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Abstract

Nanotechnology has significant economic, health, and environmental benefits, including
renewable energy and innovative environmental solutions. Manufactured nanoparticles have been
incorporated into new materials and products because of their novel or enhanced properties. These
very same properties also have prompted concerns about the potential environmental and human
health hazard and risk posed by the manufactured nanomaterials. Appropriate risk management
responses require the development of models capable of predicting the environmental and human
health effects of the nanomaterials. Development of predictive models has been hampered by a
lack of information concerning the environmental fate, behavior and effects of manufactured
nanoparticles. The United Kingdom (UK) Environmental Nanoscience Initiative and the United
States (US) Environmental Protection Agency have developed an international research program
to enhance the knowledgebase and develop risk-predicting models for manufactured nanoparticles.
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Here we report selected highlights of the program as it sought to maximize the complementary
strengths of the transatlantic scientific communities by funding three integrated US-UK consortia
to investigate the transformation of these nanoparticles in terrestrial, aquatic, and atmospheric
environment. Research results demonstrate there is a functional relationship between the
physicochemical properties of environmentally transformed nanomaterials and their effects and
that this relationship is amenable to modeling. In addition, the joint transatlantic program has
allowed the leveraging of additional funding, promoting transboundary scientific collaboration.
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1. Introduction

Emerging results have indicated nanotechnology has the potential to impact industrial
processes (e.g., magnetic storage applications and catalysis), create materials with superior
properties, and improve the effectiveness of drug delivery. Nanomaterials also offer
detection advantages for use in national security emergencies, and innovative approaches to
address current environmental concerns [1] [2] [3]. Because of its promise, hanotechnology
has been widely heralded as the underpinning technology platform of the next industrial
revolution [4] and its development was deemed essential for economic development and
United States (US)national se curity (https://clintonwhitehouse4.archives.gov/
textonly/WH/EOP/OSTP/html/00_121_3.html).

In 2000, the National Nanotechnology Initiative (NNI) was created in the US to ensure the
development of nanotechnology (https://clintonwhitehouse4.archives.gov/
textonly/WH/EOP/OSTP/htmlI/00_121_3.html). At the foundation of the Initiative was the
vision of enabling the control of matter at the nanoscale in order to facilitate a revolution in
technology and industry. To materialize this vision, the US Congress enacted the 21st
Century Nanotechnology Research and Development Act (P.L. 108-153). The Act provided
a statutory foundation for the NNI, established programs, assigned federal agency
responsibilities, authorized funding levels, and promoted nanotechnology research to
address key issues. To ensure harmonious progress of the Initiative, federal agencies were
tasked with developing programs consistent with their mission and authority. Under the NNI
guidance, the Office of Research and Development (ORD) in the Environmental Protection
Agency (EPA), has initially developed a program of research grants focused on
environmental applications of nanotechnology with an emphasis on prevention, detection,
and remediation of environmental pollution. As concerns of the unintended consequences of
nanotechnology have emerged, the focus of EPA’s nanotechnology grants program shifted to
advance the understanding of the environmental implications and risks of nanotechnology.

In 2004, the Royal Society and Royal Academy of Engineering in the United Kingdom (UK)
published a seminal report highlighting how little it was known about how manufactured
nanomaterials enter the environment, how they behave, their fate, and possible effects on
plants, animals and humans (https://royalsociety.org/~/media/Royal_Society Content/
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policy/publications/2004/9693.pdf). The 2005 UK Government response highlighted the
need for a cross-disciplinary approach led by the research community (http://
webarchive.nationalarchives.gov.uk/20070603164510/http://www.dti.gov.uk/files/
file14873.pdf). To address the challenge, in 2006, in the UK a group of funding agencies led
by the Natural Environment Research Council (NERC) established the Environmental
Nanoscience Initiative (ENI)l, a research program on hazard, exposure and environmental
risk posed by manufactured nanomaterials. ENI funded exploratory research projects in
2006 and 2007 aimed at building capacity within the UK scientific community. At the same
time, the increasing awareness about the knowledge gaps surrounding environmental
implications of nanotechnology was highlighted in a report by the Royal Commission on
Environmental Pollution published in 2008 (https://www.gov.uk/government/uploads/
system/uploads/attachment_data/file/228871/7468.pdf). Again, the UK Government
response agreed with the report’s recommendations as to the need to create an integrated
approach to investigate the environmental implications of nanotechnologies with a priority
focus on commercially available nanomaterials (https://www.gov.uk/government/uploads/
system/uploads/attachment_data/file/228785/7620.pdf). These recommendations strengthen
the ENI vision to consider large research projects of transdisciplinary nature joining
expertise from across continents.

Rapid development and use of manufactured nanomaterials (MNMSs) has led to concerns
about their exposure and hazard [5] and underpinning environmental, health and safety
research should aim to allay those concerns through appropriate scientific means. Better
science should lead to action to protect human and environmental health and promote the
benefits of nanotechnology in a sustainable manner. Understanding the risks posed by
MNMs is a global challenge that is best addressed through international collaboration and
multidisciplinary expertise to allow resource and knowledge sharing. By 2009, the
USEPA/ORD and UKENI had developed strong research communities through their
nanotechnology grants programs and the benefits of joining these communities to
collaboratively address the potential implications of nanotechnology became readily
apparent. Initial consultations with the research community and other stakeholders indicated
that one major goal for an international collaboration is the development of predictive
models of fate, behavior, bioaccumulation, and effects of MNMs through relevant pathways
of exposure via water, air, and land.

In 2009, The UKENI and USEPA/ORD’s Science to Achieve Results (STAR) grants
program (https://www.epa.gov/research-grants) announced the development of a bilateral
nanotechnology research program (https://cfpub.epa.gov/ncer_abstracts/index.cfm/
fuseaction/display.rfatext/rfa_id/516; http://www.nerc.ac.uk/research/funded/programmes/
nanoscience/ao-eni2/) with financial support provided jointly by UKENI, USEPA and the
US Consumer Product Safety Commission (USCPSC). The program issued a call for
proposals and subsequently funded three large, interdisciplinary UK-US consortia; 1)
Transatlantic Initiative for the Nanotechnology and the Environment (TINE), 2)

1Comprised of UK NERC, the UK Government Department of Environment, Food, and Rural Affairs, the Environment Agency,
Biotechnology and Bioscience Research Council, Engineering and Physical Sciences Research Council, Medical Research Council,
and UK Government Department of Health.
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Manufactured Nanomaterial Bioavailability & Environmental Exposure (Nano-Bee) and 3)
Risk Assessment for Manufactured Nanoparticles Used in Consumer Products (RAMNUC).
Each consortium developed an integrated, transatlantic team of scientists, with
complimentary expertise to address joint research objectives. The research objectives,
specific media, and case studies associated with these consortia are shown in Table 1.

2.1. Transatlantic Initiative for Nanotechnology and the Environment (TINE) Consortium,
MNMs in the Terrestrial Ecosystems

The primary route for MNMs (e.g., used in consumer products) to enter terrestrial
ecosystems is by wastewater treatment plants [6] via the land application of biosolids
(sludge) to enhance soil fertility [7]. Previous studies have focused on pristine synthesized
nanomaterials [8] which may misrepresent MNMs realistic environmental exposures [9]
[10]. In contrast, TINE consortium sought to characterize transformation of zinc oxide
(Zn0), titanium dioxide (TiOy) and silver (Ag) nanoparticles in realistic environmental
conditions by investigating their behavior, bioavailability, trophic transfer, and ecological
effects during sewage treatment and following application to agricultural soils. TINE also
aimed to determine whether risk assessment models and regulations for land applications of
biosolids could be extrapolated to MNMs.

