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1. Introduction

Within the Particle Risk project, numerous bioassays have been developed for the identification of hazard of manufactured nanoparticles (NPs) under study. These tests utilize a variety of in vivo and in vitro assays and different endpoints that reflect potential effects on cardiovascular and pulmonary system, as well as liver. At the same time, a full characterization of NPs was carried out to identify and determine a set of physicochemical properties prior to biological testing. 

In the WP4 of Particle Risk project, a weight of evidence (WoE) approach was applied to tested manufactured NPs in order to assess their potential to cause harm for human health, by integrating and combining results from characterization activity and toxicological investigation of the project. 

The aim of the final report is to describe the proposed WoE approach for NPs ranking and to apply it to four above cited NPs. The report is structured in two main parts: chapter 2 describes the proposed WoE based hazard assessment method, while in chapter 3 the developed procedure will be applied to four NPs investigated during Particle Risk project, i.e. carbon black (CB), single walled carbon nanotubes (SWNT), fullerene (C60) and positively (QD ADS621) and negatively (QD ADS620) charged quantum dots.
2. Weight of evidence approach
The proposed procedure consists of following steps: 1) identification of Lines of Evidence (LoE) and corresponding indicators need to characterize the hazard posed by NPs, 2) setting suitable rating values for each identified indicators, and 3) ranking procedure. The first two steps provide a group of evidences and indicators with a range of suitable rating values, while the third step presents a ranking procedure to calculate the final hazard ranking of tested NPs. 

Identification of lines of evidence and corresponding indicators
The assessment of the effects of NPs exposure on human health involves the consideration of a range of NPs properties and characteristics. As for any substance, the starting point for assessing the hazard is normally an assessment of the physicochemical and toxicological properties of NP under study (Ref.). For this purpose, the following evidence groups were defined according to weight of evidence method: i) a set of measured physicochemical properties and ii) the results of in vitro toxicity assays (i.e. bioassays on hepatocyties cells, on macrophages cells, on hepatocytes in macrophage-conditioned medium and results from blood platelet aggregation test). The first LOE is mainly related to the capacity to evaluate the exposure of NP according to particles-related properties. For assessing the exposure it is important to have empirical data to predict the behavioural features (e.g. persistence, bioaccumulation). Examples of particle-related properties that may be needed to make predictions on exposure (e.g. ability to cross blood-brain barrier, ability to deposit on upper lung, bio-accumulation potential, interactions with other chemicals, etc.) are size and shape, degree of aggregation, dispersability, etc. The second LOE quantify the adverse effects on humans. Various toxicological studies (in-vitro assay) performed and, in detail, which effects have been observed (inflammation, stress, and other endpoints of concern), are the data from WP2 and WP3 experiments included in the second LOE to take into account realistic toxicity mechanisms. 

Several indicators have been then selected, collected and included into LOE. The indicators included in each LOE were derived from results of NPs characterization and toxicological investigation of Particle Risk project. Concerning the importance of indicators, an equal weight (i.e. one) has given to all identified indicators (conservative assumption). The following set of indicators have been selected to highlight the relationship between particles-related properties and exposure potential and included into first LOE: particle size, aspect ratio, purity, chemical composition, stability in aqueous media and surface reactivity. Particle size was selected because it affects the entrance into respiratory system (i.e. inhalation uptake) and translocation of NPs in the human body. If NPs can deposit in the lung and remain there, and interact with the body (e.g. translocation) there is the potential for exposure. Aspect ratio (i.e. diameter-to-length ratio) was selected to distinguish fibres morphology from particles. Impurity (i.e. presence of impurities in NPs composition) and chemical composition (i.e. presence of toxic substances in the bulk composition of NPs) are two important properties of NPs able to affect exposure. There is also evidence supporting the postulation that chemical component of the particles is responsible for the adverse effects. Therefore, bulk composition and impurities of NPs are parameters that may have an impact on the exposure of NPs within biological system. The stability of the NPs is a critical issue. It is known that the size is a critical parameter in terms of biota interaction. Therefore, it is important to ensure that the original size of the NPs remains stable upon exposure to the biological system. Finally surface groups on particle surface may affect interaction with biota and then exposure.
In the second LOE were grouped results of in vitro tests on liver (i.e. in vitro test on hepatocyties and macrophages cells, and hepatocytes in macrophage-conditioned medium) and on cardiovascular system, which were selected as effect evidences to take into account potential toxicity on humans. Several toxicological based indicators such as ability of NPs to induce oxidative stress (i.e. depletion of Glutathione, GSH), cytotoxicity bioassay (i.e. release of lactate dehydrogenase, LDH, reduction of 3-(4,5-dimethylthiazoyl-2-yl)-2,5-diphenyltetrazolium bromide, MTT, release of Tumour Necrosis Factor Alpha, TNFa), inflammatory mediators (i.e. production of interleukin 8, IL-8), inhibition of bile secretion (i.e. accumulation of cholyl-lysyl-fluorescein, CLF), effect on cell morphology, as well as blood platelet aggregation (i.e. expression of CD62P molecule) were selected to provide the most powerful indication of toxicity.

