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Project summary

Nanotechnology, i.e. production based on different nano-sized particles, is a rapidly increasing area of industry providing new and innovative solutions that are being introduced into many industrial sectors. In the near future, it will have a major impact on the everyday life of people in industrialized countries and, therefore, there are increasing demands by society for reliable and understandable information on the possible health effects of engineered nanoparticles. It is essential that reliable information is gathered before the widespread use of nanoparticles, to avoid potential health prob​lems. The present research project focused on occupa​tional expo​sure to nanoparticles and their health effects. 
One goal of the research was to characterize the levels of exposure to specific engineered nanoparticles. Exposure levels were evaluated both under laboratory conditions and during the manufacture of the particles. The particles were characterized with respect to their morphology and particle-size distribution, surface activity, and potential for agglomerate formation. 
The overall goal of the project was to delineate the health effects of selected nano-sized particles relevant to the occupational environment. The health effects studied included geno​toxicity, pulmonary inflammatory responses, and effects on the vasculature.
The information gathered together with the state-of-the-art technology utilized in these studies increase our knowledge on nanoparticles and help to create a reliable basis for the evaluation of possible health risks associated with these new materials. 
This project brought together expertise from different research areas highly relevant for assessing the safety of nanoparticles and will thereby significantly promote the formation of new centers of excellence and a competitive European Research Area in this rapidly evolving area.

Intentions for use and impact

The findings of the project have a significant socio-economic impact on European capability of conducting research and innovation in the area of nanotechnology. Assuring the safety of new nano​materials is a crucial prerequisite for successful promotion of nanotechnological innovations and their applications in the future. This research creates a reliable and sound foundation for the assessment of safety of the chosen nano-sized particles and products containing nanoparticles and in this way encourages nanotechnological advances to support European national economies and the prosperity and wellbeing of citizens in the EU Member States.

The project provides essential information which can be used on a wider basis for assessing occupational and other safety risks associated with the production and use of nanoparticles. Essential products that serve these scientific and technological goals are means and methods to characterize particle properties, ways to carry out reliable exposure assessments, and models for assessing key-health effects - all important components of the safety evaluation of engineered nanoparticles. 
Scientific and technological objectives of the NANOSH project
Particle and exposure characterization:
· to define exposure levels of selected engineered nanoparticles under laboratory conditions and in workplaces
· to delineate particle size distribution, dissolution, agglomeration properties, surface area and surface activity of various engineered nanoparticles
Genotoxicity of engineered nanoparticles:
· to delineate nanoparticle-induced oxidative DNA damage in pulmonary cells
· to explore nanoparticle-induced DNA strand breakage in pulmonary cells
· to study nanoparticle induced chromosomal damage in pulmonary cells
Pulmonary inflammation induced by engineered nanoparticles:
· to investigate direct effects of nanomaterial exposure on pulmonary inflammation
· to investigate modulatory effects of nanomaterial exposure on the development of allergic asthma
Effects of engineered nanoparticles on microcirculation:
· to investigate the effects of nanoparticles on microvascular thrombus formation
· to investigate potential prothrombotic and proinflammatory effects of nanoparticles in the microvasculature of healthy mice
· to investigate the role of nanoparticles in consequences of post-ischemic injury
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Introduction

The project consists of two main parts; Particle and exposure characterization and Biological effects of engineered nanoparticles.
Particle and exposure characterization
Particle characterization gathered information on the physical and chemical characteristics of the nanomaterials in bulk, air and biological / tissue samples. 

Exposure characterization assessed exposure to nano​particles and associated control issues. The main thrust of the work was the measurement of levels of airborne engineered nano​particles in a wide range of research and industrial settings; each partner carried out measure​ments in several settings giving 18 different datasets. The monitoring programme was planned carefully, involving the company and the workers, so that both parties benefit from the moni​toring exercise. The exposure data will become part of the database.
Particle and exposure characterization were in a key-strategic position for the biological stud​ies, as they are instru​mental in providing information on particle characteristics and realistic levels of exposure to nanoparticles in different settings.

