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What do we want to understand?

* What material properties determine their
functionality, toxicity or biocompatibility?

* How do the materials affect the processes in
biotechnology, medicine, food production,
electronics?

* (Can we learn from the underlying patterns?

e (Can materials be made safe and sustainable by
design?

WE NEED ADVANCED CHARACTERISATION
AND MATERIALS INFORMATICS!



Can we do this in silicofwith Al?
Yes, but there are some challenges

1. Diversity of material compositions, especially
AdMa and environmental/incidental materials

2. Lack of concepts to describe dispersions, material
as a whole rather than individual particles

3. Lack of information about the structure of the
material, especially surface

4. Variable conditions and material evolution (pH,

ionic strength, temperature, environment

chemistry)

Diversity of characterisation and reporting

protocols



US = EU
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EU-US Nanoinformatics Roadmap

Simplified Data Flow proposed in the
Nanolnformatics 2030 Roadmap

EU US Roadmap
Nanoinformatics 2030

- version for final commenting to 2017-12-30
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Strategy: from data generatlon to prediction

0| Protein sequence
m| Hydrophobicity

1. Split the problem into parts: Secondary sructure

3
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properties picsli
2. Construct a bottom-up multiscale scheme to evaluate
the required properties/descriptors
3. Use system’s structure and symmetries (i.e. repeat
units in biomolecules) to speed up the calculation
Feed the properties/descriptors into statistical models
as inputs

Nano

Lobaskin et al. EPL 2023



Nanoinformatics and computer-aided material design

Safety and sustainability can be factored in
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Molecular descriptors

Nanoinformatics framework for SSbD

Molecule

Manomaterial as a substance

Maolecular
properties
P=1(D)
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. Protocols

- Component relationships
Experimental/ Measured/calculated characteristics of EMMs

external conditions
(surrounding
environment)

Particle size Shape/aspect Morphology Surface
distribution ratio area

Environmental
fate

Biclogical Exposure

activity




True-to-life materials. Beyond the mean values

How can we compare and classify particulates and
nano-structured materials?

What we have What we need

Mean particle size Size distribution

Categorical shape (sphere, Shape distribution, shape
fiber, platelet) descriptors

Main components: core, shell Structure including additives,
Impurities, contaminants

Total mass concentration of  Structure descriptors,
the material advanced descriptors (BET),
extrinsic properties



Criteria and issues in defining MPs

There is a need to move from “common understanding” of microplastics to broadly accepted
definition/definitions — detailed considerations by Verschoor and by Hartmann

Towards a definition of microplastics
Considerations for the specification of
physico-chemical properties

Some Key Criteria -

RIVM Letter report 2015-0116
A.). Verschaor

Compositions
+ Polymers : Plastics vs elastomers, Inorganic vs organics, synthetics vs modified “natural”
+ Additives : Up to 50% weight can be additives

+ Copolymers

+ Composites : inorganic core with polymer coating,

LT, =
Properties ' ver——— —

Are We Speaking the Same Language? Recommendations for a
» Solid state : Definition and Categorization Framework for Plastic Debris

+ Solubility : usually water but what occurs elsewhere (food, gastric fluid, lung fluid etc)

Spherical mucrlplulm

+ Size : some consensus on range but nomenclature varies

+ Shape and structure : some consensus of fibre — otherwise not well ®

Hartmann et al.

* Colour : uncertain relevance Environ. Sci. Technol. 2019, 53, 10391047

Other

European |
Commission
L ]

Origin : relevant for remediation, legislation (e.g. polluter pays),

Douglas Gilliland, JRC



Informatics for advanced

materials

InChl for Nano: Extension of IUPAC InChl
A universal way to record the NM
characteristics across different methods
and map nanoforms

Surface Parameters

Composition, Physical Properties, Morphology, Topography
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Nanomaterials 2020, 10, 2493;
doi:10.3390/nan010122493
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Article

Can an InChl for Nano Address the Need for a
Simplified Representation of Complex Nanomaterials
across Experimental and Nanoinformatics Studies?
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Ligand Chemistry, Orientation, and Density
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Informatics for advanced materials

InChl for Nano

Categories

Tier 1

Chemical

substance
information

L]

Uniform
Randomly
mixed

Well-defined
core shell

Onion-like
multiple shells

Tier 2

Morphology

¢ Nanoparticle

(oD)

¢ Nanotube/-fiber

(1D)

¢ Nanoplate (2D)
¢ Nanostructured

material (3D)

