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Similarity of multicomponent nanomaterials in a
safer-by-design context: the case of core-shell
quantum dots+
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Concepts of similarity, such as grouping, categorization, and read-across, enable a fast comparative screening of
hazard, reducing animal testing. These concepts are established primarily for molecular substances. We
demonstrate the development of multi-dimensional similarity assessment methods that can be applied to
multicomponent nanomaterials (MCNMs) for the case of core-shell quantum dots (QDs). The term
‘multicomponent’ refers to their structural composition, which consists of up to four different heavy metals
(cadmium, zinc, copper, indium) in different mass percentages, with different morphologies and surface
chemistries. The development of concepts of similarity is also motivated by the increased need for comparison of
innovative against conventional materials in the safe and sustainable by design (SSbD) context. This case study thus
considers the industrial need for an informed balance of functionality and safety: we propose two different
approaches to compare and rank the case study materials amongst themselves and against well-known
benchmark materials, here ZnO NM110, BaSO, NM220, TiO, NM105, and CuO. Relative differences in the sample
set are calibrated against the biologically relevant range. The choice of properties that are subjected to similarity
assessment is guided by the integrated approaches to testing and assessment (IATA) for the inhalation hazard of
simple nanomaterials, which recommends characterizing QDs by (i) dynamic dissolution in lung simulant fluids
and (i) the surface reactivity in the abiotic ferric reducing ability of serum (FRAS) assay. In addition, the similarity of
fluorescence spectra was assessed as a measure of the QD performance for the intended functionality as a color
converter. We applied two approaches to evaluate the data matrix: in the first approach, specific descriptors for
each assay (i.e., leachable mass (%) and mass based biological oxidative damage (MBOD)) were selected based on
expert knowledge and used as input data for generation of similarity matrices. The second approach introduces
the possibility of evaluating multidimensional raw data by a meaningful similarity analysis, without the need for

Due to their exceptional optical properties, quantum dots (QDs) are increasingly used as color converters in light-emitting diodes and displays. The lowest energy
losses during their application are obtained by QDs that are cadmium-based. Cadmium, due to its toxicity, is a regulated substance under the Restriction of
Hazardous Substances (RoHS) Directive, limiting its large-scale use in commercial products. Cd leaching from products containing QDs can be of high concern for
both human and environmental health, and the reactivity of the QD particles requires assessment. Due to this significant trade-off between hazard and performance,
one must evaluate the design options for safer, yet functional QDs, finding a balance between all safe and sustainable by design (SSbD) dimensions.
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predefined descriptors. We discuss the strengths and weaknesses of each of the two approaches. We anticipate

that the similarity assessment approach is transferable to the assessment of further advanced materials (AdMa) that

are composed of multiple components.

1. Introduction

Current advances in technology are leading to increasingly
complex materials, such as multicomponent nanomaterials
(MCNMs). Since many such materials are already on the
market, safety information is required. Case-by-case
consideration of exposure, hazard, and therefore risk is slow
- traditionally using large numbers of animals - and requires
a high number of resources. Methods such as grouping of
similar substances allow the read-across of data between
group members," and thereby reduce the burden of animal
testing. To justify such an approach in a regulatory context,
significant evidence is required to demonstrate similarity
between materials; this can be difficult unless a specific
strategy is adopted. The concluded EU funded Horizon 2020
project, GRACIOUS, developed a framework and guidance for
grouping similar nanomaterials. In contrast to conventional
chemicals, nanomaterials cannot be grouped based on
structural chemical similarity alone.> The GRACIOUS
framework starts by guiding the development of an
appropriate grouping hypothesis.> The hypothesis proposes
similarities in terms of (i) physicochemical characteristics
(what they are), (ii) fate or toxicokinetics (where they go) and
(iii) hazards (what they do) for each group member. Testing
of the hypothesis is achieved via tailored integrated
approaches to testing and assessment (IATA), which guide
the user to collect existing information, or to generate key
relevant information to fill data gaps. The IATA, therefore,
allow the collation of the most appropriate information
needed to test the grouping hypothesis*® which can then be
used to support a similarity assessment. The GRACIOUS
project generated several quantitative methods to assess the
similarity of nanomaterials, both ionizable and non-ionizable
like e.g, organic pigments,” by using intrinsic and/or
extrinsic properties deemed important by the IATA nodes,
thereby reducing the reliance on expert judgment.® Yet,
grouping and similarity assessment of MCNMs require
further elaboration due to their greater complexity in
composition.

Among these methods, similarity matrices have often been
the preferred approach as they are an easy tool,
recommended by ECHA.® Such a matrix graphically displays
the calculated pairwise distance or correlation between
grouped materials. It has been recently proved effective in
several studies where different mathematical methods were
tested.®*'®""  Similarity = matrices enable  immediate
visualization of differences and similarities in a group, for a
specific property or a combination of properties. They can
reflect the similarity between materials for a bioassay,
making it accessible and easy to understand for a wider
public; furthermore, they help to find relationships with
intrinsic physicochemical parameters that, if tailored during

This journal is © The Royal Society of Chemistry 2024

a material's synthesis, can be linked to its safety.
Identification of design principles is key'> and aligns both
with the best practice in industry'® and with the targets of
the recently published safe and sustainable by design (SSbD)
framework of the European Commission.'* The choice of the
preferred technological alternative is based on the trade-offs
between performance, safety and sustainability, which have
been addressed in only a few MCNM case studies.’>"” Our
work addresses the safety of quantum dots (QDs) and their
functionality by screening methods, and thus enables a low-
TRL approach to social and economic sustainability, as
suggested by the Joint Research Centre (JRC) of the European
Commission.™

When applying the existent grouping approaches to QDs,
because of their multicomponent nature, more than one
component should be addressed at a time, for a certain
physicochemical property and/or hazard endpoint. In
addition, considerations of hazard and grouping will need to
include the potential for different components to interact
and generate mixture effects (e.g, synergism through
concentration addition or independent action). Due to the
potential release of heavy metal ions and complex biological
interactions, QDs challenge the existing risk assessment and
materials management paradigm.

The present case of core-shell QDs consisted of up to four
different heavy metals (e.g., cadmium, zinc, copper, indium),
which are present in different mass percentages.'® These
multicomponent nanomaterials are developed for their
optical properties which allow them to be used in light-
emitting diodes,'®*° photovoltaics,> medical imaging and
biosensors.”>** The market of these multicomponent
nanomaterials is anticipated to grow with a forecasted
revenue of $16 billion by 2027.>* A number of commercially
available QDs are cadmium-based, which could lead to
human health issues and environmental damage, related to
their production, use, and end-of-life. In fact, because of its
toxicity, cadmium is a regulated substance under the
Restriction of Hazardous Substances (RoHS) Directive,>” and
is banned in the EU in jewellery, brazing sticks and all
plastics.?® As a result, semiconductor QDs with low cadmium
content and cadmium-free alternatives have been developed.
These QDs are highly interesting due to their unique
composition-tunable fluorescence across the visible and near
infrared region, high photostability, and long excited-state
lifetimes.?”

In the case of other nanomaterials (NMs),>® inhalation is
likely to be one of the most important routes of exposure for
the human body. Upon deposition in the respiratory tract,
NMs first come into contact with the lung lining fluid (pH
7.4). After cellular uptake, they may also be exposed to the
acidic phagolysosomal fluid (pH 4.5). The possibility of NM
contact with either fluid leads to a diversity of environments
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that could promote  material dissolution.  The
physicochemical properties of the specific material will drive
whether they dissolve in either the lung lining fluid or the
phagolysosomal fluid, or whether they persist within the
body for an extended period of time. Either the released ions,
the reactive NMs themselves, or a combination thereof can
drive adverse outcomes such as cell death, inflammation®®°
and/or genotoxicity.