Pilot-scale wastewater treatment plant studies showed that nanomaterials mostly partitioned
in the sewage sludge with only a low fraction recovered in the treatment process effluents.
Within the treatment plant, Ag and ZnO nanomaterials were completely transformed to a
variety of secondary mineral phases. According to X-ray based speciation studies,
transformation of bulk (nanomaterial free) was similar to that of dissolved metals (Figure 1).
Laboratory assays, conducted to determine the type and range of transformations, predicted
well the transformations that occurred in the wastewater treatment plant [11] [12] [13] [14]
[15]. In laboratory-scale experiments, researchers found that the type of particle coating
affected the nanomaterial binding to soil solids, but not in aged nanomaterials which
behaved identically irrespective of the original coating [16]. These results demonstrate that
the transformations during wastewater treatment can alter the influence of initial particle
coating on nanomaterial behavior. This observation could greatly simplify the risk
assessment process, since one major material variable (particle coating) may have little
influence on nanoparticles behavior in soils when applied as biosolids.

Xray spectroscopy-based speciation and bulk extractions results did not predict differences
in the bioavailability and biological responses between bulk/dissolved metals and
nanoparticles. Studies with plants showed that the legume Medicago trunculatag rew less,
had fewer root nodules, and accumulated more Zn when exposed to aged nanomaterial-
treated biosolids compared with the bulk-treated biosolids [17]. In addition, patterns of gene
expression and the behavior of the soil microbial community were significantly altered by
the nanomaterial-treated biosolids [18]. These results indicate that current risk assessment
procedures for land application of biosolids may need to be adjusted to account for
differences in the behavior and toxicity of nanomaterials relative to dissolved metals.
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In ecotoxicological studies, earthworms exposed to nanomaterial-treated bio-solids
reproduced less than earthworms in bulk-treated biosolids. This effect was more likely
caused by the exposure to Zn, in the biosolids, rather than Ag and TiO, [19]. Transformed
Ag and ZnO nanomaterials were considerably less toxic to nematodes than pristine
nanomaterials and the effects appeared to be caused by a different mechanism of toxicity
[20] [21] [22]. Therefore, ecotoxicity tests using pristine nanomaterials may not accurately
predict the toxicity of nanomaterials following their transformation in the environment.

The research findings have been used to develop a first generation “Life-Cycle-Analysis-
inspired Risk Assessment” (LCA-RA) predictive model of nanomaterials fate following
transfer from sewage treatment plants to terrestrial environment. The TINE consortium
developed a model of Ag and ZnO nanomaterials transport and transformation in
agricultural fields and through watersheds [23] [24] [25] [26]. This realistic model accounts
for the influence of land-use pattern, topography, meteorology, and stream hydrology on the
transport and fate of nanomaterials. Researchers also developed a Bayesian risk forecasting
model to predict the toxicity of Ag nanomaterials. The model can be easily adapted and
updated as additional experimental data and other information on nanomaterial behavior in
the environment become available. The baseline model suggests Ag nanoparticles may pose
the greatest risk due to accumulation in aquatic sediments [27][28].

TINE researchers have also developed a new functional assay-based approach for predicting
nanomaterial fate and effects [29] [30]. For this approach, the team has developed predictive
parameters of mobility, bioavailability and toxicity by integrating intrinsic and extrinsic
properties of nanomaterials within specific environmental matrices [31][32].

2.2. Manufactured Nanomaterial Bioavailability & Environmental Exposure Consortium
(NanoBee), MNMs in the Aquatic Environment

The NanoBee consortium studied the exposure, bioavailability and toxicity of several
nanoparticles including Ag, ceria (CeO,), ZnO, and Au in model aquatic organisms using a
wide range of endpoints. Although some work was performed with commercial
nanomaterials, a critical output was the generation of a library of nanomaterials with tightly
controlled physical and chemical properties, which were characterized using a multi-method
approach [33] [34]. The consortium developed isotopically-labelled nanomaterials [35] [36]
to track nanomaterial movement through the ecosystemat very low concentrations.
Additional work produced isotopically labelled nanohybrid tools to quantify the relative
importance of ion and particle bioavailability and hence their toxicity [37]. Collaborative
work between NanoBee and TINE researchers investigated and discussed properties of the
pristine and transformed nanomaterials, determined their bio-availability and toxicological
properties [38] and extensive characterization was conducted to quantify transformations
and to understand the effect on uptake [39]. Physicochemical properties of environmentally
transformed MNMs determined exposure concentrations and chemical speciation and were
found to be essential in understanding MNMs bioavailability and toxicity.

Bioavailability was examined in experimental and modeling studies in Lymnaea stagnalis,
Daphnia magna and Lumbriculus variegatus, with a particular focus on Ag nanoparticles
[35] [40] [41] although other nanomaterials were also investigated [42]. In several studies,
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bioavailability and toxicity were examined together [43] with bioaccumulation studies
suggesting that both the particle and the ion were bioavailable after dissolution although
with different uptake and loss rate constants [35]. In a simplified freshwater food chain
model comprising the green alga Chlorella vulgaris and the crustacean Daphnia magna, Ag
nanoparticles had lower uptake rates than the dissolved Ag and showed a corresponding
reduction in toxicity. In general, higher uptake values in the alga were related to higher
toxicity, and electron microscopy showed the presence of Ag nanoparticles in the alga when
exposed to higher nanoparticle concentrations. Additional studies suggested that toxicity
was correlated with the ion concentration after dissolution [44]. A similar result was
obtained in complementary genomic studies with zebrafish embryos [45] [46]. Thus,
NanoBee research confirmed that Ag nanoparticle toxicity is largely, but not entirely, due to
the ion which directly interacts with physiologically-active biological sites. It is likely that
nanomaterials are an important delivery vehicle of toxic ionic species. However, not all
toxicity could be explained by the ionic effect and this hypothesis needs further
investigation. The observed uncertainties may be due to a current lack of appropriate
experimental techniques, suggesting the need for new methodological developments, which
are being developed from work started by NanoBee[37] [47].

The NanoBee consortium also studied the visualization of nanomaterials including Au, Ag
and carbon-based nanomaterials which are difficult to visualize [48]. Researchers developed
new methods for obtaining tightly constrained Au nanoclusters as internal standards for use
in electron cryotomography. This led to the development of accurate, minimally-invasive 3D
tools for visualizing nanomaterials in complex hydrated and organic media, and for studying
nanomaterials interactions with proteins and other biological matrices [49]. The tool has led
to the possibility of producing nanoscale images of easily perturbed biological structures
such as proteins and eco-corona around nanomaterials [50]. Laboratory studies were
conducted using appropriate modeling parameters (e.g., diffusion and sedimentation) and
exposure media to simulate realistic environmental conditions [39]. Results suggested that
nanomaterials are prone to a range of transformation processes such as dissolution,
aggregation, eco-corona formation and sulfidation and that these effects are dependent on
the solution and nanomaterial properties [51] [52]. For instance, a high resolution Scanning
Transmission Electron Microscopy and Electron Energy Loss Spectroscopy (STEM-EELS)
study showed heterogeneous sulfidation and allowed the quantification of the thickness of
eco-coronas formed by natural organic macromolecules on nanomaterials [50] [53]. These
results were linked with uptake and toxicity studies, suggesting that dispersed nanomaterials
were far more toxic than aggregated nanomaterials [53] [54]; this work effectively
complemented the Ag nanomaterial sulfidation work performed by TINE.

Nanoparticles toxicity was further studied in a range of aquatic organisms using both
targeted toxicological assays and non-targeted (transcriptomic and metabolomics)
approaches. At low concentrations, stimulatory effects have been seen in bacteria and
hydroponically grown plants and toxicity was observed at higher concentrations [55] [56]
[57]. Although extrapolation should be used cautiously, there is evidence of a potential
hormetic effects. This assessment is further complicated by the concentration dependence of
transformations [37] [50].
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2.3. Risk Assessment for Manufactured Nanoparticles Used in Consumer Products
Consortium (RAMNUC), MNMs in the Atmospheric and Indoor Air

The RAMNUC consortium conducted research to assess human health risk caused by
inhalation exposure to MNMs (ZnO, Ag, and CeQ5) incorporated in selected consumer
products. The overall hypothesis of the RAMNUC consortium is that the physicochemical
and toxicological properties of MNMs at the point of exposure will substantially differ from
those at the source (synthesized in the laboratory or acquired commercially). These
differences may have significant consequences on MNMSs’ bioavailability, induction of
oxidative stress, inflammation, and other toxicity measures. Therefore, RAMNUC aimed to
understand how these nanoparticles transform as they enter and move through the
atmosphere and become inhaled.

