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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books devel-
oped from ACS sponsored symposia based on current scientific re-
search. Occasionally, books are developed from symposia sponsored by
other organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department
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Preface

When we first envisioned an ACS symposium on nanotech-
nology and the environment, we realized that there was very little
precedent for examining the relationship of this new technology
and its impacts, either useful or harmful, on the environment. The
National Nanotechnology Initiative had addressed environment as
part of Societal Impacts, but the majority of work that could be
described as environmental nanotechnology was directed toward
natural nanoparticles in the environment—nanogeochemistry and
atmospheric aerosols. O ur thrust was to bring together nanotech-
nology research that contributed to enhanced environmental pro-
tection directed toward human activities, in addition to helping
define the problems and processes that might occur in the natural
environment. With the human aspects of new technologies in mind,
we organized the symposium around two broad themes: the
applications of nanotechnology to the environment and implica-
tions of nanotechnology on the environment. The applications were
those aspects of nanotechnology that could be useful in dealing
with current environmental problems and preventing future prob-
lem. They included treatment and remediation of existing
pollutants, nanocatalysts for more selective and efficient reactions,
nanotechnology-enabled green energy, metrology to measure these
small materials, nanotechnology-enabled sensors for substances of
environmental interest, and environmentally benign manufacturing
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of nanomaterials. Implications included toxicology and biointer-
actions of nanomaterials and nanoparticle geochemistry in water
and air.

Although the symposium was organized as part of the
American Chemical Society (ACS) meeting, our presenters came
from a wide spectrum of disciplines representative of the inter-
disciplinary nature of nanotechnology. Materials engineering,
chemistry, physics, journalism, mechanical engineering, nuclear
engineering, toxicology, electrical engineering, chemical engineer-
ing, as well as civil and environmental engineering were repre-
sented. Rather than sessions directed toward a subset of one disci-
pline, our sessions were organized around the potential products of
research or the problems that might arise because of the size scale
and technology.

In addition to diverse backgrounds, speakers came from
diverse geographical areas and institutions. All presenters came
from U.S. institutions, with Pennsylvania, California, Washington,
Texas, and New York having the most representation. About one-
quarter of the speakers were women.

Participants in the symposium were charged to think about
three questions as they listened to the talks: What is the potential of
this work to address environmental issues? How can the potential
technology prevent environmental problems? Will the application
have unintentional environmental implications? With these
questions and the research presented, we hoped to build a
community of researchers who are both environmentally conscious
and to gain an environmental conscience so they can think of both
the applications and implications of their own work to the environ-
ment. We hope this book will provide a framework and useful
information for addressing nanotechnology and the environment.

We gratefully acknowledge the financial support of the
ACS Division of Industrial and Engineering Chemistry, Inc. In
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Pertinent Reports and Websites

Royal Society Report (“Nanoscience and nanotechnologies: oppor-
tunities and uncertainties™), July 2004
(http://www.nanotec.org.uk/finalReport.htm)

Report was published by the Royal Society and the Royal Academy of
Engineering after being commissioned by the Government in 2003. The
report recognizes the many current and potential benefits of nano-
technology while indicating the need for public debate about their de-
velopment. It also addresses research and regulation as they pertain to
immediate safety with regard to health and the environment.

Societal Implications of Nanotechnology, publications from 1999-2004
(http:/nano.gov/html/res/home_res.html)

National Nanotechnology Initiative (NNI) website includes reports on
nanotechnology research and the possible implications for society.
Sources of the reports listed include the National Research Council, the
National Science Foundation, and the N anoscale S cience, E ngineering
and Technology Subcommittee (NSET) of the NNI.

EPA Office of Research and Development, National Center for
Environmental Research

http://www.epa.gov/ncer

Nanotechnology and the environment grants (44) are listed on this web
page. In addition, reports of Grantees’ meetings on nanotechnology
research, the Grand Challenge Research planning for nanotechnology
and the environment report, papers and presentations from the
Interagency meeting on nanotechnology and the environment are posted.

