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Abstract  

3D Bioprinting stands at the forefront of biomedical innovation, offering unique transformative 

potential for creating functional tissues, thereby advancing regenerative medicine and in vitro 

testing methods. However, several challenges must be addressed to fully realise its potential, 

including reproducibility, scalability, and bioink standardisation. The joint JRC-CEN-CENELEC 

workshop on 3D Bioprinting organised as part of the JRC Putting Science Into Standards (PSIS) 

initiative brought together 56 experts from 17 Countries, emphasising the importance of 

standardisation for ensuring Bioprinting reproducibility, quality, and safety. Through collaborative 

discussions, participants identified key areas requiring standardisation including bioinks, 

biomaterials, printing equipment, and quality and safety assessments. This collaborative approach 

emphasises the need for updated regulatory frameworks to safely integrate 3D Bioprinting into 

healthcare, enhancing personalised medicine and fostering groundbreaking biomedical applications. 

In particular, the need for standards for 3D Bioprinting processes and materials (bioinks) emerged, 

along with the demand to adapt standards for cells and tissues from related sectors, as well as for 

quality and safety assessment. By addressing these standardisation needs, the 3D bioprinting 

community can unlock its full potential and transform the future of biomedical research and 

healthcare. 
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Foreword 

Putting Science Into Standards (PSIS) is an initiative developed by the European Committee for 

Standardization (CEN) and the European Committee for Electrotechnical Standardization (CENELEC) 

and the Joint Research Centre (JRC) of the European Commission. The aim of PSIS is to facilitate 

the identification of emerging areas that could benefit from standardisation. By doing so, PSIS 

brings together scientific and standardisation communities to facilitate ideas exchange with the 

final goal to identify standardisation needs. This initiative is a fast-track method to standardise 

potentially high impact technologies.  

For its 12th edition, this year’s PSIS workshop focused on 3D Bioprinting and had the goal to 

anticipate future standardisation needs for 3D Bioprinting in the field of biomedicine. This event, 

which took place on 21-22 October 2025 in Brussels, allowed discussion of the needs and priorities 

in 3D Bioprinting, serving as a blueprint for a potential future standardisation roadmap to be 

developed by CEN-CENELEC.  
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Executive summary 

3D Bioprinting has emerged as a transformative technology within the biomedical field, drawing 

significant attention due to its potential to revolutionise healthcare and biomedical research. 3D 

Bioprinting involves additive manufacturing techniques to create functional living tissues and 

biological structures with precision. This innovative approach is creating high-value opportunities for 

advancing tissue engineering, drug development, and regenerative medicine, potentially addressing 

the growing need for organ transplants. Despite the promise of these applications, the strategic 

focus is now on process reproducibility, scalability, and bioink standardisation. These challenges 

must be overcome to fully realise the potential of 3D Bioprinting.  

In the context of the joint PSIS initiative developed by CEN-CENELEC and JRC, the workshop 3D 

Bioprinting: Towards Standards in Biomedicine (full program available in Annex 1) aimed to gather 

insights from experts to support and accelerate standardisation efforts that align science, industry, 

and clinical application. 56 participants from 12 European Union (EU) Countries and 5 non-EU 

Countries, including industry experts, researchers, hospital practitioners, and experts from 

standardisation bodies, actively participated to the 2-day in person PSIS workshop.   

Regulatory and policy context 

In Europe, from a regulatory perspective, 3D bioprinted products are classified according to their 

composition and intended use. Products containing viable cells for therapeutic purposes are 

regulated as Advanced Therapy Medicinal Products (ATMPs) and evaluated by the European 

Medicines Agency (EMA)’s Committee for Advanced Therapies (CAT) through the centralised 

marketing authorisation procedure. Scaffolds or biomaterials without cells are considered medical 

devices and fall under the Medical Device Regulation (MDR 2017/745)1. When a bioprinted product 

combines viable cells with a medical device, it may be classified as a combined ATMP and is 

therefore subject to case-by-case assessment by EMA (via the CAT) in coordination with the 

relevant Notified Body. Hospital exemption provisions allow certain personalised ATMPs to be 

applied within a single Member State for non-routine, highly individualised therapies, under national 

quality and safety standards. 

The advancement of 3D Bioprinting in Europe is closely aligned to several strategic EU policy 

initiatives. The European Biotech Act2 and the EU Strategy for Life Sciences3 aim to strengthen 

Europe’s biotechnology and life sciences ecosystem by improving innovation-friendly regulation, 

supporting clearer regulatory pathways to market, fostering investment and competitiveness, and 

promoting a more coordinated research and innovation landscape. Horizon Europe4 funds research, 

innovation, and the clinical translation of regenerative medicine and advanced therapies, among 

other areas. The ongoing revision of the EU Pharmaceutical Legislation seeks to modernise and 

 

 

1 Medical Device Regulation (MDR 2017/745). https://eur-lex.europa.eu/eli/reg/2017/745/oj/eng   
2 European Biotech Act. https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX%3A52025PC1022&qid=1769074379779  
3 EU Strategy for Life Sciences. https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52025DC0525  
4 2026 Horizon Europe 'Health' calls for proposals  

https://hadea.ec.europa.eu/news/2026-horizon-europe-health-calls-proposals-2026-02-12_en  

https://eur-lex.europa.eu/eli/reg/2017/745/oj/eng
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52025PC1022&qid=1769074379779
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52025PC1022&qid=1769074379779
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52025DC0525
https://hadea.ec.europa.eu/news/2026-horizon-europe-health-calls-proposals-2026-02-12_en
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streamline the authorisation of innovative medicines, including ATMPs, and clarify requirements for 

combination products, with the objective of supporting timely access for patients. 