Exposure to airborne particles, ranging from 14 nm to 20 um, resulting from the use of
nanotechnology-based cosmetic powders, was studied by applying the aerosols to a
mannequin’s face and measuring the concentration and size distribution of inhaled aerosol
particles [58] [59]. The highest inhaled particle mass was in the coarse aerosol fraction (2.5
— 10 pum), while nanoscale particles were minimally inhaled. For all powders, 85% — 93% of
aerosol deposition occurred in the head airways, while <10% deposited in the alveolar and
<5% in the tracheo-bronchial regions with nanomaterials likely distributed as agglomerates.
These results suggest a major nanomaterial deposition in respiratory system components
other than alveolar regions and possibly a limited ability of the particles to enter the blood
stream [60][61].

In cells isolated from human lung tissue, nanoparticles tested showed different bioactivity. In
addition, RAMNUC results showed the lung lining fluid, and particularly
dipalmitoylphosphatidylcholine, can modify the kinetics of ion release from nanoparticles.
In human alveolar cells, Ag nanowires were dissolved and subsequently transformed into the
highly insoluble Ag sulfide [62] [63]. Pulmonary surfactant also can significantly alter the
dissolution kinetics, aggregation state and surface chemistry of ZnO nanowires (ZnONWSs),
with important consequences on how they are internalized and processed by the underlying
epithelial cells [64]. /n vitro adsorption of pulmonary surfactant lipids on ZnONWSs has been
demonstrated for the first time [65]. The lipid corona delayed the kinetics of Zn2* release
from ZnONWs at acidic pH, by blocking direct contact between the nanowire surface and
the aqueous environment. In addition, pulmonary surfactant prevented the agglomeration of
ZnONWs, possibly through contributions of both steric and charge stabilization effects.
These results indicate a central role of pulmonary surfactant in understanding interactions at
the bio-nano interface of the alveoli, and their impact on subsequent epithelial-endothelial
nanoparticle translocation.

Exposure of lung cells to commercially available antifungal sprays containing
nanoparticulate Ag (MesoSilver™ and Nanofix™) suggested an inflammatory response due
to either product solvent and/or interaction of the Ag with the solvent. Similar results were
reported with nanoparticulate Zn-containing sprays (TheraZinc™ and DermaZinc™). The
overall toxicity was dependent on the type of nanoparticle and the solvent. These studies
emphasize the importance of testing nanomaterials as they occur in commercial products, as
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the product solvent may alter the fate, behaviour and toxicity of the nanoparticles, and
unintended inhalation could cause adverse health effects [66].

In another set of experiments, RAMNUC examined the potential toxic effects of Ag
nanoparticles inhaled via the nasal passage in two rat strains (/.¢e., Brown-Norway and
Sprague-Dawley). In the Brown-Norway rat strain, it was found that a pre-existing
inflammatory condition is likely to lead to an increased amount of Ag retained in the lungs
resulting in parenchymal dysfunction. This was not observed however in the Sprague-
Dawley strain [67] [68]. The reduced clearance rate observed in the Brown-Norway rat may
cause an increased inflammatory response, induction of surfactant protein D and
phospholipids, and airway and parenchymal dysfunction. This would indicate that inhalation
of Ag nanoparticles in humans with pre-existing lung condition (e.g., asthma or chronic
obstructive pulmonary disease) may lead to a greater degree of inflammation with
consequences on lung function.

Another research focus of the RAMNUC consortium was the investigation of the impact of a
nano-ceria diesel fuel additive (Envirox™) on pollutant emissions and physicochemical and
toxicological properties of diesel exhaust particles (DEPS). Addition of nano-ceria to an
ultralow sulphur diesel fuel reduced the emission rates of carbon monoxide, carbon dioxide,
formaldehyde, acetaldehyde, acrolein, several polycyclic hydrocarbons, and DEPs mass.
However, there was also an increase in the emission rates of nitrogen oxides and ultrafine
particles. Modeling studies suggest the nano-ceria additive has the potential to reduce the
overall ambient DEPs concentration in many regions of the US (Figure 2). The addition of
nano-ceria also affected several physicochemical properties of DEPs (e.g., reducing particle
size, reducing carbon content, increasing cerium content, increasing organic carbon to
elemental carbon ratio, and reducing oxidation potential) [69] [70]. These transformations
may be responsible for the changes in bioreactivity and reduction of DEPs toxicity observed
in several experiments conducted with cultured human lung cells, mice cells and zebrafish
embryos. Researchers also characterized an effect on immune responses in blood monocytes
which was linked to changes in size and zeta potential of DEPs induced by nano-ceria [71].

To capture realistic indoor and outdoor exposure scenarios at the population level,
RAMNUC has taken a modular modeling approach including the use of geographic
information systems and particle size distributions. A novel tiered modeling system,
Prioritization/Ranking of Toxic Exposures with GIS (Geographic Information System)
Extension (PROTEGE), was developed utilizing available data for Ag nanoparticles
production, usage, and property databases. The data were complemented with laboratory
measurements of potential exposures from Ag nanoparticles-containing consumer spray
products generated by RAMNUC [66]. The RAMNUC team developed models of
nanoparticle fate, behavior, and /n vitrotoxicity [72] [73] which can be used to support the
analysis and prediction of /n vivo effects by predicting changes in cellular mechanisms
caused by the nanoparticles. RAMNUC further investigated the effects of nanoparticle
properties on biological toxicity using the Agglomeration-Diffusion-Sedimentation-Reaction
Model (ADSRM) and used a direct Monte Carlo simulation to study the transformation of
nanoparticles in biological media [72] [73]. Model predictions for agglomeration and
dissolution were compared to /n vitro measurements for various MNMs, coating materials,
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and incubation media, and found to be consistent with the measurements. The fate, transport,
and effects of MNMs throughout the lung were also modelled to predict particle transport
across the air/biological fluid interface and the final expected dose for both coated and
uncoated particles[73] [74].

The US-UK joint program in nanotechnology research has allowed US and UK scientists to
collaborate and share knowledge across national borders in an effort to understand the
complexities associated with nanomaterial toxicity and environmental behavior. The
international collaboration provided a platform for the consortia to take a robust, systematic
approach that pooled strengths and expertise across disciplines. These projects have
supported transboundary working practices and allowed the leveraging of additional funding
promoting effective use of limited research resources. For example, TINE has developed a
joint US-European Union collaboration to optimize the use of nanomaterial-containing
products for agricultural benefits. The new project, NanoFARM, is expected to play a key
role in ensuring the safe development of agricultural nanotechnology and free trade of
agricultural commaodities. Additional financial support has been secured from both UK and
US funders (e.g. USCPSC, UKNERC, US National Science Foundation, and the Royal
Society), with research outputs feeding into broader scientific groups within the nanoscience
field. Researchers have developed close communication across organizations, taking
advantage of career changes and academic movement between organizations to further build
networking opportunities and to grow the research community. Indeed, these difficult to
quantify developments may be some of the most important outcomes of this transatlantic
program. Notably, the program has substantially advanced the understanding of how
nanomaterials enter and move through the environment, how they transform, and how they
may affect human health and ecosystems. Researchers have characterized the functional
relationship between the nanomaterials physicochemical properties, their toxicity, and effect
on organisms, and demonstrated this relationship is amenable to modelling. A key output
from this program has been the development of models that characterize the fate of
nanomaterials through the environment and predict the impacts they might have on the
environment and human health.

