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Deliverable abstract

The Safe by Design (SbD) concept refers to identifying the risks and uncertainties concerning human and
environmental safety at an early phase of the innovation process so as to minimize uncertainty, hazard(s) and/or
exposure. The aim of task T4.1 was to identify, map and sort the existing strategies used to reduce or mitigate
risks associated with the use of NFs/ NEPs and their implementation in different application areas taking into
account all the life cycle stages. The current deliverable D4.1 compiles the results of T4.1.

Safe-by-Design strategies were identified from publications in scientific journals and projects deliverables. The
selected resources were mapped and sorted according to a set of criteria in order to point out the gaps that
could be filled during the project. For this purpose an Excel file was built and used to list exiting resources in
several groups (reviews, publications, reports and industrial know-how). This database will be further developed
in WP4. The list of identified resources (Oct. 2020) is added to the section 6 (annexes) of this deliverable.

The literature survey identified 75 document results (2010-2020) with approximately % of these published in the
last three years. Among those articles, we have separated review, concept articles and position papers (35
documents) from research articles (54 SbD approaches). A total of 19 SbD approaches reported from projects
(deliverables) were also gathered. Our analysis protocol using the Excel spreadsheet was applied to the
selected 46 most relevant research articles and to the 19 approaches reported from projects. We proposed an
analysis of the identified resources and emitted some advices for the SAbyNA upcoming activities.
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1. Introduction

The objective of SAbyNA is to simplify and distil safety-by-design (SbD) approaches into methods that industry
can adopt. Criteria for selecting these approaches should be established on the basis of this aim.

The main objective of the WP4 is to propose and evaluate design strategies towards safer nanoforms (NFs)
and nano-enabled products (NEPs), by reducing exposure and/or hazard potential in critical scenarios identified
throughout the product (NF or NEP) life cycle.

ShD strategies will be proposed to minimize the release / exposure / hazard of NFs from NEPs, without impairing
their performances and functionalities. SbD strategies will be product oriented, meaning that the solutions will
imply tuning of the NF physico-chemical properties, or the matrix composition (potential interactions between
NF and the matrix), and/or the NEP characteristics. Strategies will aim at:

e Reducing the NF/NEP hazard (e.g. replacement, surface modification...)

¢ Reducing the NF exposure potential before incorporation in NEP (e.g. granulation, encapsulation...)

e Reducing the NF release / exposure from the NEP (e.g. NF/matrix compatibility & interactions, NF load
& dispersion...)

The aim of task T4.1 is to identify, map and sort the existing strategies used to reduce or mitigate risks
associated with the use of NFs/ NEPs and their implementation in different application areas taking into account
all the life cycle stages. Several sources of information (European and national projects, literature review and
industrial partners know-how) will be used for that purpose. The current deliverable D4.1 compiles the results
of T4.1.

2. Description of the tasks

The first sub-task related to the completion of T4.1 is to define criteria for selecting SbD approaches to be
compiled in D4.1. This sub-task was associated with the milestone M4.1 that was released on July 2020. The
second sub-task was to create an inventory of existing resources and identify existing strategies. The last sub-
task was to identify, analyse and sort the existing strategies in order to identify the gaps that could be filled
during the project.

For this purpose an Excel file was built and used to list exiting resources in several groups (reviews, publications,
reports and industrial know-how). This database will be further developed in WP4. The list of identified resources
(Oct. 2020) is added to the section 6 (annexes) of this deliverable.

3. Description of the work and main achievements

Several initiatives to define the concept of safe-by-design (SbD) with regards to NFs and NEPs have emerged
over the last decades. The terminology around the concept encompassed safe-by-design, safer-by-design or
safety-by-design approaches among others. The SbD concept refers to identifying the risks and uncertainties
concerning human and environmental safety at an early phase of the innovation process so as to minimize
uncertainty, hazard(s) and/or exposure. We further develop those concepts in the following section.
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3.1 Conceptual approaches

3.1.1 Prevention through design approach

Prevention through design (PtD) is a set of principles that emerged around the 1970’s from the NIOSH¢Y, which
includes solutions to mitigate potential hazards to workers and strategies to eliminate exposure in facilities and
consequently minimize risks at the workplace.

PtD rely on the traditional hierarchy of controls by focusing on hazard elimination through the application of
engineering controls (collective protective equipment), administrative controls, and the use of personal
protective equipment applied during design, redesign and retrofit activities. Those measures participate in
control risk to workers at an acceptable level and have been applied to various sectors over the years.

effective

v« Hierarchy of Controls

Physically remove
the hazard

Replace
the hazard

Isolate people
from the hazard

Administrative
Controls

Change the way
people work

Protect the worker with
Personal Protective Equipment

Least
effective

Figure 1. NIOSHe representation of the hierarchy of controls

Within the construction industry where PtD approaches were implemented, there has been an emphasis on
design modification as a way to prevent injuries on the work floor and reduce negative health effects for those
constructing, using or maintaining a product.

PtD is applicable to nanotechnology by including the design of nanomaterials and strategies to eliminate
exposures and minimize risks over all the stages of the life cycle of NFs and NEPs. The application of such
approaches with a strong focus on prevention would allow the community to avoid the repetition of the history
of harmful substances that have been used before illnesses appeared (asbestos, lead, silica etc.).