In this context, standardisation plays a key enabling role in the safe and effective uptake of 3D 

Bioprinting products into market. In the absence of a dedicated EU regulatory framework, 

standardisation is crucial to address technical challenges such as reproducibility, quality control, 

bioink characterisation, and process validation, thereby supporting regulatory compliance, market 

access, and clinical application while safeguarding patient safety. 

Key conclusions 

The main workshop outcomes focused on the potential of standardisation to foster innovation and 

progress in 3D Bioprinting. Key topics addressed at the workshop included mapping standardisation 

needs for biological components, bioinks and biomaterial inks as well as 3D Bioprinting equipment 

and processes, terminology and quality/safety assessment of the bioprinted products. 

Priorities for standardisation were identified, emphasising the need for translational research and 

collaboration between technical experts and stakeholders to create impactful standards. In 

particular, the need for standards regarding 3D Bioprinting process and materials emerged.  

This report highlights the discussions and outlines a promising roadmap for future initiatives, paving 

the way for significant advancements in 3D Bioprinting. 
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1. Introduction  

3D Bioprinting is an innovative technology aiming at creating living tissues and organs using a 

layer-by-layer deposition and crosslinking approach (Zhang et al., 2021) (Figure 1). It constructs 3D 

biological structures by precisely depositing layers of bioinks composed of living cells and 

biomaterials. This technology replicates the intricate architecture of natural tissues, enabling the 

creation of complex biological models. 3D Bioprinting has the potential to innovate fields like 

regenerative medicine, tissue engineering, and pharmaceutical research (Heinrich et al., 2019). By 

enabling the precise fabrication of complex biological structures, it offers unprecedented 

opportunities for creating custom and personalised treatments and models that closely mimic 

human biology. However, integrating 3D Bioprinting into healthcare and industry requires careful 

consideration of regulatory and standardisation issues.  

Figure 1. 3D Bioprinting process 

 

Source: 3D Bioprinting process, techniques, and applications. Tasnim et al., (2018) 

3D Bioprinting has demonstrated feasibility in laboratory settings, but significant challenges remain 

to be addressed before it can be translated to clinical applications. Most technologies have a 

medium-low Technology Readiness Level (TRL) between 1 and 3, with few exceptions up to TRL 4 

(Jovic et al., 2020). Manufacturing Readiness Level (MRL) is in the range of 3, since there is not a 

pilot scale production line yet (Kedia et al., 2022). Looking at a related sector, 3D printing 

technology is advanced in the medical device production (TRL 6/7), but the use of living biological 

materials requires further research and development activities. 

The 3D Bioprinting landscape has witnessed a significant surge in recent years, with an increasing 

number of industries joining the field. It was estimated that more than one hundred 3D Bioprinting 

companies were operating worldwide in 2018 (Choudhury et al., 2018). The global 3D Bioprinting 
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market size in 2023 was valued at USD 2.3 billion and it is projected to reach USD 5.3 billion by 

2030 (CAGR 12.5%)5.  

The primary purpose of this report is to highlight the key findings and outcomes of the PSIS 

workshop, titled “3D Bioprinting: Towards Standards in Biomedicine”. The workshop aimed to 

translate research and innovation into early standardisation priorities, identify and screen the main 

standardisation needs and challenges, build bridges across communities to facilitate collaborative 

standardisation efforts, and reinforce uptake of Research & Innovation (R&I) in policy and 

legislation. The ambition is to use this report as a precursor for the development of a 3D Bioprinting 

Standardisation Roadmap. 

The report is intended as a resource for policymakers, industry leaders, and researchers, guiding 

strategic decisions and fostering cross-sector collaboration. Utilising expert insights, the report 

seeks to build consensus on the critical areas requiring standardisation to advance the field 

responsibly. 

1.1. Existing standardisation activities 

Some attempts at standardisation in the field of 3D Bioprinting already exist. Within the framework 

of Advancing Standards Transforming Markets (ASTM) standards, the activities focusing on 3D 

Bioprinting began in 2018. There is already a ASTM Standard Guide  for bioinks (ASTM Standard 

Guide F3659-24) and a test method on printability (WK92859)6 is currently at the balloting stage. 

The ASTM F3659-247 covers bioinks used in 3D Bioprinting, with a section on terminology and 

bioprinting modalities, together with some considerations regarding pre-printing, printing, and post-

printing phases. 

Another initiative was conducted by the Association of German Engineers (VDI) which developed a 

guideline (VDI 5708 Blatt 1: Biofabrication - Bioprinting - Printing process8) with the aim to 

establish a practical basis for reproducible and quality-assured bioprinting procedures. They also 

conducted a Round Robin test between 12 different laboratories throughout Germany to study the 

reproducibility of extrusion-based bioprinting (Grijalva Garces et al., 2023).  

