbon sources are notably 

limited in scientific literature, driven by two primary reasons: (i) The ambiguous composition of these side-

streams necessitates extensive chemical analyses and optimisation of often strenuous chemical treatments 

to prepare them for bioproduction. For some industrial companies, whose business identity does not 

evolve around a sustainability image, analysing and subsequently separating their waste side-streams for 

future reusability for a circular bioeconomy purpose has not been a top priority until now. Nonetheless, 

the trend is there to reuse and recycle their own side-streams (I1-I4); (ii) Researchers have primarily 

pursued the adaptability of these ambiguous feedstocks, especially low-energy molecules like CO2, for 

fermentation. Their objective has been to demonstrate the potential of these materials to replace fossil-

based production lines (proof-of-concept), relegating safety considerations for the time being (E2). For 

instance, in the case of lignin: pure lignin-derived monomers were initially added directly to the 

fermentation mixture (research by María Martín Pascual, manuscript in preparation, and Linger et al. 

(2014)11), instead of using an industrially derived lignin side-stream. 

 

While safety concerns originally pinpointed on, for example, pesticide residues in the agricultural derived 

feedstocks or living contaminants, these seemed to be of less or even no concern due to the extensive 

washing and sterilising steps prior to biorefinery or fermentation processes (E1, I2, I4, I5). While these 

practices could raise, in turn, sustainability concerns related to the use of water and energy, the safety 

concerns have shifted towards the potentially aggressive solvents required for the pre-treatments and their 

accumulation as well as safe disposal. Hence, decisions on less hazardous solvents need to be based on 

further research to find more solutions, or to find the least aggressive methods and optimise those for less 

solvent usage (E1,A/I2,I3). 

 

The principal safety apprehensions relate to the possible creation of toxic by-products during the 

biocatalytic process. Due to the variable nature of waste components, making precise predictions is a 

challenge (I3). It is essential to meticulously assess waste to discern viable carbon sources, chemical hazards 

and potential microbial hazards. Emerging computational tools (as e.g., Life-Cycle-Assessment (LCA) 

software), unfortunately, cater mainly to specific pure carbon sources.51,52 With most by-products currently 

used as fertilisers or animal feed, or still being placed into landfills or being incinerated for energy 

production, there is a pressing need for more research into leveraging these complex streams for 
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fermentative bioproduction of both higher-value and bulk products.53–58  Table 2 lists choices of potential 

sustainable feedstocks with their safety concerns that would need to be addressed to sustainably valorise 

them.  

 

 

 

Feedstock categories Safety concerns & comments Reference 
Gaseous Emission   
• Syngas (CO2, CO, H2) 
• Prior electrochemical 

conversion of CO2 to formate 
and methanol 

Formation of toxic substances in the waste gas possible 
(e.g., CO)  
Usage for bioproduction for industrial scale still 
unfeasible 

  59–63 

Organic Materials   
• Plant biomass side-streams   

o Agricultural Harsh pre-treatments for lignin breakdown 64–66 
o Forestry Harsh pre-treatments for lignin breakdown 67–69 
o Industry Harsh pre-treatments 14,70,71 
o Food wastes Presence of other organisms  54,55 

• Material of animal origin   
o Manure Presence of other organisms 72,73 
o Food wastes Presence of other organisms 55,57 

• Microbial biomass Possibility of transferring genetic material  74 
• Sewage sludge Presence of other organisms 75 
• Municipal solid waste Presence of other organisms 

Potential presence of heavy metals 

,57,76 

 

When selecting an appropriate feedstock for bioconversion, it is crucial to incorporate a thorough risk 

assessment. However, the primary components of such assessments typically focus exclusively on 

environmental safety.77,78 The various risk categories to be analysed thoroughly when designing a circular 

bioeconomic workflow are outlined in Table 3. These categories can be clustered into distinct themes that 

highlight crucial considerations for ensuring safety, sustainability, and responsible decision-making 

throughout the biomanufacturing process. The themes are the following: (i) Feedstock characteristics 

(availability and stability); (ii) Resource depletion and environmental impact (non-renewable resource 

depletion, water withdrawals and consumption); (iii) Climate and atmospheric impact (climate change, 

ozone depletion); (iv) Ecosystem health (acidification, photochemical oxidation, eutrophication, 

ecotoxicity); (v) Land use and biodiversity (natural land transformation and occupation, biodiversity loss); 

(vi) Human health and safety (human health impacts); (vii) Risks to the microbial cell factories (microbial 

pathogens, microbial contaminants). Each category within these clusters contributes to a comprehensive 

understanding of the potential risks associated with different feedstock choices, enabling a more informed 

and responsible decision-making process in biomanufacturing. It goes without saying, that for a complete 

approach we would not only need to assess the industrial or agricultural side-stream for these categories, 

Table 2. Choices and process risk concerns of various feedstocks. Listed are materials that were identified as 
sustainable, originating from agricultural or industrial side-streams, or declared as wastes and their main safety 
concerns. 
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but also the preliminary process from which these streams are originating from (e.g., for our showcase, the 

safety and sustainability assessment of the pulp and paper industry processes and their possible use of 

virgin feedstocks). Additionally, it is important to note that socio-economic factors are intentionally 

excluded from this part of the study and therefore Table 3. 17,44,79–83 

 

Categories Details 
Feedstock availability 

 

Dry weight of residual biomass flow as a resource, typically justified in metric 
tons per year. 

Feedstock stability Quality and quantity of the feedstock, steadiness in composition and 
distribution, and predictability over the long term. 

 
Non-renewable resource 
depletion 

 
Utilisation of non-renewable resources (fossil fuels, metals, minerals) that 
cannot be replenished within a relevant human timescale. 
 

Water withdrawals & 
consumption 

Water consumption and potential environmental impacts, such as warmer 
temperatures or water contamination contributing to hostile aquatic 
environments. 

 
Climate change 

 
Greenhouse gas emissions (CO2, N2O, CH4) contributing to climate change by 
trapping infrared radiation, leading to extreme weather and sea-level rise. 

 
Ozone depletion 

 
Emission of chlorofluorocarbons (CFC) causing ozone layer depletion, resulting 
in hazards like crop damage, plankton impact, and risks to human skin and eyes. 

 
Acidification 

 
Elevated water and soil acidity levels impacting the ecosystem, potentially 
causing the death of local organisms, attributed to nitrogen oxide (NOx) and 
sulfur dioxide (SO2) presence. 

 
Photochemical oxidation 

 
NOx and other volatile organic compounds contributing to photochemical 
oxidation reactions, forming ground-level ozone and potential smog 
development. 

 
Eutrophication 

 
Nutrient influx (nitrogen and phosphorus compounds) into water ecosystems 
leading to excessive aquatic vegetation growth, changes in aroma, toxic 
chemical generation, and aquatic animal death due to reduced dissolved 
oxygen (DO). 

 
Ecotoxicity 

 
A broad category capturing toxic effects of substances affecting the ecosystem. 

 
Natural land 
transformation and/or 
occupation 

 
Consequences of inappropriate land use practices, including soil erosion, 
diminished land availability, decreased soil fertility, habitat degradation, and 
fragmentation. 

 
Biodiversity loss 

 
Species decline and extinction driven by factors like ecotoxicity and land 
transformation. 

 
Human health impacts 

 
Various pollutants affecting human health, such as benzene (carcinogenic), 
lead, and methanol (neurotoxic), along with compounds like NOx, SO2, and 
particulate matter contributing to respiratory illnesses and premature death. In 
addition, biological entities like pathogens can also affect human health.  

Table 3. Risk categories (environmental and economic) for feedstock choice. Relevant factors for SbD assessment 
for circular industrial biomanufacturing processes.17,44,79-83  
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Microbial pathogens 

 
Possibility of microbial pathogens in the feedstock material.  

 
Microbial contaminants 

 
Possibility of chemical or microbial contaminants in the feedstock material. 

 

For each factor relevant to SbD, several check points and guidelines with criteria that the feedstock should 

meet are available to prevent and minimise these, either during the design phase of a new process or in 

the early lab-scale and pilot-scale stages.17,69,78,82,84 For example, ensuring that spent microbial biomass is 

devoid of harmful components for further valorisation is paramount, particularly for food or feed 

applications. This assurance involves a range of techniques such as toxicological assessments which test 

the biomass for safety.85 Heat treatments can deactivate microbial toxins, while chemical agents can 

neutralise harmful compounds.86,87 Extraction and purification processes, using solvents and methods like 

filtration, remove potential contaminants.88 Genetically modifying strains and controlling fermentation can 

reduce unwanted metabolites.89 Advanced tools like HPLC and GC-MS identify and measure potential 

contaminants.90 Regular microbiological tests ensure no pathogens are present, while sensory evaluations 

assess the biomass's quality and safety for consumption.91,92 While these measures follow general 

regulatory guidelines, the chosen methods should be tailored to the specific intended use of the biomass 

and the specific risks of each feedstock and process. 12,64,93–97 
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Why using lignin as a sustainable carbon source for bioproduction is a great choice – and a 

challenge 

Lignocellulosic biomass, primarily consisting of cellulose, hemicellulose, and lignin, offers a 

renewable alternative to fossil-based feedstocks without compromising global food security. While 

sugar-based feedstocks from plants like sugar beet and sugarcane currently dominate, there is a 

shift of focus from these first-generation sugars, which compete for human and animal consumption 

and possess environmental drawbacks, to second-generation sources like lignocellulosic biomass. 

Lignocellulosic biomass, especially lignin, an aromatic biopolymer, has a vast untapped potential. 

Making up 15-40% of the dry weight of lignocellulosic biomass, lignin is the most abundant aromatic 

biopolymer on Earth, with billions of metric tons produced annually, especially as a by-product from 

the pulp and paper industry.  

Furthermore, agricultural and forestry residuals offer vast reserves of lignin, bolstering the promise 

of a circular bioeconomy. Although lignin is a prime candidate for sourcing fine chemicals and other 

valuable compounds, most of it is currently undervalued, with the bulk being used for low-value 

energy generation. A few challenges, like lignin's heterogeneous structure and its solubility issues, 

remain. Overcoming these usually requires harsh pre-treatment methods to optimise lignocellulose 

structures for further processing.12,64,93–97 However, the shift towards leveraging lignin aligns with 

the broader goal of creating a green, sustainable, and safe feedstock source for various 

bioprocesses. 

SHOWCASE 

 

Technical lignins 

Lignin extraction from lignocellulosic biomass requires diverse pre-treatment techniques such as 

Kraft, Lignosulfonates, and Steam Explosion. These techniques employ chemical, mechanical, or 

thermal methods, leading to lignins with varying properties. The extracted lignin's application scope 

depends on the pre-treatment method, with processes modifying lignocellulose structure for better 

accessibility to chemical or enzymatic agents. Lignins that underwent one of these processes are 

referred to as technical lignins and are mainly left as side-streams to be used for low-value processes 

(e.g., combustion for heat generation).  

  

SHOWCASE 
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Bio-based feedstock like lignin could potentially have a lesser environmental footprint compared to 

petrochemical feedstock, but a thorough underpinning encompassing tecno-economic analysis and 

life cycle assessment should be undertaken to shed more light in this comparison. For example, 

lignin production still contributes to GHG emissions, acidification, and other environmental issues. 

In the same vein, environmental impact and risks will depend on the nature of the chemicals used 

for pre-treating the feedstock (e.g., SVHC classified or not). Lignin from pre-treatments can be 

categorised into sulphur-containing and sulphur-free groups. Kraft and sulphite lignin are sulphur-

containing, while solvent pulping yields sulphur-free lignin. Sulphur-free lignin is environmentally 

preferable and versatile, free from odour, and suitable for multiple applications.96,98–102 
 

Choosing the right pre-treatment for Soda Lignin: Mild-alkali extraction 

In the experimental showcase, we used Soda Lignin, specifically Protobind 1000, as the feedstock, 

exemplifying a lignin product derived from these methods. Although Soda Lignin is often viewed as 

less desirable due to its high recalcitrance, it is a sulphur-free lignin. To fractionate the Soda Lignin 

into monomers for bioconversion, we opted for a mild alkali extraction method. This choice was 

motivated by its sulphur-free nature, which prevents lignin condensation, enhances material 

solubility, and eliminates the need for harsh acid treatments, making the down-stream processing 

and solvent recovery less hazardous. This approach also presents cost advantages when considering 

future upscaling.103-108 

Since the biomass used in this study is made of wheat straw and Sarkanda grass, it differs from 

woody materials. Specifically, its unique properties make it easier and require less energy to break 

down. Therefore, a gentler alkali treatment, known as mild-alkali extraction, was chosen to separate 

the components of this biomass. This method is particularly effective for such plant residues and 

ensures that the lignin, a key component, remains in a form that is easy to dissolve and remove.39,109 

In practical terms, in our tests, the highest solubility of lignin was achieved in the mild-alkali method 

compared to the organosolv-acetone method.  

From an SbD perspective, mild-alkali treatment is preferable because it is less aggressive than 

methods used for woody biomass. This means it might require fewer chemicals, less energy, and be 

less disruptive to the biomass's natural structure. Such a gentler approach aligns with sustainability 

principles by potentially reducing environmental impacts and conserving resources. Moreover, by 

avoiding the harsh conditions some other methods might require, it can also ensure a safer working 

environment for researchers and technicians.110,111 
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§ Implications on sustainable feedstock choice 

 The project's central focus was to determine the viability and safety of using industrial or agricultural waste 

streams as novel bioprocess feedstocks in terms of technical feasibility, and safe alternativity. One primary 

concern was the potential for harmful residues, such as pesticides. However, our interviews with industry 

stakeholders dispelled this due to rigorous quality checks and thorough pre-treatment of waste-derived 

feedstocks before fermentation. There remains a question of who sets required limits for safety, and who 

should carry this burden of proof, which echoes much of the literature on SbD on distribution of 

responsibilities in such processes.112  

 

A notable challenge highlighted by stakeholders was the nomenclature obstacles arising when a side-

stream is labelled “waste”. This nomenclature can be restrictive in valorising side-streams and requires 

coordination and communication between stakeholders, what has been coined as an alignment 

problem.112 The project also emphasised the need for further research to make bio-based production from 

side-streams as economically competitive as fossil-based counterparts.  Waste stream dependence and 

related stability of supply adds layers of complexity when considering scaling up waste-based production. 

