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The University of California Center for Environmental Implications of Nanotechnology (UC CEIN) was 
established in September 2008 with a long-term vision of developing a multidisciplinary and quantitative 
framework for assessing the potential environmental impact, hazard and exposure to ENMs, in both their 
primary as well as commercial nano-enabled formulations. The Center also provides feedback and guidance 
for the safer implementation of nanotechnology, including risk reduction and safer design strategies. The 
multidisciplinary approach of the Center involves materials science, environmental chemistry and 
engineering, toxicology, ecology, social science, computer science and modeling, statistics, public health, 
law and policy formulation. Collectively, these fields of expertise are necessary to address the complexity of 
the ENM physicochemical properties involved in hazard generation, establishment of structure-activity 
relationships (SARs), and use of exposure assessment to evaluate ecosystems impact. The UC CEIN’s vision 
is to generate predictive tools for environmental hazard and exposure assessment as well as to develop 
strategies to ensure the safe implementation of nanotechnology to the benefit of society, the environment 
and the economy. These tools and knowledge are disseminated through vibrant and impactful educational 
and outreach programs.  

 
The Center makes use of well-characterized compositional and combinatorial ENM libraries to study their 
fate and transport in parallel with the materials' bioavailability and potential to engage toxicological 
pathways in organisms and environmental life forms. Where possible, this exploration involves high 
throughput screening (HTS) to develop structure-activity relationships (SARs) that can be used to predict  
the impact of primary ENMs' on organisms in freshwater, seawater, and terrestrial environments. In silico 
data transformation and decision-making tools are involved in data processing to provide hazard ranking, 
exposure modeling, risk profiling, and construction of nano-SARs. These research activities are combined 
with educational programs that inform the public, students, federal and state agencies, as well as industrial 
stakeholders of the impact of CEIN’s research on the safe implementation of nanotechnology in the 
environment. Collectively, these activities contribute to evidence-based nanotechnology environmental 
health and safety (nano EHS) for society. 
 
The research of the UC CEIN is carried out by 33 distinct but interactive research projects across seven 
interdisciplinary research themes:  

 Theme 1: Compositional and Combinatorial ENM Libraries for Property-Activity Analysis 

 Theme 2: Molecular, Cellular, and Organism High-Throughput Screening for Hazard Assessment 

 Theme 3: Fate, Transport, Exposure, and Life Cycle Assessment 

 Theme 4: Terrestrial Ecosystems Impact and Hazard Assessment 

 Theme 5: Marine and Freshwater Ecosystems Impact and Toxicology 

 Theme 6: Environmental Decision Analysis for ENMs 

 Theme 7: Using CEIN Knowledge Generation to Engage and Impact Multiple Stakeholders 
 
Through the pursuit of interdisciplinary, predictive and high throughput approaches, the UC CEIN has made, 
and will continue to make, a transformative impact on nano EHS assessment. The cornerstone of this 
impact is our ability to use an interdisciplinary approach for acquisition and synthesis of ENM libraries, 
which are assessed by high throughput and facilitative test strategies that inform about nanomaterial 
hazard and potential impact across a broad range of nano/bio interfaces, from cells to ecosystems. Coupled 
with our computational analysis tools and fate and transport modeling, this allows environmental impact 
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analysis of broad material categories, including the use of this information for safety assessment, safer 
design and regulatory decision-making. Over the past year, key Center highlights include:  
 

 The synthesis and characterization of ENM libraries in Theme 1 have enabled the UC CEIN to assemble 
materials that highlight the contributions of chemical composition, electronic structure, surface 
reactivity, material dissolution, charge, size, shape, and surface area on biological outcomes in cells, 
bacteria, algae, terrestrial plants, phytoplankton, daphnia, copepods, zebrafish, mussels and sea 
urchins. We have also been able to demonstrate the importance of metal oxide conduction band 
energy, aspect ratio, and surface chemistry in determining the materials' toxicological potential, 
allowing us to develop SARs for some of the high production materials in this category. Over the past 
year, new libraries were created that focused on fine-tuning band energies of materials that are on the 
borderline of the toxicity predictions (manganese, cobalt and iron oxides).  Additionally, new composite 
nanomaterials with band junctions are ready for biological studies.  A library of different sizes of titania 
nanoparticles are revealing size effects on bacterial growth, a library of aluminum oxyhydroxide sizes 
has been synthesized, and designed agglomerates of silica particles will be used to probe their 
importance for toxicity.  Flame spray pyrolysis silica with different surface properties caused by 
different precursors was fully characterized and exhibited varying hemolysis properties. Additionally, 
surface hydroxyl groups on alumina and copper oxide were deliberately made for detailed toxicity 
studies.  New libraries of partially reduced graphene oxide and layered molybdinum sulfide were 
extensively characterized.  Libraries of rare-earth oxides were characterized and a new library of rare 
earth fluorides was synthesized.   

