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The Nanotechnology Industry

• Nanotechnology is a Key Enabling Technology (KET) - considered the

next global frontier of science

• The global nanotechnology market is projected to grow to $173.95 billion

by 2025

• Expected to provide major economic & social benefits.

• Hurdle: uncertainty regarding the potential risks posed by NM exposure

and the lack of appropriate tools for NM safety assessment
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Content

• How much information is available?

• A gap analysis of current knowledge

• Structuring the knowledge gaps into a strategy

• Gracious – Grouping based upon hypotheses

• Well justified NanoEHS hypotheses

• How can we use this information?

Exposure & Hazard assessment

Recent progress

• Release

• Environmental fate

• Exposure

• Hazard

London (UK)
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GIS layers providing “cell” specific:
• Human population & Industry
• Elevation & river network
• Vegetation, soil type & landuse
• Environmental chemistryRecycling

Conceptual workflow for a framework to deliver dynamic multimedia fate 
prediction both in a generalised model environment and GIS enabled mode.

Focus on the “real product” and “environmentally realistic/relevant forms.
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(Nanomaterial or Nanoparticle) +  (Hazard or Toxicity)

All years 501 190 papers

Approx. 1600 per year increase

NanoEHS Publications

 -

 5,000

 10,000

 15,000

 20,000

 25,000

 30,000

 35,000

2010 2011 2012 2013 2014 2015 2016 2017

Chart Title

Year

No. publications

35000

30000

25000

20000

15000

10000

5000

2010 2011 2012 2013 2014 2015 2016 2017

NanoEHS Publications



18/11/2018

4

Important points and gaps

• How do assay preparation/conditions affect 
fate/exposure/hazard

• What P-C properties of NMs/media are key on 
fate/exposure/hazard

• Long term

– Costly, complex, artefacts, ethics

– Need to identify suitable longer-term models and 
assays (e.g. for in vitro studies)

SUN (Sustainable

Nanotechnologies)

Professor Antonio Marcomini
Dr. Danail Hristozov

Industry can avoid environmental, health and safety liabilities from 

nanomaterials, and nanotechnology innovation can be promoted 

effectively if an integrated approach is adopted, addressing the entire 

product lifecycle, balancing risks from nanomaterials with the social 

and economic benefits from their applications. 

RISKS BENEFITS
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Safety by Molecular Design

GRANULATION from NANO to 
nanostructured MICRO powder to 
CONTROL powder aereosolisation 
(EXPOSURE POTENTIAL)

SURFACE CHARGE MODIFICATION
to CONTROL interaction with CELLS 
membranes (EXPOSURE/HAZARD  
POTENTIAL)

- -

- - ROS

ANTIOXIDANT MOLECULES COATING
to NEUTRALISE ROS free radicals and 
CONTROL OXIDATIVE STRESS (HAZARD 
POTENTIAL)

DESIGN

TESTING strategy for the justification of SAFETY BY DESIGN SOLUTIONS

INTRINSIC PROPERTIES

EVOLUTION IN SAMPLING and TESTING MEDIA

EVALUATION of RISK DETERMINANT PROPERTIES:
ION DISSOLUTION / SPECIATION, DUSTINESS

TOXICOLOGICAL END-POINTS 

PERFORMANCES
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100 nm

pristine CuO NMs 
(PlasmaChem)

Materials

CuSO4*5H2O
(BDH Prolabo®)  

Stock suspensions were prepared in 
Milli-Q water. 
Before use, NMs suspension was 
sonicated twice for 8 minutes in a 
bath sonicator (Jacobsen et al. 2010). 

•MilliQ Water

• Phosphate 
Buffer

Introduction of coatings by self-assembling

CuO (PO4
3-)

“Safe by design” CuO Nanomaterials prepared by ISTEC-CNR (Faenza, Italy)

Before use, 
the 
suspensions 
were 
vortexed 
thoroughly.

•CuO-PVP (PO4
3-)

•CuO-PVP (H2O)
•CuO-ASC (PO4

3-)
•CuO-ASC (H2O)

Suspension agents

CuO_Acryl_FP
Embedded in a matrix and fragmented.
High unstable polydisperse suspension of 
fragmented product. Before use, NMs suspension 

was sonicated for a minute. 
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Lymnaea stagnalis

• Epibenthic species with a wide distribution;

• Good biomonitor for metal pollution;

• Has been widely used in ecotoxicological studies, but very little in the 
assessment of potential effects of nanomaterials;

• OECD model species for reproduction studies (OECD, 2016);

• Cultured in OECD 203 medium.