Swiss Re: Nanotechnology Small Matter, Many Unknowns, 2004

(m:cp://www.swissre.com/INTERNET/gwsygggr.n§f/vaobotCrawlLU/

LCLN-5Z5LUK ?0OpenDocument&RobotCrawl=1) or
http://www.swissre.com
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The Swiss Reinsurance Company compiled this report assessing the
potential implications of nanotechnology with the input of their risk
officers. The report focuses on human exposure routes and occupational
hazards, threats to health and the environment, and regulation. Swiss Re
goes on to analyze these implications in the context of the insurance
industry.

International Dialogue on Responsible Nanotechnology, June, 2004
(http://www.nsf.gov/home/crssprgm/nano/dialog.htm)

A meeting of government representatives from 26 countries on the
societal implications of nanotechnology held in Alexandria, Virginia.
Issues addressed included current and potential regulation from each
nation, research and development investment, environmental protection,
and public knowledge and perception of nanotechnology.

Center for Biological and Environmental Nanotechnology
http://www.ruf.rice.edu/~cben/index.shtml

This NSF-sponsored research center at Rice University is dedicated to
addressing the scientific, technological, environmental, human resource,
commercialization, and societal barriers that hinder the transition from
nanoscience to nanotechnology.

Chemical Industry R&D Roadmap for Nanomaterials by Design: From
Fundamentals to Function, December, 2003
(www.chemicalvision2020.org/pdfs/nano_roadmap.pdf)

Prepared by Chemical Industry Vision2020 Technology Partnership and
Energetics, Inc., and sponsored by the Department of Energy and NSET,
this report emphasizes a solution-oriented approach to materials
development, termed “Nanomaterials By Design.” The report asserts that
such an approach would allow material producers to focus on the
requirements for specific applications as the primary drivers of the
design process, accelerating development.
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Chapter 1

Overview of Environmental Applications and
Implications. How Does Nanotechnology Relate
to the Environment? Or Why Are We Here?

Barbara Karn

Office of Research and Development, National Center for Environmental
Research, U.S. Environmental Protection Agency, 401 M Street, SW,
Washington, DC 20460

Nanometer scale (1-100 nm) science, engineering, and
technology (collectively known as nanotechnology) has the
potential to substantially enhance environmental quality and
sustainability through utilizing nanomaterials to improve
detection and sensing techniques for biological and chemical
toxins, removal and destruction of the finest contaminants
from air, water and soil; and the discovery of new “ green”
industrial processes that reduce energy and resource use and
generation of waste products. In this paper, the relationship of
this new technology to the environment and its potential for
environmental protection are reviewed.

© 2005 American Chemical Society

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



August 11, 2012 | http://pubs.acs.org
Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch001

Introduction

What does nanotechnology have to do with the environment?...and why is
an agency whose mission is “to protect human health and safeguard the natural
environment-air, water, land - upon which life depends” involved in organizing a
meeting of scientists and engineers to examine the relationship both positive and
potentially negative of a new technology with its mission? This paper will
address the latter question by answering the former.

In 1970 the National Environmental Policy Act declared that it is the
“continuing policy of the Federal Government, in cooperation with State and
local governments, and other concerned public and private organizations, to use
all practicable means and measures, including financial and technical assistance,
in a manner calculated to foster and promote the general welfare, to create and
maintain conditions under which man and nature can exist in productive
harmony, and fulfill the social, economic, and other requirements of present and
future generations of Americans. The Congress, recognizing the profound
impact of man's activity on the interrelations of all components of the natural
environment, particularly the profound influences of population growth, high-
density urbanization, industrial expansion, resource exploitation, and new and
expanding technological advances and recognizing further the critical
importance of restoring and maintaining environmental quality to the overall
welfare and development of man.