 Theme 2 uses high throughput screening (HTS) for ENM hazard assessment at cellular and organism 
(zebrafish) levels to develop predictive toxicological paradigms, hazard ranking and SARs to guide nano 
EHS decision-making and environmental research. HTS of industrially important metals (Ag), metal 
oxides, and rare earth oxides (REOs), as well as in-house synthesized (Theme 1) doped Co3O4, AlOOH 
and CeO2 libraries were used since February for cellular, bacterial and zebrafish screening for predictive 
toxicological analysis. HTS was also used to assist the center-wide copper case studies. In addition to 
continuing our established mechanistic toxicological assays for HTS, we also introduced new 
approaches: (i) to develop more sensitive luminescence-based assays for oxidative stress, organelle 
dysfunction and cytotoxicity that can be used to replace fluorescence-based methods; (ii) developing a 
predictive paradigm for REO toxicity that reflects the unique property of this class of materials in 
disrupting the structural integrity and cellular function due to high affinity phosphate binding; (iii) using 
bacterial membrane responses and a gene deletion library for HTS and the mechanistic toxicology; (iv) 
developing assessment of sub-chronic toxicity in zebrafish larvae.   

 Theme 3 provides the UC CEIN with quantitative information on the fate and transport of the 
nanomaterials  selected by the Center, the life cycle implications of engineered nanomaterials (ENMs), 
and experimental methods to measure and estimate likely NP exposure concentrations in different 
environmental media.  We are developing a modeling framework to determine the potential exposure 
to nanomaterials throughout their life-cycle. Using a material balance approach, we have mapped the 
flow of the 10 most commercially relevant ENMs (including metals, metal oxides, and carbon 
nanotubes) through the world economy, considering a dozen major applications. Potential 
environmental releases during the manufacturing, use, and disposal stages were estimated, including 
intermediate steps through wastewater treatment plants and waste incineration plants.  We also 
conducted exposure assessment studies in aquatic environments (exploring bioaccumlulation and 
trophic transfer of CeO2 exposed phytoplankton, and bioavailability of CNTs and copper ENMs), 
terrestrial environments (interactions between indicator plant species, ENMs, key nutrients, and soil to 
understand how plants affect ENM fate and transport), and wastewater treatment systems (exploring 
transformation of ENMs as they move through a model colon into a model septic system).  These 
projects combine to help provide the Center with estimates of realistic exposure concentrations.   
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 Theme 4 researches ENMs at relevant biological (macromolecular to whole organism) and ecological 
(individual, to population, to community, to ecosystem) scales, using appropriately simulated 
environmental complexity (i.e. micro- to mesocosms) and mathematical modeling to produce 
fundamental and practical knowledge for safely guiding the ENM industry within terrestrial 
environments.  Building upon our prior discoveries that metal oxide (MOx)ENMs reduced soil bacterial 
biomass and diversity and impacted C- and N-cycling bacterial taxa, we investigated relationships to 
MOx ENM surface characteristics, either de novo or acquired, further discovering that highly-produced 
nano-TiO2 is bioavailable in soil because of acquired hydrophobicity, despite being initially hydrophilic.  
Insights into the extents and mechanisms of ENM effects on bacteria combined with their prevalence 
and abundance in nature suggest that they should be incorporated into ENM testing strategies for 
routine safety evaluations.  In support, assays amenable to high throughput screening with 
environmentally-relevant bacteria were developed, and optimized and tested as a harmonized suite, 
including a novel approach for assessing ENM interferences with assay reagents. Such insights, and the 
methods employed, provide a robust platform for furthering the development of high throughput 
approaches for screening property-based ENM effects in environmentally-relevant bacteria.  

