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Safe by Design

Several definitions

Georgios Katalagarianakis, Monday 7t Nov
European Commission, Belgium

Materials chosen for safety and performance

Jobs always and everywhere done in a prescribed manner
Develop skills along the complete manufacturing chain
Operations should be sustainable

Control and feedback mechanisms

Learning from failures

Acceptable risk insured against affordable premiums
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Georgios Katalagarianakis, Monday 7t Nov
European Commission, Belgium

Consumer health
'/\Maerials chosen for safety and performa@'
Jobs always and everywhere done in a prescribed manner\
Develop skills along the complete manufacturing chain
Operations should be sustainable Occupational
Control and feedback mechanisms health
Learning from failures

Acceptable risk insured against affordable premiums

/



Safer by Design
The “Holy Grail”

4 Opportunity for Safer by Design
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Safer by Design
The Challenge
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Safer by Design
The Challenge

A Metrics for Safety
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Can we Learn from Previous Examples?

Asbestos
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Safer by Design

A focus on nanomaterial SbD

Session 3.2: Safer by design nanomaterial and process // Auditorium

Platine

Chair: Benjamin GILBERT, University of Berkeley, USA
SUB-SESSION 1: EU PROJECTS DEFINING SAFER BY DESIGN

PS3.2-1
2:45 - 3:00

PS3.2-2
3:00 - 3:15

PS3.2-3
3:15-3:30

PS3.24
3:30 - 3:45

PS3.2-5
3:45 - 4:00

Safe-by-design implementation approach in production systems:
Case study, protective composite coatings based in Nano-particles

Rita Alberto, Marina Peixoto, Maria Farinha, Ana Cabral, Ricardo Rato, Marco Estrela, Eduardo

Silva, (ISQ - Instituto de Soldadura e Qualidade, Portugal)

Banding approach for engineered nanomaterial risk assessment and
control

Alain Pardon, Nausikaa Van Hoornick, Dimiter Prodanov, (IMEC, Belgium)

Implementation of the Nanoreg Safe-by-Design approach for different
nanomaterial applications

Christian__Micheletti, Marco Roman, Erik Tedesco, lolanda Olivato, Federico Benetti,

(ECAMRICERT-ECSIN, ltaly)

NanoStreeM: Strategies for safety assessment in advanced
integrated circuits manufacturing

Dimiter Prodanov, (IMEC, Belgium)

Save and Sustainable by Design: A potential Approach for
nanoinnovations

Christa ___Schimpel Susanne Resch, Celina Vaquero, Andreas Falk, (BioNanoNet

Forschungsgesellschaft mbH, Austria)



/ Nb supercapacitor yarn
Mervakili ACS Nano 2015

and Nanofibers
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Silver Nanowire Applications

Flexible electrically-conductive, optically-transparent networks

—

Sannicolo Small (2016)



Silver Nanowire Companies

cambrios

ADVANCED MATERIALS

Windows and roofs with photovoltaics

20 nm
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Smart Textile Companies

American smart textiles market revenue 2012-2020
B BE (b)  $134.6 million T
5 12.5%— —20.1%

ensors 17.8%—

7.0% "

15.0%— L-27.7%

2012
$294.3 million

2016 \
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. Fashion & Entertainment
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Goals and Approach for SbD Research

Establish Consumer Exposure Scenarios

Nanowire and nanofiber types Depend entirely on applications and
Exposure pathways commercial decisions
Determine Intrinsic Nanomaterial Toxicity W

Prior relevant epidemiological and toxicological data 15t Tier of SbD
New research studies

Find Opportunties to Mitigate Nanomaterial Toxicity

Compromise between technological performance and nanomaterial hazard

@

Translate to Real Consumer Devices

Test that assumptions and strategies are still valid
Develop additional tiers of Safer-by-Design safeguards as necessary



Human Exposure Pathways

inhalation

skin

Ingestion



Consumer Exposure Pathways for Nanowires and Nanofibers

Example technologies AREY, Scnoor cap

\

Touchscreen Antifog shades

Superhydrophobic T-shirt Q
OB

variable
pattern

Antibacterial trousers




Consumer Exposure Pathways for Nanowires and Nanofibers

Possible release of NM during use and washing

Inhalation exposure

From nano-clothes ... ... to nano-lint?