Biological effects of engineered nanoparticles
Information of the potential health effects of manmade nanomaterials on airways is still extremely limited. In this project the potential of nanoparticles to induce genotoxic effects and inflammatory responses in addition to the prothrombotic effects in the micro​circulation of experimental animals was examined. 
As to the genotoxicity of nanomaterials, it is presently poorly understood which nanomaterials are genotoxic and how their genotoxicity should be assessed. Nanomaterials may have primary or secondary geno​toxic effects. Primary genotoxicity may be direct, if the nanomaterials them​selves inter​act with DNA or the mitotic apparatus, or indirect if they act through reactive oxy​gen species (ROS). Secondary genotoxic effects may occur via inflammation, oxidative stress, or lipid per​oxidation and involve the generation of ROS, malondialdehyde, or other reactive species. The project approached these issues by investigating the induction of oxidative DNA damage, DNA strand breaks, and chromosomal damage in pulmonary cells in vitro and in vivo.
The parameters to evaluate pulmonary inflammation included alterations in the panorama of pulmonary inflammatory cells in vivo as well as expression of biochemical markers of inflam​mation, i.e. cytokines and chemokines, also in vivo. Parameters of pulmonary inflammation measured in vitro included increased expression of chemokines and cytokines, and markers of cell death. The in vitro studies were designed to answer specific questions raised during the in vivo studies and questions that could be solved by using experimental animals only.
Nanomaterials, once they have entered the body, end up in the microcirculation, i.e. the small vessels (< 100 µm) present in all organs and tissues. The microcirculation is essential to many functions of the organism. In addition to delivering nutrients and removing waste products, it plays an essential role in fluid exchange between blood and tissue, regulation of flow and blood pressure, inflammation, hemostasis, and angiogenesis. To better understand potential biologic and toxic effects of engineered nanomaterials, increased knowledge of their distribution, fate, and effects in the microcirculation is needed.

Technical approach
Particle characterization

Nanomaterial characterization for commercial nanoparticles in general, nanoparticles collected from the workplaces and the nanoparticles used in toxicity studies is divided into four cate​gories: 1) primary particle size and morphology was studied by electron microscopy coupled with image analysis, 2) state of agglomeration was studied both in air (dustiness tests) and in specified standard liquid (state of dispersion) by imaging the representative samples, 3) crystallinity and phase structures were studied with electron diffraction and x-ray diffraction, while the composition of nanoparticles was analyzed by energy dispersive spectroscopy (EDS) and inductively coupled plasma mass spectrometry (ICP-MS), 4) specific surface area was measured by adsorption using the BET isotherm.

Assessment of potential worker exposure to engineered nanoparticles
A harmonized measurement strategy was developed for the project, based on knowledge of the state-of–the-art and practical feasibility for the four partners. Toxicological evidence sug​gests that current exposure methods based on mass concentrations may not correlate with the potential heath effects from inhalation of emerging nanoparticles. A suite of instruments was therefore deployed at workplace to measure airborne nanoparticle levels. Instruments for measuring near real-time particle size distributions, such as the SMPS (scanning mobility particle sizer) and the ELPI (electrical low pressure impactor), formed the basis for the air measurements during the nanoparticle-related activities. In addition, near real-time active sur​face area concentrations were measured with diffusion charging devices, and particle number concentrations were measured using a variety of condensation particle counters. Electrostatic precipitators and specially adapted filters were used to collect airborne particles during the activities, for physical and chemical characterisation by electron microscopy.

