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INTRODUCTION AND OVERVIEW

The 2006 U.S. Environmental Protection Agency (EPA), National Science Foundation (NSF), and National
Institute for Occupational Safety and Health (NIOSH) Science To Achieve Results (STAR) Nanotech-
nology Environmental Implications Progress Review Workshop was held on November 13-14, 2006, in
Arlington, Virginia. The workshop brought together approximately 70 researchers from academia, industry,
and government to discuss ongoing research on the implications of nanotechnology and the environment.
The workshop served as a stimulus for increased collaborations among the various researchers and included
information on various national and international efforts and initiatives.

Welcome
Stephen A. Lingle, U.S. EPA

Mr. Lingle welcomed participants to the meeting and explained that since 2001, the EPA STAR program
has funded $25 million in research focusing on the health and environmental effects of nanomaterials,
including fate and transport, exposure, toxicity, bioavailability/bioaccumulation, and life cycle assessment.
The purpose of this workshop is for researchers to share their results with each other, EPA staff, and other
interested representatives from organizations, agencies, and institutions. Other partners supporting nano-
technology research include NIOSH and NSF. In addition, EPA has received an increase in its budget to
expand nanotechnology research capabilities in its internal laboratories.

EPA Introduction
Nora Savage, U.S. EPA

Dr. Savage welcomed participants to the meeting and described the unique properties of engineered
nanomaterials and some of their associated environmental challenges, including determining their potential
toxicity and exposure; fate, transport, and transformation; and bioavailability and accumulation. Possibil-
ities for environmental benefit of nanotechnologies and nanomaterials were also noted and include
improved monitoring and detection capabilities, ultra-green manufacturing and chemical processing, waste
minimization, reduced energy usage, commercially viable alternative clean energy sources, inexpensive
and rapid remediation and treatment technologies, and enabling of sustainability.

To date, EPA has funded $15.6 million for extramural research examining the applications of nano-
technology that enhance environmental protection and $17.6 million (excluding ultrafine particulate matter
research) examining the implications of nanotechnology that address the interactions of nanomaterials with
the environment and possible risks that may be posed by nanotechnology. It was noted that nanoscale
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materials may either be engineered, incidental, or natural; this workshop focused on engineered nano-
materials.

In addition to EPA’s regulatory responsibilities, the Agency would like to be proactive in consideration of
environmental benefits and impacts from new technologies as they develop. EPA is interested in
engineered nanomaterials because of their potential for environmental protection and because of their
potential harmful effects to human health and/or the environment. In 2006, the EPA STAR Program
awarded $7.3 million for 21 grants that focus on a variety of implication topics as well as a variety of mate-
rial classes.

In fiscal years 2007 and 2008, EPA’s nanotechnology research strategy will focus on: (1) environmental
fate, transport, and transformation; (2) exposure; (3) monitoring and detection methods. These data will
subsequently feed into the development of effects assessment methods consistent with and derived from
exposure information. EPA considers the development of tools and models that predict how novel materials
behave to be of high priority. In addition, EPA is collaborating internationally to minimize duplication of
efforts and leverage resources. The Agency also will launch an EPA-wide dedicated nanotechnology Web
site soon to provide information on nano and the environment. Currently the NCER nanotechnology Web
site serves this function (http://www.epa.gov/ncer/nano). The ultimate environmental goals of EPA’s nano-
technology efforts are to develop a systematic and integrated approaches to assess, manage and commun-
icate risks associated with engineered nanomaterials in the environment.

PROGRAM PRESENTATIONS

Regulatory and EPA White Paper Perspectives
Jim Alwood, U.S. EPA

The 21st Century Nanotechnology Research and Development Act, was signed in 2003 and authorized
funds for the Agency. The Agency also has additional aspects to consider from a regulatory perspective.
EPA’s Office of Research and Development (ORD) has done an excellent job leading the areas of both
environmental implications and applications. EPA’s Office of Air and Radiation, Office of Pesticide
Programs (OPP), and Office of Pollution Prevention and Toxics (OPPT) also are involved with
nanotechnology research and regulation. EPA’s White Paper was developed to explore and manage cross-
Agency science issues, and every EPA office was included. This paper will provide recommendations for
next steps and has received public input and peer review. The paper is undergoing final review before it
will be published.

Under the Toxic Substance Control Act (TSCA), EPA has an extensive inventory of chemical substances.
Although many of the inventoried substances are at the nanoscale, of materials submitted under TSCA,
only carbon nanotubes (CNTS) appear to have unique properties, whereas others merely have enhanced
properties. In October 2006, EPA launched a Nanotechnology Stewardship Program and invited public
participation by asking stakeholders to design the program, which ultimately will have public input before
it is finalized. The goal is to encourage risk assessment/risk management practices, develop methods to
characterize nanomaterials, and share information on existing practices regarding nanotechnology. Outside
of the Agency, the Organization for Economic Cooperation and Development also has created a
nanotechnology work group and established six priority projects, and Agency staff are integral players in
this organization and its nanotechnology activities.

Discussion

Dr. Ayaad Assaad asked if nanosilver, with its antimicrobial properties, was part of OPP’s mandate. Dr.
Alwood responded that OPP was investigating guidelines for nanosilver.
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National Environmental and Health Implications (NEHI), National Nanotechnology Initiative (NNI)
Clayton Teague, NNI

Nanotechnology is viewed by all agencies as being important because of its important enabling capacity. In
addition, there must be consumer confidence in nanoproducts for manufacturers to invest in their research
and manufacture. The ongoing research by STAR grantees is important in answering questions so that both
consumers and manufacturers have confidence in nanotechnology and its products. Of particular
importance is STAR research to develop methods to redesign hazardous nanomaterials such that they are
benign to the environment and human health.

The NNI, a 5-year-old government-wide initiative involving 25 federal agencies and a budget of $1.3
billion, helps ensure that the introduction of nanoscale materials and products into commerce is done
responsibly and safely. The NNI primarily is a means of providing communication and collaboration
between agencies. Each agency determines how its own nanotechnology program is developed and
managed. The goals of the NNI are to: (1) sustain world-class research and development; (2) facilitate
technology transfer; (3) develop infrastructure, including education, workforce preparation, facilities, and
instrumentation; and (4) support responsible development of nanotechnology.

The NEHI Work Group, a subgroup of NNI’s Nanoscale Science, Engineering, and Technology (NSET)
Subcommittee, was formed in 2003 and formally chartered in 2005 to: (1) promote exchange of informa-
tion related to environmental health and safety (EHS) of nanotechnology research among all agencies, and
(2) facilitate the identification, prioritization, and implementation of EHS nanotechnology research. The
NSET Subcommittee has drafted a Research Needs Document, the product of a comprehensive study of
leading nanotechnology researchers, that identifies five major categories of EHS research and information
needs for understanding and managing the potential risks of engineered nanomaterials. The next step of the
NSET Subcommittee is to prioritize research needs in a dynamic, open, and transparent process. The input
of STAR nanotechnology grantees would be highly valuable.