At the International Organization for Standardization (ISO) level, under the leadership of ISO/TC 276 

(DIN Secretariat) – Biotechnology, specifically Working Group 4 – Bioprocessing, a new project has 

been added to their work programme: ISO/WD 26013 Bioprinting — Requirements for the printing 

process9. Its scope is to provide basic and generally applicable requirements and recommendations 

for relevant criteria and test methods for all phases of 3D Bioprinting with cell-containing bioink in 

order to enable objective testing and evaluation of quality and reproducibility for individual phases 

and the overall printing process. In addition, it also gives specific requirements for exemplary 

printing systems and materials. The focus of this document is the production of structures that can 

 

 

5 3D Bioprinting Market (2024 - 2030). https://www.grandviewresearch.com/industry-analysis/3d-bioprinting-market  
6 ASTM WK92859 - New Test Method for Printability of Bioinks and Material Inks Used in Laminar Flow Extrusion 

Bioprinting. https://www.astm.org/membership-participation/technical-committees/workitems/workitem-wk92859  
7 ASTM F3659-24 Standard Guide for Bioinks Used in Bioprinting. https://store.astm.org/f3659-24.html  
8 VDI 5708 Blatt 1: Biofabrication - Bioprinting - Printing process. https://www.vdi.de/en/home/vdi-standards/details/vdi-

5708-blatt-1-biofabrication-bioprinting-printing-process  
9 ISO/WD 26013 – Biotechnology – Bioprinting – Requirements for the printing process. 

https://www.iso.org/standard/92306.html?browse=tc  

https://www.grandviewresearch.com/industry-analysis/3d-bioprinting-market
https://www.astm.org/membership-participation/technical-committees/workitems/workitem-wk92859
https://store.astm.org/f3659-24.html
https://www.vdi.de/en/home/vdi-standards/details/vdi-5708-blatt-1-biofabrication-bioprinting-printing-process
https://www.vdi.de/en/home/vdi-standards/details/vdi-5708-blatt-1-biofabrication-bioprinting-printing-process
https://www.iso.org/standard/92306.html?browse=tc
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be used for regenerative medicine, pharmaceutical industry, and basic cell biology studies. This 

standard is under development, and the work started in December 2025. 

There are also other standards in related sectors that could be used as a basis for a 3D Bioprinting 

possible standardisation roadmap. For example, in the field of additive manufacturing,  two 

technical committees in ISO and CEN (ISO/TC 26110 and CEN/TC 43811) published standards that 

could be useful in 3D Bioprinting too, such as Additive manufacturing — General principles — 

Fundamentals and vocabulary12, Specification for additive manufacturing file format (AMF)13, and 

the upcoming Additive manufacturing — Data formats — File format support, ecosystem and 

evolutions14. Other sectors, possibly overlapping with 3D Bioprinting, could be biotechnology, 

medical devices, and gene therapy. 

1.2. Future standardisation needs 

One important policy consideration in the development of 3D Bioprinting is how to promote 

coherent and harmonised standards across its various technical and regulatory areas. Future 

standardisation efforts must focus on creating consistent criteria that span the entire 3D Bioprinting 

process. This includes formulating standards for biological materials, bioink properties, and 

equipment operational parameters. Standardisation is crucial for promoting reproducibility, 

facilitating regulatory approvals, and enabling global cooperation. By systematically mapping 

opportunities for standardisation, stakeholders can identify gaps and prioritise efforts that will have 

the greatest impact on the technology’s development. 

Current gaps in standardisation arise mainly from the technological diversity in 3D Bioprinting 

platforms, the variability in bioink formulations, and disparate methodologies for assessing tissue 

performance (Mladenovska et al., 2023; Murphy et al., 2020). Efforts to address these gaps should 

focus on collaborative initiatives involving cross-disciplinary teams that can leverage expertise in 

biology, materials science, engineering, and standardisation. Through concerted actions, these 

stakeholders can forge pathways for standardisation that enhance the reliability, safety, and 

effectiveness of 3D Bioprinting technologies. 

 

 

10 ISO/TC 261 Additive manufacturing. https://www.iso.org/committee/629086.html  
11 CEN/TC 438 Additive Manufacturing. 

https://standards.cencenelec.eu/ords/f?p=205:7:::::FSP_ORG_ID:1961493&cs=18322D503F8BE286067922A079E5C
346A  

12 ISO/ASTM 52900:2021(en) Additive manufacturing — General principles — Fundamentals and vocabulary. 
https://www.iso.org/obp/ui/#iso:std:iso-astm:52900:ed-2:v1:en  

13 ISO/ASTM 52915:2020(en) Specification for additive manufacturing file format (AMF) Version 1.2. 
https://www.iso.org/obp/ui/en/#iso:std:iso-astm:52915:ed-3:v1:en  

14 ISO/ASTM CD TR 52918 Additive manufacturing — Data formats — File format support, ecosystem and evolutions. 
Under development. https://www.iso.org/standard/76415.html  

https://www.iso.org/committee/629086.html
https://standards.cencenelec.eu/ords/f?p=205:7:::::FSP_ORG_ID:1961493&cs=18322D503F8BE286067922A079E5C346A
https://standards.cencenelec.eu/ords/f?p=205:7:::::FSP_ORG_ID:1961493&cs=18322D503F8BE286067922A079E5C346A
https://www.iso.org/obp/ui/#iso:std:iso-astm:52900:ed-2:v1:en
https://www.iso.org/obp/ui/en/#iso:std:iso-astm:52915:ed-3:v1:en
https://www.iso.org/standard/76415.html
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2. How to bridge the gap 

The aim of the “3D Bioprinting: Towards Standards in Biomedicine” workshop was to map the main 

standardisation needs for 3D Bioprinting, identify specific aspects, and determine possible 

standardisation options to bridge existing gap. The workshop featured extensive discussions across 

four topics:  

— Life Science: emphasising the need for stringent criteria in the sourcing and preparation of 

biological components to ensure reproducibility and clinical efficacy. The discussion also 

focused on exploring cell handling processes, crucial for maintaining viability and functionality. 

— Bioinks and Biomaterial Inks: underscoring the importance of defining and classifying bioinks 

with standard criteria for properties such as viscosity and biocompatibility. Ensuring the quality 

and reliability of bioinks is essential for successful tissue fabrication.  