For each indicator, qualitative or quantitative rating value was chosen on the basis of i) physicochemical characterization and toxicity experimental results, ii) expert judgment, and iii) literature information. Qualitative and quantitative rating for each indicator was selected for comparing the potential to cause harm for each tested NPs. The possible ratings were high, moderate or low for indicators of both LOE; a no effect rating was included for indicators of second LOE. Table 1 shows the LoE and corresponding indicators, and the possible quantitative and qualitative rating value.
	Lines of Evidence  (LoE)
	Indicators
	Rating value

	Physicochemical properties affecting exposure
	Size of single particles: for inhalation uptake.

(According to ICRP deposition rate model of inhaled particles in the respiratory tract. Site of inhaled particles within the lung).
	≤ 10 nm

(More than 80% of inhaled NPs are retained in the three regions of human respiratory tract)

HIGH DEPOSITION
	10 ÷ 30 nm

(Between 80% and 60% of inhaled NPs are retained in the three regions of human respiratory tract)

MODERATE DEPOSITION
	> 30 nm

(Less than 60% of inhaled NPs are retained in the three regions of human respiratory tract)

LOW DEPOSITION

	
	Size of single particle (nm): translocation to other organs after uptake 

According to WP3 results concerning particles translocation after intratracheal instillation 
	≤ 2.5 nm

High
translocation
	2.5 ÷ 5 nm

Moderate translocation
	> 5 nm

Low translocation

	
	Aspect ratio (diameter-to-length ratio)

(fibres are defined as particulate materials with an aspect ratio of 1:3)
	( 1:3

(Behaviour like fibres. To take into account the role of morphology of particles)

HIGH HARMFUL
	< 1:3

LOW HARMFUL

	
	Purity (%): presence of impurities (e.g. PAH, heavy metals) in NPs composition.
	< 96%

HIGH IMPURITY
	96 ÷ 99%

MODERATE IMPURITY
	99%

LOW IMPURITY

	
	Chemical composition:  presence of toxic substances in the bulk composition of NPs 
	Yes

(Composition is clearly of greater importance when particles dissolve over time, e.g. dissolution of toxic elements like heavy metals for metal or metal oxide NPs)

HIGH HARMFUL
	No

LOW HARMFUL

	
	Particles stability in aqueous suspension: ζ-potential (mV) in aqueous suspension at pH 7
	> +30 mV

(No or low aggregation due to strong electrostatic repulsion

HIGH STABILITY
	-30 mV ÷ +30 mV

(Aggregation due to weak electrostatic repulsion)

LOW STABILITY
	< -30 mV

(No or low aggregation due to strong electrostatic repulsion

HIGH STABILITY

	
	Presence of reactive surface groups on particle surface
	Yes

(Reactive groups on a particle surface are likely to modify the exposure)

HIGH REACTIVITY
	No

LOW REACTIVITY

	Effect on hepatocyties 
	Oxidative stress: Glutathione (GSH) depletion
	HIGH depletion
	MODERATE depletion
	LOW depletion
	NO depletion

	
	Cytotoxicity: release of lactate dehydrogenase (LDH)
	HIGH release
	MODERATE release
	LOW release
	NO release

	
	Cytotoxicity: MTT activity
	HIGH activity
	MODERATE activity
	LOW activity
	NO activity

	
	Inhibition of bile secretion:  cholyl-lysyl-fluorescein (CLF)
	HIGH secretion
	MODERATE secretion
	LOW secretion
	NO secretion

	
	Inflammation: production of interleukin 8 (IL-8)
	HIGH production
	MODERATE production
	LOW production
	NO production

	
	Cell morphology: Gross morphology
	HIGH effect
	MODERATE effect
	LOW effect
	NO effect