The implementation of standards for nanotechnology development and commercialization is important
because global competition in nanotechnology is intense. In addition, the definition of nanotechnology is
debated worldwide. Some researchers state that the definition should include only the size of the material
being studied, whereas others also would like to include in the text that the material must have funda-
mentally new properties as a result of its nanoscale size. Several international standards organizations are
developing standards for nanotechnology. The best scientific and technical expertise input is important and
necessary for both national and international standards development processes.

Discussion

Dr. Terry Gordon asked if there was an example of nanotechnology standards in biology. Dr. Teague
responded that one example was the endotoxin testing of CNTs in Japan. Experts are needed in all aspects
of EHS to determine the best ways to measure the toxicity of many different materials and examine how
they interact with biosystems, including the verification of any developed instruments’ performance.

Dr. Assaad commented that he had never seen two different definitions of nanotechnology because they
were always combined. Dr. Teague responded that the debate is whether size alone should be considered
the definition or if the requirement for unique properties also should be included; it is not two different
definitions, but one that is expanded by the addition of the second parameter.

A participant commented that a research area needing funding involves the understanding of the
mechanisms of toxicity. Dr. Teague promised to relay this information to the NNI.
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Dr. Mary Jane Cunningham asked if there had been any compromise on the debate regarding whether 100
nm is the upper limit for nanomaterials. Dr. Teague answered that U.S. scientists seemed to accept 100 nm
as the upper limit, whereas European scientists accept 200-300 nm as an upper range. The International
Standards Organization accepts 100 nm as an approximate, flexible upper limit.

Dr. Mamadou Diallo asked if, in the case of actively assembled nanoscale materials, there was a limit on
the width or length as they approach the micro- or macroscale size. Dr. Teague responded that the core
technology before the assembly determines the limit; therefore, they would be considered nanomaterials.

National Science Foundation (NSF)
Cynthia Ekstein, NSF

NSF’s Division of Chemical, Bioengineering, Environmental, and Transport Systems (CBET) has been
reorganized. Under the Office of the Assistant Director, there are now three divisions and three cross-
cutting areas. The CBET is now one of the three divisions, joined by Civil, Mechanical, and Manufacturing
Innovation and Electrical, Communications, and Cyber Systems. Nanotechnology is a cross-cutting
program that works with NSF’s education and communication divisions.

The centerpiece of the American Competitiveness Initiative (ACI) is the commitment to double investment
over 10 years in key federal agencies that support basic research programs in the physical sciences and
engineering. Two questions considered under the ACI, also of great importance to the NSF, are: (1) What
are the areas of research that will benefit society? (2) Where is the greater good? For each of the previous 2
years, this NSF Division has provided $1 million in funding for nanotechnology research that focuses on
engineering. From an engineering perspective, it is assumed that nanomaterials present an environmental
and health problem until proven otherwise. NSF is a strong proponent for supporting research for the
national good. As research to understand nanotoxicity is of high priority to NSF, it can be assumed that the
budgets for next year will be the same as the current year.

National Institute for Occupational Safety and Health (NIOSH)
W. Allen Robison, NIOSH

The NIOSH Office of Extramural Programs (OEP) funds nanotechnology-related research to help increase
the knowledge of nanotechnology and manufactured nanomaterials as they relate to occupational safety and
health. Research areas supported by NIOSH/OEP include: assessment methods for nanoparticles in the
workplace, toxicology of manufactured nanomaterials, and use of nanotechnology for improved workplace
monitoring. NIOSH/OEP uses RO1 (investigator initiated research grants), R03 (small research grants), R21
(exploratory research grants), and R43/44 (small business research grants) funding mechanisms, standing
program announcements, and Requests for Applications (RFAs) to accomplish its mission. In addition to
extramural nanotechnology research funded by NIOSH (about $5 million over 8 years), the institute has a
diverse cadre of intramural scientists working in nanotechnology. Presently, NIOSH/OEP is funding eight
extramural nanotechnology projects across a variety of research areas. These include sensors for portable
monitors, novel protection garments, lung oxidative stress and inflammation studies, workplace assessment
methods, monitoring of airborne CNTSs, and the role of surface chemistry in toxicology. Some relevant
NIOSH-related nanotechnology Web sites are:

http://www.cdc.gov/niosh/topics/nanotech
http://www?2a.cdc.gov/niosh-nil
http://es.epa.gov/ncer/rfa/2005/2005_star_nano.html
http://www.cdc.gov/niosh/r2p/
http://www.cdc.gov/niosh/programs
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RESEARCH PROJECT PRESENTATIONS

Life Cycle Energy Analysis of Vapor Grown Carbon Nanofibers
Vikas Khanna, The Ohio State University

The objectives of this research project were to: (1) develop modules containing life cycle inventory and
economic information for polymer nanocomposites, (2) select typical consumable and durable polymer
nanocomposites products and perform hybrid (multiscale) life cycle analyses (LCA), (3) consider different
scenarios to address unknowns and uncertainties, and (4) develop thermodynamic methods for LCA in the
absence of knowledge of emissions and impact. Currently, the researchers are evaluating the life cycle
energy requirements for vapor-grown carbon nanofibers (CNFs) and quantifying the environmental impact
of carbon nanofiber synthesis. CNFs were chosen for study because they show promising near-term
applications in polymer nanocomposites, which are expected to replace steel and aluminum because of their
superior performance. LCA results indicated that CNFs have a higher life cycle energy requirement
compared to regular materials on an equal mass basis. When performing an environmental impact
assessment, the researchers found that CNFs have increased global warming potential, human toxicity
potential, and damage to human health potential (as measured by disability-adjusted life years [DALYS])
when compared with commonly used materials on an equal mass basis. They are similar with regard to
ozone layer depletion potential and aquatic and marine water toxicity potential and have lower ecotoxicity
potential. It is important to note, however, that release and impact of nanoparticles during the
manufacturing stage could not be accounted for in the environmental impact assessment as a result of a lack
of CNF toxicity data. Because the comparisons are performed on an equal mass basis, the results cannot be
generalized for CNF-based nanoproducts, and the quantity of their use may decide their life cycle
environmental impact. Specific CNF-based applications need to be studied to evaluate their environmental
performance and are the topics of future work. Future work also is expected to focus on uncertainty and
sensitivity analysis, thermodynamic analysis, and implications of nanotechnology LCA decisionmaking.

Discussion

Dr. Gordon asked if it was taken into account that if CNFs have 10 times the tensile strength as standard
materials, then only 1/10 of the material is needed. Mr. Khanna replied that quantities are compared and
calculated, taking these calculations into account.

Dr. Teague commented that the content of some materials is only 3 to 4 percent CNT or CNF and asked if
this had been taken into account. Mr. Khanna responded that the researchers had not yet investigated
polycomponent materials; this is a next step.

Dr. Gordon commented that recycling of nanomaterials also was an important component of LCA.
Mr. Khanna agreed and said that toxicological aspects as a result of recycling must be considered.