— Equipment and Process: exploring different strategies for establishing standardised protocols 

for 3D Bioprinting equipment and operational procedures. Reducing variability and enhancing 

precision in 3D Bioprinting outputs were focal points.  

— Terminology and Quality/Safety: clarify terminology and establishing comprehensive safety 

assessments are critical for enabling effective communication and regulatory oversight. 

Workshop discussions aimed to unify definitions and outline robust safety criteria that protect 

both patients and practitioners. 

During these four collaborative thinking sessions, a matrix was used to classify specific aspects of 

3D Bioprinting that would need standardisation (Figure 2), based on a previously published 

approach to map standardisation activities in innovation (Ho & O'Sullivan, 2018). The 

standardisation needs were divided based on technology-related, production-related, and 

application-enabling needs, on the one hand, and on terminology needs on the other hand, namely 

measurement and testing, performance and characterisation, compatibility and interoperability, and 

quality and safety. 

Figure 2. Standardisation matrix used during the 4 collaborative thinking sessions 

 
 

Measurement-

testing 

 
Performance-

characterisation 

 
Compatibility-

interoperability 

 
Quality-safety 

Technology-

related 

    

Production-

related 

    

Application-

enabling 

    

Source: JRC 

During the workshop opening session, the first key question asked to all participants was: “What is 

the single biggest barrier to widespread 3D Bioprinting standardisation?”. The collected answers are 

shown in Figure 3, underlining reproducibility, variability, complexity, and functionality as the main 

barriers. This represents the first positive signal/evidence of benefits that standardisation could 

bring in addressing these barriers.   
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Figure 3. Word cloud generated from Slido responses (n=43) to the question: “What is the single biggest 

barrier to widespread 3D Bioprinting standardisation?” 

 

Source: JRC 

2.1. Life science: standardisation of biological components 

Cells and tissues are the foundational elements of 3D Bioprinting, playing a critical role in the 

technology's ability to accurately replicate complex biological structures. The precision and efficacy 

of 3D Bioprinting techniques hinge upon the careful selection, sourcing, and viability of cellular 

materials, as they dictate the functionality and integration of the bioprinted tissues with native 

systems (Tripathi et al., 2022). The selection of the cells is crucial for ensuring the effective 

functionality of bioprinted tissue during the post-transplantation or during the in vitro testing. 

Factors such as cell type, maturity, and donor characteristics significantly impact cellular behaviour 

and tissue formation during and after the 3D Bioprinting process (Murphy et al., 2014). In clinical 

applications, the availability of viable and tailored cells and tissues can significantly impact 

regenerative medicine, offering solutions for conditions previously deemed untreatable (Ramadan et 

al., 2021). In the research domain, bioprinted tissues serve as reliable models for compound safety 

and efficacy testing and disease studies, offering insights that are closer to human physiological 

responses than traditional 2D cultures or animal models (Mallya et al., 2025). 

The “Life Science” session was opened by the following Slido question: “What is the most critical 

factor for ensuring the long-term success of a bioprinted product in the clinic?” (Figure 4). 
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Figure 4. Word cloud generated from Slido responses (n=45) to the question: “What is the most critical factor 

for ensuring the long-term success of a bioprinted product in the clinic?” 

 

Source: JRC 

Reproducibility, safety, functionality, and vascularisation represent the main critical factors for 

ensuring the long-term success of a bioprinted product in the clinic.  

The questions addressed during the session on Life Science were: 

— Which parts of cell sourcing and handling most affect reproducibility? 

— What key differences between labs impact the quality of bioprinted tissues? 

— Which key metric or assay should be required in a post-bioprinting certificate of analysis (CoA)? 

Critical discussions highlighted the diverse range of standards required in the Life Science sector to 

advance 3D Bioprinting technologies effectively (Table 1).  
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Table 1. Classification matrix – Life science. 

 
 

Measurement-

testing 

 
Performance-

characterisation 

 
Compatibility-

interoperability 

 
Quality-safety 

Production-

related 
- Shear stress 

estimation  
- Cell viability, 

number, 
proliferation 
measurement 

- Degradation 
measurement 

- Pre-printing cell 
qualification 
protocols 

- Cell mixing 
protocols 

- Pre-screening 
materials  

- Batch variability 
- Avoidance of 

animal-derived 
materials  

- Define required 
environmental 
conditions and 
controls 

Application-

enabling 
- Define timing for 

final 
measurements 

 

- Destructive and 
non-destructive 
analyses 

- Cryopreservation 
methods of the 
final product 

 - Define minimum 
quality criteria, 
pre-print and post-
print 

- Sterility methods 
- Define tissue-

specific set of 
biomarkers 

- Biobank 
requirements 

Source: JRC 

Interestingly, no technology-related needs were proposed by the experts. The identified needs 

encompass various dimensions, from measurement and testing to quality control and safety 

assurance and they are focused on:  

— Measurement and testing: implementing standards at this level is crucial for ensuring consistent 

and accurate measurement, estimation, and assessment of key factors such as shear stress, 

cell viability, cell count, proliferation rates, and degradation timelines. Establishing precise 

timing for final measurements and developing robust readout strategies are vital for capturing 

reliable data.  

— Performance and characterisation: the characterisation of cells and tissues involves defining 

protocols for pre-printing cell qualification and effective cell mixing methods. This includes pre-

screening materials to ensure compatibility and functionality. Both destructive and non-

destructive evaluation techniques must be standardised to assess cell and tissue integrity 

adequately. Moreover, the cryopreservation of final products needs to be standardised to 

maintain cell quality during storage and transit, thereby extending the shelf life and usability of 

bioprinted tissues. 