Here, we demonstrate how elements of the grouping IATA
from the GRACIOUS framework, combined with new
methods for assessing similarity, can be used to provide
SSbD guidance for QDs. We selected established test
guideline protocols and standard operation procedures®® for
data generation: the QD dissolution behaviour in
extracellular lung simulant fluid (LSF, pH 7.4) and
phagolysosomal simulant fluid (PSF, pH 4.5),** as well as the
abiotic FRAS assay, to determine the overall surface reactivity
of QDs** when exposed to human blood serum. These two
assays have been previously included in the inhalation IATA.®

In this study, we aim to present a way to inform decision-
making for the SSbD development of MCNMs, by
management practices for components of known toxicity
issues. To do so, we use concepts of pairwise similarity and
ranking on QDs, both with regard to properties related to
hazard and with regard to their functionality, as needed in
the SSbD context.

A full SSbD assessment, including the entire product
lifecycle, remains beyond the scope and will require further
assessment steps.’* We demonstrate how analysing the same
data source via multiple approaches can give rise to different
outcomes, when addressing the challenging task of MCNM
similarity assessment.

2. Materials and methods
2.1. Materials

The tested materials were obtained from PlasmaChem. The
specific QDs were synthesized in organic solvent and are
hydrophobic. This is by intention for their incorporation in a
solid matrix, serving as light converters, e.g., in TV screens.
The organic surface treatment reduces the hydrophobicity.
For benchmarking purposes, we selected well-characterized
mono-constituent NMs obtained from the JRC (ZnO NM110,
TiO, NM105, BaSO, NM220) and PlasmaChem (CuO). Table 1
provides information on the size and the elemental
composition for each QD and reference material. A complete
overview of the physicochemical properties, ie., particle
shape (TEM) and surface chemistry (XPS), can be found in
the ESIT (Table S1). Human blood serum (HBS) was
purchased from Sigma Aldrich (P2918-100ml).

2.2. Continuous flow system (CFS) dissolution testing

We employed the dissolution setup previously described by
Koltermann-Jiilly et al. and Keller et al.**** The setup is in
agreement with 1S019057:2017.>' It involves three main
components: (i) the flow-through cell, (ii) the lung simulant
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Table 1 Minimum external dimension and elemental composition for
five QDs and four reference materials. More information on the
characterization can be found in Table S1i The colour of each QD is
related to the colour code used in the graphics in the following sections

Elemental
composition (% wt)

Minimum external

Material name dimension (nm)

/ZnS 3.3 Zn: 19.2
Cu: 0.31
In: 9.03
-ZnS-COOH-S 3.4 Zn: 1.46
Cu: 0.02
In: 0.34
-ZnS-COOH-L 4.6 Zn: 1.58
Cu: 0.21
In: 0.46
5.7 Zn: 33.87
Cd: 10.58
Se: 5.69
-COOH 5.2 Zn: 32.73
Cd: 20.47
’43 Eﬁ Se: 7.09
Iy A\
\N
M
Y wW
%
N\v’s gz
ZnO-NM110 70 Zn: 80
TiO,-NM105 21 Ti: 60
CuO 6 Cu: 80
BaSO,-NM220 19 Ba: 59

medium, and (iii) the quantification technique for the
dissolved-ion fraction (see Fig. S17). Briefly, ~1 mg of sample
was weighted onto a 5 kDa cellulose triacetate membrane
(Sartorius Stedim Biotech GmbH, Gottingen, Germany)
adding 1-2 drops of ethanol (to ensure complete wetting);
the membrane was positioned in the flow-through cell,
locked with a 0.45 um filter. The cell was filled with
phagolysosomal simulant fluid (PSF, pH 4.5) or lung
simulant fluid (LSF, pH 7.4) (full composition described in
Table S2t). The temperature of the flow-through cells was
kept constant at 37 + 0.5 °C. The flow rate was adjusted to 2
mL h™". Fourteen 10 mL eluate samples were collected over a
period of 7 days. After this period, the eluate samples were
analyzed through inductively coupled plasma mass

This journal is © The Royal Society of Chemistry 2024
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spectrometry (ICP-MS) (Nexion 2000b, Perkin Elmer Inc.,
Waltham, USA) to determine the concentration of ions.
Further details on sample preparation and ICP-MS operation
can be found in ref. 36.

All dissolution experiments were done in duplicate with
an average standard deviation at each sampling point of 1-
3%.

2.3. Ferric reduction ability of serum (FRAS)

The FRAS assay is a screening tool to quantify the degree of
oxidative damage induced by nanomaterials on human blood
serum (HBS) by the observation of its ferric reducing
capacity. The depletion of the total antioxidants in HBS due
to interaction with ROS produced by the investigated material
is quantified using the Fe-2,4,6-tripyridyl-s-triazine (TPTZ)
complex. For our reactivity testing measurements, we
adopted the FRAS assay multidose protocol published by
Gandon et al®’ The protocol involves three fundamental
steps: (i) the preincubation of the QDs with HBS for 3 h at 37
°C, (ii) the separation of the QDs from HBS via
ultracentrifugation (AUC-Beckman XL centrifuge (Brea, CA,
USA) at 11900 rpm for 150 min) and (iii) the transfer of 100
pL of QD-free centrifuged HBS supernatant to 2 mL of the
FRAS reagent solution that contains the Fe(i)-TPTZ complex.
Afterwards, the UV-vis spectrum of the iron complex solution
is recorded to determine the total antioxidant depletion as a
measure of the oxidative potential of materials. A Trolox
calibration curve is used as a reference antioxidant to
interpret the material oxidative damage results. FRAS assay
dose-response curves are built based on triplicate
measurements, and we report in Fig. 3 the average standard
deviation at each dose level. Additionally, we employ the
method developed by Peijnenburg et al®’ to assess the
relevance of nanomaterial dissolution during reactivity
testing. For this step, we prepare QD samples to evaluate the
ion contribution. After an ultracentrifugation step, the ion
concentration in QD-free HBS supernatants was determined
by ICP-MS (Perkin Elmer, Nexion 2000b, Waltham, MA, USA).
Using hydrophilic metal salts (ZnCl,, CuCl,, InCl;, and
CdCl,), we prepared ion solutions with equivalent
concentrations to those found by the ICP-MS step, and the
associated oxidative damage in HBS was measured by the
FRAS method. For each QD and ion dose, triplicate
measurements were performed. A reactivity test with
potential ion interference (DCFH2, based on fluorescence)
was excluded.

2.4. Similarity assessment and ranking methods

2.4.1. Data matrix. The sample set, or ‘data matrix’ in
the terminology of the Read-Across Assessment Framework
(RAAF), shall not only contain the different SSbD versions
of a material (here the five QDs), but shall also contain the
reference compounds of a structurally related material with
higher-tier data (ideally assessed by CLP categories). Such
reference materials also serve as positive and negative

This journal is © The Royal Society of Chemistry 2024
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controls, and this is often assay-specific. In this manner,
relative differences between the material’s versions can be
calibrated against the biologically relevant range.® In the
present case, ZnO NM110, BaSO, NM220, TiO, NM105, and
CuO serve as well-known reference materials. Additionally,
and to reduce complexity, for the FRAS assay, CuO and
BaSO, NM220 serves respectively as the positive and
negative control. On the other hand, for the dynamic
dissolution, ZnONM110 and TiO, NM105 are the respective
positive and negative control. Furthermore, truncation of
the data matrix to the biologically relevant range helps to
focus the assessment on relevant differences between SSbD
versions (e.g., if different SSbD versions are all very slowly
soluble, the differences will not be visible in the similarity
assessment).