 

Public perception regarding waste-derived products was a concern, particularly in the Flavour and 

Fragrance sector (I5), demanding high-quality products, i.e., stable and reliable products. This challenge 

can be at least technically surmounted with refined processes and advanced filtration methods. The nature 

of waste, whether liquid or solid, also influences the necessity and intensity of pre-treatment. While liquid 

waste like fruit remnants may not need pre-treatment, solid wastes like lignin demand extensive 

procedures. Despite lignin's abundance and industrial potential, which is the focus of this study, some 

waste streams may be economically unsuitable for large-scale production due to their size or complexity. 

This echoes lessons 3, 5  and 6 from the previous section, which become in this context particularly relevant.  

 

In summary, to foster sustainable biomanufacturing using waste feedstocks, key areas of focus include 

regulatory adjustments, technological advancements, and in-depth feedstock understanding. Ensuring 

quality and safety with variable feedstocks hinges on stringent monitoring and control. These implications 

should be considered alongside the other implications for the other critical steps. Addressing them as a 

discrete step does not give the full picture. 

 

§ Lessons learned on using wastes as feedstock 

1. Terminology and classification issues regarding “wastes” complicate their use as feedstock from a 

regulatory point of view. Regulatory hurdles hinder the establishment of circular bioeconomies, 

necessitating a re-evaluation of waste classification and use regulations. 
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2. Potential harmful residues in the feedstock affecting product quality remain a possibility. However, 

they are less of a safety concern than affecting the quality of delicate products, such as for the 

flavours and fragrances industry (taste, odour, colour). 

3. More research on different kinds of side-streams to be used as feedstocks is needed to boost 

valorisation of these for a bio-based economy. 

4. Public perception of products made from waste can be a concern in the industry. 

5. (Economic) competition with highly efficient and optimised fossil-based processes remains a main 

challenge. 

6. Dependency on fluctuating waste supply can be a risk to utilise this as main resource for an entire 

production workflow. 

7. Quality control and monitoring are crucial for safety when using less-defined food feedstocks. 

8. Clarification is needed on who is responsible for providing analysis and assessment of the value-

added less defined side-streams. 

9. The challenges of solid-waste utilisation require harsher pre-treatments and solvent optimisation. 

10. Abundant resources like lignin may require extensive pre-treatment but offer long-term benefits. 

IV.2 Choosing the right biocatalyst 

There has been a great effort over the past decades to assess the safety of using microbes for production 

purposes, and while there are uncertainties over the usability of genetically modified microorganisms in 

the open environment,19,113–115, their use in enclosed biotechnological industrial settings is regarded as safe 

by the scientific and industrial community (I1-I5). Nonetheless, proper handling, biocontainment, and 

classification of any microorganism, engineered or not, should be assessed thoroughly within the design 

stage of any new biomanufacturing process. The main risk categories to be evaluated when choosing a 

suitable biocatalyst are listed in Table 4. When considering these, host-organisms should be selected in 

order to avoid, or greatly minimise these risks. 

Numerous guidelines governing the utilisation of genetically modified microorganisms (GMMs) within 

product manufacturing are outlined in a variety of regulations and directives. Regulations of GMMs 

employment linked to products are described in section IV.4 Product evaluation. Moreover, further details 

into the regulatory aspects concerning the handling of microbial residues are stated in section IV.5 Waste 

management. Based on the analysis of the interview results, it was observed that several interviewees 

showed apprehension regarding the public’s perception of the products generated by GMMs and 

supported the establishment of regulatory systems about this issue (A/I2, R1, R2). According to one 

participant, the concerns about the potential hazards associated with genetically modified organisms 

Table 4. Risk categories related to safety choices when selecting a host microorganism selection.17-19,118 
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(GMO) primarily originated from people with limited scientific knowledge about them (A/I2). Another 

participant confirmed the assertion that the public generally lacks comprehension of the role of GMMs in 

industrial processes and displays an apathy towards the subject matter (R2). These statements underline 

the literature findings where efforts are being described to eliminate the negative connotation towards 

synthetic biology and discussions about GMOs.116–118 This statement also highlights that there are more 

than communication and education efforts involved in perception of GMMs. In contrast, one interviewee 

stated that the existing regulations are deemed adequate for managing role and potential hazards related 

to GMM utilisation in industries. Thus, another main goal of an approach such as the SbD concept, should 

be to ensure higher safety for products in order to increase public trust (I1). 17–19,119 References Table: 17 18  
111    19  122–124123,12437,121 

Categories Details 
Pathogenicity and toxicity Causing illness to other organisms, such as allergic reactions 

of the novel food derived from GMMs. 
 
Possibilities of spread of modified 
microorganisms to the environment 
 

 
Persistence, invasiveness, and unintended effect of non-
target organisms à changing the balance in ecosystem 
Gene pool contamination à changing the existing genetic 
make-up of population that affect biodiversity 

 
Horizontal gene transfer 

 
The ability to pass on genetic material between individuals. 
This can affect biodiversity and have unintended 
consequences, like anti-microbial resistance. 
 

Genetic safeguard availability   Availability of existing genetic safeguards to prevent 
unintended host microbes spreading into the environment 
(biological isolation) and genetic material transfers between 
organisms (genetic isolation), like recoding, auxotrophy, etc. 
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References Box: 112–115  116 37,114,114 

§ Implications on biocatalyst choice 

Utilising biocatalysts, whether engineered or natural, for sustainable bioproduction presents a set of 

challenges that need thorough assessment. However, after discussions with all interview participants and 

colleagues, the primary concerns were less about safety and more about the technical challenges that need 

to be addressed first. Firstly, the competitiveness of bio-based production against established oil and gas 

industries poses significant feasibility questions. These industries have matured processes and vast 

infrastructure that biotechnological approaches need to match or surpass. 

 

Secondly, the public's perception of GMOs weighs heavily on the success of biocatalytic methods.125–128 

Asveld et al. (2019) highlight five themes that must be addressed and even more so when engaging with 

 

A versatile and safe choice for the bioindustry: Pseudomonas putida 

The soil bacterium P. putida boasts a  remarkable stress tolerance, high adaptability, and the 

capacity to bioremediate toxic compounds.119-121 The resistance of this microorganism to toxins and 

its capacity to thrive on a wide range of substrates enhance its potential as a promising candidate 

for industrial applications in biofuel and biochemical production from less-defined feedstocks as 

industrial side streams.122 P. putida KT2440 has become a key player in industrial biotechnology 

after the discovery of the full sequencing of its genome. It is considered safe for use in food 

additives, although it does not hold the “Generally Regarded as Safe” or GRAS status. Instead, it is 

classified as host-vector system safety level 1 (HV1), meaning that it is safe to work with in certain 

facilities without extra precautions. This safety is ensured by the absence of factors that cause 

illness.123 Ultimately, P. putida is a preferred choice to be used in (contained) fermentation 

processes. 

P. putida strain KT2440, renowned for its well-studied physiological and metabolic traits, as well as 

the possibility for domestication, offers promise for lignin valorisation.37,120 In the experimental part 

showcasing curcumin production, we employed an engineered P. putida KT2440 to produce 

curcumin from lignin. An in-house P. putida strain that was genetically engineered to utilise lignin-

derived monomers (such as ferulic acid, caffeic acid, L-tyrosine) for curcuminoid production, was 

used for showcasing lignin valorisation. Genetic modifications encompassed the deletion of several 

native genes, gene mutations and overexpression, and the introduction of heterologous genes. 

These genetic modifications target the Shikimate, the aromatic amino acid, and the curcumin 

degradation pathways (María Martín Pascual, 2024, Manuscript in preparation). 

SHOWCASE 
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the public on industrial biotechnology innovations: sustainability, naturalness, innovation trajectories, risk 

management and economic justice.129 

 

Introducing SbD principles can be pivotal in this context. Adopting SbD ensures that safety concerns related 

to GMMs are addressed from the outset of process development. A detailed examination of SbD could be 

beneficial in bolstering public confidence and in elaborating the responsibility of the different parts, 

including researchers and developers.  

 

Selecting the right microorganisms for bioconversion is crucial. The ideal candidate would specialise in 

processing targeted aromatic substrates, be genetically controllable, and be resilient to the stresses of 

industrial bioreactors. Pseudomonas and Rhodococci, for instance, are prominent choices for lignin 

valorisation. Uncertainties about safety when choosing engineered biocatalyst need to be put into context: 

Is the fermentation happening in an enclosed, monitored, sterile environment? If yes, which is the case in 

most designed processes when utilising monocultures of GMMs, then the safety risks for workers and the 

environment are not higher or different than using non-engineered microbes.  

 

General safety categories that should be assessed in the design phase when choosing a suitable biocatalyst, 

apart from its technical requirements, were presented in Table 4. The showcase study on P. putida 

underscored its minimal adverse effects, suggesting a low inherent risk, setting a precedent for future 

investigations. 

 

At present, no insurmountable safety concerns hinder the bio-based economy's complete operation to 

utilise engineered or non-engineered host microbes, provided proper design assessments of the 

fermentation process are conducted beforehand. 

 

§ Lessons learned on using and choosing biocatalysts  

1. Feasibility challenges arise due to competition with the oil and gas sector. 

2. Public perception, heavily influenced by the internet and social media, can both support and 

impede the adoption of biotechnologies. 

3. SbD principles have the potential to bolster trust and mitigate risks. 

4. Choosing the right microorganisms is pivotal for effective bioconversion. 

5. Regulatory frameworks offer guidance on how to choose a safe biocatalyst but need backing by 

comprehensive research data on risk assessment and feasibility. 

6. Proper safety protocols are paramount, and preliminary studies show promise for certain 

organisms like P. putida. 
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7. Proactive safety evaluations may enable the growth of a sustainable bio-based economy. 

8. Using non-GMOs simplifies their repurposing (e.g., as protein source in animal feed) from a 

regulatory point of view. 

IV.3 Safety of a production process: from fermentation to downstream 

processing  

Biomanufacturing processes in the European Union are stringently regulated to ensure both environmental 

and human safety. The European Commission's guidelines on Good Manufacturing Practice (GMP) play a 

crucial role in standardising and ensuring the quality of biological products. Over the years, these regulatory 

bodies have thoroughly employed a comprehensive set of safety precautions, streamlining them based on 

evolving scientific evidence and technological advancements. As it stands, the current regulatory 

framework is deemed comprehensive, and there appears to be no immediate need for further regulation, 

ensuring that both producers and consumers benefit from the highest standards of safety and 

quality.113,125–127 

 

The biomanufacturing process, particularly during fermentation and downstream processing, raises several 

safety concerns that require meticulous attention to ensure both worker safety and product quality. The 

safety concerns are presented in detail in Table 5 below. During the fermentation phase, the potential for 

microbial contamination is ever-present. Contaminating microorganisms can outcompete the production 

strain, leading to reduced yields and potentially generating toxic by-products that can compromise the 

safety of the final product.128,130 Over-pressurisation in fermentation vessels is another concern; if pressure 

builds up without an appropriate release mechanism, it can lead to equipment rupture and possible 

injury.131 In addition, the accidental release of volatile compounds during fermentation can pose both 

health risks to workers and fire hazards.132 

 

Downstream processing, which includes steps like filtration, purification, and concentration, also has its set 

of challenges. The use of chemicals and solvents for product recovery can pose inhalation, skin contact, 

and flammability risks. However, the conditions in chemical industry are much harsher since 

microorganisms are grown under “moderate” conditions (temperature, pH, solvent usage).133,134 There is 

also a risk of producing aerosols during processes like centrifugation and filtration, which might lead to 

respiratory concerns if inhaled. Inefficient separation processes might not effectively remove all toxins or 

contaminants, compromising product safety.135,136 
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Equipment integrity is fundamental in both phases. Any equipment malfunction or breakdown can lead to 

leaks, spills, or uncontrolled reactions, which might expose workers to hazardous chemicals or result in 

environmental contamination.125,137 Additionally, the high temperatures used in certain downstream 

processes can cause burns if there is direct contact.138 

 

In summary, while biomanufacturing processes, especially fermentation and downstream processing, hold 

immense promise in various sectors, they come with several safety concerns that need stringent 

monitoring and control measures to protect both workers and the end product's consumers. The rules and 

guidelines, however, are well established, since fermentation with bioreactors in the context of modern 

biotechnology have been used since several decades (early 20th century).139,140 

Category Description Reference 
Contamination risk Possible entry of foreign microbes compromising 

product purity. 
 

130,141–143 

Bioreactor overpressure Build-up of gases or foaming. 
 

144 

Inadequate sterilisation Insufficient sterilisation affecting product quality. 
  

143,145,146 

Handling of hazardous 
chemicals 

Harmful chemicals being leaked, spilled, or improperly 
handled. 
 

147 

Biological aerosol release Respiratory health risks. 
 

132,148 

Release of VOCs (volatile 
organic compounds) 

Environmental and health risks. 
 
 

132 

Waste disposal Environmental contamination. 
 

149 

Undesired by-products Risks from toxic or reactive by-products. 
 

150 

Cross-contamination Cross-contamination risk affecting product quality. 
 

130,142,151,152 

Operator exposure Exposure to harmful chemicals, bioactive compounds, 
and pathogens. 

 

Table 5. Risk categories of bioreactor processes which are highly monitored and regulated for large-scale 
production processes.   
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In those experiments,  different P. putida strains were used to produce curcuminoids from lignin in 

bioreactors of 500 ml using fermentation volumes of 0250 ml per bioreactor. Different ratios of 

glucose and aromatic monomers (ferulic acid and coumaric acid) were employed as carbon sources: 

1:0.5, 1: 0.25, 1:0.125, 1:0.0625, 1:0.03125. The reason to test different ratios was the fact that 

high concentrations of these aromatics can become toxic and decrease titers, yields and 

productivities. This can result in different concentrations of curcuminoids as can be seen in the 

following image, in which colour can be used as a proxy of product concentration for the purpose 

of this report. 