	
	Cell morphology: Sub-cellular morphology
	HIGH effect
	MODERATE effect
	LOW effect
	NO effect

	Effect on macrophages
	Cytotoxicity: release of lactate dehydrogenase (LDH)
	HIGH release
	MODERATE release
	LOW release
	NO release

	
	Inflammation: release of Tumour Necrosis Factor Alpha (TNFa)
	HIGH release
	MODERATE release
	LOW release
	NO release

	
	Inflammation: production of interleukin 8 (IL-8)
	HIGH production
	MODERATE production
	LOW production
	NO production

	Effect on hepatocytes in macrophage -conditioned medium
	Oxidative stress: Glutathione (GSH) depletion
	HIGH depletion
	MODERATE depletion
	LOW depletion
	NO depletion

	
	Cytotoxicity: release of lactate dehydrogenase (LDH)
	HIGH release
	MODERATE release
	LOW release
	NO release

	
	Inflammation: production of interleukin 8 (IL-8)
	HIGH production
	MODERATE production
	LOW production
	NO production

	Effect on blood platelet
	Blood platelet aggregation: expression of platelet activating CD62P molecule
	HIGH expression
	MODERATE expression
	LOW expression
	NO expression


Table 1 – Various LoE and corresponding indicators, and rating values used to calculate final ranking.
Ranking procedure

On the basis of the rating values of concern (no concern, low, moderate, high) assigned to the 21 indicators, a panel of hazard class may be determined for each NPs under study. Therefore, for ranking the NP potentiality to cause harm to human health, the numbers of class occurrence may be calculated (in %, as frequency) for each tested NPs, according to rating values assigned to each indicator. The frequency of occurrence is an estimate of how often a rating value occurs. 

3. Application of the WoE procedure to NPs

Using the process described above, the hazard ranking for the identified LoE and indicators was determined for the following manufactured NPs: CB, SWNT, C60, QD ADS621 and QD ADS620. A list of hazard class for each NPs was then determined based on the rating values, no concern (i.e. NO), low (L), moderate (M), high(H) assigned to 21 indicators (Table 2). 
	
	
	Hazard class assigned to investigated NPs

	Lines of Evidence  (LOE)
	Indicators
	CB
	SWNT
	C60
	QD ADS621
	QD ADS620

	Physicochemical properties affecting exposure
	Size of single particles: for inhalation uptake.
	M
	M
	H
	H
	H

	
	Size of single particle (nm): translocation to other organs after uptake 
	L
	L
	H
	L
	L

	
	Aspect ratio (diameter-to-length ratio)
	L
	H
	L
	L
	L

	
	Purity (%): presence of impurities (e.g. PAH, heavy metals) in NPs composition.
	M
	M
	L
	L
	L

	
	Chemical composition:  presence of toxic substances in the bulk composition of NPs 
	L
	L
	L
	H
	H

	
	Particles stability in aqueous suspension: ζ-potential (mV) in aqueous suspension at pH 7
	L
	L
	L
	L
	L

	
	Presence of reactive surface groups on particle surface
	L
	L
	L
	H
	H

	Effect on hepatocyties 
	Oxidative stress: Glutathione (GSH) depletion
	NO
	NO
	NO
	H
	NO

	
	Cytotoxicity: release of lactate dehydrogenase (LDH)
	NO
	NO
	NO
	H
	M

	
	Cytotoxicity: MTT activity
	NO
	L
	NO
	H
	M

	
	Inhibition of bile secretion:  cholyl-lysyl-fluorescein (CLF)
	L
	NO
	NO
	H
	NO

	
	Inflammation: production of interleukin 8 (IL-8)
	NO
	NO
	NO
	M
	H

	
	Cell morphology: Gross morphology
	L
	L
	M
	H
	M

	
	Cell morphology: Sub-cellular morphology
	NO
	L
	L
	H
	M

	Effect on macrophages
	Cytotoxicity: release of lactate dehydrogenase (LDH)
	NO
	NO
	L
	H
	L

	
	Inflammation: release of Tumour Necrosis Factor Alpha (TNFa)
	L
	NO
	NO
	M
	H

	
	Inflammation: production of interleukin 8 (IL-8)
	L
	NO
	NO
	M
	H

	Effect on hepatocytes in macrophage -conditioned medium
	Oxidative stress: Glutathione (GSH) depletion
	NO
	NO
	NO
	NO
	H

	
	Cytotoxicity: release of lactate dehydrogenase (LDH)
	NO
	NO
	NO
	H
	L

	
	Inflammation: production of interleukin 8 (IL-8)
	L
	NO
	NO
	L
	M

	Effect on blood platelet
	Blood platelet aggregation: expression of platelet activating CD62P molecule
	L
	L
	L
	L
	H


Table 2 – Summary of the rating values assigned to 21 indicators for CB, SWNT, C60, QD ADS620 and QD ADS621 NPs.

