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Assessment of risk in the field of nanotechnology requires an integrated multidisciplinary approach due to the complex and cross-disciplinary framework for materials and activities at the nanoscale. The present paper summarizes the workshop “Governance of emerging nano-risk in the semiconductor industry” held on April 26, 2018 in Brussels, Belgium. The event targeted representatives of stakeholder communities involved in the risk assessment and governance of the engineered nanomaterials. Nanoelectronics was selected as an impactful use case for risk assessment approaches and comparison to bottom-up nanofabrication. The workshop outlined key data gaps impeding successful assessment of risks associated with nanoparticle use in the industry, using the semiconductor industry as an example. The workshop outlined mitigation strategies informing future regulatory decisions and identified some directions for future efforts.
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INTRODUCTION

Nanotechnology involves a growing number of industrial applications with a large actual economic impact. An increasing number of engineered nanomaterials (ENMs) are entering the global market via consumer products—from healthcare and leisure to electronics, cosmetics, energy, agriculture, food, and transport (see http://nanodb.dk/en/analysis/consumer-products/#chartHashsection). While for bulk substances there are established regulatory frameworks dealing with the risk for the consumers, workers, and the environment (1), this is not the case for nanomaterials. This situation has created a vibrant nanosafety research community, with the primary objective of ensuring that society is able to use nanomaterials safely and with confidence. It is generally accepted that the recently developed and upcoming large variety of nanomaterials presents a challenge for assessing associated risks using the traditional chemical risk assessment methods. Therefore, a multitude of new risk assessment tools has been developed by researchers (2–6).

Acceptance and subsequent wider use of one or another risk assessment framework will inevitably have a wide range of economic and safety repercussions and, therefore, is of considerable worldwide science policy interest. For example, in the European Union, nanosafety research has been increasingly supported throughout the Framework Programmes (FP) 6 and 7 and Horizon 2020. Whereas, only five nanosafety projects were funded in the 6th Framework Programme (2002–2006), in the 7th EU Framework Programme around 50 projects and initiatives on nanosafety were funded between 2007 and 2013. By 2018, 19 projects were funded under H2020 (7). Furthermore, in order to increase the sharing of information and avoid duplication of efforts, nanosafety-related projects cooperate within the framework of the EU NanoSafety Cluster, an informal coordination program supported by the European Commission Directorate-General for Research and Innovation (DG RTD). In the USA, the National Nanotechnology Initiative (NNI, www.nano.gov) coordinates 20 departments and independent agencies working together toward creating a framework for shared goals, priorities, and strategies that helps each participating Federal agency leverage the resources of all participating agencies toward nanotechnology innovation. Environmental Health and Safety is governed by the Nanotechnology Environmental and Health Implications (NEHI) Working Group, which develops Environment Health and Safety Research Strategy (https://www.nano.gov/node/681). Specifically, for occupational health and safety relevant to the semiconductor industry, the National Institute of Occupational Safety and Health (NIOSH) provides guidance on the occupational safety and health implications and applications of nanotechnology (8). NIOSH has identified 10 key research directions informing policymaking choices. One of these priority areas is risk assessment focusing on two research directions: utility of current exposure-response data for identifying potential occupational hazards and development of predictive frameworks for risk and evaluation of hazards. NNI and EU Nanosafety Cluster coordinate activities through the US-EU communities of research (https://us-eu.org/communities-of-research/). Commonly organized activities include thematic workshops and joint publications.

The international regulatory science efforts are coordinated by the Organization for Economic Co-operation and Development (OECD) at the level of the Working Party on Manufactured Nanomaterials (WPMN).

Assessment of risk related to nanotechnology innovation requires an integrated multidisciplinary approach due to the complex and cross-disciplinary framework for materials and activities at the nanoscale. Notably, as a minimum, such disciplines could be material science, aerosol physics, occupational medicine, toxicology, chemical technology and process safety. It should also be noted that partially because of the vigorous science policy interest—the number of publications presenting data on the toxicology of nanomaterials has increased tremendously, although most studies are not directly applicable at the industry level for risk assessment of ENM (9, 10).

ENMs represent bottom-up nanotechnology, in which particles, fibers or nano-surfaces are synthesized from molecules. In contrast, top-down nanotechnology can be exemplified by the semiconductor lithographic processes, where nano-scale features are patterned with exceptional precision on macroscopic objects, such as 300 mm wide silicon wafers. Integration of bottom-up and top-down approaches is a challenge that needs to be overcome (11).