2.4.2. Euclidean distance metrics. The standard and
widely used Euclidean distance algorithm has been selected
as one of the methods for pairwise comparison.® In two
dimensions, the Euclidean distance is the length of the line
segment between two points on the plane and is calculated
by applying the conventional Pythagorean theorem. The
generic formula is the square root of the sum of squares of

the differences between coordinates of points in a
multidimensional space. Threshold values are set by
including in the analysis well-characterized mono-

constituent NMs for benchmarking purposes. This method
has been successfully applied by Jeliazkova et al for
grouping organic pigments.” There are several reasons
behind this choice: first, it is a widely known distance
metric, usually selected as the first choice of metric
distances, second, it works well with any numerical
descriptor value, and third, it is supported by a user-
friendly website (eNanoMapper) that also generates the
graphical output, becoming accessible to a wide public.*®
The user-friendly feature will be crucial for our discussion:
indeed, it allows experts in the materials chemistry field,
who know the data input very well, but have limited
computational knowledge, to create descriptors which are
representative of the data set under investigation. The
eNanoMapper similarity web tool creates a bridge between
different fields of knowledge, allowing a more in-depth
evaluation of the case study, which is not limited to the
model but includes scientific expertise.*®

In addition, to simultaneously identify the associations
between intrinsic physicochemical properties and assay
generated descriptors, a heatmap of the similarity was
generated. The heatmap enables pattern recognition based
on the degree of similarity between the QDs and reference
materials in the intentionally selected descriptor space. This
algorithm uses distance measures to cluster similar data
points, here again the Euclidean distance.

2.4.3. Bayesian based metrics. The Bayesian based metric
is a model-based approach using probability distributions to
characterize dose-response curves for each MCNM and
compare them probabilistically by comparing the likelihood
functions for every pair of MCNMs."® For comparison, the

Environ. Sci.: Nano, 2024, 11, 924-941 | 927
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Bayes factor (BF) statistic has the advantage of comparing
distributions of properties rather than distances between raw
data points. The method has been successfully applied by
Tsiliki et al. for grouping NMs under different scenarios'®
and different grouping hypotheses.”?**° The main difference
between the BF approach and the previously presented
approach is that based on the given data (in this case a
dose-response data matrix for a pair of MCNMs), it
estimates the function that best describes them across a
range of both observed and unobserved data points, and
at the same time can incorporate the assumption of
similarity. In fact, the BF compares the model of
similarity against the model of dissimilarity; if the
resulting BF is a high value, then the two MCNMs are
considered to be similar, otherwise dissimilar. In order to
set threshold values and distinguish MCNMs into high
and low similarity groups, we include in the analysis
well-characterized mono-constituent NMs for
benchmarking purposes. The BF can be affected up to a
degree by this original partition, as any other stochastic
algorithm is affected by its initial state. For the purposes
of this analysis, the BF method is extended to incorporate
the different data sets and produce one integrated value
for all data sets. The integration was applied twice here,
to integrate dissolution data for the different ions and to
calculate one BF value across the different data sets.
More details on equations and parameters can be found
in Tsiliki et al. 2022.*° For a complete overview of the
method and its applications, please refer to ref. 41 in
this same issue.

2.4.4. Weighted ordered weighted average (WOWA)
similarity. The proposed method is a metric distance-based
similarity assessment where the resulting similarities are
not affected by the assessed dataset (ie., adding or
removing candidates doesn’t change previously calculated
similarities). It makes use of the arsinh function (ie.,
inverse hyperbolic sine) to transform data prior to scaling
and evaluates similarity by integrating distances among all
the rescaled parameters through the weighted ordered
weighted average (WOWA)** aggregation function. More
details with respect to equations and parameters can be
found in Zabeo et al. 2021."" The methodology evaluates
distances among toxicological endpoints by evaluating the
whole dose-response curve as opposed to the wusual
distance based on specific descriptors (e.g., NOEC, LC50,
etc.). Such a distance is assessed by evaluating the Jensen-
Shannon distance among dose-response curves fitted
through the application of the SimpleBMD tool** from the
same authors. The Jensen-Shannon distance is the square
root of the Jensen-Shannon divergence™® it respects
identity, symmetry and triangular inequality being therefore
an appropriate metric. Threshold values are set by
including in the analysis well-characterized mono-
constituent NMs for benchmarking purposes. A detailed
explanation of the methodology is presented in ref. 45 in
this same issue.
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3. Results and discussion

3.1. Abiotic dissolution under lysosomal conditions

The deposition of MCNMs in the upper and lower lungs
involves their interaction with mucus and the lung lining
fluid, respectively, as the lungs’ first lines of defense. The
solubility of QDs is dependent on the pH environment;
hence, the physicochemical properties of the QDs are
generally expected to play a key role in their dissolution
process in either mucus or the lung lining fluid (pH 7.4), or
after cellular uptake and localization into the acidic
phagolysosomal fluid (PSF, pH 4.5). Furthermore, QDs may
persist within the extracellular regions or the lymph nodes of
the lungs for an extended period. We tested the dissolution
in two different pH regimes (Fig. 1 and S2t). The studied
series of QDs showed almost no dissolution of their main
components when exposed to the neutral-pH extracellular
lung simulant fluid (see Fig. S2t): zinc was leached up to 2-
6%, on average across all QDs in the lung lining fluid after
168 h (one week). Only the minor component (0.5% mass
content) copper leached more than 50% of its initial content
after one week in the LSF.

On the other hand, we observed different dissolution
scenarios in the phagolysosomal simulant fluid that varied
between QDs. Fig. 1 plots the time course of ‘undissolved%’
for the main components (Cu, Zn, In and Cd).

In the two ZnCdSeS QD cases, incongruent dissolution
occurred, and no Cd (see Fig. 1A), but only Zn leached
between 1 and 4% of its initial mass percentage, as observed
in Fig. 1C. Moreover, the surface chemistry, as observed from
the XPS results from Table 1, seems to impact the zinc
leaching behavior. The organic coating performs as a
protective layer that hinders the leaching. These results are
expected to impact the QD reactivity and toxicity. The
selenium concentration was too close to the limit of
detection (LOD), making it challenging to deliver an accurate
analysis of its leaching behaviour; hence, this element is not
included in the figures.

In the three ZnCulnS QD cases, Zn ion release up to 50%
of their initial Zn content was observed (Fig. 1C), in contrast
to indium (~5%) (Fig. 1B). The relative differences in
leaching are most likely linked to the Zn presence both in
the shell and the core of the QDs, whereas In is only present
in the core. The hydrophilic-surface modified ZnCulnS/ZnS
QDs (ZnCulnS/ZnS-COOH-S and ZnCulnS/ZnS-COOH-L),
shown in red and blue, have a faster kinetics of Zn release
than their hydrophobic counterparts (ZnCulnS/ZnS). For
ZnCulnS/ZnS-COOH-S, copper dissolution is not displayed, as
its initial % wt was only 0.02%; therefore the released
amount was too close to the LOD of the instrument to be
considered significant. It is important to note that the mass
of particles which remain undissolved cannot be neglected in
the hazard assessment, as they will have some surface area-
dependent toxicity, but the release of a high amount of toxic
metal ions directly in the cell is toxicologically more potent.
For this reason, we include in the discussion a new

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Time-dependent dissolution kinetics of quantum dots (QDs) in PSF. (A) Cd-based comparison, (B) In- and Cu-based comparison and (C)
Zn-based comparison. The color codes indicate the QD identity whereas different symbols are used to indicate the different ion dissolution
kinetics: ® = cadmium, * = copper, A = indium and B = zinc. All dissolution experiments were done in duplicate with an average standard

deviation at each sampling point of 1-3%.