Dr. Barbara Karn stated that the outcome of an LCA/nanotechnology workshop that she coordinated was
that it is possible to use standard LCA on nanomaterials, but the toxicity of nanomaterials is a missing key
ingredient. Toxicology is one of the main evaluation points when determining exposure assessment. She
asked if the researchers were planning to perform a full LCA for end materials. Mr. Khanna stated that this
was going to be the next step, possibly starting in March 2007.

Dr. Teague suggested that the reusability of CNTs/CNFs should be considered in the LCA, as they can be
reused many times and not lose any of their functional abilities.

Dr. Karn asked what types of data are input into the LCA regarding DALYs and ecotoxicology. Mr.
Khanna replied that soil, air, and water emissions for each stage of the life cycle plus toxicological
information for each starting material, byproduct, break-down product, and end product are included.
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Nanosize TiO2 Stimulates Reactive Oxygen Species in Brain Microglia and Damages Neurons In Vitro
Bellina Veronesi, U.S. EPA

This research investigates the nanotoxicity of water-relevant nanoparticles. Nanosize TiO; is utilized in
cosmetics and air and water remediation, making it ubiquitous in the environment. As it has been suggested
that nanotoxicity should be studied on a continuum of increasing biological complexity (i.e., in vitro [single
cell, primary cultures]—transgenic animals—normal animals). The current study first measures the
oxidative stress response of microglia exposed to physicochemically characterized nano-TiO,; next, to
assess this at the in vitro level, immortalized mouse microglia and rat dopaminergic neurons were exposed
to the same nanoparticle. This is followed by measurement of direct nano-TiO, neurotoxicity in rat brain
cultures consisting of microglia, neurons, and others. Researchers found that nano-TiO, are engulfed by
microglia, produce measurable levels of oxidative stress, stimulate housekeeping and oxidative stress
genes, and increase ATP production. Based on these findings, the researchers concluded that TiO,
stimulates ROS and oxidative stress pathways in microglial cultures but only marginal neurotoxicity in
solated dopaminergic neurons. However, when tested in mixed brain cultures, a vigorous oxidative stress-
mediated neurotoxicity occurs. A similar experimental design is being conducted with zero-valent iron
(ZV1). Preliminary data indicates that ZV1 is phagocytosed by microglia and is directly neurotoxic to
dopaminergic neurons.

Discussion

A participant commented on some interesting results that occur when utilizing aged ZVI. Dr. Veronesi
confirmed that she had seen interesting results as well.

Inhalation Exposure Study of Titanium Dioxide Nanoparticles With a Primary Particle Size of 2-5 nm
Vicki Grassian, University of lowa

The objectives of this research project are to: (1) fully characterize a variety of manufactured nano-
materials, (2) determine if engineered nanomaterials are particularly deleterious to health compared to
particles from combustion processes that have been more extensively studied, and (3) evaluate the relative
health effects caused by different surface coatings on the nanoparticle. These characterizations should lead
to a determination of what physicochemical properties are important in nanoparticle toxicity and under
what conditions. Acute inhalation exposure to 2-5 nm TiO, causes an increase in macrophages in the
bronchoalveolar fluid of mice. Subchronic inhalation exposure to 2-5 nm TiO, for 10 days causes macro-
phage levels in mice to remain elevated for 3 weeks before returning to normal levels. Neutrophils and
lymphocytes in the bronchoalveolar fluid of both groups also were elevated. Next, mice were exposed via
inhalation to 20 nm TiO,, and the results were compared to the 5 nm TiO; results. The effects of the 20 nm
nanoparticles were similar to that of the 5 nm nanoparticles, with a slightly more inflammatory response to
the 20 nm particles. Acute inhalation and instillation did not show a surface area effect for 5 nm versus
20 nm nanoparticles; therefore, aggregation state (aggregate size and porosity) may be the most important
factor in these experiments. Studies of other nanomaterials and the impact of surface coatings are
underway. Thus far, iron nanoparticles appear to have similar effects to that of 5 nm TiO, in terms of
toxicity; 25 nm copper nanoparticles appear to be the most toxic.

Discussion

Dr. Peter Vikesland asked if any work had been performed in different solution compositions to see how
this affects toxicity. Dr. Grassian responded that only inhalation studies had been conducted, but
nanoparticle composition was measured, and it did not change throughout the experiments.
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Role of Particle Agglomeration in Nanoparticle Toxicity
Terry Gordon, New York University School of Medicine

The objectives of this research project are to: (1) measure the agglomeration rate of carbon nanoparticles,
(2) identify whether agglomeration is affected by altering exposure conditions such as humidity and
particle charge, and (3) compare the toxicity of singlet versus agglomerated particles in mice exposed via
inhalation. The hypothesis is that there is a difference in the toxicity of fresh (predominantly singlet) versus
aged (predominantly agglomerated) carbon nanoparticles. The experimental approach involved establishing
the agglomeration of freshly generated carbon nanoparticles at various distances (i.e., aging times)
downstream from particle generation in a dynamic exposure system and exposing mice to nanoparticles at
different stages of particle agglomeration. The researchers found that a dose-response relationship between
exposure to carbon nanoparticles and lung inflammation exist, with the effects of fresh nanoparticle
exposure being greater than those of the aged nanoparticles. In addition, humidity and charge had no effect
on the toxicity of carbon nanoparticles. In comparing the effects of other nanoparticles in similar
experimental situations, it was found that copper nanoparticles are more toxic than carbon nanoparticles.
Fresh and aged copper nanoparticles have similar effects.

Discussion

Dr. McDonald asked for examples of potential human exposures to copper. Dr. Gordon replied that he
could not name any specific exposures in terms of nanotechnology, but occupational hazards do exist, and
copper was a quick and easy follow-up experiment. Dr. Grassian stated that welding poses a copper risk;
Dr. Barber added that catalytic applications are another source of exposure.

A participant asked if the charge on the particles was measured. Dr. Gordon responded that the charge was
not measured in these experiments, but it would be in the future.

Dose Assessment of Inhaled Nanosize Particles in Human Lungs
Chong S. Kim, U.S. EPA

The National Health and Environmental Effects Research Laboratory’s integrative approach for particulate
matter dosimetry studies consists of controlled human experiments, in vitro physical model experiments,
mathematical modeling, and computer simulations to develop comprehensive exposure-dose relationships
suitable for improving health risk assessment, identifying susceptible populations, and interpreting toxico-
logical and epidemiological study results. In the human experiments, the total lung deposition fractions of
nano- and ultrafine particles are measured for six different breathing patterns in healthy men and women
under precisely controlled inhalation conditions. To obtain detailed regional lung deposition, a serial bolus
aerosol delivery method was developed and specific deposition values in 10 serial lung compartments were
measured in healthy adult subjects. For the mathematical deposition models, the Weibel’s lung morphology
is used as a basis, and a multipath morphology is adopted for advanced analyses. Computational schemes
include both a deterministic and a stochastic approach. To obtain microscopic dose relevant to tissue or
cellular effects, it is necessary to use numerical simulations for determining microdosimetry in defined
anatomic regions. In the current study, three-dimensional computational models are used for microdose
analysis for the bronchial airways. Both the mathematical and computer simulation models are validated by
the experimental data, and predictions from the validated models help extrapolating experimental results.
The integrative approach thus provides reliable dose information for nanoparticles needed for assessing
potential health risk.