The most effective approach from the hierarchy of control is to eliminate or to design out hazards. For obvious
reasons, elimination is not an option and substitution of a NF to another material is often unlikely. The preferred
strategy aims at modifying specific physico-chemical parameters (e.g. size, shape, surface functionalization,
surface charge, factors leading to aggregation...) of the materials that alter its biological and environmental
activity. The idea is that by modifying the nanomaterial its technical functions and commercial utility could be
maintained while the potential hazard is reduced or mitigated. Therefore, the understanding of the mechanisms
that control material formation and functionalization is essential to identify future production methods that permit
more sophisticated and multiple functionalities without increasing waste from production. Our understanding of

d National Institute for Occupational Safety and Health
e https://www.cdc.gov/niosh/topics/hierarchy/default.html
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transformations and surface reactivity of nanomaterials is in its infancy, and will also be important for
understanding, and predicting, product performance, as well as impacts on organisms and the environment.

The recent development of high-throughput screening techniques participated in the more rapid identification of
nanomaterial hazards and the mechanisms of nanomaterial toxicity. Predictive modelling relies on those
findings and will be one of the key factors to designing inherently safer products and greener nanotechnology.

Origins ) - i
Of Materials —Manufacturing— Distribution — Use — End of Life

Design of safer nanomaterials
Design for reducad environmental impact
Design for waste reduction
Design for process safety
Design for materials efficiency

Design for energy efficiency

Figure 2. Mapping of the green nanoscience / nanotechnology design principles across the stages of the
lifecycle of products. Collectively, the design principles address the challenge of reducing hazards,
enhancing material and process efficiency and maximizing the net environmental benefit of NEPs.

3.1.2 Stage Gate process

Within the NANOREG project, emphasis has been placed on SbD as a way to develop new products where
functionality and safety are tested in an integrated way during product or material development. In its approach
to the concept, the NANOREG project has chosen to link SbD to a “stage gate model of innovation”. The model
for SbD from this EU funded project presents the innovation process as consisting of various stages, each with
its own requirements that need to be met in order for development to move on to the next stage. A gate then
represents a “decision” or a “control” point, at which evaluation needs to occur, in this case focusing on safety
considerations and risk potentials, before product development can continue.




SAbyNA- D4.1 — Identification and selection of existing SbD strategies to reduce or mitigate NF/NEP risks

; Materials
The entire Basic Applied Manufacturing Recycling/
@ Value Chain > research>> p?;g:s?:g > R&D >> (up-scaling) >> T’““s"°“>> tsa >> Waste treatment

Innovation and R&D projects for materials and products

QZT;T::N [ R&D projects for Innovation processes for Recycling/Disposal
materials materials and products Processes

Innovation and

Innovation and R&D projects

RER prpety } { Use and application
for components J A L of products
S = ‘é’ Phase/ § Phase/ § Phase/ § Phase/ g Phase/ g ©
s 3 Ideas (7o Stage |g's| Stage [zT| Stage (3| Stage |Zs| Stage |z § Results
Industrial £ =3 L 53 2 Y = 53 4 58 5 =
innovation 5 g Product
models TES Technology
2 ?3 Material
- Process
5% E § No Risk Theoretical Experimental Market test Market launch Risk
ESB 3 g | risk mgmt. R Ereanin risk risk risk risk monitoring
> ik @ | activities 9 it it it over PLC
Safe-by- ; Consideration of pational 2
Design E‘ % ::s e Safety health and safety management Occupational health and safety management
complements o8 activities | Screening = - Manag of envir I impact over Product
w it & Life Cycle (PLC) and along Value Chains
S .o [No o :an:'l;: 1o App specific reg
s Eg regulatory Regulatory PP pe g
mt. screeni
E’ Sk | S i SRDfthere | SRD or PPORD | PPORD or REACH | REACH
Data mgmt. NANOREG Safe-by-Design SAFETY DOSSIER REACH and other regulatory dossiers

Figure 3. The NANOREG SbD concept based on the stage to gate innovation model.

3.1.3 Three pillars approach

In the NanoReg 2 project, three pillars of safe design, safe production, and safe use underpin a “safe innovation”
approach in which the SbD concept is combined with “regulatory preparedness”. The latter is said to refer to a
timely interaction between innovators and regulators, with the idea being that through focusing on safety issues
early in the production and design process, as well as throughout the innovation chain, innovators are prepared
with the information and knowledge they need to meet any regulatory requirements.

Creating safe ENMs in pillar 1 (safe materials and products for human health and the environment) is described
as being achieved through understanding factors that influence “risk potential” and assessing knowledge on
these using “non-testing” tools such as structure activity relationships, grouping strategies and high throughput
screening of in vitro and in vivo tests to find “less hazardous NFs”. Release, emission, exposure and fate are
also factors influencing “risk” and therefore have to be considered both in pillar 1 and pillar 3 (safe use and end-
of-life for preventing exposure during use and having adapted recycling and disposal routes). Pillar 2 (safe
production for occupational health) will be investigated through SAbyNA WP5 activities.
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Figure 4. The Nanoreg 2 three pillars approach.

The SbD approach addresses safety of the materials/products and associated processes from the early
innovation process and through the whole life cycle: from the research and innovation phase to development,
production, use, recycling and/or disposal. This approach is beneficial for industry since this may increase the
efficiency of the innovation process and may enable the elimination or reduction of human health and
environmental risks from the material or product without losing its functionality. Additional benefits include
increased economic viability, consumer trust, responsible innovation, improve sustainability, a better reputation
and interdisciplinary collaboration and transparency. SbD aims at balancing safety, functionality, regulatory and
cost aspects.

The scope of T4.1 is on SbD approaches applied to NFs and NEPs to minimize the determinants of risks
(hazardous properties and/or emission potential) of the nanoform or nano-enabled product while maintaining
their technical function (performance). Process safety will be evaluated specifically in WP5.