Although these collaborations have substantially advanced the knowledgebase, additional
work is needed to further progress. The US-UK transatlantic program offers an ideal funding
model to enhance progress while effectively making use of scarce resources. An important
development is that future funding models should include a more direct link between
innovation and risk-related research. These are two cognate areas that are often separated for
structural reasons but their interdependency and integration is essential for the safe and
sustainable development of nanotechnology. Results reported here point to important
research questions that future work will need to address:

1. Avre current analytical methodologies suitable for parameterizing and validating
models? If not, what further methods can be developed?

2. Can existing models be applied to realistic exposure scenarios? If not, what
modifications are required?
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3. Can existing models be applied to the next generation of nanomaterials? If not,

how can these models be optimized?

Acknowledgments

The authors thank Dr. Meredith Fry for her comments and suggestions and grants from the UK Natural

Environment Research Council (NE/H013679/1) and the UK Biotechnology and Biological Sciences Research
Council (BBS/E/C/00005094).

List of Abbreviations

References

1.

ADSRM  Agglomeration-Diffusion-Sedimentation Reaction-Model

CPSC Consumer Product Safety Commission
DEPs Diesel Exhaust Particles

ENI Environmental Nanoscience Initiative
EPA Environmental Protection Agency
GIS Geographic Information System

LCA-RA  Life-Cycle-Analysis-Inspired Risk Assessment

MNMs Manufactured Nanomaterials

NanoBee  Manufactured Nanomaterial Bioavailability & Environmental Exposure

NNI National Nanotechnology Initiative
NERC Natural Environment Research Council
ORD Office of Research and Development

ProTEGE Prioritization/Ranking of Toxic Exposures with GIS Extension

RAMNUC Risk Assessment for Manufactured Nanoparticles Used in Consumer

Products

STEM-EELScanning Transmission Electron Microscopy and Electronic Energy Loss

Spectroscopy
STAR Science to Achieve Results
TINE Transatlantic Initiative for the Nanotechnology and the Environments

ZnONWSs  Zinc Oxide Nanowires

Diallo MS, Fromer NA, Jhon MS. Nanotechnology for Sustainable Development: Retrospective and

Outlook. Journal of Nanoparticle Research. 2013; 15:2044. https://doi.org/10.1007/
511051-013-2044-0.

J Environ Prot (Irvine, Calif). Author manuscript; available in PMC 2019 April 02.


https://doi.org/10.1007/s11051-013-2044-0
https://doi.org/10.1007/s11051-013-2044-0

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Lasat et al. Page 11

2. Qu X, Alvarez PJJ, Li Q. Applications of Nanotechnology in Water and Wastewater Treatment.
Water Research. 2013; 47:3931-3946. https://doi.org/10.1016/j.watres.2012.09.058. [PubMed:
23571110]

3. Roco MC, Bainbridge WS. Societal Implications of Nanoscience and Nanotechnology: Maximizing
Human Benefit. Journal of Nanoparticle Research. 2005; 7:1-13. https://doi.org/10.1007/
$11051-004-2336-5.

4. Maynard AD. Navigating the Fourth Industrial Revolution. Nature Nanotechnology. 2015; 10:1005—
1006. https://doi.org/10.1038/nnan0.2015.286.

5. Thomas T, Bahadori T, Savage N, Thomas K. Moving toward Exposure and Risk Evaluation of
Nanomaterials: Challenges and Future Directions. Nanomedicine and Nanobiotechnology. 2009;
1:426-433. https://doi.org/10.1002/wnan.34. [PubMed: 20049808]

6. Sun TY, Gottschalk F, Hungerbihler K, Novak B. Comprehensive Probabilistic Modelling of
Environmental Emissions of Engineered Nanomaterials. Environmental Pollution. 2014; 185:69-76.
https://doi.org/10.1016/j.envpol.2013.10.004. [PubMed: 24220022]

7. Pradas del Real AE, Castillo-Michel H, Kaegi R, Sinnet B, Maginin V, Findling N, Villanova J,
Carriere M, Santaella C, Fernandez-Martinez A, Levard C, Sarret G. Fate of Ag-NPs in Sewage
Sludge after Application on Agricultural Soils. Environmental Science & Technology. 2016;
50:1759-1768. https://doi.org/10.1021/acs.est.5b04550. [PubMed: 26756906]

8. Shoults-Wilson WA, Reinsch BC, Tsyusko OV, Unrine JM. Role of Particle Size and Soil Type in
Toxicity of Silver Nanoparticles to Earthworms. Soil Science Society of America Journal. 2011;
75:365-377. https://doi.org/10.2136/ss5aj2010.0127nps.

9. Ma R, Stegemeier S, Levard C, Dale JG, Noack CW, Yang T, Brown GE, Lowry GV. Sulfidation of
Copper Oxide Nanoparticles and Properties of Resulting Copper Sulphide. Environmental Science:
Nano. 2014; 1:347-357. https://doi.org/10.1039/C4EN00018H.

10. Ma R, Levard C, Michel FM, Brown GE Jr, Lowry GV. Sulfidation Mechanism for Zinc Oxide
Nanoparticles and the Effect of Sulfidation on Their Solubility. Environmental Science &
Technology. 2013; 47:2527-2534. https://doi.org/10.1021/es3035347. [PubMed: 23425191]

11. Rathnayake S, Unrine JM, Judy JD, Miller AF, Rao W, Bertsch PM. Multitechnique Investigation
of the pH Dependence of Phosphate Induced Transformations of ZnO Nanoparticles.
Environmental Science & Technology. 2014; 48:4757-4764. https://doi.org/10.1021/es404544w.
[PubMed: 24693856]

12. Ma R, Levard C, Judy JD, Unrine JM, Durenkamp M, Martin B, Jefferson B, Lowry GV. Fate of
Zinc Oxide and Silver Nanoparticles in a Pilot Wastewater Treatment Plant and in Processed
Biosolids. Environmental Science & Technology. 2014; 48:104-112. https://doi.org/10.1021/
es403646x. [PubMed: 24266610]

13. Lowry GV, Espinasse BP, Badireddy AR, Richardson CJ, Reinsch BC, Bryant LD, Bone AJ,
Deonarine A, Chae S, Therezien M, Colman BP, Hsu-Kim H, Bernhardt ES, Matson CW, Wiesner
MR. Long-Term Transformation and Fate of Manufactured Ag Nanoparticles in a Simulated Large
Scale Freshwater Emergent Wetland. Environmental Science & Technology. 2012; 46:7027-7036.
https://doi.org/10.1021/es204608d. [PubMed: 22463850]

14. Levard C, Hotze EM, Colman BP, Dale AL, Truong L, Yang XY, Bone AJ, Brown GE Jr, Tanguay
RL, Di Giulio RT, Bernhardt ES, Meyer JN, Wiesner MR, Lowry GV. Sulfidation of Silver
Nanoparticles: Natural Antidote to Their Toxicity. Environmental Science & Technology. 2013;
47:13440-13448. https://doi.org/10.1021/es403527n. [PubMed: 24180218]

15. Levard C, Reinsch BC, Michael FM, Oumahi C, Lowry GV, Brown GE Jr. Sulfidation Processes of
PVP-Coated Silver Nanoparticles in Aqueous Solutions: Impact on Dissolution Rate.
Environmental Science & Technology. 2011; 45:5260-5266. https://doi.org/10.1021/es2007758.
[PubMed: 21598969]

16. Whitley AR, Levard C, Oostveen E, Bertsch PM, Matocha CJ, Von der Kammer F, Unrine JM.
Behaviour of Ag Nanoparticles in Soil: Effects of Particle Surface Coating, Aging and Sewage
Sludge Amendment. Environmental Pollution. 2013; 182:141-149. https://doi.org/10.1016/
j.envpol.2013.06.027. [PubMed: 23911623]

17. Judy JD, McNear DH Jr, Chen C, Lewis RW, Tsyusko OV, Bertsch PM, Rao W, Stegemeier J,
Lowry GV, McGrath SP, Durenkamp M, Unrine JM. Nanomaterials in Biosolids Inhibit
Nodulation, Shift Microbial Community Composition, and Result in Increased Metal Uptake