Today's manufacturing methods "move atoms in great thundering herds."
(Ralph Merkle, Xerox). We get what we want by removing matter in a top-down
approach. We grind, we cast, we sinter, we saw. We irreparably change the
landscape when we extract natural resources from the ground. We then use large
amounts of energy to extract and cast materials at high temperatures often merely
to get a simple product like an aluminum fence post.

Manufacturing at the nanoscale is different. Its basis is construction using
molecular building blocks and precise positional control. This molecule-by-
molecule control is the potential basis of a manufacturing technology that is
cleaner and more efficient than anything we know today. It is a fundamentally
different way of processing matter to make products for human wants and needs.

In Nature manufacturing begins at the bottom and builds up materials, using
the information in DNA to form RNA which assembles proteins inside cells.
These proteins are enzymes that catalyze the building of cellular materials and
enable a hierarchical structure ranging from cells to tissues to organs and, in the
end, the organisms that are the life on the planet. Nature does most of this
building by combining “natural,” simple and abundant elements (carbon,
hydrogen, oxygen, nitrogen) near room temperature, using tiny machines for
assembling (ribosomes), in a non-toxic solvent (water), using efficient and highly
selective catalysts (proteins) with the end of life and/or recycling accounted for
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(bacterial decay and remineralization). If we cannot achieve this full process
with nanotechnology, at the least, it can be a goal for our human industries.

If we continue to produce goods as we have in the past, we will not like the
result for the environment. However, we do not want to give up our lifestyle.
The answer is not to give people fewer and poorer quality goods but rather how
to provide for the needs of people with less impact to the environment. We
cannot just get better at our current processes, but we need to develop new
processes. At the moment, the best opportunity for getting better at making
things lies in the field of nanotechnology. This is an opportunity to take what we
are doing in nanotechnology to change the course of our human activities toward
a more sustainable path.

Sustainability

In hindsight, what kind of results have the human industries of the current
Industrial Revolution brought us--as “getting and spending we lay waste our
powers...?” Do we live in the kind of environment we want? What do we think
of when we picture our ideal environment? alpine vistas of snow capped peaks
viewed through clear air, an urban townhouse on a quiet tree-lined street with
friendly neighbors walking by, dolphins surfacing across a clear bay, or a rare
bird visiting our garden? We see no environmental problems in any of these
visions. We do not envision the carbon dioxide from our power plants and
industrial activities that increases the potential for global climate change nor the
unclean water that plagues most of the world’s population nor the toxic wastes
that must be disposed of as a result of our industrial production. We did not
envision an environment of urban poverty and decay nor large-scale epidemics
nor loss of natural systems and species diversity.

«“Development that meets the needs of the present without compromising
the ability of future generations to meet their needs” [1]

«“The reconciliation of society’s developmental goals with the planet’s
environmental limits over the long term” [2]

*“Meeting fundamental human needs while preserving the life-support
systems of planet Earth” [3]

world population passing 6 billion, groundwater depletion continuing,
vehicle production increasing, paper piling up, the number of wars increasing,
urban populations rising, fish harvests decreasing, grain harvest falling, meat
production increasing are signals that we are on a non-sustainable course. The
negative signals are not yet compensated for by some positive signs such as
environmental treaties gaining ground, fertilizer use moving down, compact
fluorescents sales increasing and the use of information technology and the
internet accelerating.[4].

The issues in sustainability can be broken into five categories :
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global climate change;
depletion of natural resources, including water, forest products,
minerals, and fossil fuels;
population problems, including infectious disease;
urbanization and social disintegration, income gaps; and
environmental degradation, including pollution, threatened habitats, and
loss of biodiversity. Nanotechnology can help with all these sustainability
issues, For example, the potential for global climate change can be limited as
nanotechnology produces lighter weight materials that use less energy in their
production and lighten our transportation products thereby burning less fossil
fuel and emitting fewer greenhouse gases. Efficient electronics which use less
electrical energy, more efficient product manufacturing using less production
energy, nanotechnology-enabled alternative energy sources, and cleaner burning
fuels due to nanotechnology applied to more efficient filters for better
prefiltration are other examples of how global climate change may be lessened
using nanotechnology.