3.2 Defining criteria for selecting SbD approaches

We have formulated criteria for selecting SbD approaches and guidelines not as rigid rules but as
aspects, or important characteristics, that must be considered when selecting a given approach.
In other words, the final selection will be the result of a general evaluation of the usefulness of a
SbD approach for the goal of the SAbyNA platform, and not the automatic outcome of a rigid
decision rule: a SbD approach will still enter the final selection also when, in its current status, it is
underdeveloped and/or does not satisfy all the criteria, but it is considered potentially useful and
flexible enough to be used, and perhaps improved, within the SAbyNA platform.

3.2.1 Criteria

o Priority will be given to approaches that have been validated, tested, and implemented at
a pilot scale. SbD approaches should not be just an “exercise” on how to lower the
biological risks (i.e., combination of hazard and exposure for both humans and the
environment) of a certain NF/NEP, but should have a focus on nano-risks along the
complete life cycle of real nano-enabled products. As an indication of their effectiveness,
these approaches must have quantified parameters and characteristics relevant for nano-
risk before and after modification/re-design, and long term stability of the SbD solution
evaluated. The chemistry involved in the SbD solution must be environmentally stable.
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e Selected SbD solutions must be suitable for (or adaptable to) industrial manufacturing of
large volumes (e.g., implementation and monitoring should be possible with common
equipment.) The possibility, for a given SbD approach, to estimate potential costs and
economical sustainability will be considered.

e Many available, and potentially useful, SbD approaches target specific sections of the life-
cycle: some focus on the hazard of nanoforms, some other on the safety of a nano-
enabled-product, and few of them on the environmental fate. If some of these partial
approaches satisfy the other criteria and are judged to be useful for industrial applications,
they can enter the final selection, and be the object of further improvement within SAbyNA
platform. Obviously, if a given approach already covers the whole life cycle of a NF/NEP,
it will enter the final SAbyNA selection.

e Type of source: Priority will be given to approaches that are available as open access
information: research articles; official guidelines (National and EU projects, OECD, EPA-
USA).

3.3 Contributing factors to risk

To achieve meaningful worker protection, material design must consider the relationships among molecular
design, particle properties and the biological activity screening of ENMs; if the biological activity is considered
in the molecular design, downstream characterization approaches can be tailored to the specific properties of
the materials, enabling more streamlined, economic, and effective screening protocols. Libraries populated with
nanomaterial data obtained from relevant biological assays (including high throughput screening techniques
etc.) will aid both the predictive and practical aspects of nanomaterials characterization. Further investigation
into the pathways through which and the mechanics by which nano-sized objects interact with cells will enable
a clarified and more focused approach to the above mentioned techniques.

Addressing fate and exposure in design considerations (in addition to the currently predominating focus on
hazard reduction) should also have a high priority.

The OECD recently published a report (ENV/IJM/MONO(2019)12) entitled “physico-chemical decision
framework to inform decisions for risk assessment of manufactured nanomaterials”. This document provides
information regarding physico-chemical parameters that drives risks and on which SbD approaches could be
applied.
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DECISION FRAMEWORK FOR PHYSICOCHEMICAL CHARACTERISATION
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Figure 5. Overview of the decision framework for physico-chemical characterization.

From this work, we have selected the following key physico-chemical parameters driving toxicity mechanisms
(Table 1) and mechanisms of concern (Table 2).

Table 1. Key physico-chemical properties
Aspect ratio - shape

Length, diameter - size

Surface layer thickness

Surface area

Porosity

Crystallinity
Surface charge
Hydrophobicity / hydrophilicity
Zeta potential
Hamaker constant
Conduction band energy level
UV-Vis absoption
Chemical composition
Surface chemistry
Surface reactivity
Chemical surface affinity
Chemical stability

Dissolution rate
Aggregation / Agglomeration state
Dustiness potential
Particle density
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Bulk density

Dispersion stability
Sedimentation kinetics
Redox properties

Table 2. Mechanisms of concern
Fiber-like toxicity
Surface reactivity

Reactive oxygen species generation

Interference with intracellular redox processes
Photocatalytic activity
Trojan horse phenomena

Affinity to aquatic and terrestrial organisms

Soluble compound release

We have used this information (Table 1 and Table 2) to structure a spreadsheet to analyze the different SbD
approaches identified and look for trends and gaps. Besides those key parameters, we have decided to look for
information such as the identification of NFs (chemical composition, main properties, physical state...), the
intended use of the NFs/NEPs (life cycle stage, industrial sector, application and targeted technical function),
the hazard mechanism, and the relevant exposure route. We have then tried to look for the SbD modifications
that have been implemented and the consequences in terms of risk reduction and performance.

The Excel spreadsheet (see appendix in section 6) will be further developed during the project in order to pursue
the collection of resources and the assessment of the reported approaches.

3.4 Existing resources and SbD strategies

The entire lifecycle of NFs or NEPs needs to be considered to ensure minimal and known human health and
environmental impact. The identified resources were screened regarding this aspect.

3.4.1 Approaches developed or implemented through European and National projects

European projects that claimed they were dealing with SbD approaches were identified through the
NanoSafetyCluster and CORDIS. We have approached the SAbyNA partners that were involved in some of the
projects and contacted additional colleagues involved in the other projects to have a broad view of the current
approaches. From National projects, we have identified the LABEX serenade (http://www.labex-serenade.fr).