 Theme 5 is testing hypotheses about the ecologic effects of ENMs in key aquatic environments, 
specifically freshwater and marine pelagic habitats, estuarine soft-sediment habitats, and marine rocky-
reef habitats (where mussels live). We tested the hypothesis that effects of metal ENMs (ZnO, CuO, Ag, 
and CeO2) on phytoplankton population growth are predictable based on the results of a suite of high 
content screening (HCS) assays because the cellular targets are linked to population growth through 
their impact on phytoplankton photosynthetic efficiency. We also conducted photosynthesis and 
population growth rate studies, which confirmed the hypothesis that population growth rates decline 
due to reduction of photosynthetic efficiency, which is caused mainly by the disruption of 
mitochondrial membrane function, due primarily to exposure to elevated levels of ROS. These 
experiments verified ZnO as the most toxic ENM studied so far in the marine environment; that CuO is 
toxic at relatively low concentrations (0.25 ppm); that nano-Ag is toxic but only at very high 
concentrations (10 ppm); and that CeO2 is toxic at moderate concentrations (2.5 ppm) but not for 
mechanisms predicted by our cytological tests.  Dynamic Energy Budget theory and models are being 
developed to support the results of Themes 4 & 5 experiments to allow for inter-species and cross-
environment comparisons.  

 Theme 6 is engaged in developing an advanced computing platform for environmental impact 
assessment of nanomaterials and developing case studies to elucidate the potential environmental 
impact of ENMs.  Developing predictive models for toxicity metrics requires integration/aggregation of 
the body of evidence collected across the Center.  Key advances in the past year include the integration 
of data from across the Center’s cellular, bacterial, and organismal studies into the algorithms 
associated with rule mining, similarity analysis, and QSAR development, which were integrated into our 
web-based HTS Data Analysis Tool (HDAT) which is publicly available.  Additionally, the MendNano 
environmental simulator model has advanced into beta phase and has been validated for the 
estimation of exposure concentration simulations, which incorporate the emissions estimates 
generated by Theme 3.  Finally, the review of the utility for use of CEIN data in environmental impact 
assessment frameworks has shown that our modeling tools for exposure concentration and 
nanotoxicity can be used in a quantitative manner to provide useful metrics in support of decision 
analysis and risk screening.     

 The scope of Theme 7 has been expanded to integrate and translate the research of the UC CEIN for 
discussion and use by multiple stakeholder groups, and to assist the development of new policy 
approaches, safety assessment, and safe implementation approaches of ENMs.  In addition to 
developing outreach materials translating CEIN research for a broader audience, research is underway 
exploring how regulatory approaches can leverage the range of predictive toxicological methods into 
existing or new regulatory frameworks.  In the arena of stakeholder engagement, we convened a 
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roundtable workshop to discuss with federal agencies and industry the utility of alternative testing 
strategies for decision-making analysis of ENMs and chemical safety, resulting in a Perspectives article 
in ACS Nano that contained the first broad consensus statement to lay the groundwork for future 
engagement.  Theme 7 continues to build on the advances in the risk perception and risk assessment 
research carried out in the first five years of the Center, work which is nearing conclusion but continues 
to influence the communications strategy of the UC CEIN.  

 
A major goal of the UC CEIN is to educate the next generation of nano-scale scientists, engineers, and policy 
makers to anticipate and mitigate potential future environmental hazards associated with nanotechnology. 
Our educational programs are developed to broaden the knowledge base of the environmental implications 
through academic coursework, research, and training courses for industrial practitioners, public outreach, 
and a journalist/scientist communication program.  Through the activities of our education team (Theme 8), 
we have had a profound impact on the quality and quantity of educational materials available both 
nationally and internationally in the area of Environmental Nanotechnology, including the development of a 
publicly available online course in Nanotoxicology (a 13-lecture online series that is packaged with readings 
and evaluation quizzes).  Additionally, in partnership with Science Buddies, we developed a science fair 
project aimed at students based on research generated in the Center.  The first project, Tiny Titans: Can 
Silver Nanoparticles Neutralize E. coli Bacteria, was made publicly available through the Science Buddies 
website in June 2013 and has been accessed over 1700 times.  A second science fair project based on the 
groundbreaking soybean work in Theme 4 is currently under development.  The Center has also greatly 
enhanced the professional development opportunities for graduate students and postdoctoral researchers 
within our Center, as we build a cohesive and interdisciplinary environment for science and education. We 
regularly engaged the public in settings such as science museums and public libraries to inform them of our 
work. We have made concerted efforts to involve minority institutions, including the recruitment of 
minority faculty and students. Additionally, we are proud to have two minority serving institutions (with 
UCSB soon to become a third minority serving institution) as core partners in our Center ,and are working 
to incorporate strategies for promoting diversity and inclusion and underrepresented minorities into all of 
our educational activities.  
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