In the area of water quantity and quality nanotechnology can improve water
filtration systems for drinking water purification and waste removal, and form
the basis for sensors to detect both chemical and biological water pollutants.
Nanotechnology-enabled sensors can help manage forest ecosystems, while
materials are saved through dematerialization—less use of materials as nanotech
enables production of smaller products and less waste by building from the
bottom up. Fuels can be saved through nanotechnologies that enable moving to
alternative fuels such as solar, hydrogen, and enabling more efficient use of
petroleum in materials manufacturing.Population-related problems addressed by
nanotechnologies could include better materials for urban infrastructures—e.g.,
smart sewer pipes, distributed water treatment, less expensive food crops grown
with more efficient nanosized fertilizers and pesticides, eliminating health
problems of epidemic proportions by increasing targeted drug delivery in the
body, bottom up synthesis of medicines and other useful bioactive compounds,
better analytical tools for detecting, preventing diagnosing and curing diseases.

Nunotechnology addresses environmental problems by more efficient
chemical manufacturing with less toxic wastes and different processes leading to
fewer by products, use of less toxic starting materials; better ways to detect
pollutants in air, water, and on land; improved treatment and remediation using
nanoparticles with high surface area and active sites; habitat protection increased
through freed-up capital from other forms of waste treatment; improved
ecosystem research tools like nano-transmittors to track animal movements; and
improved, inexpensive sensors to detect subtle ecosystem changes. As
nanotechnology converges with biotechnology, information technology, and
cognitive science, the “nano, bio, info, cogno” or “NBIC” convergence, the
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combined technologies will provide an even stronger foundation for
sustainability than nanotechnology alone.

Implications of Nanotechnology

However, as in any new technology, nanotechnology can allows the
possibility for abuse that can harm the environment and sustainability. For
example, there could be development of new disease organisms, nano-scale
agents for crop destruction, forest cover removal (a new Agent Orange), or use
in “area denial,” a different kind of land mine. Whether it is used for society’s
benefit or detriment, as the Foresight Institute has acknowledged,
nanotechnology will be developed regardless of efforts to suppress it.
Nevertheless, proper regulation and “the weapon of openness” can control risks
of nanotechnology’s improper use, and regulating nanotechnology will be a
process, not an event.

Regulatory agencies will have to make some decisions about nanotech such
as: is a nanomaterial a drug or a device? Is it a chemical or a biological agent?
How much risk (toxicity and exposure) is associated with nanomaterials? How
much does size matter? Is the current regulatory structure adequate, or is new
legislation needed to ensure the protection of the environment and human
health? As this new technology is developed, regulatory agencies will have to
concurrently examine these questions and others in addressing any implications
of nanotechnology.

Conclusion

Nanotechnology enables a powerful new direction for our current industries
and human activities. Research informed about environmental applications and
implications of nanotechnology can help bring about a future environment that is
different from and better than the current environment. This research in
environmental nanotechnology must maintain a commitment to rigor with
applications related to sustainability and awareness about and prevention of
possible harmful consequences, seeking advice on making sustainable choices.
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Errata Sheet
ACS Symposium Series 890

Nanotechnology and the Environment: Applications and
Implications

Barbara Karn, Tina Masciangioli, Wei-xian Zhang,
Vicki Colvin, and Paul Alivisatos

On page 3 in Chapter 1”Overview of Environmental Applications and Implica-
tions: How does Nanotechnology Relate to the Environment? Or Why Are We
Here” by Barbara Karn, some text was inadvertently omitted.

This language set the stage for using new technologies to help enable that

“productive harmony.” Focusing on the small of nanotechnology has the poten-
tial to help create the environments envisioned by the authors of this Act.

Nanotechnology and the Environment
On page 4 before the bullet list, the following paragraph is missing.