Tier 3

Surface

parameters

¢ Functional

groups

¢ Bond strain
¢ Bond angles
* % different

valence groups

e Crystal

faces/facets

ier4

Surface

functionalization

e Covalent
bonding

¢ Electrostatic
interactions

¢ Hydrophobic/
hydrophilic
interactions

¢ Van der Waals
forces

ier 5

Surface ligands

e Ligand InChl

* MW (e.g.
polymer
lengths)

* % surface
coverage

¢ Binding
affinity

Nano properties

Overall
composition
Core
composition

Impurities
Crystallinity

Inside/core |

Size

Size distribution
Specificshape
information
Curvature
Facets, corners
Porosity
Density

Charge

Charge density
Roughness
Hydrophobicity
Surfacearea

e Chemical
identity

 Orientation

* Exposed
functional
group

o Stericbulkiness

Ligand identity
Binding type
Ligand density
Orientation of
ligand

3D fold

Lynch et al, Nanomaterials 2020

outside / surface



Informatics for advanced materials
InChl for Nano

NInChl as a notation to represent a group of NMs
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, e * Shell
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J InChl, PInChl or NInChl

| S —
- E .| Environment
r eeeee . (for dispersions)

Group size decreases as sublayers added
L \
Layer 1 % Layer 2 Layer 3
Version Sengiheme Structural Representation \Overall Structure /




Structure is crucial. Can we encode it?

GLEITER: NANOSTRUCTURED MATERIALS

Advanced Materials: Beyond the mean values

FAMILIES of NSM

CATEGORIES of NSM

hem. comp. of
crystallites Same Different Composition of Crystallites dispersed
for boundaries and in matrix of
different crystallites different composition
Shape crystallites different
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Software tools: material characterisation and
structure

The Materials Project

Harnessing the power of supercomputing and state-of-the-art methods, the Materials
Project provides open web-based access to computed information on known and
predicted materials as well as powerful analysis tools to inspire and design novel
materials.

_ See a Random Materia ‘ Browse Apps

The Materials Project by the numbers

MATERIALS REGISTERED USERS DATABASE ENTRIES

200,487 620,000+

700k
Charge Densities
600k~ === EXAFS

Entries



- Particle size is a distribution,
not a number

- Shapes are continuous, not
categorical

- Shapes may be related to
toxicity and functionality via
the active surface area

- Composition and reactivity -
may change due to

weathering, contamination  *- }

-
20

Ni Ambient PM2.5
As

Pb
Co Cu Cd

C. Isaxon talk



Incidental, advanced materials, MNP

NanoXtract tool (NovaM)

Examples of shape descriptors: s i,
aspect ratio, form factor, roundness, =
angularity, convexity
Feret diameters, minimum area
bounding rectangle, area,
perimeter, Martin diameter

Fourier modes Nanolmage tool (NTUA)

Spherical particles

(I5 descriptors)

B Cylindrical
particles/nanotubes
(6 descriptors)

B Nanoplatelets

(6 descriptors)

= / L =
.M.. http://enaloscloud.novamechanics.com/EnalosVVebApps/NanoXtract/
-Fn;tctin
g |5 5 Foor e B Spherical particles (28 descriptors)
= m  Carbon nanotubes (6 descriptors)
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Calculating advanced descriptors

1. Intrinsic (quantum mechanical and semiempirical)

Atomic charge

Electrophilicity index

Electron affinity

lonisation potential
Static polarizabiliy

Dipole moment Intramolecular dispersion energy

[1PBE (SIESTA) or PM6-D3 (MOPAC)
I P V16-D3 (MOPAC)

I P Vi6-D3 (MOPAC) or GFN2 (GFN-XTB)
I GFN1 or GFN2 (GFN-XTB)

I GFN2 (GFN-XTB)



Calculating advanced descriptors

2. Extrinsic (atomistic and coarse-grained molecular
dynamics)

Adsorptlon energies a

atomistic/coarse grained molecular

k e
/-4 « dynamics (GROMACS with Plumed/
el 5“ \UAnited Atom)

u‘»w, &“

Uz = e @omEiE: & Immersion enthalpies — log P @

Lifschitz theory (United Atom) atomistic molecular

or force fields (Hamaker tool) dynamics
(GROMACS)



Advanced descriptors

Are advanced NM
descriptors useful?