Discussion

Dr. Gordon asked why hot spots were found in bifurcation areas. Dr. C. Kim responded that the boundary
layers of airflow begins at the bifurcations and because the boundary layers are thin at the beginning,
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particles only need to move a short distance to be deposited in the bifurcation area. Thus, hot spots occur at
the bifurcations for nanoparticles.

Dr. Veranth asked if information about the hygroscopic growth of particles within the respiratory airways
during breathing (e.g., size change during the 10 seconds of inhalation) would be added to the model.
Dr. C. Kim responded that the hygroscopic growth of particles is indeed important for determining the lung
dose because ambient aerosols are mostly hygroscopic. The process is very complex, however, and model-
ing requires a careful consideration of pertinent environmental parameters. The fundamental hygroscopic
feature will be added to the current model soon. There are some other models that have already considered
hygroscopic effects on lung deposition of particles.

NOVEMBER 14, 2006

A Toxicogenomics Approach for Assessing the Safety of Single-Walled Carbon
Nanotubes in Human Skin and Lung Cells
Mary Jane Cunningham, Houston Advanced Research Center

The objectives of this research project are to: (1) obtain gene expression profiles (GEP) of known and
unknown nanomaterials, and (2) compare the GEPs to identify toxic effects. A systems biology approach
will be used to perturb the biological system, reiteratively sample the system over time and dose, and
reverse engineer cellular pathways using the gene expression data. The ultimate goal is to merge
biotechnology and nanotechnology to create a virtual cell that can be used as a predictive tool. Preliminary
studies have explored solubility, cytotoxicity, and gene expression microarray experiments with carbon
black, silica (SiO,), and TiO,. In studies with primary HEKSs, TiO, and SiO, GEPs are more similar than
the GEP of carbon black. A more detailed time course study in HEK looked at the gene expression profiles
of SWNTs, SiO,, carbon black, and carbonyl iron. The GEP of SWNT was more similar to the GEP of
carbonyl iron (negative control) than to the GEP of SiO, at a noncytotoxic dose. At an overt cytotoxic dose,
the GEP of SWNT was more similar to the GEP of SiO,. In studies with human bronchial epithelial cells,
profiles from cells exposed to SiO, differ from profiles of cells exposed to any of the other nanomaterials,
and SWNT profiles are more similar to carbonyl iron (negative control) than to SiO,. The largest difference
in gene expression values is seen between human cell systems (skin and lung). In both tissues, the results
indicate that: (1) the GEP of SWNT is more similar to carbonyl iron (the negative control) than to SiO, (the
positive control); and (2) significantly expressed genes with SiO, correlated with previous literature.

Discussion

Dr. Assaad stated that although HEK and lung cells may have morphological similarities, the origin and
function of the cells are entirely different, and he asked why the researchers had chosen to focus on skin
and lung cells. Dr. Cunningham responded that they were chosen because they are the two most common
routes of occupational exposure. The hope is that this toxicogenomics approach can be used as a fast
screening process for toxic effects in the occupational setting.

Cellular Uptake and Toxicity of Dendritic Nanomaterials: An Integrated Physicochemical and
Toxicogenomics Study
Mamadou Diallo, California Institute of Technology

The overall objective of the research project is to advance our fundamental understanding of the cellular
uptake and toxicity of dendritic nanomaterials in aqueous solutions at physiological pH 7.4. The specific
objectives of the research project are to: (1) characterize the interactions of dendrimers with cell mem-
branes, (2) characterize the interactions of dendrimers with plasma proteins, (3) use molecular dynamics
simulations to enhance understanding, (4) characterize the cytotoxicity of dendrimers, and (5) perform
correlation analysis and develop structure-activity relationships. The research approach utilizes dendrimer

The Office of Research and Development’s National Center for Environmental Research 13



2006 U.S. EPA, NSF, and NIOSH STAR Nanotechnology Environmental Implications Progress Review Workshop

synthesis and characterization, physical and chemical measurements, molecular dynamics simulations, in
vitro toxicity measurements, toxicogenomic studies, and correlation analysis. The research focuses on
poly(amidoamine) dendrimers, keeping in mind that core chemistry also can change the surface chemistry.
Amine dendrimers appear to be the most toxic. It also is possible to change the cytotoxicity by changing the
surface group chemistry. Preliminary results are available for the correlation analysis. Measurements of
dendrimer binding to human serum albumin and measurements of the octanol-water partition coefficient of
dendrimers are in progress. In addition, molecular dynamics simulation methods have been developed and
validated.

Discussion

A participant asked if micelles have a similar functional relationship as dendrimers. Dr. Diallo responded
that dendrimers are covalently bonded micelles, so they exhibit a number of the properties of micelles but
without the drawbacks.

Assessing the Potential Impacts of Nanomaterials on Biota and Ecosystem Functions
Jean-Claude Bonzongo, University of Florida

The overall research objective is to assess the impacts of nanomaterials on biota and their potential effects
on ecosystem functions. The hypothesis is that chemical elements used in the production of nanomaterials
could lead to environmental dysfunctions as a result of the potential toxicity of these elements and their
derivatives, the size-dependent properties that makes nanomaterials prone to biouptake/bioaccumulation,
and the large surface area that might lead nanomaterials to act as carriers/delivers of pollutants adsorbed
onto them. Three different microbiotests were used to determine the potential toxicity of fullerenes. The
MetPlate microbiotest did not detect any Cgqo toxicity, but the Ceriodaphnia dubia and Selenastrum
capricornutum tests did indicate toxicity. The impact of nanomaterials on basic ecological functions was
assessed through exposure-induced changes in microbial community structure and activity in sedimentary
environments. The cytotoxicity mechanism was investigated using molecular dynamics simulations and
dipalmitoyl phosphatidyl choline as a model lipid bilayer. The model investigated the effects of nano-
particle chemistry, size, and shape on transport through cell membranes. The calculated free energy profiles
of nanoparticles across the cell membrane showed that there is no significant energy barrier for carbon-
aceous nanomaterials to enter the lipid bilayer. The size of the nanoparticle affects the time it will spend
within the bilayer, whereas its geometry impacts the transport rate through the bilayer. In addition, the
modeling results suggest that hydrophobic nanoparticles will spend a significant amount of time within the
cell membrane and will therefore have the opportunity to react with the cell membrane’s components.
Model simulations of lipid peroxidation within the bilayer based on a progressive replacement of
hydrophobic beads with hydrophilic ones led to the softening and rupture of the cell membrane. For living
cells, this could lead to leaky membranes and ultimately cell death.

Discussion

A participant asked if there were any theories regarding organic breakdown between assays. Dr. Bonzongo
responded that Cg toxicity gives conflicting results. The MetPlate was developed to test heavy metals and
is therefore highly specific to heavy metals, and carbon is not a metal.