Nanotechnology is expected to become a key pillar for a European economy driven by innovation; therefore, it is very important to foster an open culture of communication of identified hazards and risks to maximize the industry's socio-economic impact. The present paper summarizes the workshop “Governance of emerging nano-risk in the semiconductor industry” held on the April 26, 2018 in Brussels, Belgium. The event targeted representatives of stakeholder communities involved in the risk assessment and governance of ENMs. The workshop was co-organized by the NanoStreeM and caLIBRAte H2020 projects with the support of the Flemish Royal Academy for Arts and Sciences (KVAB).

Conferences and workshops related to nanosafety are organized on a regular basis in Europe. The general co-ordination forum for all nano-safety related project are the EU NanoSafety Cluster events, which are organized twice a year. An important policy forum organized by the European Commission is the EuroNanoForum, held bi-annually. International co-operation is maintained by the EU-Asia Dialogues in nanosafety and the EU-US Communities of Research workshops.



GENERAL REMARKS

The program of the workshop was organized into three sessions:

1. The use of engineered nanomaterials in the semiconductor industry.

2. Challenges in the current risk assessment, including industry needs and technological advances in risk management.

3. Experiences in risk management from the producers and users of nanomaterials.

The event gathered more than 40 representatives of various stakeholder communities. The workshop featured 10 invited speakers and 11 panelists from different backgrounds, including academia, research institutes, industry, and the European Commission. The workshop fostered a culture of open and lively information exchange between the academic participants, policymakers, and representatives of the industry. Throughout the day, several principal challenges were identified:

• There appears to be accelerated growth of ENM entering the market worldwide. This presents both an opportunity for rapid economic development and a potential threat of unanticipated hazards.

• It is difficult to predict the hazards and risks related to the use of new nanomaterials. Because of the exponential growth in the numbers of combinations of new materials and nanoforms, the relative lack of resources makes developing regulatory approaches challenging.

• There is a clear safety knowledge gap, notably in the emission and exposure assessments. Furthermore, toxicity data about nanoforms of nanomaterials are also frequently lacking or are insufficient to determine occupational hazards.

• Many nanotoxicity databases developed to date are either not available for public use or the available data cover only a few materials. For example, OECD prioritized only 11 materials.

• Risk analysis is still technically and methodologically limited. Notably, the available models are very generic, developed at population scales and difficult to adapt for life cycle exposure by the concerned industries.

A more detailed list of challenges can be found in Appendix 1. The open discussion on the floor confirmed that conventional chemical risk assessment methodology is not fully applicable for newly developed materials or nanoforms entering the market. It could be concluded that nanomaterial risk assessment requires specialized knowledge on toxicity testing and strategies, in addition to lifecycle exposure and emissions, which is not readily available at present outside fragmented studies in academic communities. The complexity of the subject and the substantial time lags whenever data becomes publicly available pose a definite regulatory challenge. Approaches for categorizing nanomaterials in similarity groups [i.e., such as hazard bands or classes (12–14)] developed by several EU-funded projects may result in solutions that are practically achievable and acceptable to stakeholders. In another example, the US Consumer Product Safety Commission (CPSC) is using risk-based grouping of nanomaterials to prioritise testing and evaluation of nano-enabled product that are likely to pose consumer safety risks (14). Health and safety assessment can be empowered by the available international standards supported by the International Organization for Standardization (ISO), European Committee for Standardization (CEN), and OECD. Nevertheless, regulatory experience with generic models proposed by these bodies to date does not favor a preference toward one universal risk assessment framework vs. multiple industry/application/material specific risk management tools. It is, therefore, important to develop expert competencies allowing for successful governance of risks using multiple tools.

In order to maximize the socio-economic impact of nanotechnology it is also important to identify appropriate sources of information and foster communication channels for all actors along the supply chain. Risk acceptance along the supply chain depends strongly on the understanding of the chemical or ENM hazards. Therefore, appropriate and efficient communication of the hazards between the different actors along the supply chain is paramount for successful management of emerging risks and hazards. The panelists held the opinion that the available regulatory frameworks, such as the REACH Regulation 1907/2006 (2), are sufficient to communicate the hazards of nanomaterials along the supply chain. It could be also concluded that the labeling of raw nanomaterials could be helpful when suitable communication channels are established.

The panel concluded that specific risk governance approaches should:

(a) identify gaps and uncertainties with decision making that is based on traditional risk assessment,

(b) prioritize such gaps based upon available statutory requirements and industry requirements, among others, and

(c) allow for iterative updating and improvements to regulatory practice as new information on nanomaterial risk becomes available.