J Environ Prot (Irvine, Calif). Author manuscript; available in PMC 2019 April 02.


https://doi.org/10.1016/j.watres.2012.09.058
https://doi.org/10.1007/s11051-004-2336-5
https://doi.org/10.1007/s11051-004-2336-5
https://doi.org/10.1038/nnano.2015.286
https://doi.org/10.1002/wnan.34
https://doi.org/10.1016/j.envpol.2013.10.004
https://doi.org/10.1021/acs.est.5b04550
https://doi.org/10.2136/sssaj2010.0127nps
https://doi.org/10.1039/C4EN00018H
https://doi.org/10.1021/es3035347
https://doi.org/10.1021/es404544w
https://doi.org/10.1021/es403646x
https://doi.org/10.1021/es403646x
https://doi.org/10.1021/es204608d
https://doi.org/10.1021/es403527n
https://doi.org/10.1021/es2007758
https://doi.org/10.1016/j.envpol.2013.06.027
https://doi.org/10.1016/j.envpol.2013.06.027

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Lasat et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 12

Relative to Bulk/Dissolved Metals. Environmental Science & Technology. 2015; 49:8751-8758.
https://doi.org/10.1021/acs.est.5b01208. [PubMed: 26061863]

Chen C, Unrine JM, Judy JD, Lewis RW, Guo J, McNear DH, Tsyusko OV. Toxicogenomic
Responses of the Model Legume Medicago truncatulato Aged Biosolids Containing a Mixture of
Nanomaterials (TiO», Ag, and ZnO) from a Pilot Wastewater Treatment Plant. Environmental
Science & Technology. 2015; 49:8759-8768. https://doi.org/10.1021/acs.est.5b01211. [PubMed:
26065335]

Diez-Ortiz M, Lahive E, Kille P, Powell K, Morgan AJ, Jurkschat K, van Gestel CAM,
Mosselmans JFW, Svendsen C, Spurgeon DJ. Uptake Routes and Toxikinetics of Silver
Nanoparticles and Silver lons in the Earthworm Lumbricus rubellus. Environmental Toxicology &
Chemistry. 2015; 34:2263-2270. https://doi.org/10.1002/etc.3036. [PubMed: 25917164]

Starnes DL, Unrine JM, Starnes CP, Collin BE, Oostveen EK, Ma R, Lowry GV, Bertsch PM,
Tsyusko OV. Impact of Sulfidation on the Bioavailability and Toxicity of Silver Nanoparticles to
Caenorhabditis elegans. Environmental Pollution. 2015; 196:239-246. https://doi.org/10.1016/
j.envpol.2014.10.009. [PubMed: 25463719]

Choi J, Tsyusko OV, Unrine JM, Chatterjee N, Ahn JM, Yang X, Thornton BL, Ryde IT, Starnes D,
Meyer JN. A Micro-Sized Model for the /n Vivo Studies of Nanoparticle Toxicity: What Has
Caenorhabditis elegans Taught Us? Environmental Chemistry. 2014; 11:227-246. https://doi.org/
10.1071/EN13187.

Tsyusko OV, Hardas SS, Shoults-Wilson WA, Starnes CP, Joice G, Butterfield DA, Unrine JM.
Short-Term Molecular-Level Effects of Silver Nanoparticle Exposure on the Earthworm, Eisenia
fetida. Environmental Pollution. 2012; 171:249-255. https://doi.org/10.1016/j.envpol.2012.08.003.
[PubMed: 22960366]

Dale AL, Casman EA, Lowry GV, Lead JR, Viparelli E, Baalousha M. Modeling Nanomaterial
Environmental Fate in Aquatic Systems. Environmental Science & Technology. 2015; 49:2587—
2593. https://doi.org/10.1021/es505076w. [PubMed: 25611674]

Dale AL, Lowry GV, Casman EA. Stream Dynamics and Chemical Transformations Control the
Environmental Fate of Silver and Zinc Oxide Nanoparticles in a Watershed-Scale Model.
Environmental Science & Technology. 2015; 49:7285-7293. https://doi.org/10.1021/acs.est.
5b01205. [PubMed: 26018454]

Dale AL, Lowry GV, Casman EA. Much Ado about a: Reframing the Debate over Appropriate
Fate Descriptors in Nanoparticle Environmental Risk Modeling. Environmental Science: Nano.
2015; 2:27-32. https://doi.org/10.1039/CAEN00170B.

Dale AL, Lowry GV, Casman EA. Modelling Nanosilver Transformations in Freshwater
Sediments. Environmental Science & Technology. 2013; 47:12920-12928. https://doi.org/10.1021/
es402341t. [PubMed: 24147627]

Money ES, Barton LE, Dawson J, Reckhow KH, Wiesner MR. Validation and Sensitivity of the
FINE Bayesian Network for Forecasting Aquatic Exposure to Nano-Silver. Science of the Total
Environment. 2014; 473-474:685-691. https://doi.org/10.1016/j.scitotenv.2013.12.100.

Money ES, Reckhow KH, Wiesner MR. The Use of Bayesian Networks for Nanoparticle Risk
Forecasting: Model Formulation and Baseline Evaluation. Science of the Total Environment. 2012;
426:436-445. https://doi.org/10.1016/j.scitotenv.2012.03.064. [PubMed: 22521099]

Hendren CO, Lowry GV, Unrine JM, Wiesner MR. A Functional Assay-Based Strategy for
Nanomaterial Risk Forecasting. Science of the Total Environment. 2015; 536:1029-1037. https://
doi.org/10.1016/j.scitotenv.2015.06.100. [PubMed: 26188653]

Hendren CO, Badireddy AR, Casman EA, Wiesner MR. Modelling Nanomaterial Fate in
Wastewater Treatment: Monte Carlo Simulation of Silver Nanoparticles (Nano-Ag). Science of the
Total Environment. 2013; 449:418-425. https://doi.org/10.1016/j.scitotenv.2013.01.078. [PubMed:
23454703]

Barton LE, Auffan M, Durenkamp M, McGrath S, Bottero JY, Wiesner MR. Monte Carlo
Simulations of the Transformation and Removal of Ag, TiO2, and ZnO Nanoparticles in
Wastewater Treatment and Land Application of Biosolids. Science of the Total Environment.
2015; 511:535-543. https://doi.org/10.1016/j.scitotenv.2014.12.056. [PubMed: 25585156]

Barton LE, Therezien M, Auffan M, Bottero JY, Wiesner MR. Theory and Methodology for
Determining Nanoparticle Affinity for Heteroaggregation in Environmental Matrices Using Batch

J Environ Prot (Irvine, Calif). Author manuscript; available in PMC 2019 April 02.


https://doi.org/10.1021/acs.est.5b01208
https://doi.org/10.1021/acs.est.5b01211
https://doi.org/10.1002/etc.3036
https://doi.org/10.1016/j.envpol.2014.10.009
https://doi.org/10.1016/j.envpol.2014.10.009
https://doi.org/10.1071/EN13187
https://doi.org/10.1071/EN13187
https://doi.org/10.1016/j.envpol.2012.08.003
https://doi.org/10.1021/es505076w
https://doi.org/10.1021/acs.est.5b01205
https://doi.org/10.1021/acs.est.5b01205
https://doi.org/10.1039/C4EN00170B
https://doi.org/10.1021/es402341t
https://doi.org/10.1021/es402341t
https://doi.org/10.1016/j.scitotenv.2013.12.100
https://doi.org/10.1016/j.scitotenv.2012.03.064
https://doi.org/10.1016/j.scitotenv.2015.06.100
https://doi.org/10.1016/j.scitotenv.2015.06.100
https://doi.org/10.1016/j.scitotenv.2013.01.078
https://doi.org/10.1016/j.scitotenv.2014.12.056

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Lasat et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 13

Measurements. Environmental Engineering Science. 2014; 31:421-427. https://doi.org/10.1089/
ees.2013.0472.