Dr. Mitch Lasat proposed that one effect of toxicity is the loss of membrane integrity, and a straightforward
method of determining this would be via electrophysics.
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Biochemical, Molecular, and Cellular Responses of Zebrafish Exposed to Metallic Nanoparticles
David Barber, University of Florida

The objectives of this research project are to determine: (1) if metal uptake, distribution, and toxicity are
equivalent in zebrafish exposed to aqueous solutions or to nanoparticulate suspensions of aluminum, silver,
and nickel; (2) the effect of particle size, shape, and composition on acute toxicity of metallic nanoparticles
in zebrafish gill; and (3) if in vitro models of gill toxicity are representative of in vivo exposures.
Aggregation of nanoparticles was studied for nickel, silver, and copper, and most aggregate very quickly
and aggregates do not change over time. When zebrafish are exposed, the soluble form, and nanosilver is
1 million times less toxic on an acute basis than the soluble form. Neither soluble nor nanonickel particles
are found to be lethal in zebrafish. Some gill function is lost in zebrafish following exposure to aluminum,
and 157 genes are significantly affected. Two of these are specific to nanoaluminum. Body burden and loss
of gill function in response to copper and nanocopper particle exposure are increased following exposure,
although there is no significant difference in kidney and lung injury. PCR analysis shows that genes
involved in metal transport are downregulated in the liver but upregulated in the gill following exposure to
nanocopper. The researchers conclude that: (1) nanoparticles aggregate rapidly once introduced into water,
which may limit exposure; (2) aluminum, silver, and copper nanoparticles are less acutely toxic than their
soluble counterparts; and (3) copper nanoparticles may produce effects at the gill that are not solely a result
of dissolution.

Discussion

Dr. Diallo commented that adding citrate with the copper increased toxicity and solubility. He asked if
citrate was added for aluminum, as it was not dropping out. Dr. Barber replied that it was done for silver
but not aluminum, because the laboratory is interested in what happens in a natural system.

Dr. Theodorakis asked what experimental characterization methods were utilized. Dr. Barber responded
that a Coulter counter or dynamic light scattering were used.

A participant asked if other organisms were being investigated. Dr. Barber responded that Daphnia and
guantum dots had been explored. Additional experiments on this organism are planned, which should yield
interesting results because Daphnia are filter feeders and therefore will have increased potential exposure.
Clams also will be investigated.

A participant asked if algae would be investigated. Dr. Barber replied that with expert help it could be a
possibility, but he does not have specific expertise in algae studies.

Fate, Transformation and Toxicity of Manufactured Nanomaterials in Drinking Water
Paul Westerhoff, Arizona State University

The overall goal is to understand the fate and significance of nanomaterials in drinking water. The specific
objectives of this research project are to: (1) characterize the fundamental properties of nanomaterials in
aquatic environments, (2) examine the interactions between nanomaterials and pollutants and pathogens,
(3) evaluate the removal efficiency of nanomaterials by drinking water unit processes, and (4) test the
toxicity of nanomaterials in drinking water using a cell culture model system of the epithelium. Scanning
electron microscopy (SEM); transmission electron microscopy (TEM); acid digestion followed by atomic
adsorption, graphite furnace-atomic adsorption, or inductively coupled plasma-mass spectrometry; UV-Vis
absorption spectroscopy; and liquid chromatography-mass spectroscopy (for detecting nCg) were utilized
to quantify nanomaterials in water. Some findings include: (1) as purchased, commercial metal oxide
nanomaterials in dry powder or liquid forms are aggregated and difficult to disaggregate in water; (2) the
presence of even low levels of salts in water leads to rapid aggregation of commercial nanomaterials; (3)
alum coagulation removes metal oxide nanomaterials from water; (4) quantum dots have a metal core, are
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functionalized with organic ligands to affect polarity, and are smaller and more stable in water than most
other commercial metal oxide nanomaterials; (5) fullerenes (nCgqo) also aggregate rapidly in tap water as a
result of the presence of salts and adsorb into wastewater biomass; (6) most nanomaterial biological assays
are probably evaluating materials greater than 1 mm in size; and (7) metal oxide nanomaterials detri-
mentally influence microvilli in human intestine cell lines, and a small percentage of nanomaterials
permeate across these epithelial cell layers and could result in passage of nanomaterials into the
bloodstream for humans, although all tests have only been conducted on cell culture in the laboratory.

Discussion

Dr. Assaad asked if nanoparticles were considered that result through the spraying pesticides.
Dr. Westerhoff responded that this was not investigated, but it may be possible to extrapolate.

A participant asked what other particles had been investigated. Dr. Westerhoff explained that laboratory-
synthesized hematite had been studied, and in general the focus of his laboratory’s efforts have been on
commercial metal or metal oxide nanomaterials. There appears to be good analogies between commercial
metal or metal oxide nanomaterials and the behavior of well studied naturally occurring nanomaterials in
the environment. For example, quantum dots with a metal core and carboxylic functional ligands can be
thought of as being similar to clay or other particles coated with natural organic matter in the environment.

Responses of Lung Cells to Metals in Manufactured Nanoparticles
John Veranth, University of Utah

The hypothesis of this research project is that transition metals in particles induce proinflammatory
cytokine production via ROS production assuming that, as a result of their high surface area, nanoparticles
are more likely to induce larger responses in cells than their micron-sized counterparts. The experimental
approach includes utilizing and physically characterizing commercially available metal oxide particles, in
vitro cell culture screening assays, and in vivo studies to establish health relevance. Only small differences
are seen between nano- and micron-size particle pairs in 1L-6 and I1L-8 production in human lung epithelial
cells. In a human lung epithelial cell model, the oxide nanoparticles have low potency compared to soil-
derived dusts, which implies that inhalation of manufactured oxide nanoparticles poses a risk comparable to
other ambient and occupational particle types. Particles with high surface areas can cause artifacts in cyto-
kine assays because of nonspecific loss of surface area and nonspecific binding of nanoparticles to surface
proteins, but adding albumin or serum reduces this artifact. This is an important result especially when
reviewing previously published data from research that utilized these methods. Results in human aortic
endothelial cell lines showed increased toxicity to silica and TiO, but in doses very high compared to those
seen in occupational exposure. Confocal microscopy images of A549 lung cells showed nanoparticles
mostly on the cell surface, but some were taken up by the cells. Future studies will compare the effects of
manufactured nanoparticles and soil-derived dusts in rodents exposed via the intratracheal route.

Discussion

Dr. Monteiro-Riviere commented that carbon-based nanomaterials also give false results and that different
carbon blacks have different affects on cytokines and asked Dr. Veranth to confirm that his results indicate
that metal oxides have the same problem. Dr. Veranth confirmed that this is what the results indicate.