In order to discriminate between levels of nanoparticles generated from the processes being studied and those from external sources (e.g. traffic exhaust, etc) and from other indoor processes, the times of all process activities were carefully logged and observations of inci​dental activities such as opening doors and the passage of vehicles both inside and outside the workplace were noted as far as possible. This enabled the nanoparticle concentrations pro​duced by the processes to be determined by a statistically enhanced subtraction of the back​ground levels before and after each process. Estimates of (the potential for) exposure were then derived by processing the collected data in a structured way, and a preliminary ‘‘decision logic’’ was developed to assist the evaluation of the data. This had four stages and used calculations from the results of the monitoring instruments, together with detailed particle characterisation by electron microscopy and consideration of other workplace issues, to derive a “likelihood of exposure” to nanoparticles from the process being studied.

Measurement of filter efficiency for engineered nanoparticles
A range of different filter materials, both mechanical and electrostatic, that are currently used in RPE and ventilation devices for filtering nanoparticles were tested in the laboratories of three of the partners using tests rigs based on the principles of the current European Standard for measurement of filter penetration. Tests were carried out by each partner with one of the test aerosols of nano-sized aluminium oxide, carbon black and titanium dioxide, generated by atomization of suspensions. Sodium chloride aerosol was used as the reference for comparison of the results among the three partners. Tests were carried out at two different face velocities and in triplicate for each combination. Results of filter penetration as a function of particle size were obtained by using SMPS instruments to measure the number size distributions of the challenge and penetrating aerosols.

Genotoxicity of nanoparticles
The genotoxicity of various nanomaterials was assessed in human bronchial epithelial BEAS 2B cells, mesothelial MeT 5A cells, and lymphocytes in vitro. The doses tested were chosen on the basis of cytotoxicity assessment by the analysis of cell counts, mitotic index, or proliferation index. Oxidative DNA damage was deter​mined using a liquid chromatography-tandem mass spectro​metry (LC-MS/MS) assay for 8-oxo-7,8-dihydro-2′-deoxynucleoside adducts of guanine (8-oxodG) and adenine (8-oxodA) and an immunoslot blot assay for N-1,N2 malondialdehyde-2′-deoxyguanosine (M1dG) adducts. DNA strand breaks were studied by the single cell gel electro​phoresis (comet) assay and chromo​some damage by the micronucleus assay and the chromo​some aberration assay. Centromeric and telomeric fluorescence in situ hybridization (FISH) was used to study the contents of micronuclei induced by nanosized TiO2 anatase. Cytotoxicity was assayed by viable cell counts. The genotoxicity of nanosized TiO2 aerosol (anatase) to lung cells of C57Bl/6J mice in vivo was examined by the analysis of DNA strand breaks and micro​nuclei in alveolar type II cells and Clara cells after a 5-day inhalation exposure using techniques developed in the project.
Pulmonary inflammation
In vitro:

Mouse macrophages and bone-marrow derived dendritic cells in addition to human macro​pha​ges and fibroblasts were exposed to different nanomaterials. After the exposures, cell death was calculated by the Trypan blue -assay, and cells were collected for protein secretion by ELISA (enzyme linked immunosorbent assay), RNA expression (TaqMan) and co-stimulatory molecule expression by FACS (fluorescent activated cell sorter) analysis.
In vivo:

Mice were exposed by inhalation for 2 h, 2 h on 4 consecutive days, or 2 h on 4 consecutive days for 4 weeks to several commercial nanoparticles and to nanosized titanium dioxide generated in a gas-to-particle conversion process at 10 mg/m3. After the exposure, the follow​ing samples were collected and analyzed:
- airway reactivity to methacholine was measured by a plethysmograph
- blood ( changes on protein level by ELISA from serum

- bronchoalveolar lavage (BAL) ( inflammatory cell infiltration analysis 


- lung tissue ( expression of cytokines and chemokines relevant to inflammation


( immunohistochemistry


( morfology

Microvascular effects
Various nanomaterials, such as nano-sized titanium dioxide particles, diesel exhaust particles, carbon black particles, pristine carbon nanotubes, and surface-modified quantum dots, were used in these studies. First, a practical method to disperse nanoparticles in physiologic solu​tions for biological in vitro and in vivo studies was established and validated. Second, the fate of nanomaterials and their potential to exert prothrombotic or proinflammatory effects was analysed in various murine models using state-of-the-art in vitro methods, ex vivo (confocal microscopy) and in vivo microscopy (transillumination and fluorescence microscopy, 2-photon laser-scanning microscopy), immunohistochemistry, and electron microscopy. Third, the ques​tion was addressed of whether a 24-h inhalation exposure to nano-sized carbon particles evokes thrombogenic effects in hepatic and cardiac microvessels and whether these effects are associated with pulmonary or systemic inflammation.