These issues all deal with sustainability, a broad goal that goés beyond envi-
ronmental protection to include social and economic issues as well. It has been
defined in several ways:

The bullet list is correct and following the bullet list copy should read
No matter which definition is used, reading vital signs of the planet tell us we

need to change the path we are on in order to reach sustainability. Issues like
the.... (Pick up rest of paragraph).
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Chapter 2

Environmental Technologies at the Nanometer-Scale

Tina M. Masciangioli'’ and Wei-xian Zhang’

1AAAS Environmental Science and Technology Policy Fellow, National
Center for Environmental Research, U.S. Environmental Protection
Agency, Washington, DC 20460
’Department of Civil and Environmental Engineering, Lehigh University,
Bethlehem, PA 18015
3Current address: National Academy of Science, 500 Fifth Street, NW,
W629, Washington, DC 20001

Nanometer scale (1-100 nm) science, engineering, and
technology (collectively known as nanotechnology) has the
potential to substantially enhance environmental quality and
sustainability through utilizing nanomaterials to improve
detection and sensing techniques for biological and chemical
toxins, removal and destruction of the finest contaminants
from air, water and soil; and the discovery of new “ green”
industrial processes that reduce energy and resource use and
generation of waste products. In this work, promising
environmental applications of nanotechnology for pollution
prevention are reviewed.

Introduction

As we are faced with major environmental challenges in the 21st century,
new approaches are required to maintain and improve soil, water, and air quality.
As discussed previously,[1] we anticipate nanotechnology playing a key role in
the enhancement of environmental technologies. Here we focus our attention on
nanotechnology for pollution prevention -- the reduction or elimination of waste
at the source. Pollution prevention efforts will likely be enabled by
nanotechnology in the short-term through improvements in material properties,
such as the use of nanoparticles as additives and fillers.

Although various fillers have been used for many years, such as the use of
carbon particles (carbon black) as filler in tire rubber for about 100 years (for
color and improved mechanical properties), or metal nanoparticles in glasses and
ceramic glazes for centuries,[2] improvements in our understanding and control

© 2005 American Chemical Society 7
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of the nanometer scale by way of new tools and synthetic techniques are leading
to a revolution in new material properties.

Because so many fields, like energy, environment, transportation, housing,
and health depend on new and better materials, advances made through
nanotechnology are necessarily wide in their impact. Moving from fossil fuels
as an energy source to solar energy (which would provide tremendous
environmental benefits), for example, requires significant advancements in our
ability to capture sunlight and convert it into electricity. This ability will come
with improvements in photovoltaic, energy storage, and energy conduction
materials. It is anticipated that nanotechnology will enable such improvements
in the not too distance future.

Technologies

Lighting

High brightness light-emitting diodes (LEDs) constructed from
nanostructured solid-state inorganic or organic materials have been referred to as
the ‘lighting of the Third Millennium for the entire world” by the Light up the
World Foundation (www.lightuptheworld.org), founded by electrical engineer
Dave Irvine-Halliday. = These LEDs have been discussed extensively
elsewhere,[3] but still deserve further mention here due to the their tremendous
potentional for preventing pollution.

The material used in these high brightness LEDs is grown by
nanotechnology based compound semiconductor epitaxial growth techniques --
from materials like AlInGaP and AllnGaN. Pervasive use of this technology
could reduce energy consumption by an estimated 50% in the U.S. by 2020,
reducing carbon emissions by 28 million metric tons per year, and at a cost
savings of $100 billion over the period 2000-2020.[3, 4] Savings comes not
only from the lower power usage, but also from how robust and long lasting
these lights are.

White LED technology holds even greater potential for the developing
world. The Light Up the World Foundation is now bringing white LED
technology to the world’s poorest, most remote villages to light homes, schools,
and temples; places that now rely on kerosene wick lamps or candles as light
sources. It has been found that a single 0.1-watt, white LED supplies enough
light for a child to read by, thus making it possible to light up an entire village
with less energy than that used by a single, conventional 100-watt light bulb.
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Transportation

Nanotechnology may enable the production of automobiles in the future that
are lighter, stronger, and less polluting, through the use of lightweight but
durable clay nanoparticle, carbon nanotube, and biofiber nanocomposites[5].