Credit: Danae Patsiou Credit: Valentina Ricottone

Discussion and Conclusions

• Overall Cu salt is more toxic compared to CuO NMs

• Juvenile snails are more sensitive compared to adults exposed to either

Cu ions or CuO NMs.

• In the chronic exposure, fecundity inhibition was a likely secondary

effect due to inhibition of feeding rate.

• Toxicity of CuO NMs could not be attributed only to copper dissolution.

• The presence of the phosphate buffer seems to have a potentiation

effect on the toxicity of the CuO NMs. It is possible that copper-

phosphate complexes were formed, precipitated and ingested by snails.

• Overall, only CuO-PVP NMs in MilliQ water have met the criteria of

“safe by design”.

• No toxicity due to exposure to CuO-FP highlights the need of more

studies using “transformed” NMs rather than pristine NMs, as more

representative of real exposure scenario.
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AgNO3 (X), PVP-Ag NPs (   ), Cit-Ag NPs(   ) 
and PEG-Ag NPs (    ); Error Bars: 95% CI.

Effects of differently coated Ag 

NPs on Daphnia magna

AgNO3 > PVP-Ag NP > Cit-Ag NP > PEG-Ag NP

Khan et al (2015)

Effects of differently coated Ag 

NPs on Chlorella vulgaris

AgNO3 ~ PVP-Ag NP ~ Cit-Ag NP > PEG-Ag NP

Kalman et al (2015)
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*     p < 0.05
**    p < 0.01
***  p < 0.001
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***  Effects do not necessarily correlate 
with dissolution, aggregate size or 
zeta potential

 Ranking depends on test species 

Acute Toxicities of different forms of Ag 
NPs  (~ 10 nm) to 3 standard species

Khan et al (2015)
Kalman et al (2015)

16

Chemical analysis middle of water column

Aqueous Phase Exposure of 

Zebrafish - Dispersion

Boyle et al., 2015

Particles visible on bottom of 

beaker
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Boyle et al., 2015, Env. Toxicol. Chem. 34: 583-588

Cu-NPsAg-NPs

Aqueous Phase Exposure of 

Zebrafish - Dispersion

Transformation processes 

occur during the test…

Dispersion
Dissolution

Agglomeration / 
Aggregation

Sedimentation

Absorption
In situ functionalization

Biomodification

Sørensen, Hjorth, Delgado, Hartmann, Baun (2015) Nanoparticle ecotoxicity – physical and/or chemical 
effects? Integrated Environmental Assessment and Management, 11, 722-724
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Role of secreted eco-corona 

on toxicity of NMs to Daphnia 

magna

• Organisms secrete biomolecules such as proteins, carbohydrates and lipids

• Create eco-corona- a layer of the biomolecules around the nanoparticle

• Change identity of NPs and interaction / toxicity / stability / uptake with 
organisms

o Characterised secreted corona 
(proteins, polysaccharides)

o Method development for small 
molecule (metabolite corona)

o Evaluated route of exposure to 
NPs (with/without food before, 
during and after exposure)

Advocated a tiered approach
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Oomen et al (2014)
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4. Conclusion

Grouping of NMs by exposure, use and release should be applied to determine 

NMs of concern and can be complemented by data on NM's biopersistence and 

biokinetics. This information should be used to streamline testing to 

investigations that are relevant for NM risk assessment. Grouping of NMs by 

their biophysical interactions and early biological effects should form an intrinsic 

part of all subsequent tiers of the IATA* with the aim of refining concerns until 

risk assessment can be performed; in vivo studies for apical toxic effects could 

thus be minimized and restricted to nanomaterials serving as reference for a 

group or those nanomaterials which could not be assigned to a group. This 

approach to NM risk assessment serves to ensure product safety of a large 

variety of NM in different modifications, uses and life cycle stages, while at the 

same time reducing the need for animal testing and the costs and expenditure 

for testing.
*Integrated Approaches to Testing and Assessment
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Fast forward…

• A variety of publications exploring concepts, 

projects developing, practical work taking 

place…

“Grouping concept for metal and metal oxide nanomaterials with regard to their  
ecotoxicological effects on algae, daphnids and fish embryos” K. Hund-Rinke, K.  
Schlich, D. Kühnel, B. Hellack, H. Kaminski, C. Nickel. (2018) NanoImpact, 9,52-60.