 

Coming back to the experiments performed in 25 ml flasks, our P. putida strain cultivated in minimal 

mineral medium supplemented with 30 mM glucose and 3% alkali lignin produced 128 μM of 

curcumin and 160 μM total curcuminoids. In comparison, the P. putida curcumin-producing strain 

cultivated in minimal mineral medium supplemented with 30 mM glucose and 6% alkali lignin 

produced 123 μM of curcumin and 153 μM total curcuminoids. 

Compared with P. putida cultivated without lignin, the productions were reported to be 3.72 (with 

3% lignin) and 3.5 fold (with 6% lignin) higher. Curcumin titers were 10-fold higher in the cases of 

medium supplemented with lignin. 

 

 

 

Curcuminoid production from lignin monomers 

Successful lab-scale production experiments with Soda Lignin were conducted in 25 ml flasks, 

following significant challenges in finding a suitable pre-treatment to solubilise the Soda Lignin and 

release monomer structures. However, within this project's timeline, bioreactor experiments could 

not be executed. In contrast, collaborators from our group and in the US performed up-scaling 

bioreactor experiments using the P. putida curcuminoid production strain. A major difference there 

was, nonetheless, that instead of side-stream derived lignin, pure lignin-derived monomers like 

ferulic acid and coumaric acid, were used for the initial proof-of-concept experiments. 

 

 

SHOWCASE 
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§ Implications on fermentation and down-stream processes 

Using biocatalysts, whether engineered or naturally occurring, in the pursuit of safe, circular, and 

sustainable bioproduction comes with its unique set of challenges. Safety and risk challenges linked to 

biocatalysts are well-studied. Fermentation, a cornerstone of this field, has been in practice for hundreds 

of years, tracing back to the early days of brewing and dairy production. The industry is subject to stringent 

regulations, particularly concerning hygiene. For products intended for direct consumption, such as food, 

feed, and cosmetics, a plethora of quality control assessments and continuous process monitoring are 

mandated. 

 

Currently, open mixed fermentation processes, which do not involve GMOs, dominate the industry. Not 

using GMOs is less restrictive . An interviewee from the fermentation industry, which employs open mixed 

culture fermentation, highlighted the robustness of their system (I2). The system can handle varied waste 

streams, negating the necessity for a highly pure, homogenous carbon source. 

 

When considering the potential adoption of GMOs, one must take into account tightly controlled 

environments that ensure minimal risk of generating unwanted by-products. This is largely because of 

engineering endeavours that aimed at ensuring the efficient use of the provided substrate by the 

biocatalysts.153,154 Furthermore, when employing a biocatalyst like P. putida, capable of using a plethora of 

substrates (some potentially unknown), there might be an increased risk of by-product formation or 

reduced primary product yield.155,156 But this risk is limited if unknown waste streams are subjected to 

preliminary testing before scaling up. The broader safety and risk considerations for industrial plants should 

be integrated within the SbD framework, ensuring holistic process assessment. 

 

Furthermore, the pivotal challenges lie in optimising energy and chemical consumption, especially during 

pre-treatment, downstream processing, filtration, and extraction, even though these aspects are related 

to sustainability assessment and not necessarily to safety (E3). Industries, in turn, should focus on refining 

extraction methodologies and enhancing recycling potential, for instance, by reusing solvents (E3-E5).   

 

§ Lessons learned on novel fermentation processes 

1. Safety and risk challenges with biocatalysts are well-understood. 

2. The industry's longevity ensures experience with processes like fermentation. 

3. Strict regulations guarantee quality and safety, especially for consumable products. 

4. Open mixed fermentation processes are prevalent and versatile. 
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5. Engineering certain control measures aimed at biocontainment or cell self-lysis in GMOs minimise 

risks related to biological contamination. 

6. Thorough preliminary assessment of feedstocks is essential. 

7. Researching the composition of different types of waste can yield crucial insights and valorisation 

benefits. 

8. Integrating an SbD framework may ensure comprehensive process scrutiny. 

9. Optimising energy and chemical use, particularly in pre-treatment and downstream processes, is 

crucial. 

10. The industry should intensify efforts to refine downstream-processing and recycle, emphasising 

resource efficiency. 

IV.4 Product evaluation  

Product safety and quality are at the forefront of considerations when it comes to bioprocesses. This is not 

only a concern for industries but crucial for ensuring consumer health and environmental protection (R2). 

In the broader context, the European Union has instituted key regulations. Relevant regulatory 

organisations are described in the information box “From waste to food, feed & cosmetics” which take care 

of evaluating an entire production process including the starting material.   

 

When shifting focus to food and feed products, the ISO 22000:2018 is the gold standard for the food safety 

management system. These standard mandates rigorous measures to ascertain the safety of ingredients 

and processes throughout the production journey. It integrates key components like interactive 

communication, system administration, prerequisite programmes (PRPs), and the globally recognised 

hazards analysis and critical control points (HACCP) to mitigate food safety risks. Incorporating both HACCP 

and good manufacturing practices (GMP) has been highlighted as pivotal for upholding safety in expansive 

food systems.126,157–159 Moreover, in managing the entire production process, quality control is vital, 

overseeing product quality at all stages and ensuring regular monitoring of equipment and facilities. The 

generic quality management system, ISO 9001:2015, complements these efforts, establishing consistent 

safety and acceptability standards for food-related products and services (R1).157,160 

 

To provide a framework for food and feed products derived from GMMs, the European Food Safety 

Authority (EFSA) outlines specific risk assessment guidelines. Given the extent of GMM-derived products, 

EFSA classifies them into four distinct groups, with the information required for process modification 

approvals contingent on the specific product category.161 
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In summary, product safety and quality are overall highly regulated, monitored and assessed in pre-market 

tests. Two interviewees suggest that a thorough and long-term environmental safety analysis, following 

proper action to minimise harmful impact is still lacking in well-established industries. However, this is not 

for new bio-based processes, since these are being included upfront (I1, I2).  

 

Evolva’s vanillin production case (see highlight box next page) emphasises rather the challenges that persist 

in public reception of novel bio-based production to substitute unsustainable agricultural practices, and 

the socio-economic challenges that need to be addressed when obtaining products will not depend on 

production and harvesting in developing countries.129 17122,163–165166–168169,170171–173 

 

 

 

 

 

 

 

 

 

 

 

 

 

A controversial example that highlights the challenges of public perception and socio-economic issues 

 

In 2011, Evolva, a Swiss company, pioneered a synthetic version of vanillin using engineered yeast. 

Contrary to the traditionally harvested vanilla from the vanilla orchid, which forms less than 1% of 

total vanillin consumption, Evolva's innovation promised superior cost-effectiveness. They 

positioned their variant as a sustainable and natural alternative with a quality edge over other 

synthetics. However, this assertion faced scrutiny from environmental groups who questioned its 

genuine naturalness and sustainability, given its derivation from highly engineered organisms. 

Additionally, there were apprehensions about the potential negative repercussions on the livelihoods 

of traditional vanilla farmers, who practice sustainable farming harmoniously with nature.128  

While biotechnological advancements have the potential to revolutionise industries, they can also 

introduce complex challenges, particularly in the realms of societal and ethical dimensions. Such 

challenges, though not directly harmful to individual health, might influence broader aspects of 

human life, including economic stability and self-sufficiency.161 

The Evolva scenario underscores the importance of a comprehensive perspective when assessing 

biotechnological innovations in food. It is essential to weigh not only the safety and ecological 

benefits but also the broader socioeconomic, political, and ethical ramifications that shape the 

trajectory of such novel products.  

Evolva’s Vanillin 
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Utilising waste for the bio-based production of food, feed and cosmetic supplements is encouraged 

by many countries.22,162-164 However, its permissibility is contingent upon several regulatory 

considerations. Especially those concerning safety and quality standards that need to be addressed 

are an immense hurdle for companies and start-ups to start researching and valorising waste 

utilisation as feedstock (I2). 

In the Netherlands, the use of waste for the bio-based production of food, feed and cosmetic 

supplements is subject to specific national regulations, which also align with overarching European 

Union directives and regulations. 

 

For food applications 

The Netherlands adheres to the EU's General Food Law Regulation (EC) No 178/2002, which sets out 

general principles for food safety. Waste-derived ingredients intended for food must be safe and 

should not deceive the consumer.165 

Dutch national regulations on food safety are overseen by the Netherlands Food and Consumer 

Product Safety Authority (NVWA). They ensure that food products, including those derived from 

waste, are safe for consumption.166 

Specifically, for waste-derived animal by-products, the EU's Regulation (EC) No 1069/2009 sets health 

rules concerning animal by-products not intended for human consumption. It classifies animal by-

products into different categories based on the risk, and each category has specific allowed uses.167 

 

For feed applications 

The Dutch Commodities Act (Warenwet) sets requirements for both food and feed products. Waste-

derived feed must adhere to these national standards.168 In line with EU regulations, the Netherlands 

follows Regulation (EC) No 767/2009 on the placing on the market and use of feed. This regulation 

stipulates that feed, whether derived from waste or not, must be safe and should not have a direct 

adverse effect on the environment.169 

 

FROM WASTE TO FOOD, FEED & COSMETICS 
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For cosmetic supplements 

The Netherlands implements the EU's Cosmetic Regulation (EC) No 1223/2009 and Biocidal 

Products Regulation (BPR, Regulation (EU) 528/2012), which stipulates that cosmetic products must 

be safe for human health. Ingredients derived from waste streams are allowed in cosmetics as long 

as they meet the necessary safety criteria, and the manufacturing process ensures their purity and 

quality. The NVWA also oversees the safety of cosmetic products in the Netherlands, ensuring they 

comply with both national and EU regulations.170 

 

Waste Management in the Netherlands 

The Netherlands has a proactive stance on waste management and the circular economy. The 

Dutch Waste Management Act promotes recycling and upcycling of waste, which includes the 

transformation of waste into new products, such as bio-based food, feed and cosmetics. However, 

any product derived from waste and intended for consumption or topical application must undergo 

rigorous safety assessments.171,172 

 

In summary, in the Netherlands, while waste can be used as a raw material to produce food, feed 

and cosmetic supplements, it must meet stringent safety and quality standards. The regulatory 

framework ensures that any potential risks associated with such products are effectively managed, 

guaranteeing the safety of consumers and the environment. 

FROM WASTE TO FOOD, FEED & COSMETICS 
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161189–193 

 

 

 

 

 

 

 

Curcumin 

Curcumin is the primary bioactive substance found in the spice turmeric, which is derived from the 

root of the plant Curcuma longa. It has been consumed for centuries in Asian countries as a part of 

the daily diet and has also been extensively studied for its antioxidant, anti-inflammatory, 

anticancer, and various other therapeutic properties.173-176 Moreover, curcumin is strongly 

associated with textiles because of its intrinsic bactericidal capabilities, making it a valuable natural 

dye for fabrics.177 Despite its natural origin, curcumin may be produced involving non-natural 

procedures, including chemical synthesis (although its application in food areas is prohibited) and 

biotechnological processes employing GMMs such as engineered E. coli and P. putida.178 

In general, curcumin is considered safe when consumed in the amounts commonly found in foods. 

The U.S. Food and Drug Administration (FDA) has granted curcumin Generally Recognized As Safe 

(GRAS) status as a food additive.179,180 However, like any substance, curcumin might pose risks in 

certain situations: 

• Dosage: High doses or long-term use of curcumin may cause gastrointestinal problems.181 

• Interactions with Drugs: Curcumin might interact with certain medications, like blood 

thinners, which can increase bleeding risk. Always consult with a healthcare professional 

if considering curcumin supplements while on other medications.182,183 

• Bioavailability: Curcumin has low bioavailability, meaning it is hard for the body to absorb 

when taken orally. Many supplements contain formulations like curcumin with piperine 

(black pepper extract) to improve absorption, but this can also increase the potential for 

drug interactions.184-186 

• Allergic Reactions: Some people might be allergic to curcumin or turmeric.187 

• Other Health Conditions: Those with gallbladder disease, kidney stones, or certain other 

conditions might be advised to avoid high doses of curcumin.187 

In summary, while curcumin is generally safe for most people when consumed in culinary amounts, 

high doses or supplements might pose risks for some individuals. 

SHOWCASE 
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§ Implications on microbially produced compounds  

In the journey towards sustainable and circular bioproduction, microbial products offer an innovative 

approach. While microbes are fundamentally known to produce biodegradable compounds, their vast 

biochemical diversity allows them to generate a spectrum of molecules. This ranges from natural, short-

lived substances to more persistent ones like specific polysaccharides, toxins, lipids, waxes, and even 

polyesters.194–198 The advent of metabolic engineering further widens this spectrum, enabling the synthesis 

of increasingly synthetic and durable products. The nature of the product being produced determines the 

intricacies of its assessment. The paramount need, therefore, is to carry out a meticulous evaluation to 

ascertain the safety and sustainability of these products. Beyond just being non-toxic, the ideal end-

 

Curcumin by P. putida 

The curcumin produced from engineered P. putida is categorised as a type 1 product, given that 

both GMM and the introduced genes are not involved in the final product composition. 

Nevertheless, EFSA still requires some principal information for products falling under this category. 