Achievements
Particle characterization

Characterization of nanomaterials in general and for toxicity tests indicated the relevance and importance of material analysis in order to verify the specifications provided by manufacturers. As a conclusion for nanoparticle dispersion studies, it can be stated that for preparation of suitable nanomaterial dispersions for toxicity tests, the use of dispersion additives is beneficial. Within the workplace sample analyses, it was noted that TEM/EDX (transmission electron microscopy/energy dispersive x-ray spectroscopy) analysis is a very valuable tool to confirm the presence of engineered nanoparticles in workplace air. In addition, within the experimental work on the assessment of the efficiency of different sampling methods, a similar size distri​bution was found on the TEM grids using the two collecting devices: ESP (electrostatic precipi​tator) and the filter / TEM grids assembly. The filter / TEM grids assembly, developed through the NANOSH project, is a cheap alternative to the ESP.
Assessment of potential worker exposure to engineered nanoparticles
The raw results were collated in a spreadsheet-based draft database that included contextual information about the process and activity being monitored and the ventilation and exposure controls in use, as well as other important factors. The entries were anonymised, thereby allowing further use and analysis by external bodies. 

Eighteen different companies or institutes were involved, with 124 measurement sets and 426 individual measurements. Of these, 40% were carried out in commercial premises and 60% in research laboratories; 30% involved production (pilot and full scale) of new ENPs and 70% the downstream use of already manufactured ENPs. A wide range of different types of ENPs was encountered in the studies, including many of the most common nanomaterials (e.g. carbon nanotubes, TiO2, ZnO, carbon black, fumed silica, nanoclays) and some less common ones.
In general, levels of ENPs in the workplaces monitored were low and close to background. As expected, the highest emissions were found during the various industrial powder handling activities; and small-scale research carried out in laboratories and clean rooms were the lowest. Following the decision logic process, in 28% of the exposure situations monitored, exposure to ENPs was found to be “likely”; in 20% of the situations it was found to be “possible/not excluded”, and in 52% of the situations it was found to be “not likely”. 

Measurement of filter efficiency for engineered nanoparticles
Key parameters (e.g. test aerosol neutralisation) have been identified that affect the testing of the penetration efficiency of filter materials for nanoparticles. More rigorous and detailed specification of the generation, testing and measurement systems will need to be addressed in future work of this nature, to allow inter-laboratory comparability of data. This is of particular importance to European standards for filter testing.
No evidence was found to suggest that nanoparticle penetration through the filters tested would increase at sizes lower than those considered in this work (i.e. <10 nm). It was found that penetration curves for mechanical filters tend to suggest that the most penetrating particle size is outside the tested range of particle sizes (~10 to 150 nm), and probably at larger particle sizes, whilst those for electrostatic filters tend to show a maximum penetration in the region of 20 to 50 nm for the particle size range tested. It was also found that filter penetration increases as face velocity increases for the majority of cases studied. No conclu​sive evidence was found to suggest that nanoparticle composition significantly affects filter penetration.