— Compatibility and interoperability: understanding and mitigating batch variability is essential to 

ensure uniformity across bioprinted products. Additionally, avoiding animal sources and focusing 

on alternative solutions are emphasised to enhance ethical practices and alignment with human 

biological contexts. 
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— Quality and safety: ensuring the quality and safety of bioprinted tissues is a fundamental 

concern that requires the establishment of specific standards. This includes defining the 

necessary environmental conditions to sustain cell and tissue stability during and post-printing. 

Implementing minimum quality criteria is essential to ascertain product consistency and 

reliability, along with adopting stringent sterility methods to prevent contamination and 

maintain purity. Furthermore, defining a comprehensive set of tissue-specific biomarkers will 

aid in the precise characterisation and validation of bioprinted products. Establishing biobank 

requirements will support the secure storage and management of biological materials, ensuring 

traceability and compliance with regulatory standards. These protocols collectively aim to 

enhance the safety and efficacy of bioprinted tissues for clinical applications. 

Once the main areas of interest had been identified, participants were asked to rank which areas 

present the greatest opportunity for near-term standardisation (Figure 5).  

Figure 5. Top 5 areas representing the greatest near-term standardisation opportunities. Results were 

obtained from a Slido poll titled “Rank the following areas based on their near-term standardisation 

opportunity”. Areas were ranked on a 1-10 scale; values represent the mean of 22 responses. 

 

Source: JRC 

Based on Figure 5 poll results, the main near-term standardisation opportunity is represented by 

the definition of protocols for pre-printing cell qualification, followed by the definition of protocols 

for cell viability and number. 

Other points that emerged during the discussion on Life Science were the presence of guidance in 

close-by sectors (i.e., international association on stem cells, ATMPs) which already provided 

guidance about cell viability and performance. Therefore, instead of generating new standards, an 

option could be to observe initiatives that are already in place. 
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Box 1. Key points: Life science 

— Foundational role: cells and tissues are the core building blocks of 3D Bioprinting. Their selection, 

sourcing, and viability directly determine the functional success of the final printed product. 

— Clinical and research impact: 3D Bioprinting offers possible solutions for regenerative medicine and 

provides high-fidelity models for drug testing and disease modelling. 

— Standardisation needs: near-term success depends on standardising four critical dimensions: 

• Measurement: precise tracking of cell viability, shear stress, and degradation. 

• Characterisation: establishing protocols for cell mixing, pre-screening materials, and 

cryopreservation. 

• Compatibility: reducing batch variability and transitioning away from animal-derived 

materials. 

• Quality and safety: defining environmental controls, tissue-specific biomarkers, and sterility 

methods. 

— Future outlook: experts suggest leveraging existing guidelines or standards from related sectors (e.g. 

stem cell research and ATMPs) to accelerate standardisation, rather than starting from scratch. 

2.2. Bioinks and biomaterial inks: standardisation of materials 

Bioinks, as fundamental components in 3D Bioprinting, directly impact the precision and reliability 

of the 3D Bioprinting process (Gungor-Ozkerim et al., 2018). Their formulation and performance 

dictate the quality and functionality of the bioprinted structures, emphasising the need for robust 

standards to classify bioinks, particularly those deemed clinical-grade.  

To open the session on bioinks and biomaterial inks, participants were asked to answer to the  

question: “What is the most frustrating, non-standardised characteristic of a bioink you have 

encountered?”. Results are shown in Figure 6. 
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Figure 6. Word cloud generated from Slido responses (n=23) to the question: “What is the most frustrating, 

non-standardised characteristic of a bioink you have encountered?” 

 

Source: JRC 

Figure 6 indicates that reproducibility is perceived as the most frustrating characteristic of bioinks, 

followed by rheology and insufficient information provided by suppliers. 

During this session, discussions centred around the essential criteria that must be met for bioinks to 

be classified as clinical-grade. The questions below directed the evaluation of bioinks: 

— What are the fundamental criteria for classifying a bioink as clinical-grade, ensuring its 

suitability for medical applications? 

— What specific properties are most crucial for executing a successful and reproducible 3D 

Bioprinting process? 

— How can these properties be measured consistently to ensure reliability and transparency in 3D 

Bioprinting outcomes? 

One of the main needs that emerged from the discussions was the lack of a full documentation 

about the rheological properties of biomaterial inks. The deliberations highlighted the range of 

standards required to effectively guide bioink production and utilisation in the 3D Bioprinting 

industry (Table 2). 
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Table 2. Classification matrix – Bioinks and biomaterial inks. 

 
 

Measurement-testing 
 

Performance-

characterisation 

 
Quality-safety 

Technology-

related 
- Cell viability assessment 

in contact with ink 
precursor 

- Rheological models/ 
parameters  

- Execution of all tests with 
and without cells 

- Include information on 
biocompatibility and 
biological performance in 
the CoA  

- Define which data should 
be provided in the data 
sheet 

- Assess the capability of a 
biomaterial ink to 
maintain its properties 
over time 

Production-

related 
- Define the methods/ 

parameters based on the 
bioprinter type 

 - Define manufacturing and 
handling practices for 
bioinks 

Application-

enabling 
- Define how to assess 

sterility of material 
 - Define safety criteria for 

clinical-grade bioinks 

Source: JRC 

The key areas for standardisation involve all levels: technology-related, production-related, and 

application-enabling and they are focused on: 

— Measurement and testing: establishing reliable methods for assessing cell viability in contact 

with ink precursors is critical. Moreover, defining models for rheology assessments ensures that 

bioinks can consistently meet the necessary flow properties for precision 3D Bioprinting. 