Domingos RF, Baalousha M, Ju-Nam Y, Reid MM, Tufenkji N, Lead JR, Leppard GG, Wilkinson
KJ. Characterizing Manufactured Nanoparticles in the Environment: Multimedia Determination of
Particle Sizes. Environmental Science & Technology. 2009; 43:7277—-7284. https://doi.org/
10.1021/es900249m. [PubMed: 19848134]

Baalousha M, Lead JR. Rationalizing Nanomaterial Sizes Measured by Atomic Force Microscopy,
Flow Field-Flow Fractionation, and Dynamic Light Scattering: Sample Preparation, Polydispersity,
and Particle Structure. Environmental Science & Technology. 2012; 46:6138-6142. https://doi.org/
10.1021/es301167x.

Croteau MN, Dybowska A, Luoma SN, Misra SK, Valsami-Jones E. Isotopically Modified Silver
Nanoparticles to Assess Nanosilver Bioavailability and Toxicity at Environmentally Relevant
Exposures. Environmental Chemistry. 2014; 11:247-256. https://doi.org/10.1071/EN13141.
Larner F, Dogra Y, Dybowska A, Fabrega J, Stolpe B, Bridgestock LJ, Good-head R, Weiss DJ,
Moger J, Lead JR, Valsami-Jones E, Tyler CR, Galloway TS, Rehkdmper M. Tracing
Bioavailability of ZnO Nanoparticles Using Stable Isotope Labelling. Environmental Science
&Technology. 2012; 46:12137-12145. https://doi.org/10.1021/es302602j. [PubMed: 23050854]

Merrifield RC, Lead JR. Preparation and Characterization of Three-Layer, Isotopically Labelled
Core-Shell Nanoparticles; a Tool for Understanding Bioavailability. Nanolmpact. 2016; 2:54-60.
https://doi.org/10.1016/j.impact.2016.06.003.

Lowry GV, Gregory KB, Apte SC, Lead JR. Transformations of Nanomaterials in the Environment.
Environmental Science & Technology. 2012; 446:6893-6899. https://doi.org/10.1021/es300839%.

Tejamaya M, Romer |, Merrifield RC, Lead JR. Stability of Citrate, PVVP, and PEG Coated Silver
Nanoparticles in Ecotoxicology Media. Environmental Science & Technology. 2012; 46:7011-
7017. https://doi.org/10.1021/es2038596. [PubMed: 22432856]

Kalman J, Paul KB, Khan FR, Stone V, Fernandes TF. Characterisation of Bioaccumulation
Dynamics of Three Differently Coated Silver Nanoparticles and Aqueous Silver in a Simple
Freshwater Food Chain. Environmental Chemistry. 2015; 12:662—672. https://doi.org/10.1071/
EN15035.

Stoiber T, Croteau MN, Rémer |, Tejamaya M, Lead JR, Luoma SN. Influence of Hardness on the
Bioavailability of Silver to a Freshwater Snail after Waterborne Exposure to Silver Nitrate and
Silver Nanoparticles. Nanotoxicology. 2015; 9:918-927. https://doi.org/
10.3109/17435390.2014.991772. [PubMed: 25676617]

Croteau MN, Misra SK, Luoma SN, Valsami-Jones E. Bioaccumulation and Toxicity of CuO
Nanoparticles by a Freshwater Invertebrate after Waterborne and Dietborne Exposures.
Environmental Science & Technology. 2014; 48:10929-10937. https://doi.org/10.1021/es5018703.
[PubMed: 25110983]

Khan RP, Paul KB, Dybowska A, Valsami-Jones E, Lead JR, Stone V, Fernandes TF. Accumulation
Dynamics and Acute Toxicity of Silver Nanoparticles to Daphnia magnaand Lumbriculus
variegatus. Implications for Metal Modelling Approaches. Environmental Science & Technology.
2015; 49:4389-4397. https://doi.org/10.1021/es506124x. [PubMed: 25756614]

Newton KM, Puppala HL, Kitchens CL, Colvin VL, Klaine SJ. Silver Nanoparticle Toxicity to
Daphnia magna |s a Function of Dissolved Silver Concentration. Environmental Toxicology &
Chemistry. 2013; 32:2356-2364. https://doi.org/10.1002/etc.2300. [PubMed: 23761010]

Osborne O, Johnston BD, Cole P, Moger J, Kudoh T, Lead JR, Tyler CR. Effect of Particle Size
and Coating on Nanoscale Ag and TiO» Exposure in Zebrafish Embryos. Nanotoxicology. 2013;
7:1315-1324. https://doi.org/10.3109/17435390.2012.737484. [PubMed: 23035978]

Van Aerle R, Lange A, Moorhouse A, Paszkiewicz K, Ball K, Johnston BD, de-Bastos E, Booth T,
Tyler CR, Santos EM. Molecular Mechanisms of Silver Nanoparticle Toxicity in Zebrafish
Embryos. Environmental Science & Technology. 2013; 47:8005-8014. https://doi.org/10.1021/
es401758d. [PubMed: 23758687]

Merrifield RC, Stephan C, Lead JR. Single-Particle Inductively Coupled Plasma Mass
Spectroscopy Analysis of Size and Number Concentration in Mixtures of Monometallic and
Bimetallic (Core-Shell) Nanoparticles. Talanta. 2017; 162:130-134. https://doi.org/10.1016/
j.talanta.2016.09.070. [PubMed: 27837808]

J Environ Prot (Irvine, Calif). Author manuscript; available in PMC 2019 April 02.


https://doi.org/10.1089/ees.2013.0472
https://doi.org/10.1089/ees.2013.0472
https://doi.org/10.1021/es900249m
https://doi.org/10.1021/es900249m
https://doi.org/10.1021/es301167x
https://doi.org/10.1021/es301167x
https://doi.org/10.1071/EN13141
https://doi.org/10.1021/es302602j
https://doi.org/10.1016/j.impact.2016.06.003
https://doi.org/10.1021/es300839e
https://doi.org/10.1021/es2038596
https://doi.org/10.1071/EN15035
https://doi.org/10.1071/EN15035
https://doi.org/10.3109/17435390.2014.991772
https://doi.org/10.3109/17435390.2014.991772
https://doi.org/10.1021/es5018703
https://doi.org/10.1021/es506124x
https://doi.org/10.1002/etc.2300
https://doi.org/10.3109/17435390.2012.737484
https://doi.org/10.1021/es401758d
https://doi.org/10.1021/es401758d
https://doi.org/10.1016/j.talanta.2016.09.070
https://doi.org/10.1016/j.talanta.2016.09.070

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Lasat et al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 14

Edgington AJ, Petersen EJ, Herzing AA, Podila R, Rao A, Klaine SJ. Microscopic Investigation of
Single-Wall Carbon Nanotube Uptake by Daphinia magna. Nanotoxicology. 2014; 8:2-10. https://
doi.org/10.3109/17435390.2013.847504. [PubMed: 24350828]

Arkill KP, Mantell JM, Plant SR, Verkade P, Palmer RE. Using Size-Selected Gold Clusters on
Graphene Oxide Films to Aid Cryo-Transmission Electron Tomography Alignment. Scientific
Reports. 2015; 5 Article No. 9234. https://doi.org/10.1038/srep09234.