Genotoxicity of engineered nanoparticles
Various TiO2 nanoparticles increased the level of 8-oxodA adducts in MeT 5A or BEAS 2B cells in a dose-dependent manner, probably as a consequence of Fenton chemistry leading to the generation of •OH radicals in the vicinity of DNA. None of the nanoparticles studied increased M1dG adducts in BEAS 2B or MeT 5A cells, suggesting no formation of secondary oxidation products such as malondialdehyde as a consequence of lipid peroxidation. Most metal oxide nanoparticles (including nanosized and fine forms of TiO2) and carbon nanomaterials ex​amined, with the exception of nanosized amorphous silicon dioxide (SiO2), were able to induce a dose-dependent increase in DNA strand breakage in the comet assay with BEAS 2B or MeT 5A cells. A stronger effect was usually seen with the mesothelial MeT 5A cells than the epithelial BEAS 2B cells. Nanosized TiO2 anatase, zinc oxide (ZnO), long carbon nanotubes (mixture of singlewall and other carbon nanotubes), and graphite nanofibers produced micro​nuclei as well, but a dose-response was only seen with nanosized ZnO which was also clearly more cytotoxic than the other particles. The chromosome-damaging effect of nanosized TiO2 anatase and short single- and multiwall carbon nanotubes was also studied in human lymphocytes in vitro and all of them increased chromosomal aberrations in a dose-dependent fashion after a continuous treatment for 48 h. FISH analysis indicated that micronuclei induced by nanosized TiO2 anatase in human lymphocytes contained chromosomal fragments and whole chromosomes, indicating both clastogenic and aneugenic mode of action. No induction of DNA strand breaks or micronuclei could be seen in type II alveolar cells or Clara cells of mice after a 5-day inhalation exposure to nanosized TiO2 anatase.

Pulmonary inflammation
In vitro
The analysis of cell death showed that all particles studied were dose-dependently cytotoxic in both mouse macrophes and dendritic cells. Macrophages were the most sensitive to ZnO, followed by TiO2 and carbon nanotubes. Dendritic cells were very sensitive to all studied materials. The most significant induction of inflammatory mediators was seen in macrophages, dendritic cells showing much less inflammatory effects in response to nanomaterials.
In vivo

Experiments on the direct effects of repeated exposure with different nanomaterials on pulmo​nary inflammation in mice showed that the particles accumulate in the alveolar macrophages. Silica coated titanium dioxide nanoparticles were the only sample tested that elicited a clear-cut pulmonary neutrophilia in healthy mice. Pulmonary neutrophilia was accompanied by an increased expression of other essential inflammatory markers in the lung tissue. Asthmatic mice showed a remarkable suppression of most mediators and signs of allergic asthma when exposed to either nanosized or coarse TiO2. The levels of leucocytes, cytokines, chemokines and antibodies relevant in allergic asthma, as well as airway hyperresponsiveness were all decreased or even returned to a normal values in healthy mice. 
Microvascular effects
The findings demonstrated that nano-sized diesel exhaust and titanium dioxide particles injected into healthy mice had no effect on platelet activation or thrombus formation, whilst pristine single-walled carbon nanotubes induce activation/aggregation of platelets and exerted prothrombotic effects in both small arteries and microcirculatory arterioles. Moreover, the results showed that even minor basic surface modifications of quantum dots dramatically influenced their in vivo deposition and clearance after systemic application. Furthermore, quantum dots were shown to modulate leukocyte adhesion and transmigration, depending on their surface modification. Carboxyl-modified quantum dots were rapidly taken up by perivas​cular macrophages involving the activation of mast cells, thus potentiating leukocyte adhesion and transmigration in an ICAM-1-dependent manner. In addition, based on the present findings and previously published work, it could be suggested that exposure to moderate doses of nano-sized carbon black particles exerted thrombogenic effects in the microcirculation of healthy mice, independent of the route of administration, i.e., inhalation or systemic intra-arterial administration. Such nanomaterial-induced throm​bo​genic effects were associated with neither a local nor a systemic inflammatory response and seemed to be independent of pulmonary inflammation.