Conducting all tests, both with and without cells, provides a comprehensive understanding of 

bioink behaviour under various conditions. The methods and parameters to be assessed should 

be better defined based on the bioprinter typology (e.g., light-base bioprinters should require 

specific methods). In addition, an application-enabling standard should address the assessment 

of material sterility. 

— Performance and characterisation: incorporating biocompatibility and biological performance 

metrics into a CoA is imperative for guaranteeing the effectiveness of bioinks. Establishing clear 

guidelines on the data that should be present in bioink data sheets helps users make informed 

selections based on their specific application needs. 

— Quality and safety assurance: evaluating the ability of bioinks to retain their properties over 

time is crucial for long-term applications, whether in research or clinical settings. Defining 

manufacturing and handling practices ensures consistent quality and safety, providing 

confidence in bioink performance across various applications. Additionally, safety criteria 

specific to clinical-grade bioinks must be established, focusing on sterility and the minimisation 

of risks associated with their use. 

Participants were asked “Where should we focus our immediate efforts?”. Figure 7 shows that there 

is no clear distinction within the 5 top areas, with a slight preference on the definition of 

manufacturing and handling processes for bioinks. 
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Figure 7. Top 5 areas representing the greatest near-term standardisation opportunities. Results were 

obtained from a Slido poll titled “Rank the following areas based on their near-term standardisation 

opportunity”. Areas were ranked on a 1-10 scale; values represent the mean of 23 responses. 

 

Source: JRC 

Box 2. Key points: Bioinks and biomaterial inks 

— Foundational role: bioinks are fundamental components of 3D Bioprinting. Their formulation and 

performance directly determine the quality, reliability, and functionality of bioprinted biological 

structures. 

— Need for documentation: a major challenge in the field is the lack of standardised documentation for 

rheological properties. Detailed data sheets are essential to ensure transparency and consistency in 

printing outcomes. 

— Standardisation needs: progress toward clinical-grade bioinks depends on standardising three critical 

dimensions across both technology and production: 

• Measurement: establishing reliable rheological models, assessing cell viability in contact with 

ink precursors, and defining testing parameters based on specific bioprinter types. 

• Characterisation: including biocompatibility and biological performance metrics in the CoA to 

guide user selection.  

• Quality and safety: defining manufacturing and handling practices, assessing material 

sterility, and evaluating the long-term stability of bioink properties over time. 

— Future outlook: immediate efforts should be directed towards defining standardised manufacturing 

and handling processes to ensure bioinks meet the rigorous safety criteria required for clinical 

applications. 
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2.3. Equipment and process: standardisation of software and machinery 

The precision and reliability of 3D Bioprinting processes are fundamentally influenced by the 

equipment used and the operational protocols adhered to during printing. Variability in digital file 

formats and bioprinter configurations can lead to inconsistencies, highlighting the urgent need for 

standardisation. Establishing robust standards is critical to minimise errors and ensure 

reproducibility and comparability across different settings.  

This session was opened by the following question: “If you could magically standardise one thing 

about your bioprinter for perfect reproducibility, what would it be?” (Figure 8).  

Figure 8. Word cloud generated from Slido responses (n=26) to the question: “If you could magically 

standardise one thing about your bioprinter for perfect reproducibility, what would it be?” 

 

Source: JRC 

Flow rate was identified as the main parameter that, if standardised, would enable optimal 

reproducibility (Figure 8). Other important parameters are temperature and control of environmental 

parameters. 

Throughout the session, discussions focused on addressing key factors that affect the consistency 

and reliability of 3D Bioprinting outcomes. Central questions included: 

— What specific issues associated with digital file formats may lead to printing errors or 

inconsistencies in the 3D Bioprinting process?  

— When using identical bioprinter models, what uncontrolled variables might cause disparate 

results between labs?  

— Which features of bioprinters most urgently require standardisation to enhance reproducibility 

and comparability?  

The discussions underscored the critical standards needed to optimise equipment functionality and 

operational processes (Table 3). 
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Table 3. Classification matrix – Equipment and process. 

 
 

Measurement-

testing 

 
Performance-

characterisation 

 
Compatibility-

interoperability 

 
Quality-safety 

Technology-

related 
- Define file 

formats to share 
all information 

- Characterisation 
methods of 
specific hardware 
components 

- Quality control of 
the process 
integrated in 
printers 

- Homogenisation 
of information in 
the digital file 

- Add complete 
metadata to 3D 
Bioprinting files 

- Add crosslinking 
specifications 

- Ensure 
compatibility of 
cartridges and 
nozzles 

- Define GMP 
compliance 
requirements for 
bioprinters 

Production-

related 
- Control 

environmental 
factors while 
printing 

- Define calibration 
of bioprinters and 
ensure updated 
software firmware 

 - Define cleaning 
procedure for 
printers and 
elements 

Application-

enabling 

 - Traceability of 
process in final 
dossier 

  

Source: JRC 

The key areas for standardisation were: 

— Measurement and testing: establishing standardised file formats to facilitate the sharing of 

comprehensive bioprinting information is paramount. Characterisation methods for hardware 

components should be defined to ensure uniform quality control measures are integrated within 

printers. Another identified need was the assessment of environmental factors while printing. 

— Performance and characterisation: implementing quality control mechanisms within printers and 

homogenising information in digital files can significantly reduce variability. Other requirements 

were the definition of machinery calibration and the continuous update of the software 

firmware. Complete traceability of the whole process included in the final dossier is suggested 

to facilitate applicability. 