SESSION REPORTS

The following sections give a more detailed account of the three thematic sessions.


Session “Nanomaterials in the Semiconductor Industry”

The workshop was opened by the NanoStreeM project consortium with a presentation given by the coordinator, Dr. Dimiter Prodanov (Imec). Dr. Prodanov stated the objectives of the workshop, notably to (i) present how and where nanomaterials are used in the semiconductor industry, (ii) identify appropriate risk control methodologies and their limitations, and (iii) support communication of risk along the supply chain and to society. Dr. Prodanov further introduced the research and development challenges in the semiconductor industry and presented briefly the main findings of NanoStreeM about the use of engineered nanomaterials (ENMs) in the semiconductor industry, given the potential worker exposure (15, 16). In addition, the NanoStreeM tiered risk assessment approach was presented as a starting point for discussion (17) (Figure 1). The presentation showed the main topics of discussion in the workshop, including the main barriers of the current state of risk assessment guidance and tools and whether, based on the current state of knowledge and experience, the effort direction should either be toward a universal risk assessment framework or an industry/application/material specific framework. Subsequently, the key questions which the panels would discuss were also outlined.
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FIGURE 1. NanoStreeM risk assessment and control methodology (17).


The keynote lecture of Prof. Kai Savolainen (FIOH) presented the state-of-the-art in nanosafety and the frameworks which are being adopted to assure the occupational safety of engineered nanomaterials in an industrial setting (18). He started by introducing the relevancy of ENMs in the semiconductor industry, then showed several provisional tools that have been introduced by different agencies, such as the Recommended Exposure Limits (REL) for Nano by NIOSH.

Dr. Fiona Moclair (Intel) subsequently presented the key findings of NanoStreeM about the use of ENM and demonstrated how NanoStreeM has attempted to bridge the current information gaps through its tiered risk assessment approach. Dr. Moclair stressed that nanomaterials used in polishing are essential for chip manufacturing. Her presentation introduced which processes in the semiconductor industry employ nanomaterials and identified how the framework could be used step-by-step. The presentation discussed the nanomaterials risk profile within the semiconductor industry by discussing the framework in view of the use of the ISO control banding tool (19).

Mr. Thies Oosterwijk (TNO) concluded the session with a presentation comparing the main findings of both NanoStreeM and caLIBRAte about risk assessment approaches. For NanoStreeM, a relevant exposure scenario was given along with the tiered risk assessment framework approach (Figure 1) (20). In the case of caLIBRAte, the focus was on the nano-specific tools that match the stakeholder criteria along with the innovation stages. For both projects, the ongoing activities and current gaps were also identified.



Session “Challenges of Nanosafety: Industry Needs and Technology Advances in Risk Management”

The second session started with a presentation by Mr. Pascal Roquet (STM) giving feedback about the NanoStreeM risk assessment guidance usability. Mr. Roquet started by introducing the semiconductor fabrication process and the necessity of polishing steps, in particular, the Chemical Mechanical Polish (CMP). CMP is a ubiquitous step in all kinds of chip manufacturing technologies (1). During CMP, a wafer is turned face-down on the polishing pad and slurries [e.g., suspensions containing nanoparticles of cerium oxide (CeO2), silicon dioxide (SiO2), or aluminum oxide (Al2O3)] are applied during the abrasion process. CMP slurries are a well-established set of products containing nanomaterials that are used within the semiconductor sector. Mr. Roquet discussed the gaps in the current risk assessment approach. Several tools were available but selecting the correct assessment and measurement tools was also a challenge. An example of using the Advanced REACH Tool (21) (ART) and comparing the obtained results with an actual real-time particle emission measurement showed that although ART was not specific to the semiconductor industry, the tool was found suitable for further consideration. He concluded that the assessment and exposure tools were available but not fully calibrated for ENMs specification. Moreover, his presentation pointed out that NanoStreeM has developed a pragmatic list of measurement equipment available on the market, although it was not exhaustive.

The second presentation was given by Prof. Keld Alstrup Jensen (NCWRE, coordinator of caLIBRAte) on global advances in risk assessment and governance. He introduced the current status of the regulatory accepted risk assessment and management models. This presentation identified the main deficiencies of conventional risk assessment approaches and outlined the concept of the Nano Risk Governance Framework developed in the context of the caLIBRAte project and starting from the needs and concerns of the caLIBRAte stakeholders. The presentation concluded by discussing next steps for caLIBRAte and plans for an online Nano Risk Governance Portal, launched in October 2019.