The following projects were identified but not all of them were working on SbD strategies to reduce NF/NEP
risks and hence, have not all produced exploitable deliverables:

Table 3. EU projects in which Safe-by-Design is mentioned

ACEnano Analytical and characterisation excellence in | http://www.acenano-project.eu/
nanomaterial risk assessment: a tiered approach
MODCOMP Modified cost effective fibre based structures with | http://modcomp-project.eu/

improved multi-functionality and performance

NANOGENTOOLS | Developing and implementation of a new generation | http://www.ubu.es/iccram
of nanosafety assessment tools

NANOREG A common European approach to the regulatory
testing of nanomaterials

ProSafe Promoting the implementation of Safe by Design http://www.h2020-prosafe.eu/
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NanoReg 2 Development and implementation of grouping and | http://www.nanoreg2.eu/
Safe-by-Design approaches within regulatory
frameworks

SmartNanoTox Smart tools for gauging nano hazards http://www.smartnanotox.eu

FutureNanoNeeds | A framework to respond to regulatory needs of | http://www.futurenanoneeds.eu/
future nanomaterials and markets.

HISENTS High level integrated sensor for nanotoxicity | https://hisents.eu/
screening
OpenRiskNet Open e-infrastructure to support data sharing, | https://openrisknet.org/

knowledge integration and in silico analysis and
modelling in risk assessment

SKHINCAPS Skin healthcare by innovative nanocapsules http://skhincaps.eu/

GOV4Nano Implementation of risk governance: meeting the | https://www.gov4nano.eu/
needs of nanotechnology

NanoExplore Integrated approach for exposure and health effects | https://www.lifenanoexplore.eu/

monitoring of engineered nanomaterials in
workplaces and urban areas

NanoFabNet International hub for sustainable industrial-scale | http://www.nanofabnet.net
nanofabrication
SusNanoFab Integrated EU strategy, services and international | https://susnanofab.eu/

coordination activities for the promotion of
competitive and sustainable nanofabrication

industry

Nanolnformatics Development and implementation of a sustainable | http://www.nanoinformatix.eu/
modelling platform for nanolnformatics

NanoSolvelT Innovative nanoinformatics models and tools: | https://www.nanosolveit.eu/

towards a solid, verified and integrated approach to
predictive (eco)Toxicology

SANOWORK Safe nano worker exposure scenarios

Guide Nano Assessment and mitigation of nano-enabled product | https://www.guidenano.eu/
risks on human and environmental health:
Development of new strategies and creation of a
digital guidance tool for nanotech industries

NanoLeap Nanocomposite for building constructions and civil | http://www.nanoleap.eu/
infraestructures: European network pilot production
line to promote industrial application cases

SUN Sustainable Nanotechnologies http://www.sun-fp7.eu/

Calibrate Performance testing, calibration and | http://www.nanocalibrate.eu/
implementation of a next generation system-of-
systems risk governance framework  for
nanomaterials

Biorima Biomaterial risk management https://www.biorima.eu/

CeraSafe Safe production and use of nanomaterials in the | http://www.cerasafe.eu/
ceramic industry

Scaffold Innovative strategies, methods and tools for | http://scaffold.eu-vri.eu/

occupational risks management of manufactured
nanomaterials (MNMs) in the construction industry

Basmati Bringing innovation by scaling up nanomaterials and | http://www.basmati-
inks for printing project.com/

The following table gathers some information about the SbD approaches that have been developed in projects.
The related information has been summarized and added to the Excel spreadsheet’ for further exploitation. A
total of 19 approaches were entered and processed.

f“Identified SbD approaches — ressources.xIsx” that can be consulted from the SAbyNA doc repository.
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Table 4. European / National project SbD approaches

SANOWORK
(LEITAT, CNR-ISTEC)

Following a safety by design approach, surface engineering of NFs (surface
coating, purification process, colloidal force control, wet milling, film coating
deposition and granulation) were proposed as risk remediation strategies to
decrease hazard (toxicity end points), emission potential (dustiness) and
persistence at the end of life within real processing lines.

The PlasmaChem ZrO2 manufacturing, the colloidal force control applied
to the washing of synthesis reactor, allowed to reduce ZrO2 contamination
in wastewater, performing an efficient recycling procedure of ZrO:
recovered.

ZrO2 NM was investigated in the ceramic process owned by CNR-ISTEC
and GEA-Niro; the spray drying and freeze drying techniques were
employed decreasing NM emissivity, but maintaining a reactive surface in
dried NM.

Considering the handling operation of nanofibers obtained through
Elmarco electrospinning procedure, the film coating deposition was
applied on polyamide non-woven to avoid free fiber release. For TiO2 the
wet milling was applied to reduce and homogenize the aspect ratio,
leading to a significant mitigation of fiber toxicity.

In the Colorobbia spray coating line, Ag and TiO2 nanosols, employed to
transfer respectively antibacterial or depolluting properties to different
substrates, were investigated. Ag was subjected to surface coating and
purification, decreasing NM toxicity. TiO2 was modified by surface coating,
spray drying and blending with colloidal SiO2, improving its technological
performance.

In the extrusion of polymeric matrix charged with carbon nanotube
(CNTs) owned by Leitat, the CNTs used as filler were granulated by
spray drying and freeze drying techniques, allowing to reduce their
exposure potential.