— Compatibility and interoperability: emphasising the need for components that are compatible 

across different vendors, standards should be set for cartridge and nozzle compatibility, while 

ensuring all bioprinters meet GMP compliance requirements. Moreover, reporting complete 

specifications of the crosslinking agent and process will enhance the consistency of bioprinted 

products. One possible proposal that can ameliorate reproducibility was the uniformity of the 

software, so that a single design will always result in the same printing instruction, whatever 

the bioprinter machinery. 

— Quality and safety procedures: a comprehensive dataset accompanying bioprinting files will 

support higher standards of quality and traceability. GMP compliance standards for bioprinter 

manufacturing processes and defining cleaning procedures for printers and elements are 

essential for maintaining equipment integrity. Regarding printing process, instead, need for clear 

standard operating procedures (SOP) rather than real standardisation procedures emerged. 
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Box 3. Key points: Equipment and process 

— Foundational pole: the precision of 3D Bioprinting is fundamentally tied to hardware configurations 

and operational protocols. Current variability in digital file formats and machine settings often leads to 

inconsistent results between labs. 

— The reproducibility gap: even with identical bioprinter models, uncontrolled variables can cause 

disparate outcomes, highlighting the need for reproducibility standards. 

— Standardisation needs: optimising equipment functionality requires a focus on four pillars: 

• Measurement: establishing standardised file formats for information sharing and defining 

characterisation methods for specific hardware components. 

• Performance: integrating real-time quality control within printers, ensuring regular machinery 

calibration, and maintaining full process traceability in final dossiers. 

• Compatibility: ensuring interoperability between cartridges and nozzles from different vendors 

and homogenising protocols. 

• Quality and safety: defining GMP compliance for bioprinters, standardising cleaning 

procedures, and developing clear SOPs. 

— Future outlook: moving towards a universal software standard and comprehensive metadata inclusion 

in digital files is viewed as a primary solution to eliminate errors and ensure that bioprinted products 

are comparable across different research and clinical settings. 

2.4. Terminology and quality/safety assessment 

The final session of the workshop focused on two crucial aspects of 3D Bioprinting standardisation: 

developing a unified vocabulary and ensuring rigorous quality and safety assessment protocols. 

These elements are essential for fostering clear communication and establishing reliable 

compliance measures within the rapidly advancing field of 3D Bioprinting. 

2.4.1. Terminology: Vocabulary standardisation 

Establishing a standardised vocabulary for 3D Bioprinting is vital for eliminating ambiguity and 

facilitating effective communication among researchers, regulatory authorities, and industry 

stakeholders. Standardising terminology ensures that professionals across disciplines can 

collaborate more efficiently and adopt consistent practices, which is crucial for the global 

advancement of 3D Bioprinting technologies.  

The session was opened with the following question: “What 3D Bioprinting term most needs a clear, 

universal definition?” (Figure 9). 
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Figure 9. Word cloud generated from Slido responses (n=28) to the question: “What 3D Bioprinting term most 

needs a clear, universal definition?” 

 

Source: JRC 

Participants collectively agreed that general terms, such as bioprinting and bioink, require a clear 

and universal definition (Figure 9). 

Critical discussions during the session emphasised the development of a common lexicon and 

identified key terms that need standardisation to avoid misinterpretations and errors in the 3D 

Bioprinting process. The key terms identified were: 

— Technology-related: 

• Bioprinting 

• Bioinks vs Biomaterial inks 

• Living materials 

• Construct (final product) 

• Maturation 

— Production-related: 

• Printability and Print fidelity 

The main issue that emerged during the discussion was how to name the final object after the 

printing process, with possible terms including construct, tissue, cell-laden hydrogel, bioprinted part, 

bioprinted construct, or bioprinted tissue. 
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2.4.2. Quality and safety assessment 

Ensuring high standards of quality and safety in 3D Bioprinting involves establishing rigorous 

assessment protocols that address various aspects of the 3D Bioprinting process.  

The last session was opened by asking: “What is the most significant gap in the current safety 

framework for clinical 3D Bioprinting products?” (Figure 10). 

Figure 10. Word cloud generated from Slido answers (n=28) to the question: “What is the most significant 

gap in the current safety framework for clinical 3D Bioprinting products?” 

 

Source: JRC 

The most significant gap identified in the current safety framework for clinical 3D Bioprinting 

products is sterility, followed by functionality (Figure 10). 

This session focused on identifying inconsistencies in post-bioprinting assessments and the critical 

safety factors that need standardised evaluation. Addressing these concerns is vital for achieving 

reliable and safe bioprinted products. 

The session had two main focuses: 

— Quality control: “what are the most critical post-bioprinting assessments?” 

— Safety assessment: “what are the most important factors to be assessed to determine product 

safety? “ 

The identified needs are listed in Table 4. 
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Table 4. Classification matrix – Quality and safety assessment. 

 
 

Measurement-testing 
 

Performance-

characterisation 

 
Quality-safety 

Technology-

related 

  - Personnel qualification 
(training) 

Production-

related 
- Shape fidelity evaluation 
- Consistent measurement 

of cell number after 
printing 

- Define non-destructive 
methods 

 

- Post-printing quality 
attributes: shape, 
function, cellularity 

- Relevant characterisation 
methods 

- In-line quality control 
- Assess mechanical and 

structural stability 
- Assess reproducibility 
- Safety: toxicity, systemic 

effect, degradation 

Application-

enabling 
- Define common methods 

to dissolve hydrogel and 
recover cells 

- Qualification (pre- and 
post-printing) 

- Develop tools able to 
characterise the whole 
construct 

- Off-line quality control 
(shape fidelity, long-term 
functionality, cells 
qualification) 

This session highlighted several inconsistencies in post-bioprinting quality assessments that 

critically impact the reliability of bioprinted products. From a quality control perspective, key areas 

that require standardisation include evaluation of shape fidelity, consistent methodologies for 

measuring printed cell numbers, and the definition of non-destructive assessment methods. Another 

important issue is the definition of methods to dissolve hydrogel and recover cells for subsequent 

examination. These measures are essential to ensure that bioprinted structures meet expected 

design specifications and cellular integrity. Discussions emphasised the need for standardised 

endpoints and robust post-printing quality attributes, including shape, function, and cellularity. An 

important point that emerged during the discussion is when to perform quality control, highlighting 

the importance of performing such examination both pre- and post-printing. 