Mr. Joris Quik (RIVM) presented the SimpleBox4nano tool, a multimedia nanomaterial fate model that is adapted for the case of ENMs environmental risk assessment. The model considers several parameters ranging from emission volumes to physicochemical properties to landscape characteristics. A case study of the application of SimpleBox4nano was given with nanoforms of TiO2, C60, and Ag. The results indicated that the environmental modeling of nanomaterials was feasible and that the most important inputs were deposition and dissolution rates, attachment efficiency, and particle size.

The final presentation of the session was given by Dr. Gemma Janer (Leitat) on the GuideNano tool, as an example of the industry-focused risk assessment tool. After introducing the conceptual framework, Dr. Janer discussed the GuideNano tool component-by-component. Based on the inputs, the tool would be capable of generating the final exposure estimate, deriving the safety limit value and hazard endpoints, and providing risk mitigation strategy.



Session “Experiences in Risk Management From the Nanomaterials Producers and Users”

The third session began with a presentation by Mr. Gunther Van Kerckhove (OCSiAl) on the health, safety, and environmental status of TUBALL Nanotubes. Mr. Van Kerckhove started by introducing the unique physicochemical properties of carbon nanotubes (CNTs), which include high conductibility and improved mechanical and dispersion properties. He then discussed safety concerns regarding single-walled carbon nanotubes (SWCNTs), notably their bio-persistency. This can be alarming as bio-persistency could lead to potential carcinogenicity. He demonstrated that, although SWCNTs are registered for wide use in a diverse range of industries, according to REACH and the US Environmental Protection Agency (EPA) there are no sufficient carcinogenicity data at present. Additional studies and tests are planned to produce this missing information.

Subsequently, Dr. Jacques-Aurélien Sergeant (Solvay) presented the experience of Solvay with the hazard banding of ENMs. He addressed three essential questions concerning the use of nanomaterials within Solvay: (1) how to handle the large variety of ENMs within Solvay to ensure safe use, (2) how to handle the large variety of ENMs within Solvay to ensure regulatory compliance, and (3) how to consolidate necessary expertise company-wide to assess the large variety of ENMs. Regarding the first question, control banding approaches have been adopted along with the network of cross-discipline expertise, consisting of an industrial hygienist as the first line of support and a toxicologist as the second. As per the second question, Solvay developed a dedicated tool to centralize and shape data into dedicated templates. Finally, international discussions with main stakeholders as well as involvement in an international research project for further expertise development were employed by Solvay to consolidate the necessary expertise.

The final presentation of the third session was given by Dr. Pasqualantonio Pingue (NEST, Scuola Normale Superiore) on the risk management of graphene and semiconductor nanowires in research and development labs. He presented an integrated control banding as well as exposure measurements to evaluate the risk level according to the ISO control banding matrix (12). A case study involving graphene and nanowires was demonstrated (22).




ACTIONABLE RECOMMENDATIONS

By the end of the workshop, several challenges had been identified. The main challenges could be summarized as follows:

– Identifying and characterizing hazards leads to the difficulty in assessing the risk of associated ENMs due to the lack of standardization and validated protocols.

– From this perspective, a knowledge gap can be identified, especially in the toxicological data and exposure scenario data, which may confound and limit current regulatory approaches. Concerning this gap, Dr. Georgios Katalagarianakis (EC) noted that “it is important to elucidate how much uncertainty is acceptable and how much the industry should pay in the process of eliminating it, because if the requirement is too high, there would be no business and innovation would be suppressed”.

– Although many nanotoxicological databases are compiled, most are not accessible to the public or cover only exemplary materials. Examples are the OECD ENM datasets and the eNanoMapper database (accessible from https://data.enanomapper.net/), which is one of the largest data sources currently available on the toxicological properties and used by the European Union Observatory for Nanomaterials EUON1 Moreover, not all of the required physicochemical properties and synthesis methods are given, thus constraining the applicability of such databases.

– The available risk assessments are methodologically and technically limited. The adaptation to daily use in an industrial setting is challenging due to a lack of validation. This comes in contrast to purely academic research into novel tools (18).

– The life cycle of nanomaterials and inactivation treatment of nanoparticle-containing waste should also be investigated, as these are some of the main questions asked by customers of ENMs. This important information, as well as the physicochemical properties of the nanomaterials, can enable ENMs to be manufactured according to the principles of safe-by-design. As emphasized by Dr. Katalagarianakis and Prof. Savolainen, safe-by-design was one of the core principles on which many industries and regulatory authorities focus. Additionally, Dr. Skentelbery emphasized that the framework of safe-by-design should be adopted and promoted to aid innovation.