SANOWORK deliverables and PhD Thesis Camilla (Delpivo,
Camilla (2015) Safety by design: production of engineering surface

modified nanomaterials, [Dissertation thesis], Alma Mater Studiorum

Universita di Bologna. Dottorato di ricerca in Chimica, 27 Ciclo. DOI

10.6092/unibo/amsdottorato/6969)



http://amsdottorato.unibo.it/view/dottorati/DOT498/
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Production stage: During the activity/ES of extrusion, the likelihood of risk was
hypothesized to be high for worker exposure, with the possible inhalation of the
released NM and low for the environmental compartments. For this case study,
the likelihood of risk to appear during the production process was assumed to be
high for the worker, as the worker was supposed to handle manually large
amounts of nanomaterials in powder form. Thus, in order to avoid unnecessary
exposure to workers during the scoping visit a SbD strategy was anticipated and
nanomaterials in masterbatch form, in which the additive is concentrated into a
polymeric matrix, were made available for the trials along with powder ones. The
measurement campaign carried out at LATI’s premises performed during the
extrusion activity, confirmed an unlikely worker exposure. The measurement has
been carried out during the extrusion of MWCNT enabled products. However, the
results may be extended to other nanomaterials handling due to the nature of the
process involved. The impact of the industrial waste that can be generated during
the production process is low since scrap material is recycled in the facility. On
the other hand, only cleaning/cooling water has to be considered as significant
source as well as residual powder in empty packaging as solid waste.

Use and end-of-life stages: The initial assumption was right, TiO2 NFs can be
released from the nanocomposites and even more in the case of climatic aged
samples containing a great amount of anatase crystalline TiOz. This is due to the
high reactivity of these type of nanoparticules with UV light that leads to the
degradation of the organic matrix. The initial assumption was wrong, polyamide
6.6 with glass fiber and different carbon nanofillers did not show an important
amount of released material. The FTIR study indicated no migration of nanofillers
to the polymer surface. On the other hand, thermal study corroborated the last
result. However, a protective effect of ageing was found on the degradation
temperature.

TiO2 coated with SiO2 has been investigated in end-of-life stage, other aspects
considered in end-of-life (incineration): UV stabilization of PP, effect of aging.
“Best” compromise between mechanical & thermal properties for SbD: 3% TiO2
NPs. PA 66 loaded with MWCNTSs investigated, but with no conclusive results.
TiO2 NPs coated by SiO2 or Al2Os. This reduces surface activity of the NMs
avoiding TiO2 photocatalytic effect when it is used as a UV filtering in polymeric
nanocomposites as compared to tests done with TiO2 anatase or rutile as an
additive for PP.

GUIDE Nano
(LEITAT, LATI)
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NanoReg 2
(IOM, CEA)

Increasing the hydrophilicity to decrease the potential to cross biological
membranes, since the degree of particle hydrophobicity appears to directly
correlate with their penetration to the cell monolayer (Petla, 2009, 2014).
Changing the oxidation state to reduce surface reactivity or masking the
reactivity by coating the NM as long as this does not affect the desired
functionality. As a principle, catalyst residues and other impurities that that can
contribute to the redox activity should be eliminated (e.g. elimination of Polycyclic
Aromatic Hydrocarbons on carbon based NMs).

Decreasing the length of HARNSs. There is evidence of length-dependent toxicity
since these long materials prevent complete ingestion by the macrophages
contributing to a build-up of the dose (Poland et al. 2008; Donaldson et al. 2010;
Shietal., 2011). The key length appeared to be between 15-20 um, beyond which
macrophages cannot stretch and enclose the fibre eliciting frustrated
phagocytosis (Donaldson et al. 2010).

To reduce their biopersistence high surface energy that leads to aggregation
and higher solubility and dissolution rate is desired (Casals et al. 2012).

Coating the NM to reduce dustiness. Nanomakers NanoReg2 case study
successfully reduced the dustiness of silicon from 1,163 mg/kg to 150 mg/kg by
coating the nanoparticles with an amorphous layer of carbon. Coating of Si NPs
with C induced better homogeneity of the battery anode active layer but did not
reduce particle emission during calcination in air (mimicking a potential accidental
scenario of a defective device). These approaches can negatively impact the
functionality and therefore require careful consideration.

Adding a liquid intermediate to reduce exposure. Avanzare NanoReg2 case
study. The emissivity during abrasion tests of the water-based coatings
manufactured with the dispersion of the graphene powder in a liquid phase was
not altered. The identification of hot spots and need for testing was described in
NanoReg 2 D2.2. In this deliverable, the results obtained in the testing are
included and those results are used in different nanospecific RA models. In the
identified hot spots Avanzare implemented SbD which included a liquid
intermediate that can be useful for some of the applications (paints) and that will
reduce the exposure of the workers by the inhalation route. It also includes the
installation of a Local Exhaust ventilation system that will increase the air
exchange in the room and the automation of the step with most risk of exposure,
namely the packaging of the graphene powder. These changes have been
evaluated with the same RA models used previously and described in D2.2 and
with a more specific model that is the Weight of Evidence approach. All the models
indicate an improvement in the safety of the process by a decrease in the
exposure levels. From the toxicology results obtained, both NMs (the graphene
powder and the liquid intermediate), are very similar. However, a more extensive
testing should be needed to give a complete profile of their hazardous nature.

Sanchez Jimenez et al. 2020. Safe by Design guidelines for the nanotechnology industry: the

NanoReg2 case studies ; NanoReg 2 D2.2

WEAREND
(CEA)

Project aims at developing a nanostructured tungsten carbide composite
(nanoWC-Co) powder and the associated post-processing (thermal spray), to
generate coatings presenting enhanced wear resistance compared to
conventional WC-Co coatings. The developement of the nanoWC-Co powder will
be conduced with a double objective of improving wear resistance of the final
coating and limiting the dustiness of the nanoWC-Co powder. Low dustiness is
targeted throughout the material development to reduce the occupational
exposure during powder post-processing.