Consumer Exposure Pathways for Nanowires and Nanofibers

Close association of nanomaterials and human skin

Skin exposure

The New Review, The Observer, p 35, Aug 14



Possibly Predictive Paradigms

v/ Asbestos
Fiber Pathogenicity Paradigm

V' Silver Nanoparticles

Internalization and dissolution

(\/) Carbon Nanotubes
Active internalization via tip entry

Donaldson Part. Fiber Tox. (2010)

Shi Nature Materials (2011)



Asbestos

4 A diverse class of
fibrous minerals

USGS Denver



Fiber Pathogenicity Paradigm
High-aspect-ratio fibers are highly inflammatory

Macrophages cannot engulf and clear fibers
Frustrated phagocytosis causes granulomas and chronic inflammation

3 um 5 uym 210 pm
Complete phagocytosis Complete phagocytosis + Frustrated phagocytosis
intracellular stress

4

/

y v Y/

Clearance Inflammation

Schinwald & Donaldson Part. Fibre Tox. (2012)



Fiber Pathogenicity Paradigm

Crystalline fibers are highly biopersistent

Substituation of asbestos for Synthetic Vitreous Fibers (SVF) is earlier example of

(retroactive) Safer by Design

“The combined evidence from epidemiology and toxicology provide little evidence that

exposure to SVF increases the risk of mesothelioma.”

Boffetta Critical Reviews Tox. (2014)

Biopersistence of fibers in the rat lung

Crocidolite Asbestos

Fraction Retained

0 50 100 150 250 300 350 400

days

Hesterberg Reg. Tox. Pharma. (2012)

Fraction Retained
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Lessons from Prior Toxicity Studies
Long (>10 um) crystalline fibers are highly biopersistent

Reduction of nanowire length

Soluble (amorphous) fibers much less toxic than insoluble (crystalline) fibers

Ag(s) dissolution requires oxidation and generates Ag*(aq)



Ag NW Toxicity Studies



Mani Tagmount
Rat Macrophage Toxicity in vitro Chris Vulpe

PVP-coated Silica-coated

b L {
e B o
v o~ b Rl

Cell viability

Dose-dependent cell death for all Ag NW studied

Markers of inflammation and oxidative stress

- Cell count - Cell count

- Cell size - DNA damage

- Nuclear size & morphology - Oxidative stress

- Mitochondrial membrane potential - Lysosomal mass - pH

- Plasma Membrane permeability - Externalization of phosphatidylserine
- Apoptosis

- IL beta release

Test for the role of active internalization pathways



Rat Macrophage Toxicity in vitro

Observe internalization using time-lapse fluorescent microscopy

pHrodo is a pH-sensitive dye (green at low pH)
can be linked to amino groups

Fluorophore
803- 803

) HaN (o} NH,
amine .
Sio, NH, O P O SiO, N

H
/ /
- O CO-H —_— < o(
0

succinimidy

| ester o}

Fluorophore

linker

1 frame / 30 s. Duration ~ 50 minutes




Rat Macrophage Toxicity in vitro

Phagosome rupture following phagocytosis

phagosome rupture
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Rat Macrophage Toxicity in vitro
Internalization of 2-um AgNW is reduced by inhibiting ATP-dependent uptake

Cytochalasin b LY290042
phagocytosis inhibitor acropinocytosis inhibito

Control-pHrodo NW

Effect of Cytochalasin b, LY290042 and iodoacetamide
on AgNW uptake

400000
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Rona Silva
Rat Pulmonary Toxicity in vivo Kent Pinkerton

Intra tracheal instillation studies

e N

Sprague-Dawley rats

20-um Ag NW instillation causes

Frustrated phagocytosis
Inflammation
Granuloma formation

Cells from broncho-alveolar lung fluid at day 1

Silva et al., Part. Fiber Tox. (2014)



Ag NW Toxicity to Immune Cells

Nanowires conform to the fiber pathogenicity paradigm

Frustrated phagocytosis

Evidence for internalization through other ATP-dependent pathways

Additional modes of action

2-um Ag NW are also cytotoxic

Possible role for Ag*(aq) release (ESRF experiment planned early 2017)



Ag NW Toxicity to Non-Immune Skin Cells

Human skin cells

Keratinocytes — outermost layer of skin Syliva
Lehmann

Fibroblasts
Stratum

Corneum
Epidermis

Se0)

)
)
\

Muriel Viau

- Dermis

(.‘.. Keratinocyte ‘ Merkel Cell # Dermal Dendritic Cell
|

® Fibroblast @ Melanocyte 4 Mast Cell % Bangerbans Cell



Human primary keratinocytes

24 hour exposure
Mild dose-dependent toxicity

Survival (%)

Ag NW Toxicity to Non-Immune Skin Cells

100
90
80
70
60
50
40
30
20
10

0

20-pm AgNW
2-um AgNW /

I
| | | I ‘

1,56 3,13 6,25 2,5
Silver concentration (ug/mL)