The interactive discussion between the panel and the audience concerning initial questions can be summarized as follows:

1. What can be adapted to the regulatory framework approach to take the gaps in the availability of required data, notably toxicological and exposure scenario data, into consideration so that the innovative application of these ENMs is not curtailed?

The results of the discussions have confirmed that it is not possible to directly incorporate the traditional chemical risk assessment for ENMs. In fact, risk analysis for ENMs requires specialized expertise on nanotoxicology, exposure, and emissions scenarios, as well as the life cycle of the ENMs. This is why nanosafety decision making requires substantial judgment and training. Consequently, many participants agreed on the need for training nanosafety risk experts. According to the semiconductor processing safety expert Mr. Alain Pardon (Imec), in the long run nanosafety risk experts can be trained so that performing the risk assessment for nanomaterials is multidisciplinary, rather than only done by chemical safety experts. Many participants shared this view. In particular, Dr. Moclair (Intel) indicated that EHS professionals should be trained about the specifics of nanomaterials in order to do a risk assessment for nanomaterials. This is because it is not possible to directly transfer the traditional EHS chemical risk assessment to the level of nanomaterials. Dr. Linkov suggested that emerging tools of Multi-Criteria Decision Analysis could support experts and allow integration of technical data and judgments in a coherent and transparent framework (6).

The inevitable “pacing” problem is associated with the widening gap between technology innovation, EHS data availability, and ability of the regulatory community to act on the data (23). The participants agreed on the possibility of imminent limits to nanotechnological innovations due to this data gap, which is required to perform risk assessment. The discussion reached a consensus that it was of paramount importance that scientific capacity and competencies were developed so that it would become possible to translate the acquired basic science to the required regulatory science. Dr. Katalagarianakis (EC) added that, as the community improves its experience and knowledge of ENMs, society can improve the safety level and reduce uncertainty, but only through innovation. Currently, science policymakers encourage more data gathering and the development of standardized protocols, which takes time. Still, as the scientific community develops the foundation, science can enable us to advance our predictive capability. This information is also essential in order to enable safety-by-design. Until that has been accomplished, different projects and stakeholder groups have derived several dynamic approaches to group similar nanomaterials into hazard bands or classes. These could be tentatively employed as a practical approach alleviating the current uncertainty. The ISO/TS 12901-2:2014 (12, 19) has also been developed as an international standard that could be of particular interest to environment, health, and safety professionals in conducting assessments.

Based on the discussions, it becomes apparent that a universal risk assessment framework does not exist for ENMs but rather, a risk assessment methodology that is application-specific or industry-specific is more likely to be used. According to one remark from the audience, the results obtained from different risk assessment tools displayed a rather big discrepancy and thus, model validation for different industries or applications was of paramount importance. However, this was also often not possible as each industry or application is specific to each tool. On a similar note, Mr. Oosterwijk (TNO) agreed that it was more realistic to develop industry-specific tools based on standardized scenarios and limited to a certain list of materials. Pascal Roquet (STM) also agreed that fine-tuning the risk assessment for a specific usage must be done to focus on custom settings which could differ from factory to factory. According to Alain Pardon (Imec), the semiconductor industry is unique in terms of exposure conditions. This is because the semiconductor industry uses closed systems with strong exhausts, namely cleanrooms with forced ventilation, to protect the manufactured products. Hence, it is uncertain whether the industry would ever fit into a generalist framework. Finally, Prof. Alstrup Jensen (NCWRE) also expressed the view that it was more important to first observe the process in question and then to define the tools best suited to handle this process. It is a challenge to find one coherent tool; however, it may be possible to create a framework that indicates or cross-bridges certain tools to appropriate application domains.

2. What are possible actions that upstream developers, suppliers, and formulators can take to communicate with downstream users regarding risk assessment, guidance, and management?

Successful and effective management of risks and hazards requires an adequate exchange of information and communication between different actors along the supply chain. However, in the case of ENMs, the audience expressed some concerns. These concerns were centered around the fact that for the production of common nanomaterial-based products, most production processes are subdivided across different companies and ENM-related information does not propagate through the supply chain. This is primarily as there is no obligation to report as long as the substance does not exceed a threshold that would require the industry to label their use. Dr. Claire Skentelbery (NIA) also added that there is currently a trust deficit due to the lack of communication along the production chain of ENMs and ENM-containing products. Therefore, there is a need for better communication and collaboration between the producers and the regulators. Following the thorough discussion, panelists and participants agreed that the available regulatory frameworks, e.g., REACH, could be evolved for the communication of nanomaterials hazards between different actors. This consequently also means that national regulations have to be harmonized so that producers have concrete guidance for the data generation to achieve regulatory requirements. Furthermore, when suitable communication channels are established, the labeling of ENMs is also an effective means of disseminating the required regulatory information.