Fate and Transport of Nano-Cg in Soils and the Use of Nano-lron Oxides for Arsenic Removal From
Drinking Water
Mason Tomson, Rice University

The objectives of this research project are to: (1) understand the fate and transport of nCg, and (2) develop
an efficient and cost-effective technology for arsenic removal. In terms of understanding the fate and
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transport, the researchers concluded that it is possible to prepare stable nCq particles in water, without any
chemical additive; nCq particles showed limited mobility under typical groundwater velocity, but spiked
release was observed and may occur in natural environments; and the amount of humic acid in the porous
media will impact the transport ability of nCs. The researchers investigated nanomagnetite for arsenic
removal and discovered that it has similar kinetic and thermodynamic affinities to arsenite and arsenate.
Competing ions, such as sulfate, chloride ion, or orthophosphate, do not have an effect on arsenic removal,
however, bicarbonate does have some effect. Ferric iron, even in the presence of bicarbonate, can reduce
arsenic in Houston, Texas, tap water. A case study in Brownsville, Texas, indicated that although iron is
effective in reducing arsenic in tap water, the iron levels in the tap water subsequently became too high.
The combination of magnetite and ferric iron is effective in reducing both arsenic and iron levels. Arsenic
removal with nanomagnetite is 1,000 to 10,000 times more efficient than current methods, displays
enormous sorption capacity, can be magnetically separated, and is cost effective. In addition,
nanomagnetite may be applied to other contaminants.

Discussion

Dr. Diallo asked how specific the results were to arsenic and if more experiments are being performed on
other substances. Dr. Tomson responded that there are plans to investigate a variety of chemical species.
The investigators have been able to consistently reproduce their results, indicating that these results are not
an artifact. Future work may include the utilization of extended X-ray absorption fine-structure spectro-

scopy.

Dr. Karn asked about recovery of the nanomagnetite. Dr. Tomson replied that it can be recovered using
physical chemistry, but there is a lot more work to be done in this area. This is a next step for the research
project.

A participant asked if arsenite oxidation to arsenate was observed. Dr. Tomson explained that if the system
is microbially contaminated, there is some transition, but because the work is done with water that is not
bacterially contaminated and the experiments are fast reactions, this transition is not observed.

Bioavailability of Carbon Nanotube Catalyst Residues
Robert Hurt, Brown University

The early nanotoxicology literature reports a wide variability in the biological response to carbon
nanotubes, and this may be due in part to the wide variability in CNT material properties. Catalytic growth
methods are now dominant for synthesis of MWNTSs and are exclusively used for SWNT synthesis. The
most common elements in CNT catalyst formulations are iron, nickel, yttrium, cobalt, and molybdenum.
The objective of this research project is to determine if metals contribute to CNT toxicity and how CNT
metals effects can be assayed and managed. Twelve different commercial CNTs were utilized in the study.
CNTs containing nickel, a known human carcinogen in some forms, and iron, which may catalyze free
radical generation and DNA damage, were chosen for the study. The researchers found that most CNT
nickel and iron are encapsulated and unavailable, but a minority fraction is typically bioavailable and leads
to toxicologically significant release. Because this bioavailability varies and cannot be predicted from
measurements of total metal, a specific assay is needed. Vendor purification often reduces bioavailability
but does not fully suppress metal release. Nickel is mobilized more readily at low pH, and CNT nickel is
taken up by human lung epithelial cells as easily as nickel chloride. Iron mobilization depends on oxidation
state and sample age. Mobilized iron is redox active and can catalyze single-strand breaks in plasmid DNA.
These results suggest ways to minimize CNT health risks through targeted purification of the bioavailable
fraction.

The Office of Research and Development’s National Center for Environmental Research 17



2006 U.S. EPA, NSF, and NIOSH STAR Nanotechnology Environmental Implications Progress Review Workshop

Discussion

A participant asked if a relationship was observed between mobility and surface area. Dr. Hurt responded
that a relationship is seen in studies of pure metal nanoparticles, where smaller size and higher surface area
lead to faster release of metal ions. For carbon nanotubes, however, the total surface area is dominated by
the carbon contribution and does not provide useful information about the exposed metal surface area.

Dr. Diallo asked how the metals were incorporated into the CNTs. Dr. Hurt explained that carbonaceous
material precursors first deposit on the catalyst surface and then form tubular carbon that grows outward
from the catalyst particle.

Dr. McDonald asked if changes in equilibrium were seen if nickel was removed. Dr. Hurt replied that
nickel release is gradual and full equilibrium was not reached even after 20 hours of exposure to low-pH
medium. Studies are underway to determine if multiple washes would help accelerate nickel removal by
suppressing any reversible reaction or adsorption process.

Fate and Transport of Carbon Nanomaterials in Unsaturated and Saturated Soils
Kurt Pennell, Georgia Institute of Technology

The objectives of this research project are to: (1) investigate the fate and transport of Csy nanomaterials in
water-saturated soils as a function of soil properties and systems parameters; (2) assess the effects of Cg
nanomaterials on soil water retention, water flow, and transport in unsaturated soils; and (3) develop and
evaluate a numerical simulator to describe Cgy Nnanomaterial transport, retention, and release in subsurface
systems. Based on the researchers’ previous findings, experimental design included verification of model-
ing; use of fluorescent microsphere beads followed by nCgo-fullerene in one-dimensional columns with
varying flow rate, initial concentration, ionic strength, and soil type; and development of a model using
classical transport and filtration theory that could then be extended. Initial modeling results indicated that
the attachment-detachment model did fit the microsphere transport and retention data very well, and the
collision efficiency was relatively constant at different flow rates. The researchers then wanted to identify
the mechanisms controlling the attachment process; retention was attributed to secondary minimum effect.
Ceo-fullerene experiments indicated that: (1) Cso nanoparticle transport was influenced strongly by reten-
tion/sorption processes described using nonlinear isotherms; (2) Cgo nanoparticle surface interactions were
considerably lower for glass beads relative to Ottawa sand and were subject to ionic strength (charge)
effects; and (3) mathematical modeling of Cgo transport and retention likely will require the use of coupled
nonequilibrium, nonlinear retention (sorption) expressions.

Discussion

Dr. Diallo asked if there were any plans to use functionalized surface groups (e.g., hydroxyl, carboxyl) to
obtain a better idea of adsorption. Dr. Pennell replied that plans to investigate more complicated surface
groups were in place, including surfactants and functionalized surfaces.

A participant asked how fullerenes were measured coming out of liquid and following reextraction out of
the sediment. Dr. Pennell answered that UV-Vis adsorption spectroscopy and dynamic light scattering were
utilized.

Dr. C. Kim asked if the CNTs were singular or agglomerated. Dr. Pennell responded that some sort of
agglomeration was occurring.