For example, they require details about genetic modification, a comprehensive outline of the 

production process, and a thorough characterisation of the GMM.160 Paoletti et al. (2008) reached 

the conclusion that there is a critical necessity for global harmonisation and standardisation of 

regulations concerning GMOs and GMMs in the context of risk analysis and assessment. This 

urgency is particularly pronounced in specific areas such as experimental design, data 

requirements, and data evaluation. It is essential that the production process aligns with the 

guidelines established by FAO/WHO and the EFSA.188,189  

Since the curcumin product is derived from genetically modified P. putida, it falls outside the scope 

of the requirements outlined in the novel food law Regulation (EU) 2015/2283 (2005).190 The 

subject matter refers to the regulatory framework of genetically modified food and feed as outlined 

in Regulation (EC) No 1829/2003 (2003).191 The standing committee of the Food Chain and Animal 

Health (SCFCAH) conducted an evaluation on 24 September 2004 regarding the classification of 

products produced through the fermentation of GMMs in compliance with Regulation (EC) No 

1829/2003. SCFCAH (2004) has determined that food products derived from GMMs are not subject 

to the Regulation (EC) No 1829/2003.192 The only requirements are that the fermentation process 

must be contained and that the GMM should not be detectable in the final product. Given that the 

procedure fulfils both criteria, the curcumin produced from the genetically modified P. putida falls 

beyond Regulation (EC) No 1829/2003. When marketing this product, it is not required to be 

designated as a genetically modified product. 

 

SHOWCASE 
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products should either be biodegradable or recyclable. This caution stems from lessons learned from past 

crises, such as the Dutch PFAS debacle of 2019 and the overarching global challenge of plastic waste 

management.199,200 

 

From a regulatory perspective, the European Union provides a robust framework. Initially designed with 

an emphasis on safeguarding workers and consumers, these regulations have evolved, particularly with the 

introduction of the 17 Sustainable Development Goals (SDGs).201 They now encapsulate broader 

considerations, including environmental protection and global societal impacts. 

 

The safety profiles of compounds which have been integral to our food and flavour sectors for centuries, 

as the showcase of curcuminoids, regardless of their source – be it traditional plants or innovative microbes 

– remain unchanged in themselves. 

 

In this report we do not address the social and economic implications of such products. This is not to say 

that they are not significant and present. As mentioned earlier in the report, the research team engages in 

these reflections via other on-going collaborations. 

 

Another important social dimension is the public perception of microbial production, especially when it 

involves GMOs.  While there is a case to be made about the alleged “naturalness” of microbial production 

when compared against the polluting fossil-based industries that use crude oil, gas and coal, which pose 

evident health and safety risks when handled improperly, the unease surrounding GMOs remains 

tangible.202–204  

 

§ Lessons learned on product assessment  

1. Case-specific nature: product assessments depend on the specific end-product. 

2. Microbes can produce biodegradable compounds, but they can also produce persistent substances. 

The advancement of the field is expanding towards synthetic products so it is important to have 

the degradability of those into account in the first place.  

3. Proper evaluation is important: products must be safe, recyclable, or degradable to avoid crises 

like the PFAS event.199,200 

4. Rigorous regulations: EU regulations stress safety, now extending to environmental and global 

societal impacts due to the 17 SDGs. 

5. Holistic social safety assessments: localised production could disrupt traditional cultivators and 

food cultures in certain countries. 
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6. Public perception: despite potential advantages, public perception remains sceptical of GMOs and 

microbial production. 

7. Certification concerns: while GMP+ ensures standards, “non-GMO” labels might be 

counterproductive.  

IV.5 Waste management 

This section mainly circles back to section IV.1 where sustainable non-conventional feedstock choices and 

their safety, sustainability and regulatory challenges are discussed, closing the loop as it is envisioned for a 

circular bioeconomy.  A pragmatic aim should be to minimise and optimise waste/ side-stream valorisation 

as much as possible.205 

 

This section presents findings on regulation, tools, and challenges to waste management from literature 

review and interviews. Regulation is essential for both fermentation and downstream processing because 

they generate a myriad of waste products, including biomass residues, spent media, volatile compounds, 

and other by-products, which need careful handling. Proper waste management is critical not only for 

environmental sustainability but also to ensure public and ecological safety.206,207 Adhering to European 

Union regulations is essential for companies operating within the EU (Table 6).  

 

Furthermore, interviews point to potential objections from the public and business actors regarding safety 

issues like toxic components in residual feedstocks and microbial activities call for strict compliance to 

regulation (A/I2). Due to the regulation burden, using waste streams can become a challenge in view of 

economic feasibility, premium on price of waste derived products, and the uncertainty in the supply chain 

(I1). 

Regulation Description 
Directive 2008/98/EC (2018)  
on waste208  

This Directive aims to safeguard the environment and human 
health by minimising negative effects from waste generation and 
management. 

Directive 2010/75/EU (2011)  
on industrial emissions (integrated 
pollution prevention and control)209 
 

This Directive establishes guidelines for preventing and controlling 
pollution caused by industrial activities. Its objective is to minimise 
emissions into air, water, and land, as well as to reduce waste 
generation, with the ultimate goal of achieving a high standard of 
environmental conservation. 
 

Council Directive 91/271/EEC (2014) 
concerning urban wastewater 
treatment210 
 

This Directive focuses on managing urban and industrial 
wastewater collection, treatment, and discharge to protect the 
environment from any negative impacts caused by these actions.  

Directive 2001/18/EC (2021)  
on the deliberate release into the 

The purpose of this Directive is to accomplish lawful coherence 
among Member States and to protect the environment and human 

Table 6. EU regulatory frameworks either directly or indirectly relating to waste management. 
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environment of genetically modified 
microorganisms211 

health in two scenarios: the intentional release of GMOs into the 
environment without employing tailored safeguards and placing 
GMOs or products containing GMOs on the market. 

Regulation (EU) 2020/741 (2020)  
on minimum requirements for water 
reuse212 

This regulation specifies the minimum criteria of water quality 
monitoring, as well as regulations on risk management, in relation 
to the secure utilisation of reused water within the integrated 
water management framework. 

Council Directive 1999/31/EC (2018) 
on the landfill of waste213 

The primary objective of this Directive is to minimise adverse 
impacts on the environment, including surface water, 
groundwater, soil, and air pollution, by implementing strict 
operational and technical waste and landfills throughout their 
entire life cycle. 

 

Besides regulation, there are several tools available to help dealing with wastes. To ensure the long-term 

ecological and economic sustainability of biotechnological approaches, life cycle assessment (LCA) and 

techno-economic analyses (TEA) can be utilised to enhance output efficiency and reduce waste.206,214 

Additionally, these tools assist in measuring the environmental impact.205  An innovative tool highlighted 

by an interviewee from the regulatory sector is the Safe and Sustainable Material Loops (SSML) approach, 

developed by the RIVM.215,216 This tool leverages multi-criteria decision analysis to holistically evaluate a 

substance, especially concerning its safety and circularity based on its application. Comprehensive criteria, 

such as energy consumption, water, and land usage, are integral to this assessment (R1). Another 

interviewee highlighted the potential value of incorporating socioeconomic analysis to gauge broader 

public perceptions of bio-industrial processes (R2). A notable point of contention was the depth required 

for assessments like LCA. Rather than delving into intricate details of LCAs, which can be time-intensive, it 

may be more pragmatic to prioritise and define the most pertinent criteria for evaluation (A/I2, R1, R2). 

 

Besides the main product and possible valuable by-products, the remaining part of a fermentation process 

is encompassed by side-streams, which are usually referred to as bioprocess waste streams (Table 7). The 

nature and quantity of these components can vary based on the specific bioprocess, the organism used, 

and the process conditions.47,217,218 Proper management and potential valorisation of these side-products 

and side-streams are crucial for the economic and environmental sustainability of bioprocesses. Here the 

laboratory scale of our experimental showcase did not add further data, and analysis should be done on a 

case-by-case basis since actual fraction distribution values can be influenced by the factor mentioned 

above. However, the volume of the side-streams is seldom negligible as this fraction includes elements as 

the medium’s water, gases, and often the biomass itself. Considering the water of the media as an example, 

the implementation of wastewater recycling represents a substantial investment for companies due to the 

need for significant infrastructure. Establishing an efficient wastewater recycling system involves the 

deployment of advanced technologies and the construction of tailored facilities, contributing to the overall 
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cost of the process. Table 8 consolidates the primary challenges identified from the interview sessions. 

These challenges require a holistic and thorough approach within the companies, and with further 

stakeholders who would be involved in the further valorisation of the side-streams. A guideline could serve 

as a valuable starting point to address these issues. 

 218–220 

Components Description 
I. Main product The primary desired output of the bioprocess. It could be a 

biochemical compound (like ethanol in fermentation) or a biological 
entity (like a specific protein or biomass). 
 

II. Side-Products (By-products) 
 

Compounds that are formed alongside the main product. These might 
be the result of secondary metabolic pathways or degradation of 
substrates. 
Examples include glycerol in yeast fermentation or acetate in 
bacterial fermentation. 
 

III. Side-Streams 
 

These are elements or compounds that are not directly part of the 
main bioprocess pathway but are crucial for its functioning or result 
from it. 
 

      a. Water 
 

Often used as a solvent in many bioprocesses. 
Post-process, water can be present in the waste stream and might 
need purification or treatment before release or reuse. 
 

b. Carbon Dioxide (CO₂) A common by-product in many fermentation processes, such as 
ethanol production. 
 

c. Oxygen and Nitrogen Often used for aeration in aerobic fermentations or to maintain an 
inert atmosphere in certain reactors. 
 

d. Heat 
 

Bioprocesses are exothermic or endothermic, meaning they can 
produce or consume heat. Proper temperature regulation is essential 
for optimal functioning. 
 

e. Salts and Minerals Resulting from nutrient feeds and can be part of the effluent. 
 

f. Unconsumed Nutrients 
 

Substrates or nutrients that are not fully consumed by the microbial 
culture can be part of the waste stream. 
 

g. Cells/Biomass 
 

Post-production, the microbial or cell biomass used in the process 
needs to be separated and dealt with. In some processes, this 
biomass is the main product, but in others, it is a by-product. 
 

h. Other Wastes 
 

Metabolic waste products, residues from substrate breakdown, or 
any compounds that are not part of the desired products. 

 

 

Table 7. Primary components of a bioprocess can be grouped as main product, side-product and side-streams 
(I1-I5). 47,218,219    
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Category Description 
Terminology  
Waste, side-stream, residue, 
by-product, etc. 

• Bias in what is declared as waste and what not, depends on the 
producer of the side-stream. 

• As soon as material is declared as waste, it has according to legislation, 
no further valorisation prospect. 

• Using waste side-streams as feedstock possess further an immense 
regulation and assessment hurdle for anyone attempting to valorise it 
further, which makes it less attractive to industry and researchers. 

Safety aspects  
Toxic residues Waste may contain compounds harmful to the environment or human 

health. Proper detoxification is essential. 
 

Biological hazards Risks associated with potential pathogenic contaminants (e.g., antibiotics 
used in the fermentation process) or GMOs that may adversely affect local 
ecosystems if not handled correctly. 

Sustainability aspects  
Resource loss  Failure to recover valuable compounds from waste streams leads to 

economic loss and greater environmental burden. 
 

Intensive energy consumption Some waste treatment processes, like incineration, require significant 
energy, contributing to a larger carbon footprint. 
 

Water pollution If untreated or improperly treated waste reaches water bodies, it can lead 
to eutrophication and other ecological imbalances. 
 

Solid waste Accumulation of non-degradable solid residues can contribute to land 
pollution. 
 

Air emissions Processes like incineration can lead to emissions of greenhouse gases or 
other pollutants if not properly managed. 
 

Regulatory non-compliance Failure to adhere to local, national, or international waste management 
regulations can result in legal repercussions and damage to the company's 
reputation. 

 

§ Implications waste management 

Waste management, particularly in the bioeconomy sector, presents a multitude of challenges, as observed 

from a series of interviews and project discussions. A primary concern emerging from these conversations 

is the pressing debate surrounding the very terminology of “waste”. Many stakeholders argue for the re-

evaluation and potential replacement of this term, especially when discussing value-added side-streams. 

There is a tangible risk in labelling potentially reusable or recyclable materials as “waste”, which could 

create regulatory barriers to their subsequent reuse. 

 

Then there is the intricate matter of by-products, substances generated during production that are neither 

the desired output nor end-of-life waste. These have inherent value and further utilisation potential. The 

Table 8. Main challenges and risks in waste management from bioprocesses (I1-I5).   



Embedding SbD in bioeconomic workflows  Results, lessons learned and implications 

 48 

indiscriminate use of the term “waste” in scientific publications, even when referring to direct by-products 

or alternative feedstocks, has led to confusion. This ambiguity, particularly within the circular economy 

framework, necessitates a clear distinction between product, by-product, and (value-added) side-stream 

and waste. Spent biomass, rich in proteins, fibres, and amino acids, is one such area where companies are 

actively seeking end-of-life solutions. Possible outcomes were mentioned as either supplementing the 

fermentation media with these nutrients, hence bringing this side-stream back to use in the production 

process, or as a well-suited supplement for animal feed. While the repurposing of spent microbial biomass 

as nutrient supplements is a viable strategy, stringent measures must be in place to ensure the inactivity 

or sterilisation of the cells. Safely repurposing microbial biomass requires thorough processes to deactivate 

or eliminate any viable microorganisms. 

 

Nevertheless, among these considerations, a pivotal question remains: Who is responsible for evaluating 

these complex, mixed-material feedstocks? An interviewee (I2) from the industrial sector claimed 

responsibility for the waste their plant produces, emphasising their role in assessing and potentially 

marketing the by-products. Undoubtedly, the producers of the waste have the most comprehensive 

understanding of its contents. This insight, combined with financial motivations like repurposing or selling 

waste, could shape the future of waste management in this sector (I1-I5). However, the matter of 

responsibility appeared ambiguous to most interviewees. Beyond just assessing the feedstocks, the 

challenge of correctly segregating them for diverse applications persists. Here, we observe a knowledge 

gap with regards to what happens with these by-products and how this can, in turn, inform what 

characteristics we need from these by-products.  

 

§ Lessons learned on waste management 

1. The redefinition of “waste” is crucial to navigate and address regulatory hurdles more effectively. 

2. Distinguishing and separating “waste” from “side-product” is vital after a production process, as 

the two terms carry different implications for utilisation and regulatory compliance. 

3. While companies take effort into emphasising circularity in their processes, their commitment to 

sustainability can be overshadowed by the economic viability of their operations. 