physicochemical descriptor that accounts for the total
(intracellular) leachable particle mass (in PSF) and
multicomponent character of the QDs, named ‘leachable
mass %’ which is defined as the percentage of the initial
loaded mass that turns into ions of a specific element. This
descriptor can be used to explore how dissolution may be
related to an ion-induced hazard endpoint.*® For single-
component metal oxides, the dissolution rate and half times
have been employed as descriptors for dissolution.”
However, for multicomponent nanomaterials, the dissolution
rate and half times are less representative and can lead to
erroneous conclusions. Moreover, high PSF leaching is
typically hazardous, since cellular particle uptake followed by
PSF leaching leads to a highly localized bioavailable ion dose
inside the cell, which can be highly toxic. On the other hand,
high leaching under neutral conditions (LSF) is typically
considered of low hazard since ions are released outside the
cell where they are typically quickly diluted avoiding local
accumulation of these ions, and cellular ion uptake is
controlled very tightly — while particle uptake is often not.
Fig. S4At reports the values for dissolved ions % and
leachable mass % for each QD in PSF. Fig. S4Bt explains the
difference between the two descriptors, taking as an example
two QDs: ZnCulnS/ZnS-COOH-S and ZnCdSeS. On the left
side, absolute ion concentration in the liquid containing the
leached ions, calculated from ICPMS, is shown. For ZnCulnS/
ZnS-COOH-L, we observe 51% and 42% for Zn and Cu,
respectively. However, given the low mass percentage of both
the elements in the QDs compared to organic polymer and
sulfur, the corresponding leachable metal mass % accounts
only for 0.8% and 0.1% for Zn and Cu, respectively. For
ZnCdSesS instead, despite the lower relative dissolved fraction
of the Zn ions (4% as compared to 51%), we find a higher
release in Zn mass (1.3% as compared to 0.8%) due to the
higher wt% of Zn in the ZnCdSeS QD structure (34% wt).
Thus, the sum of leachable metal mass % over all leaching
metals allows for direct calculation of the leached ion mass
from the total QD mass, which is typically recorded for
dosimetry purposes. As an outlook for methodology transfer,

This journal is © The Royal Society of Chemistry 2024

we highlight that the CFS with ICPMS analytics is only
applicable to inorganic, ionizing nanomaterials, but the CFS
also was adapted by using different detection techniques
such as UV-vis or LC-MS to target organic materials (ie.,
organic pigments).” The same approach could then also
address the multicomponent leaching of additives from
micro- and nanoplastics as another MCNM case.

3.2. Fluorescence spectroscopy and transformation

In the SSbD context of product development, the different
designed versions of a MCNM (here QDs) must also be
ranked according to their intended functionality, to balance
the four different dimensions of SSbD. As defined by the JRC,
structural modifications at the design phase can impact the
service of a product and the extent of its function, together
with its quality and duration. Specifically for QDs acting as
colour converters, the sustainability benefit by energy savings
during the use phase are enabled by the high fluorescence
yield and narrow emission spectra.’®>' Some modifications
may result in low functionality, and/or may have
unacceptable hazard profiles; in industry, either of the
criteria would lead to a stop being applied to the further
development of this newly designed version. Fig. 2A
showcases the relative quantum yield (%) of Cd-free and Cd-
containing QDs, highlighting how the Cd-containing versions
(here ZnCdSeS and ZnCdSeS-COOH) are considerably more
performant (40-90%) than the Cd-free QDs (20 to 60%).
Values were taken from the producer website (http://www.
plasmachem.com).

The fluorescence of QDs is related closely to their
functionality and, as an effect of quantum confinement, the
electron cloud in the particle, the fluorescence is very
sensitive to the shape, size, and composition of the
semiconductor particles; therefore, any change in the
fluorescence spectrum after abiotic testing is a hallmark sign
of transformation of the QD materials. Generally, the
emission wavelength is monotonously dependent on the size
of the quantum dot. If the QD size is reduced, a blue shift is
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expected. Consequently, fluorescence can be substantially
impacted by leaching due to either change in size, shape, or
elemental composition. Here, we observed that the QDs,
particularly those with highly hydrophobic surfaces (ie.,
ZnCdSeS), retain their optical properties with minimal shifts
in their emission spectra (Fig. 2B). For more soluble QDs, like
the ones with a hydrophilic surface coating, EDXS-TEM
reveals the breakdown of their crystalline nanostructure after
incubation in PSF, with no trace of their optical emission
spectra and no substantial QD structural details (see Fig. S3
and S6t). The evidence on structural transformation from
fluorescence properties is thus in agreement with and
complementary to the detection of ion leaching. For
completeness, Fig. S31 showcases the fluorescence emission
spectra of the other three QDs, where ZnCulnS/ZnS retains
its optical properties, ZnCulnS/ZnS-COOH-L shows no
substantial trace of fluorescence, and ZnCdSeS-COOH,
because of low recovered amounts, presents a discernable
low signal-to-noise ratio emission spectrum. We further
investigated the transformation of structural details after
abiotic testing in PSF with electron microscopy methods (Fig.
S61). In the representative TEM micrographs, we found traces
of QDs only in the ZnCuInS/ZnS and ZnCdSeS cases. The
other samples contained mostly Zn and S as trace elements.
All of the TEM grids with post-dissolution hydrophilic QDs
contained other elemental traces (Na, Ca, K, Mg, and Cl)
from the PSF medium.

3.3. FRAS assay

At the cellular level, nanomaterial exposure can induce
oxidative stress by the production of reactive oxygen species
(ROS). Here we evaluated dose dependent changes in cellular
antioxidant depletion (FRAS assay) in response to QD
exposure (Fig. 3A-C). Due to the semiconducting properties
of this set of materials, QDs can directly impact the
formation of ROS from electron or hole donation. The
descriptor selected to compare QDs with each other is the
mass based biological oxidative damage (see Table 2). A
mass-based metric was preferred to align with mass-based
assessment in regulatory testing. However, the ranking may
change when potency is compared in other dose metrics®
considering the difference in the surface area of the five QDs.
Fig. 3D reports the reactivity results in surface-based metrics.
We followed the method described by Peijnenburg et al. to
measure the released ion contribution to reactivity, expressed
as % of total MCNM reactivity (Table 2).>* Briefly, the
dissolved ion mass in serum was quantified by ICPMS for
each QD; then, reconstituted samples at that ion
concentration (recreated by using common salts) were
measured for FRAS reactivity, expressed as % of total MCNM
reactivity (Table 2). As for the Cd-free QD series, ZnCulnS/
ZnS-COOH-S presented significant reactivity with a relatively
steep dose-response curve with an exponential trend. The
collective ion contributions (Cu**, Zn>" and In*") at a dose of
7.33 ¢ L™" were tested to have a negligible impact on the
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Fig. 2 Quantum yield and fluorescence spectra of the tested QDs
before and after PSF exposure. (A) Quantum yield of Cd-free and Cd-
containing QDs from Plasmachem (http://www.plasmachem.com). (B
and C) Fluorescence emission spectra of pre-dissolution and post
dissolution in PSF of ZnCdSeS and ZnCulnS/ZnS-COOH-S QDs,
respectively. Inset photos represent the pre-dissolution QDs under UV
light showcasing the material's photophysical properties. (D) Post-
dissolution centrifuge recovered QDs deposited on TEM grids exposed
to UV light. Code: 1. ZnCulnS/ZnS, 2. ZnCulnS/ZnS-COOH-S, 3.
ZnCulnS/ZnS-COOH-L, 4. ZnCdSeS, 5. ZnCdSeS-COOH. 1, 4, and 5
QDs show retained photophysical properties after the dissolution
process.

ferric reduction ability of HBS. Hence, the reactivity of this
QD is mostly attributed to the particles. The ZnCulnS/ZnS-

This journal is © The Royal Society of Chemistry 2024
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COOH-L dose-response curve displayed a more linear trend.
The ions (Cu®’, Zn*' and In*") show a 51% contribution to
reactivity, at a concentration of 7.2 g L™'; hence, both ions
and particles contribute substantially to the overall material
reactivity. On the other hand, the hydrophobic ZnCulnS/ZnS
QDs presented lower reactivity with a dose-response curve
around 10000 nmol TEU L' oxidative damage across most
data points. In this case, the ion mixture reactivity is higher
than that of the same data point tested for the relevant QDs;
because this material is not surface functionalized and the
ion percentage content is more significant than for the other
two cases, its reactivity, specifically from copper and zinc
ions, based on our dissolution experimental data, is
hypothesized to substantially contribute to the QD overall
reactivity as shown in Fig. 1A.