Syliva
Lehmann



Syliva
Ag NW Toxicity to Non-Immune Skin Cells  Lehmann

Human primary keratinocytes
2—um and 20-um Ag NW are internalized

Scanning electron microscopy




Ag NW Toxicity to Non-Immune Skin Cells

Human primary keratinocytes . .
_ _ Confocal optical microscopy
2—um and 20-um Ag NW are internalized Blue = Hoechst stain for nucleus

Located in cytoplasm

Evidence of Ag NW bending




Ag NW Toxicity to Non-Immune Skin Cells

Clear evidence of internalization

Moderate toxicity

Tentative interpretation:

Complete or frustrated endocytosis

Intracellular fate does not lead to Ag* generation or other causes of cellular
stress



Use SbD Approach for Safer Touchscreens

Control AgQNW dimensions to minimize damage due to active internalization

Nanowire length

Below the limit for frustrated phagocytosis/endocytosis

Nanowire diameter

Can diameter control uptake and toxicity?

Alter tip—membrane interaction strength Weaken AgNW

Shi Nature Materials (2011)

Lehmann et al in prep



Use SbD Approach for Safer Touchscreens

Safer by Design

Toxicity

 Prototype

- Product Performance

ptical transparency



Djadidi Toybou
Control of Ag NW Dimensions TALK 5:45 today
Jean-Pierre

Example: Molecular weight of capping agent S_imonato
50 Caroaline Celle

1401 114 nm 37 ym

120 A ]

64 nm

43 nm *
8 um
1 4um {
20 1 o A T T T
PVP 29K PVP 40K PVP 360K PVP 29K PVP 40K PVP 360K

N
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All NW achieve transparent conductor performance tar%

-
Thick = 90nm Meium =~ 60nm




Muriel Viau

Ag NW Diameter Affects Cell Viability POSTER

Human primary fibroblasts Ag-NW: 8-9 um length and variable diameter

Viability 3 ROS
120~

110+
100+

DNA damage
Apoptosis

ntrol)

Survival (% of control)
P

Mean fluorecent intensity (normalized to co

Control IC10 1C20 IC10 1C20 IC10 1C20

107 108 10°
#NW / mL

DT002 DTO10 DTO050




Ag NW Diameter

Human primary fibroblasts

8-um Ag NW show higher toxicity to primary fibroblast cells than 20-um Ag NW to
primary keratinocytes

Cell viability improves with smaller diameter (30 nm)
Possible mechanisms ...
Less internalization

NW fracturing and less membrane damage > A new possible strategy for SbD
nanowire products

To be determined!

Mouse macrophage cells

Next project!

Collaboration with Dr. Thierry Rabilloud, CEA



Could Nanowire/fiber Exposure Cause Skin Disease?

The major asbestos related diseases for occupational and non-occupational
exposure are all respiratory

Lung cancer N\

Mesothelioma

> All associated with inhalation route
Asbestosis

Pleural plaques )

One suggested link between asbestos and malignant melanoma
Hilt et al. Am. J. Indust. Medicine (1985)



Syliva
3D Model for Skin Exposure Lehmann

3D human reconstructed epidermis (epiCS)

Normal human primary keratinocytes
20—um Ag NW

7 days .
¥ Keratinocytes
Stratification _ .
media Alr“hqmd
interface
Differentiation
14 days and stratification
5 Stratum Corneum
of keratinocytes
Stratum Granulosum
i . Strat )
Differentiated ratum Spinosum
keratinocytes
N i ‘\f. { \(‘ . \ [ & .- '; Stratum Basale
/3 . : : A ALY . : 3 .
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3D Model for Skin Exposure

3D human reconstructed epidermis (epiCS)

No toxicity in epidermal layer

Transmission electron microscopy

® 20 min. exposure

= 42h exposure

110

100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -
0 -

Non Short  Long AgN03 3%SDS
treated AgNW AgNW

Viability (%)




Conclusions

Intrinisic toxicity of Ag NW

High toxicity to macrophages and fibroblasts

Less toxicity to fibroblasts and no penetration through 3D skin model

Do static models correctly reproduce likely exposure?

Safer by Design approach considering NW dimensions

Length and diameter are both important Materials Parameters

Significant reduction in intrinsic harm achievable without reducing performance

We still lack a full model of intracellular interactions leading to toxicity

Safer by Design approach considering surface coatings

2017 goal will be to alter Ag NW coating to minimize Ag* release



~.X Voted /

Thanks

Group publications on silver nanowires

Scanlan et al. ACS Nano 12, 10681 (2012) Daphnia magna

Silva et al. Particle Fiber Toxicology 11 (2014) Rat model

Tagmount et al. in preparation  Cytotoxicity in rat and other cell cultures
Lehmann et al. in preparation Primary human keratinocytes & skin model

Viau et al. in preparation  Primary human fibroblasts vs Ag NW diameter
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