Yes, they do correlate with
gene expression and give
insight into the toxicity

v 0 atoms surface
v_perp_o_atoms_all
v_perp_atoms_all

v _perp atoms_surface
Dispersion_energy
Dipole_moment
Zeta_Potential_medium

Avg G N _Me atoms_surface
Avg C N_Me atoms_all
Absolute_hardness

E albidus

Mominal _diameter

A(NP)_[kJ/miol]
LE({NP)/diam{NP) ™
Heat_of_formation "
Nominal_length —_—

0 5 10 15 20 25
-log(padi)

del Giudice et al. Nature Nanotechnology, 2023



Measured

1% PMN/ {t:r:'n2 Ja-1ung)]

1 [%PMN/(cm?/g-lung)]

Predicted

Prediction of in vivo NP toxicity

In vivo inflammation (count of neutrophil cells in mouse lung)
prediction based on advanced NM descriptors (BET, ROS
production, shape and size). Data from SmartNanoTox project
(Jakobsen et al. in preparation)

Tlagts




Software tools
InChl for Nano

% Nanocommons - NanoSolveIT NInChlI Server e>~anosmvew

H2020 Nanoinformatics Project
NanoComrncn:—.
o Knawiedge Commentty

The nanomaterial is being built with a layered architecture from core to outer layers

Composition Morphology Size (nm) Crystal layer Chirality layer

Ninchl  NInChi=1A/Ag/msh/s30t-9/k[Fm-3m]!Ag/msh/s30t-9/k[Fm-3m]/y2&1



EU EMCC: Characterisation Data (CHADA)

MODA and CHADA - standardised workflows in materials
modelling and characterisation, improving communication,
FAIR data, and industrial interoperability.

* X %

= Standardised documentation (CHADA)

* *
* 4 *

A common language and formal approach

how to log a characterisation project User Case
Experiment
Raw Data
User Data processing
* (operaton
) 4 { Machine
Sample Pre- }[ Equipment 4—~ ol d data ]
P i setup pre-p!

|

(o] Lo P
PP Data :
Normalisation
Sample/Probe Primary data .
Physics of l PR ost-
interaction | Specimen processing ‘_1
Medium (environment) | Elaborated Data quality |

| check OVSTE R

CWA 17815 “Materials characterisation - Terminology, metadata and classification ” I‘!.
https://www.cencenelec.eu/media/CEN-CENELEC/CWAs/ICT/cwal7815.pdf L — |

The European Materials Modelling Council



EU EMMC: Modelling Data (MODA)

* * * Simutated in project <acronym>

* * OVERVIEW of the SIMULATION

= ewnc x Standardised documentation (MODA)

*
* 4 *

A common language and Simtlistion , ;

formal approach how to log a
simulation project

\_ processed output )

Simulation
(with Solver)

ra tout processed output

The European Materials Modelling Council

user case input

S

model




EU EMMC: Modelling Data (MODA)

Web-interface to MODA tool

A .
ELSEVIER Biotech nolOQY JOUI’nql
Volume 25, December 2024, Pages 256-268

Computational and Structural

Software/web server article

Easy-MODA: Simplifying standardised
registration of scientific simulation
workflows through MODA template
guidelines powered by the Enalos
Cloud Platform



Path to data harmonisation and
standardisation for modelling

1. Use the standardised characterisation and
modelling protocol logs (CHADA, MODA),
standardised templates and ontologies

2. Store raw data (e.g. images, spectra) to allow for
extra analysis

3. Record metadata (e.qg. via lab notebooks)

Report distributions and advanced descriptors

Use InChl for Nano/Polymer/Mixture to facilitate

machine processing, semantic mapping and data

merging, development of foundation models

+
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o I 455 nanoPASS
iif:) NanoSolvelT |

NonoCommons

Nano-Knowledge Community

7)o SmartNano Tox

Funding: Horizon 2020 / Europe RIA / INFRAIA / SFI | MCA RISE
* SmartNanoTox: Smart Tools for Gauging Nano Hazards

 NanoCommons: The European Nanotechnology Community Informatics
Platform

* NanoSolvelT: Innovative nanoinformatics models and tools: towards a
Solid, verified and Integrated Approach to Predictive (eco)Toxicology

 CompSafeNano: Nanoinformatics Approaches for Safe-by-Design
NanoMaterials

* Bio-Interface: Quantitative modelling of bionano interface

* nanoPASS: Bridging the gaps in nanosafety for animal-free prediction of
adverse outcomes

Da bhfuil romhainn

%‘./f Fonduireacht Eolaiochta Eireann

Horizon 2020
European Union funding

Science Foundation Ireland
For what's next

for Research & Innovation
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