Conclusions
Particle characterization

The consortium developed models for a thorough characterization of nano​particles and their dispersions, which were used in the toxicity tests performed during the project. The models have been published and can be utilized by others, as well. A number of nanomaterials were selected for the NANO​ATLAS database (available both in printed and electronic form), providing examples of the most relevant nanomaterials used in commercial applications such as carbon nanotubes, fullerenes, metal particles, metal oxide particles, quan​tum dots and some experimental nanoparticles. 
Exposure assessment

A strategy for assessing exposure to ENPs in a range of workplaces was developed. Solutions for background discrimination were explored, A decision logic for determining whether workers were likely to be exposed to ENPs was developed. Measurements were carried out in many types of workplaces from university research laboratories to large-scale production plants, where a wide range of ENPs are produced or handled. The nucleus for a database was developed where results of workplace measurements are stored with the aim to be accessible for anyone to use and add data to.

Genotoxicity of nanoparticles
Methods were developed for genotoxicity assessment of nano​materials in vitro and in vivo. Most nanoparticles were able to damage DNA in vitro, and for TiO2 this seemed to be due to primary oxidative DNA damage. No induction of malondi​aldehyde DNA adducts was seen, suggesting that secondary genotoxic effects due to lipid peroxidation were not involved. Mesothelial cells were more sensitive than bronchial epithelial cells to the DNA-damaging effect of nanoparticles. Some nanomaterials were also capable of increasing chromosome damage in vitro, zinc oxide showing the clearest effect. In human lymphocytes, structural chromosomal aberrations were only obtained by a prolonged in vitro treatment. Inhalation of TiO2 did not affect the level of DNA or chromosome damage in mice. These findings were pre​sented in a number of scientific publications.
Pulmonary inflammation

We assessed the toxicity and immune activation ability of five nanomaterials (TiO2, silica coated TiO2, SWCNT, MWCNT, ZnO) on antigen presenting cells that are the first responders of the immune defence and showed an induction of macrophage activation after exposure to all the materials studied. In vivo tests showed that healthy mice elicited pulmonary neutrophilia accompanied by chemokine CXCL5 expression when exposed to nanosized TiO2. Asthmatic mice showed remarkable suppression of most mediators and signs of allergic asthma when exposed to either nanosized or coarse TiO2. We could see that levels of leucocytes, cytokines, chemokines and antibodies relevant in allergic asthma as well as airway hyperresponsiveness were all decreased or even returned to a level normal in healthy mice. Our results suggest that repeated airway exposure to TiO2 particles modulates the airway inflammation depending on the allergic status of the exposed mice. Interestingly, the level of lung inflammation could not be explained by the surface area of the particles, their primary or agglomerate particle size, or radical formation capacity, but was rather associated with the surface coating. Our findings emphasize that it is vitally important for risk assessment to take into account that modifi​cations, e.g., by surface coating, may drastically change the toxicological potential of nano​particles. The findings were published in the scientific literature.
Microvascular effects
These in vitro and in vivo findings strongly corroborate the view that, in addition to size and shape, the surface chemistry of nanomaterials strongly affects their fate as well as their biological effects in vitro and in vivo and thus is a crucial parameter to be considered with regard to their toxicity but also concerning potential biomedical applications. The results obtained were reported in several original articles.
Continuation plans 
The presentation of the results of the project in scientific publications and conferences will continue. There is a need for effective dissemi​nation of the obtained new knowledge, subse​quent to appropriate digestion of the latest results. This activity is deemed highly important and should concern a wide variety of audi​ences. 
Studies on exposure to various nanomaterials and on their toxicity will be carried on in new research projects, such as NANODEVICE, SUNPAP, and NANOGENOTOX. These projects aim at further development of methodologies and strategies in exposure assessment and nanotoxi​cology and are expected to result, e.g., in new approaches to nanoparticle measure​ments and in recommendations for guidelines on nanomaterial toxicity testing. 
The consortium is actively participating in relevant European networks such as NanoImpactNet and Nanosafety Forum which provide excellent opportunities for further integration and future collaboration in health and safety research of engineered nanomaterials.    