ZnCdSeS and its surface-functionalized derivative QDs
(ZnCdSeS-COOH) present higher reactivity at lower
concentrations when compared against the Cd-free QDs
(Fig. 3C). The hydrophobic version of the material does not
behave as ZnCuInS/ZnS at high concentration. Indeed,
ZnCulnS/ZnS reaches supersaturation at levels where the
oxidative damage is lower than 10000 nmol TEU L. Instead,
ZnCdSeS presents a linear trend with a steep slope that, after
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extrapolation, can lead to high levels of oxidative damage
(~100000 nmol TEU L") with doses around 10 g L™". This
QD material is found to be highly reactive, comparable to the
reactivity observed for CuO at lower doses. The observed
reactivity may be - at least partially — induced by leached ions
rather than particles. The ion contribution to reactivity (zZn**
and Cd**) was tested at a dose of 0.53 g " (see Fig. 3B). The
contribution of Zn®" ions was considered first and then it
was combined with the contribution of Cd*" ions.

The results show a slightly higher oxidative damage when
Cd*" ions are included, meaning that despite the low amount
of cadmium dissolved in the serum at the tested
concentration, it cannot be neglected. Overall, the
contribution to reactivity coming from the ions is attributed
to only 6% of the oxidative damage, meaning that the
reactivity is mainly attributed to the particles. For ZnCdSeS-
COOH instead, no quantifiable ion contribution to reactivity
was found, and not shown in Table 2.

Despite the hydrophobic-surface coating on the ZnCdSeS
QDs, their reactivity was found to induce the highest HBS
antioxidant depletion, regardless of their similar specific
surface areas. When the mass dose was expressed as surface
area, the dose-response curves showed two distinctive
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Fig. 3 Dose-response curves from the FRAS assay for the series of pristine ZnCulnS/ZnS and ZnCdSeS and surface-modified ZnCulnS/ZnS and
ZnCdSeS QDs. (A and B) Dose-response data of QDs (lines and symbols) and their released ion (color-coded open symbols) concentrations. TEU,
Trolox equivalent units. (C and D) Compiled dose-response curves contrasted against the CuO oxidative damage in terms of mass and surface area
dose metrics, respectively. For each QD and ion dose, triplicate measurements were performed (standard deviation is reported in the figures).
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Table 2 Attribution of parts of the MCNM reactivity to ion-induced oxidative damage. For each QD and ion dose, triplicate measurements were

performed (standard deviation is reported in Fig. 3)

Selected MCNM concentration

Measured and

to check ion-vs.-particle Total MCNM reconstituted Ion release Ion-induced FRAS
contribution reactivity by FRAS concentration of (% of MCNM reactivity (% of
QD to reactivity” (g L™) (nmol TEU L) ions (mg L) metal content) MCNM reactivity)
ZnCulnS/ZnS 7.8 18412 Zn: 71.3 Zn: 0.17835 100%
Cu: 9.5 Cu: 0.0004
In: 5.0 In: 0.0059
ZnCulnS/ZnS-COOH-S 7.33 6495 Zn: 0.34 Zn: negligible 37%
Cu: 9.86 Cu: negligible
In: 4.27 In: 0.0002
ZnCulnS/ZnS-COOH-L 7.20 6244 Zn: 105.7 Zn: 0.023 51%
Cu: 10.8 Cu: 0.0003
In: 1.8 In: 0.0001
ZnCdSeS 0.53 1516 Zn: 0.95 Zn: 0.18 6%
Cd: 0.011 Cd: 0.0021

“ Concentration selected according to Peijnenburg et al.>?

correlation regimes (Fig. 3D): the first one at lower doses,
where the oxidative damage by the Cd-containing QDs is
higher than that of the Cd-free QDs also in surface metric,
and the second one, where the dose-response curves of the
three Cd-free QDs are more similar to each other in surface
metric. The Zn content at the surface, independent of the
size of the material, is hypothesized to govern the oxidative
damage. The difference in Zn content between ZnCdSeS and
ZnCdSeS-COOH (33.9% and 32.7%, respectively) is almost
insignificant. However, as per XPS surface analysis (Table
S1t), consistently more zinc surface-based sites were readily
available on the surface of ZnCdSeS. This may be one of the
reasons why the hydrophobic material is more reactive than
its hydrophilic version.

Our results indicate that organic modification or surface
treatment, which is intended to increase the compatibility of
the material with the intended matrix (often polymer, rarely
water), can play a major role in its reactivity. The organic
surface treatment can shield the reactive surface sites by
steric hindrance - as probably occurred for the Cd-containing
QDs - and was presumably not compensated by the increased
dispersed surface area. On the other hand, the increase of
dispersed surface seems to have increased the reactivity of
the Cd-free quantum dots with the organic surface treatment.
Nevertheless, in both cases, even a release of less than 1% of
the contained metals as ions can contribute substantially to
the total observed reactivity (Table 2), and in one case could
entirely explain the MCNM reactivity.

4. Similarity assessment

4.1. Important considerations for similarity analysis and
grouping of MCNMs

Answering the first of the key questions required for
grouping as set out in the GRACIOUS framework (what they
are, where they go and what they do?), Table 3 shows the pre-
screening results of the chemical and physical characteristics
of the QDs. A description of their main chemical

932 | Environ. Sci.: Nano, 2024, 11, 924-941

constituents, structure, size, mass specific surface area, and
surface functionalization is provided for each QD. Once a
description of ‘what they are?’ is given, the questions ‘where
they go’ and ‘what they do’ need to be addressed, identifying
what may be of concern for human hazard.> The core-
shell structure of each QD and the surface
functionalization of the shell play an important role in the
particle fate upon inhalation, and they have a strong
influence on the dissolution rate of single element
components. Indeed, metals located in the outer shell of
the QDs might dissolve more easily and quickly under
physiological conditions, as compared to the metals
located in the core. Also, the non-functionalized QDs
contain a relatively high mass fraction of heavy metals,
which are more easily accessible compared to the
functionalized ones. However, reporting the relative
contribution to dissolution for each metal element do not
provide absolute information on the dose of metal
released. It is more relevant, from a risk assessment point
of view, to report the amount of leachable metal mass per
mg of material, in a specific physiological medium. A
similar mass-based descriptor was used by Karlsson
et al.”® to describe dissolution of multicomponent alloys.
For this reason, we propose that the leachability of each
heavy metal contained in the QDs should be assessed. Given
that QDs were seen to be more affected by acidic rather than
neutral pH, the phagolysosomal simulant fluid (PSF, pH 4.5)
was selected for the assessment of leachability. In addition,
QD and/or ion reactivity is to be included in the evaluation.
If partial metal leaching is observed, intact or transformed
particles together with metal ions are assumed to be
bioavailable, and if bioactive, can ultimately lead to toxic
effects (ie, antioxidant damage, ROS generation,
inflammation, etc.). Based on the finding that a leachate
consisting of <1% of the contained metals induces oxidative
damage comparable to that of the remaining particles (Fig. 3
and S4t), the simplest grouping would only consider the QD
core/shell composition. This may constitute a “tier 0~

This journal is © The Royal Society of Chemistry 2024
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Table 3 Pre-screening results of the chemical and physical characteristics of the QDs, answering the question of ‘what they are?’. More information

on the characterization can be found in Table S1}

What they are? ZnCdSeS-COOH

ZnCulnS/ZnS-COOH-S

ZnCulnS/ZnS-COOH-L ZnCdSeS ZnCdSeS-COOH

Structure ZnCulnS core/ZnS ZnCulnS core/ZnS ZnCulnS core/ZnS No internal No internal
shell shell shell structure structure

Surface functionalization None hydrophobic —-COOH hydrophilic —-COOH hydrophilic None hydrophobic -COOH hydrophilic

Specific surface area 255 247 183 147 162

(m*g™)

Size (nm) 3.3 3.4 4.6 5.7 5.2

Zn Very toxic to aquatic life, with long lasting effects (CLP?)