WEAREND?2 - High-

end wear-resistant

WC-Co materials
EIT — Raw Materials

Duration ;: 01.2020-
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Several samples including variations were produced by NanolLeap partners to be

evaluated for both their performances and their potential to release airborne

particles that could lead to occupational, consumer or environmental exposure.

Three case studies have been identified with the participation of UCLM, ACCIONA

and IMDEA:

e Dustiness studies on agglomerated materials: the goal was to evaluate and
improve the ability of micron-sized granules to reduce the release of free
unbounded nanoparticles in workplace air. Several batches of spray dried
granules from various partners and processes were characterized in terms of
dustiness to identify the safer product and promote it for further processing.

e Assessment of aging and release of ACCIONA intumescent paints
incorporating UCLM agglomerated silica: the goal was to characterize the
behaviour of functionalized nanoparticles dispersed in various matrices in
simulated use. Accelerated weathering and abrasion tests were performed to
evaluate the release of free nanoparticles from coated panels that might lead
to occupational, consumer and/or environmental exposure.

e Development of a new class of bactericidal material with a reduced amount of
nanoparticles while maintaining high bactericidal properties thanks to moth-
eye mimetic patterned surface

NANOLEAP
(CEA)
NanolLeap D8.8 - Report on the
implementation and effectiveness of safe-by-
design approaches

SafeTiPaint project: To mitigate potential risks associated to the use of these
nano-objects, a safer by design strategy to develop a photocatalytic paint
containing TiO2 nanoparticles taking into consideration safety aspects at each
step of the value chain was implemented during SafeTiPaint project. New types
of TiO2 nanoparticles were synthesized and their photocatalytic activities were
tested in different conditions. These nanoparticles were then incorporated into an
organic paint matrix. Liquid paints applied on standard Leneta and Taber
substrates underwent artificial weathering. For this purpose, paints were placed in
an accelerated weathering chamber with controlled parameters (irradiance,
temperature, relative humidity). Photocatalytic efficiency towards airborne VOCs
was measured for pristine and aged paints. Mechanical solicitation through
abrasion was performed to assess potential emission of airborne particles that
could lead to human or environmental exposure. In parallel, toxicology studies
were conducted to assess the hazard associated to these species (pristine
particles, formulated paints and emitted debris). As the result of the implemented
safer by design strategy to manufacture new generation of paints, we succeeded
to decrease the TiO2 paint content while keeping a good photocatalytic efficiency
and reducing the nanoparticles release. It appeared that the synthesized TiO2
nanoparticles integrated in the paints were less prone to degrade the matrix in
comparison to reference TiO2 nanoparticles. Although some TiO2 based
photocatalytic paint presented promising results, a further optimization is still
needed to make them more efficient and mitigating their risks on human and
environmental.

SERENADE
(CNRS-CEREGE, CEA, ALLIOS)
A. Rosset et al. manuscript under preparation

Increase the NEP product matrix resistance or use stronger matrix toward
aging factor to reduce the NMs release.

Increase the binding of NMs and product matrix to reduce the NMs release
Improve NMs dispersability in product matrix

GRACIO
us
(LEITAT)
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3.4.2 Approaches developed or implemented through internal projects by SAbyNA industrial
partners

SAbyNA industrial partners involved in WP4 were approached to describe the SbD approaches implemented
that were not reported in the identified articles or deliverables. Allios and Nouryon provided some information
that is summarized below. Allios refered to the SERENADE project for which publications and deliverables were
produced are reported in the list of resources.

Table 5. Internal project SbD approaches

ALLIOS SafeTiPaint 1 & 2 projects under the frame of Labex SERENADE — reported above
One obvious SbD strategy is to use closed and wet processes if applicable since this
is a very efficient way to minimize exposure via inhalation. Used in production of
colloidal silica (water-based silica nanoparticles).

When a certain nanomaterial has been chosen from a cost, sustainability and safety
perspective there can still be room for reduction of hazard of the nanomaterial
considering surface modification. There are indications that surface modifications
NOURYON reduce hazard but there is lack of a systematic understanding how this tool can be
used. An interesting question is how low the surface coverage needs to be and still
have a positive impact from a hazard perspective and avoid having the surface
modifying agent acting as a “pollutant” and negatively affecting the performance in
an industrial application. Aluminium or silane modification of silica seem to reduce
toxicity. Silica can also be used as dispersant for pigments/fillers. Can adsorption of
silica reduce the toxicity of for example TiO2?

3.4.3 Approaches identified through literature search

A literature survey using Scopus and Web of Science and the terms “Safe-by-Design” and “Nano” within title,
abstract and keywords identified 75 document results (2010-2020). 55 of these were published in 2017-2020,
indicating that Safe-by-Design approaches applied to NFs and NEPs is a growing topic.

Among those articles, we have separated review, concept articles and position papers from research articles.
Our analysis protocol using the Excel spreadsheet was applied to the 46 research articles selected following
initial screening.

3.5 SbD strategies mapping and identification of gaps

From the different sources of information (literature, projects & partners), the identified SbD approaches were
screened according to a common template in an Excel spreadsheet.
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3.5.1 Life cycle stage

Life cycle stages Life cycle stage

m Production ® Use = Recycling = End-of-life = Production = Use = Recycling = End-of-life
Figure 6. Targeted life cycle stages for the implemented SbD approaches (left literature survey, right projects survey).