4. Recycling usually requires substantial additional infrastructure, making it a significant investment 

for companies. 

5. Spent microbial biomass can be safely repurposed as nutrient supplements when the cells are 

ensured to be inactive or sterilised. 

6. Distinguishing (and technical separation) of final bioprocess waste from side-products is vital, as 

the two terms carry different implications for utilisation and regulatory compliance. 
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7. Exploring end-of-life applications for by-products, especially materials like spent biomass, is 

becoming an increasingly important aspect of sustainability. 

8. Determining who bears the responsibility for evaluating and managing waste remains unclear for 

some of the involved parties, which might have implications for both business and regulatory 

environments. 

IV.6 Implications on the experimental showcase 

§ The main limiting steps in designing the experimental showcase: time & 

resources 

Designing an experimental study to explore a fermentation production process tailored to a specific 

research objective is a multifaceted endeavour. Its complexity and direction are intricately tied to the 

nature of the research question it aims to address. In our project, we set out to investigate two key aspects: 

(i) identifying the critical decision-making safety factors within a biomanufacturing workflow, and (ii) 

evaluating the viability and practicality of using agricultural or industrial waste as carbon sources in the 

biocatalytic production of high-value compounds. 

 

Given our one-year project timeline, practical considerations were paramount. We opted to use a 

biocatalyst developed in-house, bypassing the extensive time and resources typically required for creating 

a new biocatalyst. This decision also sidestepped potential complications associated with external 

collaborations, such as the need for additional protocol adjustments when integrating a production strain 

from another group. Our approach faced two other primary constraints: finding and securing an 

appropriate feedstock that could be safe and sustainably sourced from industrial or agricultural by-

products. 

 

This project navigated various decision points throughout the bioprocess workflow, which we will delve 

into in greater detail in the following sub-section. 

§ Decision points during the experimental set-up 

As previously stated, the specific focus of our study imposed initial constraints on how we addressed the 

research questions and objectives, which were primarily aimed at exploring the integration of SbD 

principles within a circular bioeconomy framework. Although we acknowledge the limitations of a lab-scale 

experiment in fully capturing the complexities of real-world scenarios, this study afforded us an 

opportunity to re-evaluate our conventional approaches to academic research. 
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Guided by the framework outlined in Figure 2, our decision-making process was informed by critical stages 

identified during our preliminary desk study. These decisions not only validated some findings and 

hypotheses from the earlier desk study and interviews but also highlighted areas we had overlooked or 

where alternative approaches could have offered deeper insights. 

 

 

1. Biocatalyst & Product 

It is important to note that, given sufficient time, interest and resources, a more conventional 

approach to biomanufacturing would involve selecting the target product first, or, in the case of 

valorising waste streams, choosing the waste component to analyse its molecular makeup. This 

would help identify if there is another organism capable of efficiently breaking down and utilising 

these molecules. 

 

In the Biomanufacturing & Digital Twins group at Wageningen University, we have developed 

significant expertise and established a research trajectory focused on utilising and enhancing the 

soil bacterium P. putida (for more details, refer to the showcase box in section IV: Choosing the Right 

Biocatalyst). Given that this microbe is HV1-certified and we have in-house strains engineered for 

the production of various compounds, we found it most practical to leverage P. putida in our proof-

of-principle research for integrating SbD principles into our workflow. Additionally, P. putida’s 

remarkable capacity to utilize diverse carbon sources for growth and production meant that we 

could feasibly replace glucose with an industrial by-product as our primary feedstock. 

Figure 2. Decisions points during the experimental showcase study. Highlighted with the pink boxes (1 to 3) 
are the decision points along the bioeconomy workflow in the order we approached the project and which 
were touched upon. The main challenges were here perceived the most feasible and usable biotechnological 
production experiment that would give answers on the feasibility and usability of wastes/side-streams as 
feedstocks and on how to incorporate SbD principles in each step. 

2 Supplier 

2 

1 

3 

1 
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Since we were working with an in-house strain already known to convert lignin-derived monomers 

into food-grade products, the decision-making process was straightforward regarding the product. 

However, upon deeper examination of regulatory aspects and the potential social impact of 

displacing manual labour (a consideration when producing compounds like curcuminoids), we 

recognised that this might not be the most suitable case study. Curcumin, being a natural food 

ingredient, generally presents low safety and environmental sustainability concerns in moderate 

amounts. However, considering social and public perception, a product like polyhydroxyalkanoates 

(PHA), a naturally produced polyester, might have been a more appropriate choice due to its lower 

social impact and fewer regulatory barriers. 

 

2. Feedstock/ Supplier 

In practical scenarios, the choice of valorising industrial side-streams naturally comes before other 

decisions. In our case, we leveraged our network and expertise to identify a suitable industrial by-

product for our study. Our criteria focused on finding a side-stream that was both abundantly 

available and underutilised for high-value chemical production, and which could be metabolised by 

P. putida. 

 

Based on our experience with the in-house curcuminoid production strain, we knew that P. putida 

could synthesise curcuminoids from lignin-derived monomers such as tyrosine, ferulic acid, 

coumaric acid, and others. A critical factor in our selection process was the availability, timely 

delivery, and cost-effectiveness of acquiring the necessary lignin. Ultimately, we sourced the Soda 

Lignin not directly from a pulp and paper industry but from the BBP Biorefinery & Sustainable Value 

Chains research group of Wageningen Research. We received therefore a chemical information 

sheet with the main attributes of the Soda Lignin and its purity. Upon further readings we knew what 

kind of chemical transformations/ pre-treatments were performed beforehand to receive the Soda 

Lignin. Interestingly, this lignin originated from a pulp and paper industry in India. While ideally, bio-

based industries should aim for more localised value chains, especially from an environmental 

perspective, the sourcing of Soda Lignin from India may contribute to social sustainability for the 

workers and the local industry there. By purchasing the by-product, it is plausible to assume that 

Wageningen Research indirectly supports the local economy and workforce in India. 

 

3. Pre-treatment 

This stage of the process offered us the most freedom in making safe and sustainable choices. 

However, having acquired Soda Lignin, we faced the necessity of employing chemicals to break down 

and solubilise it, making it accessible for P. putida. This requirement is common to most forms of 
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lignin, but Soda Lignin presents particular challenges, which underscores the importance of finding 

viable methods to valorise it (see showcase box in section IV.1 Sustainable feedstock selection & 

pre-treatment issues). 

In devising our pre-treatment strategies, we prioritised methods that were well-established, utilised 

less toxic or irritating chemicals, and were relatively simple to implement, keeping in mind the 

laboratory equipment available at our facilities. Ultimately, we opted for a mild-alkali pre-treatment. 

Had there been more time and expertise available, we would have explored further optimisation to 

reduce chemical use, streamline the process, or discover other more sustainable alternatives. 

 

§ Embedding SbD in research 

In the context of embedding SbD principles into our research, we have collected valuable insights into the 

intrinsic complexity of the decisions that need to be made. This complexity became evident even without 

reaching the stages of up-scaling, fermentation waste and side-stream separation and analysis. This project 

highlighted the necessity for a multidisciplinary approach when designing a biomanufacturing research 

project. It underlined the importance of effective communication, knowledge transfer, and the resolution 

of conflicts of interest when engaging with external stakeholders and experts.  

 

The RIVM guide by Hogervorst et al. (2023) informing about safe, sustainable and circular designs for 

industrial biotechnology applications gave us a first understanding of the regulatory frameworks we would 

need to comply to in a “real-life-scenario”, and a primary idea about the critical stages where choices need 

to be made and assessments are necessary (Table 1). Indicators for safety, sustainability and circularity in 

an industrial biotechnology process’, RIVM guide).17 It became clear that time and resources are major 

constraints in this realm, not only in terms of material resources but also in the availability of professional 

expertise. For example, there is a scarcity of professionals in the wider research community with the 

necessary skills and knowledge to perform assessments as TEA and LCA which should become apparent in 

the context of SbD goals. 

 

Personal motivation among young researchers or the academic network also emerged as a critical factor: 

From a scientist's perspective, research often depends heavily on the expertise available within the group 

or institution. This reliance can inadvertently limit project designs, particularly in decisions like selecting a 

host organism, as we tend to rely on existing infrastructure, tools, and expertise. In this regard, it is crucial 

to further encourage and support researchers to challenge themselves to think creatively and step beyond 

the conventional boundaries. 
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Furthermore, it is worth noting that research projects are typically not designed to have SbD as the starting 

point. Generally, the starting point is a problem, such as the unsustainable and resource-intensive 

procedures involved in curcumin extraction from plant, which often involves cheap labour and extensive 

transportation across the globe, underscoring the need for more sustainable alternatives. 
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V Concluding remarks 

The various streams of research in this project point to an inherent tension: while we seem to know a lot 

about safety issues, interviews reveal that compliance is the name of the game.  This is because the pursuit 

of a safe and sustainable design is not yet profitable in these new processes. For this, tools can become 

incentivised, and regulatory definitions can create better incentives. This paradigm shift requires 

commitment from multiple stakeholders to ensure that sustainable, circular processes become as 

(economically) viable as traditional linear, fossil-based approaches.  

 

Advancements in synthetic biology and metabolic engineering offer the potential to replace fossil fuels, 

utilise diverse feedstock sources and give hope that a shift towards a safe and circular bioeconomy future 

is possible.  However, although microorganisms such as bacteria, fungi, and viruses have been utilised by 

humans for millennia, and fossil-based workflows are generally less safe and sustainable, safety and 

sustainability  of bioengineered biocatalysts need to be further addressed in public debates. 

 

§ Terminology 

Terminological challenges often accompany new technologies. Misunderstandings arise from outdated or 

inaccurate definitions, leading to regulatory issues for safety. In this research we encounter this challenge 

when it comes to defining wastes, ambiguity of the term natural, and polysemic nature of values of safety 

and sustainability. 

 

 The term “waste” generated significant debate in this study. Although organisations like the EU and UN 

advocate using waste-derived side-streams, regulatory frameworks lag, imposing stringent rules on 

companies looking to repurpose waste as feedstock. This has implications for process and product safety 

as one does not want to expose workers to potentially harmful waste products, and by the same token, 

want to make sure that toxicity of a side-stream feedstock will not make it to a final product. A recent news 

item shows how traces of amphetamine are found in manure and this is a problem when we think of 

circular processes. Having good definitions for what counts as waste for circular processes can help avoid 

unsafe organic materials from entering bioprocesses.221 

 

Similar ambiguity exists around terms like “bio-based” or “natural”. For instance, it is worth questioning 

whether products like vanillin or curcumin, produced by engineered microorganisms, can be termed as 

“natural”. This is ambivalent because many products we already consume as a result of agricultural 

production, from vegetables to dairy, have been modified by humans to a point where they scarcely 

resemble their wild counterparts. This is relevant for safety in a different way: industry will not want to 
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invest in bio-based products that might be perceived as unsafe by consumers because of the use of 

bioengineering. Here, having clear communication on what is modified and how the modified strains 

actually do not reach the consumer is extremely important for issues of safety. 

 

In this study, a notable third example centred on the challenge of distinguishing between safety and 

sustainability, and ultimately the definition of both terms affords several interpretations. This is a risk with 

polysemic concepts. In our research we find an interesting dynamic, where while identifying safety 

challenges in bioeconomy workflows, we found that the interviews often veered back towards 

sustainability gaps. Interestingly, it appears that safety now inherently includes environmental safety, and 

hence a sustainability factor, at least in European perspectives. This reveals the intertwined nature of both 

safety and sustainability. 

 

§ Assessment tools 

Assessment tools, including not only Life Cycle Analysis (LCA) and Techno-Economic Analysis (TEA) but also 

Social Life Cycle Analysis (SLCA), play a pivotal role in the SbD approach, offering holistic insights into safety,  

and also into sustainability in the extended SSbD dimension. The relatively novel SSML approach was 

highlighted by a single interviewee, emphasising the dominance of established frameworks like GMP(+). 

Rather than developing new industry assessment tools, platforms enabling stakeholder collaboration can 

be more impactful. These would facilitate discussions around side-stream management, leading to 

improved pre-treatment protocols.  

 

§ Limitations of the study 

The concept of Safe-by-Design (SbD) heralds a paradigm shift in the development and implementation of 

technologies and processes, advocating for the intrinsic embedding of safety from the outset. This forward-

thinking framework insists on a holistic incorporation of environmental, economic, and social dimensions, 

ensuring that products and processes are designed to minimise risks to both people and the planet. 

In pursuit of this comprehensive approach, it is imperative to engage a broader range of stakeholders than 

the ones contributing to this study report. For example, including international participants or depending 

on where the industrial or agricultural wastes are originating, the stakeholders of these companies and 

industries would give a more inclusive idea also of their challenges and possibilities to contribute to a 

comprehensive conceptualisation of an SbD framework. Such inclusivity is pivotal for harmonising 

divergent safety perspectives globally and from different market perspectives. Additionally, 

representatives of waste management companies would have been a big asset to include, since waste 

separation and treatment are an oft-overlooked facet. This phase of the process demands a rigorous 

assessment strategy, ensuring that post-consumer impacts align with the SbD principles. 
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The setting-up and prioritisation of stakeholder collaboration in form of a communication platform for 

example, over the introduction of new guidelines or assessment tools, is a further idea that sprung from 

this study, especially from the interviews. These platforms could serve as a room for critical discussions on 

valorisation, sector-specific needs, and innovative solutions for side-stream management.  

 

Regarding assessment tools, LCA and TEA are a future perspective of the experimental showcase study, 

and should in any aspect be a mandatory incorporation for researchers from, at least, pilot scale level and 

above. Prediction tools such as the ex-Ante method, can aid with assessing novel processes already in early 

design stage, allowing for the assessment of potential impacts before they occur, hence before a high 

amount of experimental data is generated, aiming to secure a sustainable future by design rather than by 

retrofit. 

 

Additionally, addressing the socio-economic aspects is non-negotiable, and this is where the incorporation 

of Social Life Cycle Assessment (SLCA) comes into play. SLCA extends the sustainability evaluation to include 

the social impacts of products throughout their lifecycle, ensuring that human labour, community impacts, 

and societal well-being are factored into the design process. 