Cu Very toxic to aquatic life, with long lasting effects; toxic if inhaled; harmful if swallowed and causes serious eye
irritation (CLP?)

In Causes damage to organs through prolonged or repeated exposure (CLP%)

Cd Fatal if inhaled; very toxic to aquatic life, with long lasting effects; may cause cancer or damage to organs through
prolonged or repeated exposure; suspected of causing genetic defects, damaging fertility or the unborn child
(cLP9)

Se May cause cancer, may damage fertility or the unborn child; harmful to aquatic life with long lasting effects, may

cause harm to breast-fed children, and may cause an allergic skin reaction (CLPY)

“ CLP = classification labelling and packaging of substances and mixtures.

assessment and provides a “design principle” in the JRC
SSbD terminology, whereas our experimental testing
constitutes already a higher-tier approach.

The leachability of the material will have a direct influence
on the mode of action of a material's bioactivity. If no metal
leaching is observed, the hazard may be driven by
multicomponent particles (QDs) themselves, which has been
shown to depend on various factors including the type of
surface material®® (functionalization), crystallinity®® and
shape of the particles.>® Even when particles show no specific
toxicity and do not dissolve (poorly soluble low toxicity class
(PSLT class)),”” there is a certain threshold dose for toxic
effects due to long-term particle persistent and excessive
build-up of dose, whereas other particles (such as QDs)
induce specific toxicity (e.g. due to surface functionalization).
In this last case, the surface chemistry of the particles and
their bioavailability needs to be further assessed. In contrast,
if complete metal leaching is observed (i.e., just the polymer
matrix is left undissolved), only the potential ion induced
toxicity needs to be considered.”® Finally, in the most
complex case, both ions and multicomponent particles are
potentially present in the lungs because of partial leaching of
the metals in analysis. Here, both particle and ion induced
toxicity might be expected.

For complex materials, a further important question about
their fate concerns the formation of transformation products.
If transformation occurs, mixture effects caused by the
multiple transformed components, generated from the
primary QD structure, can lead to different interactions with
biological sites and need to be additionally considered. After
the main concerns connected to their structures are
identified, suitable methods to assess their potential hazard
need to be selected.

The FRAS assay has been previously identified as a
suitable in chemico method supporting decision making in
grouping of NFs.***” Grouping approaches are explicitly
considered by the REACH legal text®® and has been put into

This journal is © The Royal Society of Chemistry 2024

practice by ECHA for hazardous chemicals.> For this study,
we take the so-called ‘analogue approach’, as described in
the RAAF document,' given that read-across is employed
between a small number of structurally similar substances
with no trend or regular pattern on the properties.

Developing grouping approaches for MCNMs like QDs can
benefit both the scientific community and regulatory
authorities. The novelty of the present study does not lie in
developing new experimental methods to assess MCNMs, but
in comparing different approaches to similarity assessment,
aiming to support the grouping, and ranking of MCNMs.
Often ranking is done to identify the most toxic member of
the group and to do apical testing on this form so that the
precautionary principle can be applied. However, for SSbD
purposes, the ranking provides a perspective in terms of
trade-off decisions between safety and functionality.

In the first approach, the descriptors presented in this
section will be the input data, and in the second approach,
multidimensional raw data will feed the similarity analysis.
We will show that different approaches can lead to different
similarity results, even within the same initial experimental
data sets.

4.2. Similarity assessment with respect to hazard

4.2.1. Similarity assessment by using selected descriptors
as input data. In the first approach to similarity assessment,
two descriptors have been used as input data to build
similarity matrices based on pairwise similarity of QDs in
terms of the Euclidean distance. Different assays and
descriptors for surface reactivity have been recommended.®*’
Here, we demonstrated the assessment on the mass based
biological oxidative damage (mBOD) at 1 g L' (an
intermediate concentration level suitable for discriminating
the FRAS dose-response curves for all of the particles
investigated here) and, for bio-dissolution, the leachable
mass % (all element components added) during 7 days of
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exposure to PSF (pH 4.5) in a continuous flow system (see
Table 4). The combination of the results obtained for each
descriptor through pairwise similarity analysis is proposed
here for material grouping and ranking with respect to
benchmark materials. Four conventional single component
metal oxide particles have been included as reference
materials: CuO and ZnO-NM110 as positive controls, and
BaSO,-NM220 and TiO,-NM105 as negative controls,
respectively, for surface reactivity and dissolution. It is
important to rank the QDs based on their physicochemical
data and to compare the range of their values to the
responses of well-known benchmark materials. Fig. 4 shows
the results obtained within the Euclidean distance approach
for the QD series. Regarding the leachable mass %, a
descriptor of dissolution at acidic pH, all five QDs appear
quite similar to each other (indicated by greenish colours in
Fig. 4A). The similarity to the benchmark materials is
particularly interesting. ZnCdSeS shows the shortest distance
to CuO and ZnO, commonly known as “quickly dissolving”
materials, even if it's only 2% of the positive control.>*>*
This suggests that a possible mode of action for this QD
material is via release of ions. On the other hand, the three
ZnCulnS/ZnS variants are very similar to TiO, (very slow
dissolution) and present larger distances to both CuO and
ZnO (Fig. 4A). Although the chosen descriptor is novel, it
results in plausible results also for the well-characterized
mono-constituent NMs: the dark red colour highlights the
very low similarity between CuO and TiO,, and the yellow
colour marks the intermediate distance between either and
BaSO,, fully in line with earlier similarity analyses of the
overall dissolution rate or overall halftime.®

Regarding the mBOD, a dark red square (indicating very
low similarity) marks the comparison between CuO and
BaSO,, which are well-known to be highly reactive and non-
reactive, respectively.”* Comparing the opposite mono-
constituent NMs for benchmarking is important to confirm
that the similarity assessment algorithm is working well with
the selected descriptor.® In the QD case, ZnCdSeS is the
closest in the distance to CuO and seems to differ from the
other 4 QDs in the series. The results adequately reflect the
dose response curves in Fig. 3C.

Table 4 Leachable mass % and mBOD descriptors for the selected
benchmarks and the 5 QDs

Leachable mass %
(during 7 d in PSF, all

mBOD (nmol TEU
mg ') from FRAS at

components added) 1g L" dose
ZnO-NM110 45 25.1
TiO,-NM105 0.31 5.0
CuO 77 310
BaSO,-NM220 22 0.3
ZnCulnS/ZnS 0.59 5.1
ZnCulnS/ZnS-COOH-S  0.42 12
ZnCulnS/ZnS-COOH-L  0.88 3.8
ZnCdSeS 1.30 49.2
ZnCdSeS-COOH 0.42 7.0
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In addition to the similarity matrix, Fig. 4 shows the
rankings based on each single descriptor as a table.
According to the safe and sustainable by design concept
from the JRC of the European Commission, a relative
ranking of materials is also a valuable tool for risk
assessment purposes.'* Here, we opted to give for each
test material a relative potency as a percentage compared
to the materials used for benchmarking. The proposed
approach provides relevant information to assess if the
QD material ranked highest in performance (e.g., from
fluorescence) is still similar to the alternatives in
reactivity and metal leaching, and how the entire QD
family compares with respect to materials that share
similar concerns (i.e., benchmarks). A heat map of the
similarity analysis which further considers the size and
specific surface area of the QDs and the benchmark
materials (Fig. 5) confirm once more that benchmark
materials are well recognized as such by the chosen
descriptors.