In assessing the safety of bioprinted products, the session participants underscored the importance 

of evaluating key factors such as toxicity, systemic effects, and degradation. Establishing in-line 

and off-line quality control mechanisms ensures that mechanical and structural stability are 

thoroughly assessed, contributing to reliable outcomes. Personnel qualification, particularly training, 

is critical to guarantee that those handling bioprinted products are well-equipped to undertake 

safety evaluations. Moreover, developing tools to characterise entire bioprinted structures enhances 

the thoroughness of safety assessments, ensuring long-term functionality and stability. 
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Box 4. Key points: Quality and safety assessment 

— Foundational role: ensuring high standards in 3D Bioprinting requires rigorous, standardised protocols 

that span the entire workflow. Identifying and filling gaps in current safety frameworks is vital for the 

transition from research to clinical applications. 

— Assessment timing: quality control must not be limited to the final product. It is essential to perform 

standardised examinations both pre-printing and post-printing to ensure consistency and reliability. 

— Standardisation needs: the path to safe, clinical-grade products focuses on three critical pillars: 

• Measurement: establishing consistent methods for shape fidelity evaluation, cell counting 

post-print, and defining non-destructive assessment techniques. 

• Characterisation: defining standardised endpoints for functional attributes and developing 

tools capable of characterising the entire 3D construct rather than just isolated parts. 

• Quality and safety: implementing both in-line and off-line quality control to monitor 

mechanical stability. Defining methods to assess toxicity and systemic effects. 

— Future outlook: beyond technical metrics, the session highlighted personnel qualification and 

specialised training as critical safety factors. Success depends on equipping staff with the expertise to 

execute complex safety evaluations and manage the long-term functionality of bioprinted structures. 

2.5. Prioritisation of identified standardisation needs 

After having assessed and evaluated the potential standardisation needs regarding the 4 key areas 

summarised in Tables 1-4, an impact/feasibility assessment was discussed collectively. In terms of 

impact and feasibility, it was agreed that leveraging existing standards from nearby sectors can 

streamline development in life science and quality/safety assessments, enabling rapid 

implementation and reinforcing safety and consistency across the industry. Conversely, there are no 

available standards for materials (bioinks) and processes in the near-by sectors, therefore 

developing new standards in these areas may require more intensive research and collaboration, as 

well as the establishment of formal activities in international standardisation bodies (Figure 11). 
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Figure 11. Potential impact and implementation feasibility assessment for the 4 areas identified. 

 

Source: JRC 

Box 5. Conclusions – Prioritisation of identified standardisation needs 

— Strategic alignment: a collective assessment of the four key areas reveals a clear distinction between 

fields that can leverage existing frameworks and those requiring entirely new development: 

• Standardisation in Life Science and Quality/safety assessments is deemed highly feasible by 

adopting and adapting established protocols from related sectors. This approach would ensure 

rapid industry implementation and immediate improvements in consistency. 

• There are significant gaps in existing standards for Bioinks (materials) and Equipment/ 

Processes. Because nearby sectors do not offer applicable frameworks, these areas require 

the most intensive long-term effort. 

— To address the lack of standards regarding materials and process, a proposed roadmap could include: 

• Prioritisation of targeted and intensive research and development. 

• Strengthened cross-sector collaboration between academia and industry. 

• Formal establishment of dedicated activities within standardisation bodies. 
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3. Conclusions 

By gathering insights from experts in the field, the PSIS workshop “3D Bioprinting: Towards 

Standards in Biomedicine” mapped and defined the standardisation needs relevant for life science, 

bioinks, equipment and processes, and quality and safety assessments. The key challenge identified 

was the establishment of coherent, universally recognised standards that can ensure consistent and 

safe 3D Bioprinting practices. The workshop discussions highlighted the importance of addressing 

variability in cellular materials, bioink properties, and printing processes, which directly enhances the 

reproducibility and efficacy of bioprinted products.  

The PSIS workshop focused on identifying standardisation opportunities and driving pathways for 

harmonising practices. The discussions have strengthened these objectives by delineating specific 

areas within each sector that require attention, reinforcing the need for strategic alignment 

between research, policy frameworks, and industry practices. Through comprehensive 

standardisation, stakeholders can guarantee the reliable translation of 3D Bioprinting innovations 

into clinical and commercial applications, thereby advancing both healthcare and scientific research. 

The PSIS workshop provided a pivotal starting point for communication, exchange, and setting 

foundational standards in this rapidly evolving field. The necessity of participants to have further 

occasions of collaboration and networking was clearly expressed, together with their interest in 

taking part actively to future works on standardisation.  

The next step is to leverage these discussions by initiating targeted collaboration and research 

efforts that integrate standards into the framework of modern medical and scientific practices. 

Moreover, future efforts could activate formal standards development activities at the national, 

regional and international level, with the support of standards development organisations, like ISO, 

CEN-CENELEC, and DIN among others. 

This collective commitment marks a decisive step toward advancing 3D Bioprinting, where 

standards and harmonised practices serve as the benchmark for research, patient care, and market 

innovation. 
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