The Office of Research and Development’s National Center for Environmental Research 18



2006 U.S. EPA, NSF, and NIOSH STAR Nanotechnology Environmental Implications Progress Review Workshop

Characterization of Water-Stirred Fullerenes in Aqueous and Aerosolized Forms
Linsey Marr and Peter Vikesland, Virginia Tech

The objective of this research project is to characterize the behavior of fresh versus atmospherically aged
nanomaterials in aquatic and terrestrial systems. To achieve this objective, the researchers will characterize
fullerene suspensions in water and air, age aerosolized fullerenes in a smog chamber, evaluate the transport
of fresh and atmospherically aged fullerene in porous media, and quantify adhesive and repulsive forces
between fullerene and environmental surfaces using AFM. Cg, fullerenes were prepared via one of two
methods: (1) Mix/nCg, or (2) tetrahydrofuran (THF)/nCg. TEM images of Mix/nCgqy showed the presence
of small particles, medium and large aggregates, and face-centered cubic crystals with very few crystal
defects; exposure to electron beam destroys this crystal structure. THF/nCg, particles are uniform in size
and shape (usually round or rounded triangles), with the round particles tending to have multiple
crystallites, and the triangular particles tending to be single crystals. The THF/nCq crystals are more stable
under the electron beam. Aerosolization experiments indicated that aerosolized Mix/nCg is approximately
60 nm in size. These data imply that the existence of nanoscale Mix/nCg, aggregates may have significant
effects on toxicity in water and air, and physical and transport properties of the small and large Mix/nCqg
aggregates may differ. Ongoing studies include: (1) characterization of adhesion forces via AFM,
(2) detection of molecular Cgy via TEM, (3) evaluation of transport characteristics following oxidation, (4)
collection of aerosolized nanoparticles, and (5) reaction of aerosolized Cq, With ozone.

Discussion

A participant asked if the solution actually contained smaller molecules than air. Dr. Marr responded that
the differences in measurements between air and water may have been a result of the different measuring
techniques utilized in the two different media.

Dr. Tomson asked if ionic strength or pH had been investigated. Dr. Vikesland responded that ionic
strength had been investigated somewhat, and some differences have been seen. pH has not been
investigated.

Transformations of Biologically Conjugated CdSe Quantum Dots Released Into Water and Biofilms
Patricia Holden, University of California

Quantum dots are a very effective biolabel, and previous studies have shown that light increases Bacillus
subtilis labeling by quantum dots. Previous experiments conducted in Escherichia coli have indicated that
both labeling and any resultant membrane damage are transient. Therefore, the objectives of this research
project are to determine: (1) effects during longer term growth; (2) comparative effects of constituent
metals; (3) effects for planktonic versus biofilm growth modes; (4) roles of environmental factors; and (5)
size, coating, and conjugate dependencies. The questions driving this research are: (1) What are the effects
of cadmium selenide (CdSe) quantum dots to growing bacteria? (2) What are the fates of CdSe quantum
dots with growing bacteria? (3) How do fate and effects vary with growth habit? Using CdSe quantum dots
and Pseudomonas aeruginosa as the model organism, the researchers determined that quantum dots cause
membrane damage (likely ROS), cadmium ion is liberated rapidly from quantum dots through cellular
association, cadmium ion accumulates and exerts typical cadmium ion toxicity, and liberated selenide is
oxidized to elemental selenium and accumulates. These results indicate that cells decompose quantum dots
and succumb to cadmium ion toxicity. The researchers have proposed a conceptual model for quantum dot-
bacterial interactions; mechanisms are likely strain-specific. There is supporting evidence for transmem-
brane transport of bare quantum dots and intracellular quantum dot breakdown with possible protein
involvement. In addition, there is early evidence for intracellular quantum dot assembly. The next steps are
to confirm CdSe formation in cells with cadmium ion plus selenite treatment, perform biofilm growth
experiments, and determine mechanisms of quantum dot entry, breakdown, and effects.

The Office of Research and Development’s National Center for Environmental Research 19



2006 U.S. EPA, NSF, and NIOSH STAR Nanotechnology Environmental Implications Progress Review Workshop

Discussion

Dr. Karn asked, from a bioengineering standpoint, if Dr. Holden had spoken to an engineer regarding a
production method to determine size. Dr. Holden responded that inorganic chemists and materials scientists
have expressed an interest, but purification will be an issue as a result of the selenium particles.

Dr. Paul Bertsch asked if the cells had been spatially resolved to determine if/where the different forms of
selenium were in the cell. Dr. Holden responded that this is a great idea but logistically it is a challenge at
her facility as a result of the long waiting time for X-ray adsorption spectroscopy services.

Chemical and Biological Behavior of Single-Walled Carbon Nanotubes in the Estuarine Environment
P. Lee Ferguson, University of South Carolina

The objectives of this research project are to: (1) determine the factors controlling the fate of SWNTSs in
estuarine seawater, sediment, and sediment-ingesting organisms; (2) examine the impact of SWNTSs on the
disposition of model organic contaminants in estuarine sediments; (3) determine whether the presence of
SWNTSs in estuarine sediments affects the bioavailability of model organic contaminants to suspension- and
deposit-feeding estuarine invertebrates; and (4) assess the toxicity of SWNTs to a model deposit-feeding
estuarine invertebrate in seawater. SWNTs aggregate very rapidly (less than 10 minutes with most
occurring in the first minute) in saline waters, and aggregation is enhanced in solutions of divalent cations.
Although natural dissolved organic matter has little effect on SWNT aggregation, the presence of dissolved
organic matter may reduce aggregation of SWNTs in low ionic strength natural waters. These results
indicate that SWNTSs likely will sink into sediment in estuaries, which led the researchers to investigate the
abilities of SWNTSs to influence the disposition of hydrophobic organic contaminants (HOCs) in sediments.
Results indicate that SWNTSs are highly sorptive to HOCs in a nonlinear manner. The presence of dissolved
organic matter decreases HOC sorption affinity. lonic strength has little effect on naphthalene sorption to
SWNT, whereas hexachlorobenzene sorption decreases with increasing ionic strength. In determining if
SWNTs in sediments impact HOC bioavailability, results indicate that SWNTSs have the potential to reduce
the bioavailability of HOCs, probably as a result of their high surface area-to-volume ratio; however, the
results are dependent on the test organism and also may vary based on feeding strategies.

Discussion

A participant asked about the kinetics for common headspace partitioning. Dr. Ferguson responded that it
took 48 hours. The experiments went to 72 hours to ensure that equilibrium was achieved.

Fate and Transformation of Cg, Nanoparticles in Water Treatment Processes
Jaehong Kim, Georgia Institute of Technology

The objective of this research project is to determine if nCq in the aqueous phase exhibits: (1) chemical
reactivity different from Cs in the organic phase, or (2) different photoreactivity with respect to energy and
electron transfer. In experiments to determine the reaction of water-stable Cgqo aggregates with ozone,
results indicate that reaction products are molecular fullerene oxides, the Cgo cage structure remains intact
in the product, and both mono- and dioxygenated carbons are present. Photochemical production of ROS
by Cgo in the aqueous phase during UV illumination was studied next. The data indicate that the status of
Ceo dispersion in the aqueous phase affects its ability to transfer absorbed photoenergy to oxygen, and Cg
present in water as stable aggregates does not produce singlet oxygen under UV illumination. In addition,
the status of Cg, dispersion in the aqueous phase affects its ability to mediate electron transfer from the
electron donor to oxygen, and only Cgo present in water associated with surfactant produces superoxide
radicals, whereas nCg and Cg associated with polymer do not.
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Discussion

A participant asked what the half-life of the radical oxygen singlet was in water. Dr. J. Kim responded that
it was less than microseconds.