However, the ranking of QDs based on the discussed
descriptors is not yet directly linked to a hazard endpoint,
even though the proposed descriptors can guide grouping
decisions. In order to account for the different hazardous
metals present in the QDs, we suggest scaling the leachable
mass% of each component by the value of the occupational
exposure limit (OEL) of that element (see Table S3t). OELs
may be a wuseful tool to create a bridge between
physicochemical data and hazard prediction. If the
descriptors are scaled for the potential induced hazard,
they are better positioned for ranking. Fig. 4B highlights
that the big difference between the Cd-containing and Cd-
free QDs results from the scaling of each leaching element
by its Maximale Arbeitsplatz-Konzentration (MAK-values),
which are commonly accepted OELs for the inhalation
exposure.’® This newly constructed descriptor differentiates
more between CuO and ZnO and positions the Cd-free QDs
more similar to ZnO, but ranks them lower than ZnO, even
when all leaching metals are considered. Considering that
also the reactivity of the Cd-free QDs was on the same
order, but ranked lower than ZnO, the safety measures for
ZnO, for which nanoforms are registered in the REACH
dossier, could serve as guidance for safety measures
applicable to the Cd-free QDs. In contrast, the Cd-
containing QDs rank higher than ZnO, demonstrating the
need to limit their use or find alternatives. In future,
ranking can be validated by empirical hazard data from
further in vitro and in vivo studies if required.

4.2.2. Similarity assessment by using multidimensional
raw data as input data. In this section, multidimensional raw
data were used directly to build data matrices of pairwise
similarity values between QDs using two different
computational approaches, the Bayesian based and the
WOWA based similarity approaches. To describe abiotic
dissolution, the concentration of ions vs. time was selected
as representative input data, whereas for surface reactivity,
the dose-response curves obtained by the FRAS assay (i.e.,

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Ranking and similarity analysis on three selected descriptors. All similarity plots show Euclidean distance. A) Leachable mass % after one
week dissolution in PSF, all components added; B) reactivity by the FRAS assay as mass-based oxidative damage at 1 g L™%; C) leachable mass of
each element scaled by its respective OEL. In all cases, CuO and ZnO serve as positive controls, whereas BaSO4 and TiO, as negative controls.

oxidative damage vs. concentration) were used as designated
raw data. In order to integrate the dissolution of all different
ions, % wt for each element has been used for both
approaches. Specifically, a single dissolution kinetics was
generated by applying a weighted average at each time point
using the QD composition percentages as weights. This
approach, if proved to be efficient, can save time and effort,

ZnO-NM110 Distance
TiO,-NM105 -1
Cuo
BasO,-NM220
ZnCulnS/ZnS
0.7
ZnCulnS/ZnS-COOH-S
ZnCulnS/ZnS-COOH-L
ZnCdseS

ZnCdSeS-COOH 3

(a:
2> g
&
S ,,ob

Fig. 5 Heatmap showing similarities based on assay descriptors
(leachable mass % and mBOD) and intrinsic physicochemical
properties (size and surface area). The legend color bar represents the
association between the descriptors and the AdMa. Here red indicates
an increase in assay descriptors and intrinsic physicochemical property
values compared to the mean for QDs and reference materials, and
green indicates a decrease in these values compared to the mean.

This journal is © The Royal Society of Chemistry 2024

as no descriptor is needed nor previous knowledge of the
investigated data set. Data can be translated directly from the
raw data to the similarity matrix display. (Fig. 6).

For surface reactivity, the WOWA approach identifies the
low similarity (dark red) of CuO vs. BaSO,, quite consistent
with the descriptor-based approach (Fig. 4B), and finds
similarity within the QD family except for ZnCulnS/ZnS-
COOH-S, which is more reactive in the raw data (Fig. 3C).
The similarity plots obtained using the Bayesian approach do
not identify the same benchmarks as most similar and least
similar but do identify similar patterns for the QD family,
with a difference in magnitude (Fig. 6). We attribute the
different results to the very different approaches to
multidimensional data, e.g., the slope of dose-response
curves may be similar, and yet the effect threshold may be
very different. Both contribute to the Bayesian comparison of
the multidimensional raw data but are not equally relevant
for toxicity rankings. As another complication, the material
with the lowest reactivity, BaSO,, is below the limit of
quantifiable reactivity for low doses, resulting in a narrow
range of data. In consequence, the Bayesian approach to the
dose-response curve has a hard time assigning the expected
low similarity (dark red) to the pair CuO vs. BaSO,, and
instead finds a higher similarity of ZnO vs. BaSO, (Fig. 6),
and within the QD family. Nevertheless, the two approaches
seem to agree with each other on the pairs of similar QDs
identified (Fig. 6), although the WOWA approach suggests
lower similarity values overall.
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Fig. 6 Similarity assessment on multidimensional raw data (FRAS dose response and time resolved ion dissolution) by two alternative algorithms,

the WOWA and Bayesian approaches.

For time resolved dissolution, the WOWA approach is
again in good agreement with what is expected for the well-
characterized NMs used for benchmarking. Indeed, ZnO is
found to be very different to TiO, and very similar to CuO,
matching the visual impression of the kinetics.*>*® However,
it does not discriminate between the dissolution behaviour of
the family of Cd-free and Cd-containing QDs. The Bayesian
approach considers essentially all materials as quite similar
to each other, except for CuO, which is found to be different
from all other materials. This is surprising and - at least for
the mono-constituent NMs - does not match the assessment
by more conventional descriptors such as the halftime or
dissolution rate, which was successfully assessed by the same
algorithm before.®

4.2.3. Combination of similarity output from different
physicochemical properties for the purpose of grouping. As
stated above, similarity assessment on single descriptors is
not directly linked to a hazard endpoint but can help to
guide grouping decisions. As an additional tool to support
SSbD decisions, one can assess all properties — excluding the
functionality in one similarity value. Combination of
properties, in the form of multidimensional data matrices of
each one descriptor per property, analyzed by a
multidimensional distance to represent the pairwise
similarity between two materials, has been previously
demonstrated.® Here instead, we try to combine
multidimensional raw data (vectors instead of scalars) in one
pairwise similarity between two materials, by using the
WOWA and the Bayesian approaches. The ‘WOWA distance’
and Bayesian aggregation similarity metrics presented in
Fig. 7 were obtained by integrating intrinsic physicochemical
properties, kinetics, and surface reactivity. More precisely,
single parameter similarities are evaluated separately for
surface area, mean diameter, time resolved ion dissolution,
and surface reactivity (the last two were presented in section
4.2.2. above). The integration of values is performed by giving
reactivity a slightly higher importance relative to other
parameters. Interestingly, the WOWA approach finds a
distance of 0.76 between CuO and BaSO,, this seems to
reflect well the properties of the materials, very different in
terms of surface reactivity, but not as different in terms of
abiotic dissolution, mass specific surface area, and size.
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Fig. 7 Combination of both intrinsic and extrinsic physicochemical
properties relevant to the safety assessment - excluding functionality -
in a unique weighted matrix showing overall similarity and
dissimilarities of materials. On the left, WOWA distances; on the right,
aggregated Bayesian factors.