Relative hazard ranking were calculated for manufactured NPs, and each of them were rated in accordance with data displayed in Table 2.
	
	Class occurrence in %

	
	First LOE (i.e. measured NPs properties 

used to evaluate potential exposure)
	Second LOE (i.e. results of toxicity 

assays used to quantify adverse effect) 

	
	High
	Moderate
	Low
	High
	Moderate
	Low
	No

	QD ADS621
	42.8%
	-
	57.2%
	57.1%
	21.4%
	14.4%
	7.1%

	QD ADS620
	42.8%
	-
	57.2%
	35.7%
	35.7%
	14.3%
	14.3%

	C60
	28.5%
	-
	71.5%
	-
	7.1%
	21.4%
	71.5%

	SWNT
	14.3%
	28.5%
	57.1%
	-
	-
	28.6%
	71.4%

	CB
	-
	28.5%
	71.5%
	-
	-
	42.8%
	57.1%


Table 3 – Summary of relative ranking calculations for CB, SWNT, C60, QD ADS620 and QD ADS621 NPs.

The relative ranking obtained (Table 3) shows that QD ADS621 is the most hazard for human health. Both QDs consistently demonstrated to be most toxic and relevant for exposure according to selected physicochemical properties. The proposed WoE approach allowed the hazard of NPs to be ranked as follow by combining both exposure and toxicity class occurrence: QD ADS621 > QD ADS620 > C60 > CB > SWNT.
The lower relative ranking score for CB for both first and second LOE indicates that little evidences exist to conclude that CB has demonstrated a high hazard potential. This might be because less evidences were considered, then further studies should be necessary to better address the hazard of NP.
Although the proposed WoE approach allows to obtain a preliminary hazard ranking of tested NPs, the conclusions becomes stronger as (1) more evidences and measurable parameters (i.e. indicators) are included to demonstrate their effect on the hazardousness for health of NP, (2) more quantitative data and information are available, and (3) higher parameters relevance is defined.

1. Evidences and indicators

Currently, the evidences and measurable parameters available to better reflect their importance in ascribing hazard causation are very limited. Only by assembling and evaluating all of the evidences and parameters our final ranking could be stronger. However, if new information becomes available, we can determine how it would change our conclusions.
2. More quantitative data

Very limited quantitative data are now not available for all indicators 

3. Evidence and indicators relevance
We identified a group of evidences and indicators (i.e. physicochemical properties and toxicological based indicators), but scientific relevance of both evidences and indicators should be better defined in order to link endpoint to adverse effect. We assumed that each assessment endpoint is equally important in the overall calculation, but a suitable weighting method (e.g. expert judgment according to Multi-Criteria Decision Analysis methods) may help to balance the importance of each selected evidence and indicator. 

4. Conclusions and discussions

In the WP4 we have integrated four LOEs in a WoE approach to assess the hazard of NPs. The use of physicochemical characterization and biological responses under laboratory conditions may be considered a preliminary tool to carry out hazard ranking of tested NPs. This methodology, based on the evaluation of a set of NPs properties and effect endpoint under an integrated framework, allows to provide a first hazard evidence, where data and information on exposure and effect of manufactured NPs are very scarce.

Various measured physicochemical properties and effect data were obtained from WP1, WP2 and WP3. However, the measurement data differed in uncertainty and in reliability for suggesting harm to human. We assumed that all LOE and indicators are equally important in the overall calculation of hazard, but a further development of WoE method could be included an “ad hoc” procedure for weighting them and then for highlighting their relative importance, e.g. by expert judgment.
This case study showed then the utility of the WoE procedure and suggested that various LoE can be defined to provide conclusion about hazard of NPs. Currently, the evidence available to assess the potential hazard of manufactured NPs are very limited, but in future any type of available evidence and indicators could be included as new data are generated. 

Finally, this approach of reaching conclusions about NP hazard is intended to be transparent and flexible…
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