The Bioavailability, Toxicity, and Trophic Transfer of Manufactured ZnO
Nanoparticles: A View From the Bottom
Paul Bertsch, University of Georgia

The objective of this research project is to examine: (1) the bioavailability and toxicity of manufactured
nanoparticles (i.e., ZnO-np), as a function of particle size, to the model soil bacteria, Burkholderia vietnam-
iensis, and the model detritivore Caenorhabditis elegans as referenced against aqueous zinc; (2) the ability
of manufactured ZnO-np to be transferred from one trophic level to the next as assessed in the simple food
chain consisting of preexposed B. vietnamiensis and C. elegans; and (3) the synergistic or antagonistic
effects of manufactured ZnO-np on the toxicity of copper to B. vietnamiensis and C. elegans. The
researchers are investigating four hypotheses: (1) The bioavailability and toxicity of manufactured ZnO-np
increases with decreasing particle size. (2) The toxicity of ZnO-np to B. vietnamiensis and C. elegans is
lower than an equivalent concentration of dissolved zinc. (3) The bioavailability and toxicity of ZnO-np
introduced via trophic transfer differs from direct exposure. (4) ZnO-np alter the bioavailability and toxicity
of dissolved metals. Because commercial nanoparticles may differ from their stated characterization, the
researchers characterized the obtained ZnO-np utilized in the experiments and found that two populations
of acetate, one exchangeable and one structural, are present; acetate controls ZnO-np reactivity and
passivates surface sites; and removal of acetate leads to flocculation/aggregation of ZnO-np primary
particles but promotes surface reactivity. Results of the bacterial experiments indicate that acetate is toxic
at pH 5 and is utilized as a carbon source at pHs of 6-7 and that aqueous zinc toxicity and ZnO-np toxicity
are pH dependent. Although ZnO-np maximal effect concentration is not significantly different from
aqueous zinc, there is a different mechanism of toxicity. In addition, formation of ZnO-np flocs/aggregates
is evident in bacterial cultures. In the nematodes tested, although the ZnO-np lethal concentration is not
significantly different from aqueous zinc, a different mechanism of toxicity is involved. Zinc spatial
distribution and metallothionein (mtl2) gene expression is limited in unexposed nematodes, and exposure to
aqueous zinc or ZnO-np results in greater distribution of both zinc and mtl2, especially around the gut.

Discussion

A participant found it interesting that there was not a significant difference in toxicity between zinc ions
and nanoparticles in the bacteria and asked what the hypothesis was regarding the mechanisms that might
explain this phenomenon. Dr. Bertsch responded that TEMs show a significant accumulation of the
nanoparticles at the membrane and some in the periplasm, whereas the zinc is being taken up intra-
cellularly, so the mechanism may involve membrane disruption.

Hysteretic Accumulation and Release of Nanomaterials in the Vadose Zone
Tohren Kibbey, University of Oklahoma

The overall objective of this research project is to study the vadose zone accumulation and release of a
wide range of manufactured nanomaterials with a focus on examining hysteretic interactions with air/water
interfaces and specific mineral surfaces. The vadose zone may either provide a sink for nanomaterials,
preventing their spread throughout the environment, or a long-term contaminant source. The project is
divided into three tasks that investigate a wide range of nanomaterials. Task 1: Batch adsorption/adhesion
experiments; Task 2: Saturated deposition/dispersion transport experiments; and Task 3: Dynamic hyst-
eretic unsaturated transport experiments. Significant work to date has focused on two aspects of Task 3:
miniature dynamic wetting/drying/infiltration experiments and measurement of corresponding hysteretic
air-water interfacial areas and capillary pressure-saturation (P.-S) relationships. Preliminary results with
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model systems indicate that the adsorption density of latex nanoparticles at the air-water interface remains
approximately constant with saturation at low saturations and is found to be the same for different porous
media. The fact that adsorption density remains constant with saturation at low saturations suggests the
effect likely results from interaction with the air-water interface rather than straining by thin liquid films.
Experiments with TiO, and tin oxide nanomaterials show significantly greater adsorption to air-water
interfaces during drainage in the same porous medium when compared with the latex nanomaterials,
despite similar sizes of the three nanomaterials in water. Of the three nanomaterials, tin oxide exhibits the
highest adsorption. Preliminary experiments show that whereas TiO, has a near-constant adsorption density
at low saturations, as was observed for the latex nanoparticles, tin oxide (the most strongly-adsorbing of the
three) appears to have a decreasing adsorption density with decreasing saturation. Reasons for this result
are not known but are the focus of ongoing experiments.

The Toxicity of Catalytic Nano-TO, Particles Toward Algae, Daphnia, and Bacteria: Effect of Particle
Size
C.P. Huang, University of Delaware

The objectives of this research project are to: (1) assess the effect of particle size on the ecotoxicity of
nano-TiO,; (2) study the effect of photocatalysis on selected aquatic organisms, namely bacteria, algae, and
zooplankton; and (3) compare the responses of aquatic organisms of different trophic levels (e.g., bacteria,
algae, and zooplankton). In determining the effects on bacteria, TiO, exhibits an inhibitory effect on
bacterial growth in the absence of photocatalytic effect; a critical particle size in the range of 5 to 15 nm
appeared to be operative; and the presence of solar light enhances the inhibitory effects on bacterial growth
and biochemical activities, which increase as the concentration of nanoparticle increases. In determining
the effect of nano-TiO, on algae, results indicate that nano-TiO, adversely affects the algal activity, with
the maximum adverse effect on the algae occurring at a particle size of about 17 nm; adsorption of nano-
TiO, particles onto the algal cell surface affects mobility; and membrane lipid oxidation occurs in the
presence of nano-TiO, particles. In determining the effect of nano-TiO, on zooplankton, data show that in
an acute test, the minimum lethal concentration value may occur between primary particle sizes of 7 to 30
nm, whereas in a chronic test, the presence of nano-TiO, particles decreased the growth rate and reproduc-
tion of C. dubia. In addition, the daphniad surface was covered by a layer of TiO, particles, which impeded
mobility and caused biochemical changes. Based on these results, the researchers conclude that: (1) a criti-
cal particle size in the range of 5 to 30 nm was observed for all organisms tested; (2) the presence of light
augments the toxic effect of nano-TiO,, mainly as a result of photocatalysis; (3) primary particle size plays
an important role on the toxicity effect of nano-TiO,; and (4) the wvulnerability of organisms to
photocatalytic nano-TiO, follows an increasing order, with daphniad being the least vulnerable and bacteria
being the most vulnerable.

Discussion

A participant asked why the critical particle size might be around 17 nm. Dr. Huang replied that it may be a
function of the degradation of organic matter. As particles become smaller, there are more defects, in-
cluding crystal imperfections that allow light in, but if the particle is too small, then it will not have
photocatalytic effects.

Nora Savage thanked the participants for attending the workshop and adjourned the meeting.
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