Again, a higher similarity is observed between TiO, and
BaSO,. They both show similar surface reactivity behaviour,
together with a similar size and mass specific surface area,
differing mainly in the dissolution behaviour as TiO, is well-
known to be extremely low dissolving, here indeed chosen as
a negative control for surface reactivity. As for the QDs, a
higher similarity is observed between the ones similar in
composition ie., ZnCdSeS with ZnCdSeS-COOH, and
ZnCulnS/ZnS with ZnCulnS/ZnS-COOH-L and ZnCulnS/ZnS-
COOH-S. The aggregated Bayesian factor distance is less
differentiated and assigns overall high similarities. The
Bayesian aggregated approach finds a distance of only 0.37
between CuO and BaSO,, the respective positive and negative
controls for the surface reactivity assay. Instead, coherently to
previous studies, a higher similarity between TiO, and BaSO,
is observed. The QDs form a block of relatively high
similarity values, particularly between ZnCulnS/ZnS and
ZnCulnS/ZnS-COOH-L, and also ZnCdSeS-COOH.

4.3. Similarity assessment with respect to functionality

To represent a typical industrially relevant SSbD decision
need, similarity-based hazard assessment of QDs can be
combined with similarities on a functional parameter (here:
fluorescence intensity per initial mass of QDs). We reiterate
that the QDs' purpose is to act as colour converters in TV
screens, where they increase the energy efficiency due to

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Similarity of functionality, represented by fluorescence spectra.

lower non-radiative losses than the conventional pigment-
based colour filters."®*>>"*® In both the Bayesian and the
WOWA generated matrices shown in Fig. 8, ZnCdSeS appears
to be different from its hydrophilic analogue and from
ZnCulnS/ZnS-COOH-S. This trend is also supported by the
lack of stability, where both ZnCdSeS-COOH and ZnCulnS/
ZnS-COOHS-S significantly lose their fluorescence properties
after abiotic dissolution in PSF, even if this is only an
indicative measurement since PSF is irrelevant in the
intended application. When instead comparing ZnCdSeS with
ZnCulnS/ZnS and ZnCulnS/ZnS-COOH-L, different outcomes
are observed by using the two methods. The WOWA approach
finds high similarity between ZnCdSeS and ZnCulnS/ZnS.
Interestingly, the Bayesian approach proposes a reversed
outcome, well predicting the dissimilarity between ZnCdSeS
and ZnCulnS/ZnS-COOH-L, but not the similarity between
ZnCdSeS and ZnCulnS/ZnS. As before with dissolution
kinetics, the shape of two curves (here: fluorescence spectra)
can be compared in many different ways, and industrial
standards of a specified colour gamut and quantum
efficiency would add dimensions to a more realistic
industrial SSbD decision-making. One notes that the
similarity matrix of functionality is not the same as the
hazard similarity matrix, and that the ranking of
functionality is not the inverse of the ranking of hazard.
There is hence no 1:1 trade-off between hazard and
functionality, which also implies that an SSbD optimization
is possible.

5. Summary and conclusions

In summary of the case of QDs, our work shows how
similarity analysis and ranking can provide a perspective in
terms of trade-off decisions between SSbD dimensions,
exemplifying how ranking with respect to safety and
functionality aspects can lead to different outcomes. On the
one hand, Cd-containing QDs rank high with respect to
performance (here reflected by their quantum yield). On the
other hand, such Cd-containing materials, especially the one
without hydrophilic polymer functionalization, show higher
surface reactivity compared to the Cd-free versions.
Additionally, low dissolution in lung simulant fluids suggests
that these Cd-containing QDs are likely to persist in the
particle form potentially bioaccumulating in the lung
compartment. Both the QDs' intended functionality for use

This journal is © The Royal Society of Chemistry 2024
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as color converters in displays and the IATA-derived
screening of reactivity and leaching were assessed against
each other by similarity and ranking approaches. The hazard
screening included appropriate well-known reference
materials (ZnO-NM110, TiO,-NM105, CuO, BaSO, NM220)
where higher tier data are available, enabling read across. As
an example, the present study provides a first indication that
safety measures for Cd-free QDs, which are Zn-based
(ZnCuInS/ZnS, ZnCulnS/ZnS-COOH-S and ZnCulnS/ZnS-
COOH-L), may be derived from adequate risk management of
7ZnO, for which a REACH dossier can serve as a source.
Interestingly, such an assessment simply based on the
cumulative OELs of the main components Cd or Zn would
have suggested exactly this result. Among the different Zn-
based (and thus Cd-free) QDs, there was no 1:1 trade-off
between hazard and benefit (e.g, sustainability,
functionality), which implies that an SSbD optimization is
possible in this case.

In conclusion of the safe-and-sustainable-by-design
perspective, the trade-offs between hazard and benefit may
not always be so suggestive of the best compromise, but we
maintain that the tools for similarity and ranking of both
hazard-related descriptors and benefit-related descriptors are
transferable to many other cases with some general caveats:

e The assessment of an MCNM by an assessment of the
individual components can serve as a first guess even before
synthesis of the MCNM.

e Descriptors can be adapted to multicomponent
materials including MCNMs, e.g., by evaluation of the
fraction of leachable mass for specific components, or by
cumulative OELs scaled by the component specific leachable
mass.

e The data matrix must include reference materials for the
specific concern. These should be in the applicability domain
of the assay and should have higher tier (in vivo) data and/or
known classification with H-phrases. We anticipate that
challenges may arise when transformation generates new
species which then also contribute to an observed effect.
Additional reference materials might have to be selected
during the assessment phase by the IATA to enable
comprehensive similarity analysis and ranking.

e Data matrices should be truncated to the biologically
relevant range defined by controls or reference materials,
such that the SSbD recommendations are not derived from
irrelevant differences between the different materials.

The comparative testing by novel approach methodologies
(NAMs), guided by the IATA, can then inform decision
making in a SSbD context, increasing the screening speed
within a set of materials and avoiding unnecessary animal
testing. If approaching market launch, regulatory dossiers
will require NAM-animal translation, the quality of which still
needs to be improved. During early product development
stages (i.e., ideation to lab phase), the materials to screen are
many and the budget is often low: grouping, pairwise
similarity and ranking are valuable tools for innovators,
which help to discriminate the option with the best balance
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of functionality, safety, and sustainability. We anticipate that
the present concepts are also transferable to the early
screening for lifecycle-induced releases, provided that the
relevant stress can be simulated and provided that suitable
reference materials exist. For example, for advanced plastic
additives, existing regulation suggests this approach by
specifying reference materials (leachable tin-organic
additives) in the Medical Device Directive. Materials that may
undergo other ways of degradation, e.g., enzymatic, UV, will
require other approaches as relevant for the assessment.

However, different similarity approaches may lead to
different similarity outcomes, as they can be based on
different algorithms and the data input can be driven by
expert knowledge. The best approach will have to be carefully
selected based on the available data set. Based on the
collected  experience, both ~WOWA and Bayesian
computational tools will be made available in the SUNSHINE
e-Infrastructure so as to allow for user-friendly similarity
assessment.

Concepts identified in this work will be transferred to
other case studies within the NMBP-16 projects (HARMLESS,
SUNSHINE and DIAGONAL) for further testing and
validation. Within HARMLESS specifically, we translate these
concepts to perovskites for automotive catalysis, which are
also inherently multicomponent but are characterized by
different structural features and larger sizes. Within
SUNSHINE, multicomponent advanced nanomaterials for
paints will be assessed. Screening methods may vary from
case study to case study, because of different concerns, but
they share the same challenge of evaluating multicomponent
advanced materials.
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