Such composite materials have gainied great interest from the automotive
industry, especially since the European Union (EU) directive was made that by
2015 vehicles must be made of 95% recyclable materials.[6] Using biofiber-
nanocomposites will be especially helpful for satisfying this stringent
environmental criteria while providing the ability to reduce vehicle weight.
Reducing weight is one of the main reasons for moving to composite materials
for automobile parts but the use of glass or carbon fiber polymer composites are
more difficult to receycle. )

Recently[7], the life cycle economic and environmental implications of
using clay-polypropylene nanocomposite or aluminum in automobiles instead of
steel in light-duty vehicle body parts were evaluated. Substantial benefits from
reducing energy use and environmental discharges were demonstrated. For
example, substituting the nanocomposite material or alumninum for steel in one
years’s fleet of vehicles in the U.S., resulted in an energy savings of 50-240
thousand tera joules, a reduction in 4-16 million tons of CO2 equivalents of
greenhouse gases released, a savings of 5-6 million tons of ore, and as much as 7
fewer occupational fatalities.

The highly praised carbon nanotube[8] provides other environmental
benefits when incorporated into composite materials. By themselves carbon
nanotubes are many times stronger than steel at a sixth of the weight, but can
also be conductive like steel. When present in plastics for automobiles carbon
nanotubes enable use of electrostatic painting.[9] Electrostatic painting of
automobiles offers approximately 3 times higher paint transfer efficiency over
regular spray painting and reduces paint usage and VOC emission in the
automobile manufacturing process. Carbon nanotube and other composite
materials, however, are currently very expensive. Researchers[10] are thus
working hard on ways to improve production yields and lower the costs of these
materials for their use is in large quantity.

Renewable Energy

One of the most promising application areas of nanotechnology is for
capturing solar energy. Pioneering research from the 1990’s utizing dye
sensitized TiO, is now being commercialized by Konarka Technologies, Inc.
(www .konarkatech.com) for the production of lightweight, low cost plastic solar
cells. In addition to the great benefit of using a renewable energy source, these
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plastic cells also do not require high temperatures or other stringent
manufacturing conditions as in silicon technology — thus, making it a more
“green” manufacturing process. The plastic cells are also suitable for a use in
wide range of places, including rooftops, window blinds, cars, or even clothiqg.
These plastic cells, however, are less efficient than silicon and thus, substantial
improvements are still needed to both lower cost of solar cells, and improve their
power efficiencies before there will be any wide-spread use.

Recently, advances have been made in a new type of “paint-on” solar
cell[11] that also shows promise for relatively low fabrication cost and
efficiencies comparable to those of high-end silicon based technology. These
photovoltaic devices are organic-inorganic hybrids, based on a mixture of a the
conjugated polymer poly-3(hexylthiophene) and 7-nanometer by 60-nanometer
CdSe nanorods. The nanorods enable tuning of the absorption spectra, to
capture a greater range of solar light. They were assembled from solution with
an external quantum efficiency of over 54% and a monochromatic power
conversion efficiency of 6.9% under 0.1 milliwatt per square centimeter
illumination at S15 nanometers. Under Air Mass (A.M.) 1.5 Global solar
conditions, the researchers obtained a power conversion efficiency of 1.7%. As
discussed above, solar cells made entirely from polymers have the potential to
provide low-cost, ultra-light weight, and flexible cells, with a wide range of
potential applications.