 

Further, a more comprehensive experimental setup, one that mandates collaboration with a diverse array 

of partners, thereby pooling resources and expertise would have led to more useful outcomes and 

technical insights on feedstock pre-treatments, fermentation and downstream processes and the end-of-

life scenarios for the product and side-streams to evaluate the SbD concept effectively. 

 

In essence, the limitations of the study highlight the need for a more connected, anticipatory, and socially 

inclusive approach to SbD. By engaging a comprehensive network of stakeholders and leveraging ex-ante 

methods such as LCA and TEA, the pursuit of safety, but also of sustainability, can be more than a checklist 

— it can be an inherent characteristic of innovation. 

 

To conclude this report, we revisit our main aims. 

 

i) Identify the critical steps, choices, and risks influencing the safety and circularity of bioprocess value 

chains. 

1. Considering waste as feedstock: this critical step requires thinking about the entire value chain and 

the other related value chains. Issues relating to economic feasibility, quality, reliable supply, 

regulation and public perception need to come into consideration when selecting a feedstock. 
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2. Choosing the right biocatalyst: this critical step requires thinking about the comparability in 

economic efficiency to the oil and gas sector, together with issues of safety and security that 

usually come with the use of genetically modified microorganisms. 

3. Dealing with novel fermentation processes: this critical step requires thinking about the technical 

efficiency of a process, how to optimise the process, resource efficiency, and use of feedstocks. 

4. Assessing a final product: this critical step requires making sure that the biotechnologies used in 

the process are not present in the final product, as well as rigorous assessment on safety, 

recyclability, or degradability, while meeting local regulatory requirements, global and regional 

certification requirements, and integrating in local systems of production. 

5. Managing waste: this critical step brings us back to the first step. It requires us to think of the 

economic viability of the waste produced, advocate for clear distinctions between wastes and by-

products, and sharing responsibility for end-of-life scenarios. 

 

These five critical steps should be addressed before rolling out a process and in coordination with each 

other. Only addressing all five steps at the same time can insure a safe roll out of these new technologies 

for industrial biotechnology.  

 

(ii) examine the viability of industrial waste as feedstock for synthetic biology to generate high-value 

compounds. 

The embeddement of an experimental case study within this project allowed us to consider the safety 

aspects in the design stages of a real case in line with SbD principles. This proof of concept elucidated 

the effect of lignocellulosic waste in the enhancement of curcumin production using an engineered 

Pseudomonas putida equipped with the curcumin biosynthesis pathway.   

In this context, we learnt that not all waste is the same. A main finding of this research is that there are 

issues with regulatory labels on waste. These, in turn, affect greatly the economic viability of the waste 

chosen for a given process. Case-by-case consideration and shared learning on using waste is a topic for 

further research. 

 

(iii) propose early-stage Safe-by-Design principles for an entire circular bioproduction value chain. 

 

From our research, we suggest three design principles. These principles should still be validated with other 

projects for their usability and practicability. 

 

- Consider the feedstock from a holistic perspective: the feedstock is not only the starting point but 

also the end point. 



Embedding SbD in bioeconomic workflows  Concluding remarks 

 58 

- Optimise biocatalyst integration: integration relates not only to integration in an economic system, 

but also a socio-technical system where value like safety and security are paramount. 

- Share responsibility for Product Lifecycle Sustainability: this relates to the use of several types of 

tools and expertise that help get the full picture. 
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VI Recommendations and messages to the ministry 

VI. 1 Recommendations  

From these concluding remarks, we formulate a set of recommendations:  

- Recommendation 1: Implement tools and regulatory definitions that incentivise the pursuit of safe 

and sustainable designs. Relevant for stakeholders in emerging industries transitioning from 

traditional linear, fossil-based approaches to sustainable, circular processes. 

- Recommendation 2: Demonstrate the safety and sustainability aspects of bioengineered 

biocatalysts and communicate about these to the public. Relevant for researchers, policymakers, 

and industry leaders in synthetic biology and metabolic engineering.  

- Recommendation 3: Develop clear definitions for terms such as "waste" and "bio-based" in order 

to establish guidelines for the safe utilisation of waste-derived side-streams, balancing safety and 

product quality considerations. Relevant for researchers, policymakers, and industry leaders in 

synthetic biology and metabolic engineering. 

- Recommendation 4: Prioritise the use of holistic assessment tools like Life Cycle Analysis (LCA), 

Techno-Economic Analysis (TEA), and Social Life Cycle Analysis (SLCA). Relevant for researchers, 

policymakers, and industry leaders in synthetic biology and metabolic engineering. 

VI.2 Interviewees’ messages to the ministry 

This section comprises answers from our interviewees, when asked at the end of the session if they would 

like us to transmit a message to the ministry, or what topics would need further discussion and 

improvements. Context information or questions, added words or deleted parts between thoughts/ 

sentences (that would reveal the interviewees background) are placed in brackets. The answers are given 

as unedited as possible from the transcripts. 

 
Interviewee 1  

“I think the ministries and the authorities, they will play an important role in advertising the safety 

regulations and of course scientists could help them develop these kinds of regulations. 

I think it's only important to have other stakeholders involved in that discussion. So maybe it should be a 

kind of joint effort between scientists and company representatives to get into discussion with the 

authorities to set up a good set of regulations and measures. And also, how to maintain that for the future 

because safety is for all of us and a very important topic.” 
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Interviewee 2  

[on topics that should be further improved and implemented in an SSbD approach:]  

“HACCP: Hazard analysis and critical control points and GMP for the safety part. And for the sustainability 

part, I would say energy or carbon dioxide production, and in combination with the circularity, water use, 

and land use. These are the big issues dealing with sustainability.” 

 

Interviewee 3 

“Be brave and do what needs to be done and not what all kinds of parties with special interests tell you. 

Look at the science. Make decisions and come up with a good framework that everybody knows what the 

possibilities and the freedoms are and what their responsibilities are.” 

 

Interviewee 4  

“I think the work you are doing could be good, for example, if there is something on paper, like a good 

discussion with industry how to approach questions. Because all industry, as in the chemical industry, is 

really struggling, also, on how can we do SbD. […] I think your biggest struggle would be the level of 

abstraction you have to go to. Because you cannot go into detail of everything because it takes too much 

time, you will not find the data anyway, but still, you want to make some predictions on the basis of limited 

information. And I think if you succeed in this to give insight into the process with limited data and which 

tools you can use, this would be your perfect showcase to discuss with industry, this would be a way you 

can pick up SbD for example.”  

[In your opinion, is it the most important to involve all the industry stakeholders in the whole discussion 

and to take them along and to provide a more detailed guideline for them than for anyone else 

regulators/policy makers, (academic) scientists?:] 

“Yes, because the way SbD is positioned now, it's industry that should do the work. So, if you can think of [a 

guideline/ material] they can use, I would  very much encouraged to include industries somewhere, right? 

So maybe, this can be a workshop for industry […] just to get the message across.” 

 

Interviewee 5 

[on the meaningfulness of an SbD guideline:] 

“I guess in industry quite some parts of the industry, in the engineering part, the Safety-by-Design is more 

or less an intern integral part of it [already]. So, if you then look at the overall scheme in the circularity, I'm 

not sure. Because it goes over so many chains. And so, so many parties involved, and I guess it is quite 

difficult to pinpoint if you have to do this, because of that.” 

[Would you say this is happening already or is there room for improvement from industry, academia and 

with the ministries?] 
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“That's a tricky one to answer to be honest. I mean, there's always room for improvement and 

communication is always a weak part anywhere. And so there could be - but then because it's the difficult 

what you might end up with is a set of guidelines or rules that you have to comply with which are just not 

it. That's also not what you want. So that's why I'm a bit careful with [an answer/opinion]. So what we 

definitely do not want is more regulation. And say, maybe, fine tuning of existing one, is okay.” 

 

Interviewee 6 

[on the root of the problem] 

“For biogas, [for example], if the government wouldn't give them subsidies, it would not be feasible in many 

cases. And that's the other dilemma that we are facing, is that we have to compete with the oil industry. 

And the oil industry, of course, has a gigantic economic scale. It has  optimised all their processes, they 

found outlets for all the by-products they might make. So that's completely optimised there. So they are so 

good at what they do, making products out of oil, that it is very difficult to compete with them, of course 

and you have to really find the one process where you can get enough added value and then also convince 

customers that what you're doing is circular and that it has extra local economical value and it's a big 

struggle that you have to compete with companies that have been completely optimised and at the same 

time they of course are often not paying for the environmental destruction they're causing and that's 

artificially lowering their prices. 

Yeah, maybe something interesting as well is that you're not allowed to use waste to make a lot of products. 

Waste to food is not allowed - but it is allowed to put products that are based on petrol in food, in medicine, 

in everything. And if you look at petrol or [the crude material] what they take out of the ground, the oil 

directly, it's really dirty stuff, right? You don't want to eat it. You don't want to, so that's also considered 

safe… So if that is considered safe, why can't we do it out of waste products. We always try to make that 

comparison because if you eat the oil coming out of the ground directly, you'll just die.” 

[message to the ministry] 

“We all want to go to a circular economy and we want to do that in a safe way. But then it should be also 

allowed when you have a safe product, you can apply a process and [bring] a safe product [on the market]. 

So, legislations should be adapted to enable that and we should be very strict on the processes that are 

being applied there. 

The process of reviewing what companies are actually going to do, to turn a waste product into a useful 

product that should be very carefully monitored by the government or related agency, but we should allow 

it with careful consideration.” 

[Would an SbD guideline be helpful?] 

“I think it would be indeed very helpful. I think what would be really good if such a guideline would be 

formalised, for example, in an ISO norm or by SER [Social and economic council of the Netherlands]. In the 

end, it should be referred to in legislation, so I think a guideline would be a first step telling companies “OK, 
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this is a way to do it” and then at one point you would have to formalise it. […] I think that there's a couple 

steps to be taken and I think a guideline is very good first step and then it should be formalised to a norm 

and then taken up into European regulation.” 

 

Interviewee 7 “We need a flexible legislative framework for all these organic streams, […] at a conference 

we're talking about using side streams from agriculture to make all kinds of new products, but if preferred 

streams are by law considered waste, then nobody will touch it.  

We need to be flexible in how we define waste and side streams coming from renewable sources, so more 

flexible than we've been so far, because once something is that designated waste, this value drops because 

you can no longer turn it into food and then the value drops dramatically. […] 

So, you're taking one side stream, you're extracting or you’re changing it, you're making it into a high value 

product, but you'll end up with the majority of what you started with [organic material]. 

And it's usually mainly water and so being able to treat those watery streams is usually important for the 

bioeconomy. So if we take that watery stream now and we would just put it into in the municipal water 

treatment, it would cost us a lot of money. So that's why we are forced to look for other outlets, as I said. 

[For example it can be sold] as animal feed and some of it is being turned into bio gas again. 

But this is the challenge of this business, you take a biological product, you extract something, you make 

something useful, and you have a lot of watery waste leftover again, which you then have to use. This is 

something for you to realize as a PhD student. If you look at your circular story, I missed the water. Where 

were the water side streams? So, if you talk about Safe-by-Design, maybe this is one of the things you need 

to add to this. If you make such a design, where is the water going to go from your feedstock that is A, and 

[B] you need to start thinking about it before you do anything else. We didn't think about it and then later 

on we realise, oh […], we have all this wastewater, we have to do something with it.” 

 

Interviewee 8  

“Especially the comparison one [comparing various processes/ products] I find very much important and do 

not expect a one size fit all number. I know that this is [what they would like to have] but this is not going 

to happen. It's intrinsic to this whole thing. You will not get a from one size fits all answer unfortunately.” 

[on the meaningfulness of an SbD guideline:] 

“Good question, I would say it would be already useful to have it at this time, but it should not hamper to 

start because you [think you might] know what comes out. So here I'm a bit [doubtful]. I think it's useful to 

have it in the beginning, but it should not be already the decisive to not do something. 

Well, you don't know what comes out of the research, and that is the underlying problem I have a bit with 

all these things with life cycle and environmental [assessments/ predictions] and now Safe-by-Design that 

I'm afraid that it will hamper a lot of research. […] 
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I think it would be useful – well, it depends on what the word guideline means. I think again I would say I 

would use it as a comparison of processes and then make a decision of which process I want to do. I'm not 

sure if it should have forced things on people because these guidelines they will change every time if there 

is new research, a new catalyst or a new conversion process found.  […]  So it needs to be used flexibly. You 

cannot make legislation based on this. I guess at least not on the absolute numbers.” 

 

Interviewee 9  

“Well, the first message - I will keep it simple. Because there are so many regulations, both locally and 

European, but most companies will also look at the US. The US has its own set of rules. 

There are a lot of rules already around novel foods around food in general, and I would say treat these 

products that are upcycled from the side stream or waste stream, treat them as a food product and make 

sure that they have the same food safety around it as a normal food would have. Don't over-complicate it 

by making a difference. It's still a food product and it should be safe as regular food and some products 

might need a big dose shape to show that it's new and it's not harmful if it's really a new product. 

If something similar then just show that it is similar and it has the same safety proposition as the regular 

product. I would say don't treat it too much as a different thing and don't consider waste as waste, but call 

it the side stream and make sure that it's just treated properly.”  

“[…] I mean if we don't produce for the Dutch market, we produce for the global market. So, everything we 

do, we evaluate by the Dutch regulation or by the EFSA or the European regulation, but also by the FDA 

regulation because we want to enter the US market as well. So, we already have like three sets of rules that 

we want and need to attend to, to make sure that we are approved for the [different] markets. 

So no, we don't consider moving to the US as such because it's so hard here, but the reality is that in general, 

the US market is a bit easier to enter because you have more your own responsibility rather than the 

government that has to approve you [with a] yes or no. […] So don't over-complicate it by getting another 

set of rules.” 