Roémer I, Wang ZW, Merrifield RC, Palmer RE, Lead JR. High Resolution STEM-EELS Study of
Silver Nanoparticles Exposed to Light and Humic Substances. Environmental Science &
Technology. 2016; 50:2183-2190. https://doi.org/10.1021/acs.est.5b04088. [PubMed: 26792384]

Ellis LJA, Valsami-Jones E, Lead JR, Baalousha M. Impact of Surface Coating and Environmental
Conditions on the Fate and Transport of Silver Nanoparticles in the Aquatic Environment. Science
of the Total Environment. 2016; 568:95-106. https://doi.org/10.1016/j.scitotenv.2016.05.199.
[PubMed: 27289392]

Misra SK, Dybowska A, Berhanu D, Luoma SN, Valsami-Jones E. The Complexity of
Nanoparticle Dissolution and Its Importance in Nanotoxicological Studies. Science of the Total
Environment. 2012; 438:225-232. https://doi.org/10.1016/j.scitotenv.2012.08.066. [PubMed:
23000548]

Baalousha M, Arkill KP, Romer |, Palmer RE, Lead JR. Transformations of Citrate and Tween
Coated Silver Nanoparticles Reacted with NayS. Science of the Total Environment. 2015;
502:344-353. https://doi.org/10.1016/j.scitotenv.2014.09.035. [PubMed: 25262296]

Romer I, Gavin AJ, White TA, Merrifield RC, Chipman JK, Viant MR, Lead JR. The Critical
Importance of Defined Media Conditions in Daphnia magna Nanotoxicity Studies. Toxicology
Letters. 2013; 223:103-108. https://doi.org/10.1016/j.toxlet.2013.08.026. [PubMed: 24021169]

Wang J, Koo Y, Alexander A, Yang Y, Westerhof S, Zhang Q, Schnoor JL, Colvin VL, Braam J,
Alvarez PJJ. Phyto-Stimulation of Poplars and Arabidopsis Exposed to Silver Nanoparticles and
Ag™ at Sub-Lethal Concentrations. Environmental Science & Technology. 2013; 47:5442-5449.
https://doi.org/10.1021/es4004334. [PubMed: 23631766]

Yang Y, Wang J, Zhu H, Colvin VL, Alvarez PJJ. Impacts of Silver Nanoparticles on Cellular and
Transcriptional Activity of Nitrogen Cycling Bacteria. Environmental Toxicology & Chemistry.
2013; 32:1488-1494. https://doi.org/10.1002/etc.2230. [PubMed: 23554086]

Yang Y, Quensen J, Mathieu J, Wang Q, Wang J, Li M, Tiedje JM, Alvarez PJJ. Pyrosequencing
Reveals Higher Impact of Silver Nanoparticles Than Ag* on the Microbial Community Structure
of Activated Sludge. Water Research. 2013; 48:317-325. https://doi.org/10.1016/j.watres.
2013.09.046. [PubMed: 24120408]

Nazarenko Y, Han T, Lioy PJ, Mainelis G. Potential for Exposure to Engineered Nanoparticles
from Nanotechnology-Based Consumer Spray Products. Journal of Exposure Science and
Environmental Epidemiology. 2011; 21:515-528. https://doi.org/10.1038/jes.2011.10. [PubMed:
21364702]

Nazarenko Y, Zhen H, Han T, Lioy P, Mainelis G. Nanomaterial Inhalation Exposure from
Nanotechnology-Based Cosmetic Powders: A Quantitative Assessment. Journal of Nanoparticle
Research. 2012; 14:1229-1243. https://doi.org/10.1007/s11051-012-1229-2. [PubMed: 23175627]
Nazarenko Y, Lioy PJ, Mainelis G. Quantitative Assessment of Inhalation Exposure and Deposited
Dose of Aerosol from Nanotechnology-Based Consumer Sprays. Environmental Science: Nano.
2014; 1:161-171. https://doi.org/10.1039/c3en00053b. [PubMed: 25621175]

Nazarenko Y, Zhen H, Han T, Lioy PJ, Mainelis G. Potential for Inhalation Exposure to Engineered
Nanoparticles from Nanotechnology-Based Cosmetic Powders. Environmental Health
Perspectives. 2013; 120:885-892. https://doi.org/10.1289/ehp.1104350.

Chen S, Goode AE, Sweeney S, Theodorou IG, Thorley AJ, Ruenraroengsak P, Chang Y, Gow A,
Schwander S, Skepper J, Zhang JJ, Shaffer MS, Chung KF, Tetley TD, Ryan MP, Porter AE.
Sulfidation of Silver Nanowires Inside Human Alveolar Epithelial Cells: A Potential
Detoxification Mechanism. Nanoscale. 2013; 5:9839-9847. https://doi.org/10.1039/c3nr03205a.
[PubMed: 23970174]

Chen S, Theodorou IG, Goode AE, Gow A, Schwander S, Zhang JJ, Chung KF, Tetley TD, Shaffer
MS, Ryan MP, Porter AE. High-Resolution Analytical Electron Microscopy Reveals Cell Culture

J Environ Prot (Irvine, Calif). Author manuscript; available in PMC 2019 April 02.


https://doi.org/10.3109/17435390.2013.847504
https://doi.org/10.3109/17435390.2013.847504
https://doi.org/10.1038/srep09234
https://doi.org/10.1021/acs.est.5b04088
https://doi.org/10.1016/j.scitotenv.2016.05.199
https://doi.org/10.1016/j.scitotenv.2012.08.066
https://doi.org/10.1016/j.scitotenv.2014.09.035
https://doi.org/10.1016/j.toxlet.2013.08.026
https://doi.org/10.1021/es4004334
https://doi.org/10.1002/etc.2230
https://doi.org/10.1016/j.watres.2013.09.046
https://doi.org/10.1016/j.watres.2013.09.046
https://doi.org/10.1038/jes.2011.10
https://doi.org/10.1007/s11051-012-1229-2
https://doi.org/10.1039/c3en00053b
https://doi.org/10.1289/ehp.1104350
https://doi.org/10.1039/c3nr03205a

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Lasat et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Appendix

Page 15

Media-Induced Changes to the Chemistry of Silver Nanowires. Environmental Science &
Technology. 2013; 47:13813-13821. https://doi.org/10.1021/es403264d. [PubMed: 24160871]

Fen LB, Chen S, Kyo Y, Herpoldt KL, Terrill NJ, Dunlop IE, McPhail DS, Shaffer MS, Schwander
S, Gow A, Zhang J, Chung KF, Tetley TD, Porter AE, Ryan MP. The Stability of Silver
Nanoparticles in a Model of Pulmonary Surfactant. Environmental Science & Technology. 2013;
47:11232-11240. https://doi.org/10.1021/es403377p. [PubMed: 23988335]

Theodorou IG, Ruenraroengsak P, Gow A, Schwander S, Zhang JJ, Chung KF, Tetley TD, Ryan
MP, Porter AE. Effect of Pulmonary Surfactant on the Dissolution, Stability and Uptake of Zinc
Oxide Nanowires by Human Respiratory Epithelial Cells. Nanotoxicology. 2016; 10:1351-1362.
https://doi.org/10.1080/17435390.2016.1214762. [PubMed: 27441789]

Royce SG, Mukherjee D, Cai T, Xu SS, Alexander JA, Mi Z, Calderon L, Mainelis G, Lee K, Lioy
PJ, Tetley TD, Chung KF, Zhang J, Georgopoulos PG. Modelling Population Exposures to Silver
Nanoparticles Present in Consumer Products. Journal of Nanoparticle Research. 2014; 16:2724—
2749. https://doi.org/10.1007/s11051-014-2724-4. [PubMed: 25745354]

Seiffert J, Buckley A, Leo B, Martin NG, Zhu J, Dai R, Hussain F, Guo C, Warren J, Hodgson A,
Gong J, Ryan MP, Zhang JJ, Porter A, Tetley TD, Gow A, Smith R, Chung KF. Pulmonary Effects
of Inhalation of Spark-Generated Silver Nanoparticles in Brown-Norway and Sprague-Dawley
Rats. Respiratory Research. 2016; 17:85. https://doi.org/10.1186/s12931-016-0407-7. [PubMed:
27435725]

Seiffert J, Hussain F, Wiegman C, Li F, Bey L, Baker W, Porter A, Ryan MP, Chang Y, Gow A,
Zhang J, Zhu J, Tetley TD, Chung KF. Pulmonary Toxicity of Instilled Silver Nanoparticles:
Influence of Size, Coating and Rat Strain. PLoS ONE. 2015; 10:e0119726. https://doi.org/
10.1371/journal.pone.0119726. [PubMed: 25747867]