Other researchers are exploring ways to create solar cells inspired by or
utilizing natural systems. Such as, at the NASA funded Center for Cell Mimetic
Space Exploration at UCLA (http://www.cmise.ucla.edu/cmise_energetics.htm),
where researchers hope to create a biosolar cell that is capable of directly
converting optical energy into electricity using two proteins, bacteriorhodopsin
and cytochrome oxidase. Together, these proteins can transform light into a
proton gradient and then convert it into an electromotive force. The estimated
power density of this biosolar cell exceeds 435 W/kg, while today’s solar cell
can only produce 80 — 140 W/kg. In related research, scientists at the University
of Arizona[12] are exploring ways to carry out photosynthesis artificially
through improved understanding of natural systems on the nanometer scale.
Recently, this group demonstrated that a light-powered artificial photosynthetic
reaction centre can be coupled to endergonic transmembrane Ca* transport by a
redox loop to store energy as a combination of electrical and chemical potential.
Although their work is biomimetic only in the broadest sense, the system they
created illustrates how various elements of biological energy transduction may
be combined in nanoscale synthetic constructs that perform interesting and
potentially useful functions.

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.


http://www.cmise.ucla.edu/cmise_energetics.htm

Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch002

August 10, 2012 | http://pubs.acs.org

11
Potential Problems

As with any new technology or chemical substance, there is the potential for
harm to human health and the environment from nanotechnology. However,
there are mechanisms in place to help avoid such problems. Depending on their
intended uses, new chemical substances are reviewed for safety and efficacy
under federal statutes, such as the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA), the Federal Food, Drug, and Cosmetic Act (FFDCA),
and the Toxic Substances Control Act (TSCA). Whether or not these statutes
are truly effective for nanomaterials probably could and should be debated.
Aside from this type of federal regulatory oversight, however, there are efforts
taking place in the government to specifically address concerns about
nanotechnology through scientific research. For example, the National Center
for Environmental Research at the U.S. EPA announced that it will fund research
to explore the health and environmental effects of manufactured nanomaterials
(www.epa.gov/ncer).

Careful- consideration of both the environmental and economic benefits of
new nanotechnologies must also be evaluated. While nanotechnology presents
new ways to address environmental problems and even prevent pollution, in
order for such technologies to be adopted they will need to be cost effective.
This also holds true for creating new materials for commercial use. Much of our
material and resource use, and many of our current manufacturing methods have
not changed in decades. For example, as pointed out in the life cycle report
mentioned earlier[7], there is a well established history of producing a quality
product from steel. It was found that even without going to a nanocomposite
material, aluminum would offer great weight reduction and environmental
savings as compared to steel for vehicle manufacuterers. However, the
automobile industry has not started substituting aluminum for steel in any
substantial way.

Conclusions

Through new understanding and manipulation of the nanometer length scale,
it is possible to develop significantly improved properties of materials and
devices. These improvements could lead to great benefits for human health and
the environment. Lower energy requirements lead to reductions in emission of
pollutants. Using less material while achieving enhanced properties leads to
reductions in waste. However, creating more environmentally benign products
alone cannot solve pollution problems. The use of high brightness LEDs, for
example, may have substantial environmental benefits in terms of reducing
energy consumption, but there may be large environmental costs associated with
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the production of the LED materials and with disposal of the materials after use.
As nanotechnology research and development progresses, it will be necessary to
look at the total life-cycle implications and compare to existing well established
materials, to assess the true environmental benefits of these new materials.
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Chapter 3

Reassessing Risk Assessment

Douglas Mulhall

Our Molecular Future, 2022 CIliff Drive, #343, Santa Barbara, CA 93109

Introduction and Background

"By revising risk assessment to account for new scientific discoveries,
industry and regulators may be able to collaborate in areas where they might
otherwise be at odds over perceived risks and benefits of technology
convergence.

For example, according to some environmental scientists, new
“nanomaterials” are too risky to manufacture until we study them further(/).
Other experts disagree and say that potential benefits outweigh the risks.(2) In
my book, Our Molecular Future(3), 1 argue that methods used by both sides to
evaluate such risks are becoming obsolete, and that only by overhauling them is
it possible to accurately understand risks and benefits.

The good news is that tools to revitalize risk assessment are being
developed and deployed. Such tools may also let industry adapt rapidly to newly
discovered natural environmental threats. This rapid adaptation may let us match
nature’s complexity.