 

Interviewee 10  

“It’s good to think about safety but also think about safety around new examples [as in occurrences that 

indeed happened]  and not about  things that could happen, or might happen, at least in my perception. 

[There should not be] an economic penalty on it because as I said there are big difficulties in the biotech 

industry to make a sustainable life, economically. I appreciate efforts to make things better and we should 

for sure investigate it, I think, but, to put a regulation on it – I would be cautious with that, from a 

competitive perspective, I would say.”  
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Annex I: Reflection on the SSbD guideline by RIVM17 

The RIVM guideline provides a comprehensive overview and introductory guidance on addressing safety 

and sustainability in industrial biotechnology. It effectively marks a step towards embracing a circular 

economy, enhancing understanding of sustainability and circularity concepts. The guideline successfully 

highlights the critical steps and challenges in bioprocess design and offers a detailed depiction of the 

current regulatory framework, complete with useful resources for further reading. 

 

However, our feedback indicates a lack of awareness about the guide's existence, suggesting a need for 

more proactive promotion. This gap in awareness was echoed by several interviewees. Regarding the tools 

listed in the guideline, aside from Tool 4 (Life Cycle Assessment - LCA) and Tool 8 (Information on legal 

frameworks and chemical hazards), most interviewees were unaware of their existence. These tools, 

however, are valuable for student learning and reflection. 

 

Recommendations 

 

1. Early Integration of LCA: Introduce Life Cycle Assessment (LCA) at earlier stages and explore the 

potential of predictive tools such as the ex-Ante method. Include guidance on evaluating and 

substituting solvents for safer alternatives. (e.g., at least process design stage, if not already in 

concept stage). 

2. Social LCA (S-LCA): Incorporate Social Life Cycle Assessment to address global socio-economic 

questions comprehensively (e.g., in concept stage) 

3. Stakeholder Involvement: Provide a more concrete guide on stakeholder involvement, potentially 

through the creation of platforms or innovation communities. 

4. Incorporate a Stage-Gate Model: This would provide a structured approach to project 

management and decision-making.220 

5. DTU Guideline Reference: Consider referencing the guideline by McAloone et al. (2009) from DTU 

(Environmental improvement through product development – a guide) for its step-by-step 

approach to environmental improvement in product processes.219 

6. Certifications and Directives: Include information on relevant certifications (e.g., GMP+, ISO 

standards) and additional EU directives applicable to the biotech industry. 

7. Practical Examples: Use case studies or examples to clarify the guideline’s application and 

relevance. 

8. Waste Management Focus: Place greater emphasis on waste recovery and separation, highlighting 

the importance of feedstock choices. 
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9. Terminology Section: A dedicated section explaining key terms (Safety, Sustainability, Product/By-

product/Side-stream/Waste, End-of-Life/Recycling, “Cradle to Cradle” or “Cradle to Grave” 

principles) would enhance understanding. 

10. Design Stage Impact: Emphasize that 80% of a product’s sustainability is determined at the design 

stage, highlighting the responsibility of stakeholders to collaborate effectively. 

11. Comment on Figure 2: The current depiction of a circular bioeconomy workflow in Figure 2 is 

lacking. It misses crucial steps and thoughts about end-of-life scenarios for products and wastes, 

as well as the valorisation of waste and side-streams. 

 

By addressing these areas, the RIVM guideline could significantly enhance its utility and effectiveness in 

guiding safety and sustainability improvements in the biotech industry. 
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Annex II: Reflection on prior SSbD embedding study 

The preliminary exploratory study by Maaike van der Horst et al. (2023)112 , commissioned by the Ministry 

of Infrastructure and Water Management (IenW), laid the groundwork for integrating Safe-and-

Sustainable-by-Design (SSbD) principles in circular bio-economy research. Building upon this foundation, 

our current study supports these findings and delves deeper in two significant ways. 

 

Firstly, it accentuates the critical need to integrate sustainability into the early design stages of novel 

biotechnological processes. While SSbD principles have been established in nanotechnology and the 

chemical industry, their application in circular biotechnology workflows is still evolving. 

 

In the previous study integrating the Design-Build-Test-Learn (DBTL) strategy, established in synthetic 

biology and strain engineering, with the SSbD related “Who?”, “How?”, “What?”, and “When?” (WHWW) 

questions, was suggested. This integration can map the principles and questions of the DBTL cycle and 

WHWW questions to the key steps identified in our study, which align with a circular bioeconomy workflow. 

Applying the DBTL approach in this context is particularly relevant for designing entirely new bioprocesses, 

especially those utilising unconventional feedstocks to revise and optimise the process designs. Moreover, 

we see the potential for this strategy as a means to revaluate and optimise established processes, 

incorporating new knowledge over time. 

 

 

Who?
How?
When?
Where?

Who?
How?
When?
Where?

Who?
How?
When?
Where?

Who?
How?
When?
Where?

Figure 3. DBTL cycle schematic highlighting that the WHWW questions need to be addressed for each step. 
Figure adapted from the 2022 iGEM Wageningen Team wiki: https://2022.igem.wiki/wageningen-
ur/engineering. 
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Secondly, addressing the previous report's call for concrete SSbD guidelines for practitioners, our report 

reviews various existing guidelines, including the newly published guide by RIVM. These guidelines, along 

with additional recommendations highlighted in the previous section (see Annex I), emphasise the 

continuous necessity to revisit and refine the “Who?”, “How?”, “What?”, and “When?” (WHWW) questions. 

These are vital for making informed decisions and evaluations in the design and analysis of new 

bioprocesses. Developing a comprehensive and practical guideline for the diverse and case-specific nature 

of circular bioprocesses is a long-term endeavour requiring the commitment of multiple stakeholders. 

 

Given the complexity of this task, we also recommend the formation of innovation communities. These 

communities would proactively engage stakeholders over extended periods, fostering ongoing discussions 

and collaborations throughout various stages of design and upscaling in the value chain. This approach is 

vital for advancing towards a truly circular bioeconomy. 

 

Pretreatments

Production

DSP

Product

Side-streams 
(waste)

REGULATION 
Concept Phase I 

Virgin feedstock

Process 
(1st Generation)

Supplier?

2nd Gen feedstock

Genetic 
Engineering

Concept Phase II 

Biocatalyst

Side product

Figure 4. Value chain approach including the DBTL cycle framework at various critical steps where new 
technologies will be needed to achieve a circular bioeconomy.  
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Annex III: Literature study details 

The literature study for the project “Embedding Safe-by-Design in bioeconomy workflows: From feedstock 

to product and valorizable waste” was carried out between 20-09-2022 and 12-10-2023.  The table below 

(Annex III) shows the (sub)topics that needed to be studied to understand the complex matters of the 

research question, and to acquire knowledge about the current research status to give a profound opinion 

and recommendations on how to embed Safe-by-Design in circular bioprocesses. The respective keywords 

used in the online databases (google, google scholar, Science Direct) are listed accordingly.  

Topic Search (knowledge) goal Keywords  
General   
Safe-by-Design/ Safe-
and-Sustainable-by-
Design 

Status on S(S)bD definition, 
implementation & guidelines, 
stakeholder identification & role  

“Safe by Design responsibility”, “Safe by 
Design biotechnology”, “Safe by Design 
biotechnology guidelines”, “stakeholder 
involvement in Safe-by-Design” “ ‘safe 
innovation approach’ AND ‘regulatory 
preparedness’ ” 
 

Circular economy/ 
Bioeconomy 

Definition, status of research & 
achievements, identifying 
challenges 

“critical factors in circular economy”, 
“bioeconomy challenges”, “bioeconomy 
prospects”, “sustainability in industrial 
biotechnology” 
 

Bioprocess value 
chain 

Identifying workflow steps, 
understanding complexity, risks 
biotechnological bioprocesses 

“risks in biotechnology”, “challenges 
industrial biotechnology”, “bioprocess 
steps”, “bioprocess value chain”, 
“bioprocess workflow”, “sustainable 
bioprocess” 

Bioprocess steps    
Sustainable feedstock Identify sustainable feedstocks, 

feedstocks in the context of 
circular bioeconomy and 
biotechnology 

“biomass in circular economy”, 
“sustainable feedstock for chemicals”, 
“CO2 as sustainable feedstock”, “CO2 
reuse and capture”, “Syngas 
bioconversion”, “organic waste 
feedstock”, “microbial conversion CO2”, 
“agri food waste fermentation”, “first 
second generation sugar AND review”, 
“’sugar feedstocks’ AND ‘life cycle 
assessment’ ”, “animal manure 
feedstock”, “ ‘spent microbial biomass’ 
AND ‘circular economy’ “, “forestry waste 

Table Annex III. Overview of topics and keywords used for the literature study on how to embed Safe-by-
Design in bioeconomy workflows.  
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further use”, “green chemicals 
challenge”, “environmental assessment 
of sustainable feedstocks” 
 

Host microbe Industrial biocatalyst, safety risks 
& concerns, current SbD 
implementation for biocatalyst 
choice, risk assessment 

“microbial biotechnology”, “role of 
microbes biotechnology”, “industrial 
biotechnology AND sustainability”, 
“biosafety tool”, “safety frame work 
biotechnology”, “GMO debate in Dutch 
society”, “genetic safeguards”, “Safe-by-
Design AND xenobiology”, “GMO Risk 
assessment” , “"risk assessment" AND 
"genetically modified microorganisms"”, 
“EU directive release GMO” 
 

Fermentation Safety challenges & risks during 
production process  

“cross-contamination fermentation”, 
“challenges microbial fermentation”, 
“technical challenges fermentation”, 
“risks in fermentation” 
 

Downstream process Safety challenges & risks during 
downstream process  

“challenges downstream processing”, 
“safety challenges downstream 
processing”, “safety risks downstream 
processing” 
 

Product  (Biotechnological) product 
specific regulations regarding 
safety & sustainability 

“food management systems global 
regulation”, “food safety management 
systems implementation AND 
ISO22000:2018”, “genetically engineered 
microorganisms AND food production”, 
“regulation food additives”, “EC 
regulation genetically modified food”, 
“fermentation product risk”, “GMO 
product risk” 
 

Waste management 
(WM)/ Valorisation/ 
End-of-life scenarios 

waste side-streams, regulation, 
possibilities/current 
implementation of WM in 
biotechnology/ fermentation, link 
between proper WM and 
circularity/safety/sustainability, 
possibilities of valorisation of 
fermentation waste, current 
regulation 

“bioreactor waste management”, 
“fermentation waste disposal”, “waste 
definition”, “EC regulation waste”, 
“waste biomass AND sustainable”, 
“"waste valorisation" AND "circular 
economy"”, “"waste biomass" AND 
sustainable”, “waste management 
minimization in food processing”, “EU 
directive industrial emissions”, “EU 
directive wastewater treatment”, “EU 
directive landfill”, “safety considerations 
in waste management”, “waste 
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incineration”, “conversion culture media 
waste”, “bacterial culture waste reuse”, 
“ecological advantage solvent recovery”, 
“bacterial culture waste reuse”, “spent 
cell culture medium re-use”, “EC 
regulation solvents food ingredients”, 
“solvent recovery and reuse”, “EC 
regulation REACH”, “water reuse and 
recycling”, “water reuse in industrial food 
processing”, “EC regulation water reuse”, 
“wastewater in food industry”, 
“wastewater treatment and disposal” 

Experimental showcase  
(Soda) Lignin Status of valorising lignin 

(microbial and non-microbial), 
sustainability of lignin, utilization 
of lignin as carbon source by P. 
putida, Soda Lignin attributes, 
pretreatments for valorization 

“enzymatic conversion of lignin”, “lignin 
valorisation”, “conversions of technical 
lignin”, “lignin potential products”, 
“environmental impact of lignin”, “pre-
treatment of lignocellulosic materials”, 
“life cycle assessment of lignin”, “life 
cycle assessment of lignin AND 
aromatics”, “environmental impact of 
pulp and paper”, “environmental 
assessment AND pulp and paper”, 
“degradation of lignin”, “opportunities 
and challenges of lignin utilization”, 
“microbial degradation of lignin”, “lignin 
valorisation pretreatment” 
 

Curcuminoids Compound classification & safety, 
(microbial) production ways 

“curcumin characteristics”, “microbial 
curcumin production”, “curcumin 
technical assessment”, “curcuminoids 
production engineered bacteria”, 
“curcumin production pseudomonas 
putida”, “extraction curcuminoids 
process design” 
 

Pseudomonas putida Safety classification, suitability as 
safe and sustainable biocatalyst, 
suitability as industrial host 
microorganism 

“Pseudomonas putida capabilities”, 
“Pseudomonas KT2440 host 
characteristics”, “Pseudomonas putida 
AND industrial biotechnology”, 
“Pseudomonas putida AND metabolic 
engineering”, “Pseudomonas putida 
certification”, “Pseudomonas putida AND 
Safe-by-Design”, “Pseudomonas putida 
AND ecotoxicity” 
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Culture valorisation Valorization/recycling of flask 
experiment culture media, reuse 
of GMMs 

“bacterial culture waste reuse”, “spent 
cell culture medium re-use” 
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Annex IV: Interview guide 

Semi-structured interview guide with open questions 

Note: R = Regulator; O = Others 

Colours: Dark grey = topics; Light grey = mandatory questions; White = keywords and follow-up questions (if needed) 

 

Stakeholder: Academia Stakeholder: Industrial sector Stakeholder: Society  
(regulator (R) and others (O)) 

   
Introduction  

 

• Introduction of interviewers, 
framework of the project 
(theoretical & experimental 
part, SbD concept, focus of 
the study, aspects of safety 
concerns in a 
biotechnological process, 
mention main questions we 
are trying to answer…)  

• Interview structure, 
recording, consensus 

• Could you briefly introduce 
yourself, your (professional) 
background and current 
work, please?  
 

 

• Introduction of interviewers, 
framework of the project 
(theoretical & experimental 
part, SbD concept, focus of 
the study, aspects of safety 
concerns in a 
biotechnological process, 
mention main questions we 
are trying to answer …)  

• Interview structure, 
recording, consensus 

• Could you briefly introduce 
yourself, your (professional) 
background and current 
work, please?  
 