Perspectives of grouping

Hazard Risk

Comparable PC-properties  
result in groups of ENM  
with similar hazard

READ-ACROSS -> Detailed

SEG4nano (sophisticated  
environmental grouping  
for nanomaterials)

Combination of hazard  
grouping with grouping  
schemes for exposure  
(release + fate)

HIGHLY CONDENSED

AEG4nano
(aggregated  
environmental grouping  
for nanomaterials)

nanoGR A V U R

Publications underpreparation
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Haase et al (presentation OECD, NanoReg2, Gracious, Sept 2018)

Navas et al (presentation OECD, NanoReg2, Gracious, Sept 2018)
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Navas et al (presentation OECD, NanoReg2, Gracious, Sept 2018)

Draft GRACIOUS framework for grouping and

read-across of nanomaterials for regulatory 

risk assessment and safe-by-design nano-

enabled products

www.h2020gracious.eu

Coordinator: Vicki Stone, Heriot-Watt University

http://www.h2020gracious.eu/
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About Gracious

Project Overview

1st Qtr
34%

2nd Qtr
33%

3rd Qtr
33%

O1: Stakeholder 
needs

O2:  Knowledge
& Data

O3:
Integrated 

Tools

Grouping 
framework

Assess stakeholder needs for
Grouping & Read-Across for
o Regulatory risk assessment
o Informing SbD of high-

performance products

Integrate the hypotheses, 
descriptors, criteria and guiding 
principles with the ITSs into a 
Framework for Grouping, Read-
Across and Classification. Deliver 
Framework as a Guidance 
Document and a software 
module.

Identify hypotheses, 
descriptors, criteria and guiding 
principles for grouping, read-
across and classification. 

Test cost-effectively the 
identified hypotheses, 
descriptors, criteria and 
guiding principles by means 
ITSs composed of relevant 
experimental and modelling 
tools.

Development of a highly 
innovative science-based 
framework that supports the 
grouping and read-across of 
nanomaterials on the market 
and under development.

ECHA Guidance on Grouping 
suggests that Grouping 
should be Hypothesis driven.

https://echa.europa.eu/documents/10162/
23036412/appendix_r6_nanomaterials_en
.pdf

About Gracious

Project Overview
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Development of a highly 
innovative science-based 
framework that supports the 
grouping and read-across of 
nanomaterials on the market 
and under development.

ECHA Guidance on Grouping 
suggests that Grouping 
should be Hypothesis driven.

https://echa.europa.eu/documents/10162/
23036412/appendix_r6_nanomaterials_en
.pdf

About Gracious

Project Overview

Hypothesis template

Grouping Framework Design

Lifecycle:

Exposure and environmental release

What they do
Human and environmental 

toxicity

Where they go
Environmental fate, uptake 

and toxicokinetics

What they are
Physicochemical identity  

Purpose and Context



18/11/2018

18

Hypothesis template

• General Hypotheses for grouping NM with high dissolution rates

• Human toxicokinetics
• Inhalation route

• Ingestion route

• Dermal route

• Environmental Fate
• Water

• Sediment

• Soil

• Air

Hypothesis development

Grouping Framework

E.g. Long-term pulmonary retention of rigid, 

biopersistent HARN after occupational 

inhalation exposure will result in lung 

toxicity

E.g. Translocation to the pleural cavity of 

rigid, biopersistent HARN after occupational 

inhalation exposure will result in mesothelial 

toxicity
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Detailed Hypothesis
Purpose: Precautionary, safe-by-design, regulatory, targeted testing

Context: Occupational, inhalation study

Input from life cycle

Generated as a respirable aerosol during production or

use

Type of exposure

Workplace atmosphere

Inhalation exposure

Level of exposure

Moderate, short peak exposure during handling dry

powder

(e.g. bagging, pouring, weighing, spraying)

What they are?

High aspect ratio, rigid NM with low dissolution rate and

aerodynamic diameter to allow deposition in the distal lung

Where they go?