More than half of the research articles were focused on the use stage while approaches reported from projects
were mainly focused on the production. It appears that the end-of-life is not the main concern for the reported
approaches and consequently, we would advise the SAbyNA consortium to fill this knowledge gap by developing
long term studies on the environmental impact related to the NEPs end-of-life for instance.

3.5.1 Exposure route

Relevant exposure route Relevant exposure route

= Human - Inhalation = Human - Dermal = Human - Inhalation ® Human - Dermal

= Human - Ingestion = Environmental = Human - Ingestion = Environmental

Figure 7. Exposure routes related to the SbD approaches (left literature survey, right projects survey).

Inhalation and environmental exposure routes are reported significantly both in published articles and in projects
related activities. Ingestion is underrepresented and dermal exposure is described only in research articles.
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3.5.1 Physical state

Physical state Physical state

= Solid matrix m Powder = Dispersion = Solid matrix = Powder = Dispersion

m Paste = Slurry m Aerosol

m Paste m Slurry m Aerosol
Figure 8. Physical state of the NFs (left literature survey, right projects survey).

NFs and NEPs involved in reported SbD approaches are mainly under the form of dispersions, bulk solid or
divided solid. Dispersions appears to be more represented in research articles compared to the other physical
states. This could reflect how NFs are currently used in NEPs life cycle or could also reflect a more accessible
way to implement changes on NFs to evaluate their impacts.

3.5.1 Industrial sector and application of NFs and NEPs

Industrial sector

B Chemistry
i) 2 3;7% B Construction and materials associated
1;3% 25% ® Electronics and electricity

Food industry
H Cosmetic and beauty care

5: 129% H Machinery, equipment and automotive
12; 30% : i
B Metallurgy and metal working

M Healthcare

M Plastic and rubber

B Remediation and waste management
M Textile, clothes and shoes

B Transport and logistics

B Wood, paper, cardboard and printers

Figure 9. Industrial sector related to the implementation of the identified SbD approaches (litt. survey).
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Healthcare (nanomedicine applications) appears to be the main sector followed by cosmetic and beauty care
(sunscreens). Biocide applications are also mentioned significantly.

The project survey showed the construction sector in the first position but this might be influenced by the limited
number of case studies from EU projects.

The reported NFs are mainly metal oxides (TiO2, ZnO, CeOz, SiO: ...), metals (Ag, ...) and carbon-based (CNTs
).

3.5.1 Mechanism of concern

Mechanism of concern

M Fiber-like toxicity

m Surface reactivity

W Reactive oxygen species generation
Interference with intracellular redox processes

B Photocatalytic activity

M Trojan horse phenomena

B Affinity to aquatic and terrestrial organisms

M Soluble compound release

Figure 10. Mechanism of concern related to the NFs (left literature survey, right projects survey).

The results from literature survey and projects are indicating that ROS generation, release of soluble ions, fiber-
like toxicity and surface reactivity are the main mechanisms of concern.
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3.5.1 Key physico-chemical parameters that are targeted

Key physico-chemical parameters

M Aspect ratio - shape
m Length, diameter - size
W Surface layer thickness
i Surface area
M Porosity
M Crystallinity
W Surface charge
B Hydrophobicity / hydrophilicity
M Zeta potential
B Hamaker constant
m Conduction band energy level
W UV-Vis absoption
m Chemical composition
m Surface chemistry
I Surface reactivity
Chemical surface affinity
m Chemical stability
M Dissolution rate
B Aggregation / Agglomeration state
M Dustiness potential
M Particle density
m Bulk density
W Dispersion stability

H Sedimentation kinetics

Figure 11. Key physico-chemical parameters reported in the research articles.

The results from literature survey and projects are indicating that there is a large diversity of parameters to be
targeted for the implementation of SbD approaches. Factors governing dissolution rate and surface-related
properties appears to be of prime interest.

3.5.1 Identified SbD strategies

We proposed to gather the identified SbD strategies in families targeting hazard, exposure and/or reducing
biopersistence. Some the implemented SbD measures from the different resources that were identified are
provided in the following table.

Table 6. Identified Safe-by-Design strategies over the last decade
Targeted key

SbD strat
strategy determinant for risk

Implemented measure

Substitution / replacement

Nanoparticle doping

Surface passivation / modification / functionalisation
Reduction of photocatalytic efficiency

Formation of composites

Modification of particle size / shape

Post-synthesis treatment (spheroization ...)

Several factors driving Nanoparticle doping

exposure Selection of nanofiller

Several factors

Desi h
esign out hazard governing hazard

Reduce exposure
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Compatibilization matrix & nanofiller (Surface
passivation / functionalisation)

NF load and dispersion in the matrix

Modification of particle size / shape

Flocculation strategy

Improve brittleness and tendency to break into smaller
pieces

Control dustiness indices through morphological
parameters tuning (granulation ...)

Packaging, encapsulation strategies

Nanoparticle doping

Solubility tuning

Minimize matrix decomposition / surface reactivity

Reduce bio-
persistence

4. Deviations from the work plan

No deviation to be reported.

The Excel spreadsheet will be further expanded and detailed over the course of the SAbyNA project.

5. Conclusions

Safe-by-Design strategies were identified from publications in scientific journals and projects deliverables. The
selected resources were mapped and sorted according to a set of criteria in order to point out the gaps that
could be filled during the project. For this purpose an Excel file was built and used to list exiting resources in
several groups (reviews, publications, reports and industrial know-how).