 

• Introduction of interviewers, 
framework of the project 
(theoretical & experimental 
part, SbD concept, focus of 
the study, aspects of safety 
concerns in a 
biotechnological process, 
mention main questions we 
are trying to answer …) 

• Interview structure, 
recording, consensus 

• Could you briefly introduce 
yourself, your (professional) 
background and current 
work, please?  
 

   
Safety/ SbD implementation in the biomanufacturing process  

 
Could you tell us in which part of a 
bioproduction process your work 
focus lies on? (Showing diagram 
from upstream to downstream 
process)  
In your opinion, what are the most 
critical steps here regarding safety 
rules and concerns? 

 

 
Could you tell us in which part of a 
bioproduction process your work 
focus lies on? (Showing diagram 
from upstream to downstream 
process)  
In your opinion, what are the most 
critical steps here regarding safety 
rules and concerns? 

 

 
Would you say regulation of 
safety aspects in biotechnological 
processes play a crucial role in 
your daily work? In your opinion, 
in which steps of a 
biotechnological processes do 
you see the relevance of safety 
considerations/ risks the most?  

 

Keywords: Research topic; detail 
of their roles (follow-up questions 
depend on the interviewee's 
answers) 
 

 
Keywords: Upstream and/or 
downstream process, waste/side 
stream (follow-up questions 
depend on the interviewee's 
answers) 
 

 
Keywords: Connection (yes/no); 
detail of their roles (follow-up 
questions depend on the 
interviewee's answers)  

Table Annex IV. Interview guide: Questions formulated prior to the semi-structured interviews. 
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Stakeholder: Academia Stakeholder: Industrial sector Stakeholder: Society  
(regulator (R) and others (O)) 

Follow-up questions: 
• In which way would you say 

is safety playing a role when 
choosing the three main 
building blocks of a 
bioconversion process: the 
feedstock, host-organism, 
and product? To which 
extend would you say are 
critical aspects and choices 
regarding the material 
(feedstock, biocatalyst, 
product) taken into account 
in the design phase of a 
project?  

• Could you evaluate the 
choices that are being made 
for the feedstock (or host 
organism), especially in 
regard to safety and quality? 

• In your experience, what are 
the main critical steps in the 
manufacturing 
(bioconversion/fermentation) 
process? 

• Would you suggest that life 
cycle analysis (LCA) and 
techno economic analysis 
(TEA) are always necessary to 
be performed for a 
bioeconomic process, if yes, 
in which stage would you 
recommend focusing on 
these? 
 

If the person is more related to 
the upstream process: 
• What would you say are your 

main concerns when talking 
about using non-
conventional feedstocks from 
agricultural or industrial side-
streams for bioconversion 
processes? 

• Is your team taking safety 
considerations for the follow-
up fermentation and 
downstream processes into 
account? Are these evaluated 
in a joined matter together 
with other stakeholders 
beforehand?  

• Would you say there are 
specific steps that need 

Follow-up questions: 
• In which way would you say 

is safety playing a role when 
choosing the three main 
building blocks of a 
bioconversion process: the 
feedstock, host-organism, 
and product? To which 
extend would you say are 
critical aspects and choices 
regarding the material 
(feedstock, biocatalyst, 
product) taken into account 
in the design phase of a 
project?  

• Could you evaluate the 
choices that are being made 
for the feedstock (or host 
organism), especially in 
regard to safety and quality? 

• In your experience, what are 
the main critical steps in the 
manufacturing 
(bioconversion/fermentation) 
process? 

• Would you suggest that life 
cycle analysis (LCA) and trace 
element analysis (TEA) are 
always necessary to be 
performed for a bioeconomic 
process, if yes, in which stage 
would you recommend 
focusing on these? 

• In your opinion, what would 
you say the main differences 
are regarding needed safety 
considerations between 
academic research and 
industrial production?  
 

If the person is more related to 
the upstream process: 
• What would you say are your 

main concerns when talking 
about using non-
conventional feedstocks from 
agricultural or industrial side-
streams for bioconversion 
processes? 

• Is your team taking safety 
considerations for the follow-
up fermentation and 
downstream processes into 
account? Are these evaluated 

Follow-up questions: 
• Could you guide us through 

the process and critical 
steps of your work, when 
working on new safety 
regulations/ 
implementations/ 
recommendations for 
companies and research?  

• Where would you see the 
most critical choices and 
steps, and safety risks to be 
taken in a bioproduction 
process? Especially when 
focusing on the decisions of 
feedstock, biocatalyst and 
the product (focus on food 
additives/products)?  

• When using a less well-
defined feedstock, such as 
agricultural or industrial 
waste, as potential 
bioconversion feedstock, 
seems contradicting in the 
first place with thorough 
safety measurements, what 
are in your experience the 
main questions that need to 
be addressed when 
choosing these feedstocks 
and their treatment for the 
near future?  

• Are you including the 
public’s opinion in your 
work when it comes down 
to using or designing 
processes that include 
GMOs or usage of wastes as 
feedstocks? What relevance 
might it have? 

• Could you describe the 
differences regarding safety 
risks and considerations 
when it comes to food 
products in particular (than 
from chemical building 
blocks for other 
applications)?  

• Are there particular 
assessments/ analysis for 
using various feedstocks and 
for the re-use of the 
biocatalyst, fermentation 
broth and side-streams that 
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Stakeholder: Academia Stakeholder: Industrial sector Stakeholder: Society  
(regulator (R) and others (O)) 

further investigation or 
improvement regarding 
safety concerns? Or were 
there recent new guidelines 
being implemented in your 
work/ team? 

• Are safety and sustainability 
considerations ultimately 
intertwined in your work? 

• Do you have the feeling we 
missed to touch upon an 
aspect when talking about 
critical choices and risks that 
affect safety in your work? 

 
If person is more related to the 
downstream process: 
• What are your thoughts on 

safety when we focus on the 
biocatalyst, the product and 
the fermentation broth? 

• Are there measurements 
taken in your group for 
assessing the possible reuse 
of the broth and catalyst? 
Are there concerns of safety 
occurring in this process, or 
are there specific criteria and 
guidelines? 

• What are your thoughts on 
GMO product safety 
evaluation/ assurance? What 
are the critical choices in 
your opinion?  

• Do you have the feeling we 
missed to touch upon an 
aspect when talking about 
critical choices and risks that 
affect safety in your work? 

in a joined matter together 
with other stakeholders 
beforehand?  

• Would you say there are 
specific steps that need 
further investigation or 
improvement regarding 
safety concerns? Or were 
there recent new guidelines 
being implemented in your 
work/ team? 

• Are safety and sustainability 
considerations ultimately 
intertwined in your work? 

• Do you have the feeling we 
missed to touch upon an 
aspect when talking about 
critical choices and risks that 
affect safety in your work? 

 
If person is more related to the 
downstream process: 
• What are your thoughts on 

safety when we focus on the 
biocatalyst, the product and 
the fermentation broth? 

• Are there measurements 
taken in your group for 
assessing the possible reuse 
of the broth and catalyst? 
Are there concerns of safety 
occurring in this process, or 
are there specific criteria and 
guidelines? 

• What are your thoughts on 
GMO product safety 
evaluation/ assurance? What 
are the critical choices in 
your opinion?  

• Do you have the feeling we 
missed to touch upon an 
aspect when talking about 
critical choices and risks that 
affect safety in your work? 

reduce the risks of harmful 
side-products or other 
safety risks?  
 

   

Waste management/ Circularity  

From your experience in academic 
research, would you say that 
safety of the waste management 
programme is considered 
appropriately, or do you see room 
for improvements? When thinking 
about circularity, and hence 

From your experience in industrial 
production processes, would you 
say that safety of the waste 
management is considered 
appropriately, or do you see room 
for improvements?  
 

What would you suggest as the 
ideal handling of industrial 
biotechnology waste?  
What are your thoughts on 
circularity when it comes to the 
production/biomanufacturing 
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Stakeholder: Academia Stakeholder: Industrial sector Stakeholder: Society  
(regulator (R) and others (O)) 

diminishing the term ‘waste’, what 
are in your opinion the main 
challenges?  

 

When thinking about circularity, 
and hence diminishing the term 
‘waste’, what are in your opinion 
the main challenges?  
 
What are the main dilemmas 
when facing recycling of 
agricultural/industrial waste?  

process and reusing side-
streams?  

 
Keywords: waste stream process; 
waste reuse; recycle; waste 
disposal; GMO waste; circularity 
 

 
Keywords: waste stream process; 
waste reuse; recycle; waste 
disposal; GMO waste; circularity 

 
Keywords: waste reuse; recycle; 
waste disposal; circularity 

Follow-up questions: 
• Is your team, or collaborators, 

performing LCA or TEA on the 
waste/ side-streams that are 
produced? 

• Are you considering/ analysing 
various end-of-life scenarios 
for the biocatalyst, product 
and the remaining 
fermentation broth?  

• Where there processes in 
which, e.g. the agriculturally 
used chemicals for the main 
crop, caused undesired 
interference with the 
fermentation process? (Or 
industrial chemicals from 
pulp/paper industry) If yes, did 
your team encounter toxic/ 
undesired side-product 
formation? 

• Is it possible for you to 
formulate a few general 
recommendations regarding 
safe (and sustainable) waste 
management in the context of 
circularity? 

Follow-up questions: 
• Is your team, or collaborators, 

performing LCA or TEA on the 
waste/ side-streams that are 
produced? 

• Are you considering/ analysing 
various end-of-life scenarios 
for the biocatalyst, product 
and the remaining 
fermentation broth?  

• Were there processes in 
which, e.g. the agriculturally 
used chemicals for the main 
crop, caused undesired 
interference with the 
fermentation process? (Or 
industrial chemicals from 
pulp/paper industry) If yes, did 
your team encounter toxic/ 
undesired side-product 
formation? 

• Is it possible for you to 
formulate a few general 
recommendations regarding 
safe (and sustainable) waste 
management in the context of 
circularity? 

Follow-up questions: 
• Could you evaluate on how 

the different regulatory 
frameworks are applied and 
assessed (checked) in terms 
of waste management in 
the different industrial 
biotechnology sectors? 

• Could you name methods/ 
measurements (as LCA, TEA) 
for waste reuse/recycling? 

• Are you considering/ 
analysing various end-of-life 
scenarios for the 
biocatalyst, product and the 
remaining fermentation 
broth?  

• Is it possible for you to 
formulate a few general 
recommendations regarding 
safe (and sustainable) waste 
management in the context 
of circularity? 

   
Conclusion and recommendations 

• After discussing the role of 
safety in your work 
thoroughly in the past hour, 
do you believe that a 
framework as the safe-by-
design concept with 
involvement of various 
stakeholders throughout the 
whole process? Do you 
believe a guideline would 
accelerate/ support the 
application and acceptance 

• After discussing the role of 
safety in your work 
thoroughly in the past hour, 
do you believe that a 
framework as the safe-by-
design concept with 
involvement of various 
stakeholders throughout the 
whole process? Do you 
believe a guideline would 
accelerate/ support the 
application and acceptance 

• After discussing the role of 
safety in your work in the 
past hour, do you believe 
that a framework as the 
safe-by-design concept with 
involvement of various 
stakeholders throughout 
the whole process is the 
right way forward?  
Do you believe a guideline 
would accelerate/ support 
the application and 
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Stakeholder: Academia Stakeholder: Industrial sector Stakeholder: Society  
(regulator (R) and others (O)) 

of biomanufacturing 
processes? 

• Do you have some 
recommendations to 
implement SbD in current 
bioeconomy industrial 
workflows? and in future 
ones? 

• Is there something you would 
like to say or add that has not 
been discussed?  

• Would you like to include a 
particular message for the 
ministry/policy makers 
regarding your work 
concerning the context of 
this project? 
 

of biomanufacturing 
processes? 

• What kind of guideline would 
you invision now that might 
be useful? 
 

• Since your product is directly 
linked to the consumer/ the 
general public, would you say 
there is the need to include 
the public from early on in 
the discussion of safety and 
sustainability of the product?  

• Do you have some 
recommendations to 
implement SbD in current 
bioeconomy industrial 
workflows? and in future 
ones? 

• Is there something you would 
like to say or add that has not 
been discussed?  

• Would you like to include a 
particular message for the 
ministry/policy makers 
regarding your work 
concerning the context of 
this project? 

acceptance of 
biomanufacturing 
processes? 

• would you say there is the 
need to include the public 
from early on in the 
discussion of safety and 
sustainability of the 
product?  
Whose involvement do you 
miss on a daily/monthly/ 
yearly basis? 

• Do you have some 
recommendations to 
implement SbD in current 
bioeconomy industrial 
workflows? and in future 
ones? 

• Is there something you 
would like to say or add that 
has not been discussed?  

• Would you like to include a 
particular message for the 
ministry/policy makers 
regarding your work 
concerning the context of 
this project? 

Keywords: SbD implementation, 
problems, recommendation 

Keywords: SbD implementation, 
problems, recommendation 

Keywords: SbD implementation, 
problems, recommendation 

Closing 

With this, we would like to thank 
you for your time and fruitful 
participation, your experience, and 
suggestions. Your contribution was 
very much appreciated and 
helpful. We will keep in touch to 
send you the final report about 
our study if you wish to receive it. 

Ask for further recommendations 
of colleagues/ partners who might 
be interesting to talk to in the 
context of incorporating safety 
aspects in biotechnological 
processes. 
With this, we would like to thank 
you for your time and fruitful 
participation, your experience, and 
suggestions. Your contribution was 
very much appreciated and 
helpful. We will keep in touch to 
send you the final report about 
our study if you wish to receive it. 

Recommendations to talk to 
other people from the industry? 
Especially Waste management? 
 
With this, we would like to thank 
you for your time and fruitful 
participation, your experience, 
and suggestions. Your 
contribution was very much 
appreciated and helpful. We will 
keep in touch to send you the 
final report about our study if you 
wish to receive it. 
 

 

 

 