Zhang J, Lee KB, He L, Seiffert J, Subramaniam P, Yang L, Chen S, Maguire P, Mainelis G,
Schwander S, Tetley T, Porter A, Ryan M, Shaffer M, Hu S, Gong J, Chung KF. Effects of a Nano-
Ceria Fuel Additive on Physicochemical Properties of Diesel Exhaust Particles. Environmental
Science: Processes and Impacts. 2016; 18:1333-1342. https://doi.org/10.1039/C6EM00337K.
[PubMed: 27711787]

Zhang J, Nazarenko Y, Zhang L, Calderon L, Lee KB, Garfunkel E, Schwander S, Tetley TD,
Chung KF, Porter AE, Ryan M, Lioy PJ, Mainelis G. Impact of Nanosized Ceria Additive on
Diesel Engine Emissions of Particulate and Gaseous Pollutants. Environmental Science &
Technology. 2013; 47:13077-13085. https://doi.org/10.1021/es402140u. [PubMed: 24144266]
Sarkar S, Zhang L, Subramaniam P, Lee KB, Garfunkel E, Strickland PAO, Mainelis G, Lioy PJ,
Tetley TD, Chung KF, Zhang J, Ryan M, Porter A, Schwander S. Variability in Bioreactivity
Linked to Changes in Size and Zeta Potential of Diesel Exhaust Particles in Human Immune Cells.
PLoS ONE. 2014; 9:97304. https://doi.org/10.1371/journal.pone.0097304. [PubMed: 24825358]

Mukherjee, D., Royce, SG., Sarkar, S., Thorley, A., Schwander, S., Ryan, MP., Porter, AE., Chung,
KF., Tetley, TD., Zhang, J., Georgopoulos, PG. Modelling /n Vitro Cellular Responses to Silver
Nanoparticles. Journal of Toxicology. 2014. Article 1D: 852890. https://doi.org/
10.1155/2014/852890

Mukherjee D, Leo BF, Royce SG, Porter AE, Ryan MP, Schwander S, Chung KF, Tetley TD,
Zhang J, Georgopoulos PG. Modelling Physiochemical Interactions Affecting /n Vitro Cellular
Dosimetry of Engineered Nanomaterials: Application to Nanosilver. Journal of Nanoparticle
Research. 2014; 16:2616. https://doi.org/10.1007/s11051-014-2616-7. [PubMed: 25598696]
Mukherjee D, Porter A, Ryan M, Schwander S, Chung KF, Tetley T, Zhang J, Georgopoulos P.
Modelling /in Vivo Interactions of Engineered Nanoparticles in the Pulmonary Alveolar Lining
Fluid. Nanomaterials. 2015; 5:1223-1249. https://doi.org/10.3390/nan05031223. [PubMed:
26240755]

https://www.whitehouse.gov/files/documents/ostp/NSTC%20Reports/NNI2000.pdf Leading
to the Next Industrial Revolution A Report by the Interagency Working Group on

J Environ Prot (Irvine, Calif). Author manuscript; available in PMC 2019 April 02.


https://doi.org/10.1021/es403264d
https://doi.org/10.1021/es403377p
https://doi.org/10.1080/17435390.2016.1214762
https://doi.org/10.1007/s11051-014-2724-4
https://doi.org/10.1186/s12931-016-0407-7
https://doi.org/10.1371/journal.pone.0119726
https://doi.org/10.1371/journal.pone.0119726
https://doi.org/10.1039/C6EM00337K
https://doi.org/10.1021/es402140u
https://doi.org/10.1371/journal.pone.0097304
https://doi.org/10.1155/2014/852890
https://doi.org/10.1155/2014/852890
https://doi.org/10.1007/s11051-014-2616-7
https://doi.org/10.3390/nano5031223
https://www.whitehouse.gov/files/documents/ostp/NSTC%20Reports/NNI2000.pdf

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Lasat et al.

Page 16

Nanoscience, Engineering and Technology Committee on Technology National Science and
Technology Council February 2000 Washington, D.C.

https://royalsociety.org/~/media/Royal_Society _Content/policy/publications/2004/9693.pdf
The Royal Society & The Royal Academy of Engineering. 2004. Nanoscience and
nanotechnologies: Opportunities and uncertainties.

http://webarchive.nationalarchives.gov.uk/20070603164510/http://www.dti.gov.uk/files/
file14873.pdf Response to The Royal Society and Royal Academy of Engineering Report:
“Nanoscience and nanotechnologies: opportunities and uncertainties”. By HM Government
in Consultation with the Devolved Administrators. 2005.

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/
228871/7468.pdf Novel Materials in the Environment: The case of nanotechnology. Royal
Commission on Environmental Pollution. 2008.

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/
228785/7620.pdf UK Government Response to The Royal Commission on Environmental
Pollution (RCEP) Report “Novel Materials in the Environment: The Case of
Nanotechnology.” 2009.

https://www.epa.gov/research-grants
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.rfatext/rfa_id/516

http://www.nerc.ac.uk/research/funded/programmes/nanoscience/ao-eni2/

J Environ Prot (Irvine, Calif). Author manuscript; available in PMC 2019 April 02.


https://royalsociety.org/~/media/Royal_Society_Content/policy/publications/2004/9693.pdf
http://webarchive.nationalarchives.gov.uk/20070603164510/http://www.dti.gov.uk/files/file14873.pdf
http://webarchive.nationalarchives.gov.uk/20070603164510/http://www.dti.gov.uk/files/file14873.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/228871/7468.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/228871/7468.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/228785/7620.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/228785/7620.pdf
https://www.epa.gov/research-grants
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.rfatext/rfa_id/516
http://www.nerc.ac.uk/research/funded/programmes/nanoscience/ao-eni2/

1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Lasat et al.

Page 17

Activated | WWT
Ag', Zn* Slud;e | = Anaerobic
(o] ; :
_— Np'rAg 5 Digestion
® Sludge

Figure 1.
Similar transformation of disolved, bulk or nanosized metals (ZnO and Ag) in the

wastewater treatment plant (WWTP). X-ray absorption spectroscopy revealed that disolved,
bulk or nanosized ZnO and Ag particles are transformed to sulfide and phosphate minerals.
Zn was also bound to iron oxohydroxides. Reprinted with permission from Ma et al., 2014.
Copyright 2014, American Chemical Society.
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Modeled annual ambient DEP concentrations (ug/m?)
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Figure 2.
Modelled ambient concentration of diesel exhaust particles (DEPS) assuming the use of

diesel fuel with (a) no Envirox'" and (b) with 0.5 mL Envirox™ added per liter of fuel. The
results are based on USEPA’s 2011 National Air Toxics Assessment (NATA) data and the
DEPs emission data published in Zhang et af., 2013.

J Environ Prot (Irvine, Calif). Author manuscript; available in PMC 2019 April 02.



1duosnuep Joyiny vd3 1duosnuey Joyiny vd3

1duosnuey Joyiny vd3

Lasat et al. Page 19

Table 1

UK-US Nanotechnology consortia funded in 2009 focusing on specific media, research objectives and case
studies.

Nanotechnology Consortia Media Research Objectives and Case Studies

. Understanding environmental fate and transformation of MNMs in
terrestrial ecosystems

TINE Terrestrial . Case studies: Transformation in wastewater treatment plants; Life
cycle assessment model of terrestrial effects

. Understanding exposure, bioavailability, and toxicity of MNMs in
aquatic ecosystems

NanoBee Aquatic . Case studies: Transformations and novel methods for MNMs analysis
in complex matrices

. Understanding human toxicity of consumer product-incorporated
MNMs
RAMNUC Atmospheric, Indoor air . Case studies: Household sprays with zinc oxide and silver; Diesel fuel

additives with cerium dioxide

The purpose of this paper is to summarize and integrate research results obtained by the three consortia in the transatlantic program.
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