The literature survey identified 75 document results (2010-2020) with approximately ¥4 of these published in the
last three years. Among those articles, we have separated review, concept articles and position papers (35
documents) from research articles (54 SbD approaches). A total of 19 SbD approaches reported from projects
(deliverables) were also gathered.

Our analysis protocol using the Excel spreadsheet was applied to the selected 46 most relevant research
articles and to the 19 approaches reported from projects. This database will be further developed in WP4. The
list of identified resources (Oct. 2020) is added to the section 6 (annexes) of this deliverable.

From the gathered resources, it appears that there is a gap regarding the impact of the SbD measures over
time throughout the whole life cycle. Most of the identified approaches reports short term studies taking into
account few stages of the life cycle (production and use mainly). Long term studies taking into account the
whole life cycle allowing transformation mechanisms are very limited.

NFs and NEPs involved in reported SbD approaches are mainly under the form of dispersions, bulk solid or
divided solid. Dispersions appears to be overrepresented in research articles. The reported NFs are mainly
metal oxides (TiO2, ZnO, CeO2, SiO:2 ...), metals (Ag, ...) and carbon-based (CNTs ...). TiO2 is the most
investigated compound — which is coherent with the production level of those NFs. Healthcare (nanomedicine
applications) appears to be the main sector followed by cosmetic and beauty care (sunscreens). Biocide
applications are also mentioned significantly. The project survey showed the construction sector in the first
position but this might be influenced by the limited number of case studies from EU projects.

The results from literature survey and projects are indicating that ROS generation, release of soluble ions, fiber-
like toxicity and surface reactivity are the main mechanism of concern. But since, we were focusing our analysis
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on SbD approaches, it is possible that these mechanisms were highlighted as they are easier to manipulate
through modifications (e.g. surface reactivity can be changed by coating particles).

The results from literature survey and projects are indicating that there is a large diversity of parameters to be
targeted for the implementation of SbD approaches. Factors governing dissolution rate and surface-related
properties appears to be of prime interest. We would recommend to further investigate approaches targeting
those parameters during the course of SAbyNA without eliminating any underrepresented areas that might be
of interest. SAbyNA project offer also the opportunity to test strategies with various materials and different
physical forms and evaluate the impact of those modifications on the technical functions.

We would advise to take into account the amount of NFs which is often partially reported. Approaches that
demonstrates that the technical function is maintained with a lower amount of NFs could be added to the
resources identified so far.
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6. Annex
All Safe-by-design approaches used in GUIDEnano
Size Dissolution NM that could release relatively Ag NPs in sizes from 5 to 200nm.

(minimization)

toxic ions in different sizes to
test if bigger NPs are less
reactive and dissolve slower,
releasing less ions.

This can also have an effect on
release

Nevertheless, from sizes above 50nm we
follow a dilution steps approach,
reducing by 1-5 orders of magnitude the
concentrations (and thus the total
amounts) that can produce for big
AgNPs.

AgNPs of 10nm and 50nm to test if lower
dissolution rates yield to lower toxicity
with the same mass of Ag.

The Safer-by-design strategy in this case
would be tuning the size of NPs to reduce
its toxicity while keeping (at least partly)
its properties: use the less toxic particles
with enough antimicrobial activity.

Size Agglomeration (to Conjugation of NM prone to a) Ag 10nm NPs with without PVP
minimize) agglomeration (metal oxides (though silver is not very prone to
such as TiO2 and ZnO) with PEG agglomeration)
or other coating molecules to
avoid formation of b) TiO2 4nm NPs with/without PVP
aggregates/agglomerates.
It is important to note that isoelectric
point for TiO2 NPs is about pH 7. So, if
any toxicity test is to be performed at
this pH, it could lead to
agglomeration/precipitation of both NPs
with/without PVP.
Surface Toxicity due to Formation of Albumin-based Cationic NPs are known to be biologically
Charge cationic surface protein corona (albuminization) toxic, due to its “stickiness” with

charge (to avoid)

to change cationic surface charge
of NPs to anionic, and thus more
biocompatible, surface charge.

proteins, cell membranes and other
biologically relevant structures. In the
case of cell membranes, they can be
heavily disrupted when in contact with
cationic NPs.
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Relevant
Endpoints

Effect with possible

inherent risk

Proposed SbD approach

Specific proposed cases to be tested

Cationic Ag nanoparticles, synthesized
with chitosan and the same Ag(+) NPs
conjugated with albumin to form an
anionic protein corona.

Oxidation Complete Protect the NPs from corrosion This endpoint was thought for nZVI.
Oxidation/Corrosion by engineering a selective oxide Magnetite (FesOs) NPs and old
of NP into ions passivation layer. Magnetite NPs oxidized to Maghemite
(Fe203). Nevertheless, we do not find it
very relevant, being both oxides known
to have a very low toxicity, if any. Fe(ll)
It has also an effect over oxides NPs could be tested in
exposure. nanoremediation
We additionally propose 10nm AgNPs
with/without a selective AgO passivation
layer to test if controlled oxidation of
metal nanoparticles could lead to
mitigate its corrosion, and thus the
release of ions.
Traceability If the NM cannot be NM doping will allow tracing SiO2 doped with lanthanides, and they
detected, the risk materials that present an are studying the doping of TiO2 NM.
would be very high extremely high background
Release Photocalytic effect Avoid TiO2 photocatalytic effect TiO2 coated by SiO2 or Al203. This
reduction (reduction) when it is used only for reduces surface activity of the NM.

UVfiltering (LATI case study —
reduction of polymer
degradation)
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