A small proportion of HARN deposited in the distal lung

(~ 1%) will translocate to the pleural cavity. Fibres ≥ 5 µm in

length will be retained in the pleural cavity due to size-

restricted clearance through stomata in the chest wall and

diaphragm.

What they do?

Cause frustrated phagocytosis as pleural macrophages

attempt to remove them and result in chronic inflammation,

mesothelial cell proliferation, fibrosis and, overtime,

mesothelioma

Potential implications:

If in group:

Regulatory: develop read-across argument on hazard for regulatory use and compare to relevant source material e.g.

asbestos.

Targeted tested: focus on location of HARN deposition, retention and endpoints related to persistent interaction between

the HARN and cell/tissue/organism.

Safe-by-design: consider the use materials which are shorter, less rigid or biodegradable.

Precautionary: limit exposure/prevention of the generation of an aerosol.

If not in group: Consider alternative hypothesis/IATA

Grouping Hypotheses with clear implications 

Grouping Framework

Group description and 

hypothesis

Potential 

implications/consequences

Relevant testing

(in IATA where appropriate)

Quickly dissolving NFs 

(DISS):

NF will quickly transform to 

the ionic or molecular form 

and have the same fate, 

kinetic and toxicity profile as 

the ionic or molecular form.

Scientific rationale: 

Exposure to and uptake of 

the NF is negligible.

Regulatory:

Read-across to the ionic or 

molecular form may be 

possible (in subsequent 

Level).

• Dissolution rate and 

transformation in water 

and relevant media.
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Grouping Hypotheses with clear implications 

Grouping Framework

Group description and 

hypothesis

Potential 

implications/consequences

Relevant testing

(in IATA where appropriate)

NFs which are incorporated 

into a solid matrix (SNEP):

NF will be released as free NF 

depending on the use/aging 

process & matrix.

Scientific rationale:

The probability and form of 

release is mainly determined 

by the type of matrix, 

dispersed state of the NF in 

the matrix and use or aging 

process.

Precautionary approaches or 

safe-by-design:

Control-banding (Level 1), 

minimize exposure or 

adjustment of NEP.

Targeted testing:

Testing to assess concerns.

• Incorporation of NF into 

the matrix of the NEP (g/g 

content, disperse state)

• Resilience of matrix under 

relevant conditions

• Forms of release from 

NEP under relevant 

conditions

Integrated Approaches to 

Testing and Assessment

• Tiered streamlined approach to testing

• Spanning

– physicochemical characteristics, 

– Data mining and in silico tools

– Simple in vitro screening assays

– Complex physiologically relevant in vitro models

– In vivo (vertebrate and invertebrate) assessment

• Tailored – via Grouping approaches
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Omics

• Omics approaches allow identification of mechanisms 
of action or adverse outcome pathways

• They therefore allow identification of targets for 
assessing hazard or efficacy

• The cost is coming down

• Large data sets generated

• Not yet a screening tool, more a guiding tool for 
identification of relevant endpoints to screen

• EU regulatory bodies

– E.g. ECHA, 

• EU policy makers

– E.g. EC

• European NS national regulatory bodies

– E.g. RIVM, NRCWE

• International regulatory bodies

– E.g. US EPA, Health Canada

• Industry bodies

– E.g. NIA and BIAC

• Industry

– E.g. BASF, Black Diamond

• Consultants

• E.g. Yordas, Blue Frog

Stakeholder engagement

OECD NanoReg2 GRACIOUS workshop Sept 2018
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Summary

• We need to streamline hazard testing in order to improve 

efficiency and application of the 3Rs for risk assessment and risk 

benefit analysis

• The complexity and diversity of nanomaterials provides a 

challenge to streamlining

• GRACIOUS will generate a framework for grouping of 

nanomaterials and construction of Integrated Approaches to 

Testing and Assessment that will streamline risk assessment

• We have already lots of good knowledge regarding factors that 

influence toxic potential including size, shape, composition, 

charge, dissolution….

Exposure & Hazard assessment

Future perspectives

• Match with stakeholder needs

– Workshops/webinars with / for industry

• Networking & Harmonisation

– Joint project workshops

• Databases and data management

– Harmonised collection and storage

– Open access

• Innovative methods for exposure & hazard testing
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