The panel reached consensus with the audience that, as expressed by Alain Pardon (Imec), the concern over missing information is warranted. Moreover, if such information for a particular nanoform is present it must be made readily available. That is, it must be incorporated into the safety data sheets, as principal risk communication tools, so that this information becomes immediately available for use in risk assessments. Additionally, labelling of raw materials has to be considered so that different risks become clear for the workers. On the other hand, labelling should not be implemented for all nanomaterial-containing products since it may lead to the public impression that all products bearing nanomaterial labels are hazardous.



CONCLUDING REMARKS

Nanoelectronics was selected as an impactful use case for risk assessment approaches, due to its rapid innovation cycle and culture of high-profile health, safety, risk, and quality management. Moreover, nanoelectronics is one of the key enablers for industrial development, which was also recognized by the European Commission, who designates nanoelectronics among the priority action lines of European industrial policy (24). Therefore, risk management paradigms adopted by the nanoelectronics industry can have widespread economic impacts along its global supply chain. The semiconductor industry is using a growing variety of materials as companies seek to further improve device performance to meet increasing market demand in a constant process of innovation. At present, there are more than 200 chemical compounds, including elements such as silicon, germanium, copper, gold, hafnium, indium, and many others, which are present in most computers and mobile phone chips. In many manufacturing processes, the use of ENMs (15) enables superior yields and performance, a strong competitive driver for their further use.

In conclusion, nanotechnology includes a growing number of industrial applications, with a significant direct economic impact. As such, consumer and environmental exposure to nanomaterials is expected to grow. In view of the economic importance and wide application of nanotechnology, it is very important to foster an open culture of communication of identified hazards and risks to maximize the potential of nanomaterials and remove the overly cautious approach that acts as a bottleneck for the uptake of nanomaterials in products and processes. The workshop identified some key challenges and outlined data gaps which may impede this vision, including the lack of reliable data on nanoform toxicity. Such a gap inadvertently leads to uncertainty in regulations, and it is necessary to identify how much uncertainty is acceptable in view of the direct cost and impact on human health and the environment. Second, risk assessment methods for nanomaterials are far from mature, which makes their application difficult in an industrial setting. Accordingly, innovation guided by the safe-by-design principle must be aided by ongoing and future regulatory research. Finally, it is important to identify appropriate sources of information and communication channels for all actors along the supply chain, including the general public.

The transition from traditional risk assessment toward risk governance which implies moving from hard laws to soft laws is an inevitable trend which is emerging worldwide (25). Some of the issues, underlined in the workshop has been taken up by the newly funded projects, focusing on the risk governance, for example Gov4Nano (www.gov4nano.eu). The caLIBRAte project referenced within the workshop report has now been completed and the Nano Risk Governance Portal is launched and free to access at nanoriskgov-portal.org. The H2020 programme funds three ongoing projects focused on developing the European Risk Governance Council that would provide independent advisory services of importance to industry in general and specifically to the semiconductor industry. The latest development in the field is linking risk governance with designing safe products. Most recently, H2020 funded four consortia to work specifically on nanosafety issues. Similar discussions are ongoing within the USA National Nanotechnology Initiative, where the emphasis is also being shifted toward governance and safety-by-design.

The publication of the REACH Annex amendments in 2019, in which requirements for nanoforms are described, is a major step toward increased regulatory guidance. Nevertheless, the implementation will take many years to fully generate data for increased industrial confidence. Furthermore, risk assessment methods for nanomaterials are far from mature, which makes their application difficult in an industrial setting. Therefore, innovation guided by the safe-by-design principle must be aided by ongoing and future regulatory research. Finally, it is important to identify appropriate sources of information and communication channels for all actors along the supply chain, including the general public. Another welcome development toward providing more information to both consumers and down-stream users has been the publication of the eNanoMapper database through the European Observatory of NanoMaterials (EUON) at euon.echa.europa.eu. In addition, the nanoCommons project, hosted at www.nanocommons.eu, is now active and is providing substantial progress in creating a nanosafety knowledge infrastructure.
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