The author has pioneered environmental risk assessment methods(4) used by
chemicals companies and government agencies. Based on that experience, and
using research done for my book, I identified categories of technological
advances and discoveries that may alter the basis for risk assessment. They
include:

Emergence of Enhanced Human and Machine Intelligence.

Hans Moravec, head of Camegie Mellon’s Robotics Institute, has shown
that the capacity to process information is multiplying exponentially, and the
rate at which it is multiplying is increasing(5).

For millennia, this exponential rate was imperceptible in real time, because
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it took thousands, then hundreds, then tens of years for such capacity to
multiply; from the abacus to the microprocessor, and now the nanoprocessor.

Today, this exponential acceleration is becoming perceptible. For example,
it has enabled the rapid transition from desktop printing to three-dimensional
desktop manufacturing (6). Such machines are effectively eliminating the
conventional factory.

In 2001, a computer used “genetic computing” (7) to build a thermostat and
actuator that were superior to the counterparts designed by a human. The
computer’s programmers were unable to trace how the computer reached its
conclusion. This is because genetic algorithms let computers solve problems in
their own way.

Machines with such enhanced intelligence do certain things far faster and
better than we do. Not everything, but many things. Stock brokers now use
computers that forecast commodity markets more accurately than humans do(8).
Satellites that repair themselves and make unilateral data transmission decisions
are already in orbit(9).

Such merging of human intelligence with genetic algorithms and-massive
networks is being applied to modeling of, for example, climate change. Yet we
are only beginning to apply them to real-time evaluation of risk-related
phenomena such as hurricane, earthquake, and tsunami that are still
unpredictable in the very short term.

Many risk assessment methods still implicitly assume that evolution of
intelligence will proceed in the same way that it has over the past few thousand
years—gradually and without perceptible change in the foreseeable future. For
example, it is still assumed that self-assembly and disassembly by complex,
intelligent products is science fiction that is not achievable in the foreseeable
future. It is assumed that intelligent structures that adapt rapidly to climate
changes, earthquakes, and hurricanes are too expensive to be broadly adopted.
Yet the aforementioned advances suggest that such assumptions are rapidly
becoming invalid.

Technologies That Merge With The Natural Environment

Ray Kurzweil, who pioneered technologies such as the flatbed scanner,
argues that “technology is a continuation of evolution by other means”(7/0). This
implies that our technologies are becoming an integral part of the ecology. What
are the physical manifestations of this?

Smart Dust(//) comprises a massive array of micromachines made of
components that ride on air or water currents, undetected to the human eye. Each
expendable machine can have a camera, communications device, and sensors for
chemicals, temperature, and sound. It can serve as the eyes, ears, nose, and
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guidance mechanism for everyone from soldiers to tornado chasers. It is cheap to
manufacture, and its prototype exists today. It forms part of an array that delivers
information to one or hundreds of computers in one or many locations. It will
soon be in our environment in the trillions, delivering real-time information
about earth, air and water.

Such intelligent particles are also gaining the capacity to self assemble.
Several universities have pioneered self-assembling photovoltaic materials that
generate and conduct an electric current(/2). These materials can be painted
onto surfaces, thus eliminating need for solar panels.

When we combine self-assembly with intelligent sensing at the nanometer
scale, and manufacture trillions of units, we see that technology becomes an
integral part of the ecology instead of just impacting it. We may therefore have
difficulty to distinguish between what has been manufactured and what has
evolved “naturally”.

This nanoscale level of incursion into the ecology by smart machines
suggests emergence of an intelligent environment that is able to sense virtually
every part of the ecology, from the epicenter of earthquakes to the heart of a

hurricane and the heartbeat of every species, then interpret the data. Just as

nature has its own intelligence by acting to balance environmental changes, so
we are creating an intelligent human-built environment, not just alongside that,
but as part of it.

New Evidence of Punctuated Equilibrium

The theory of “punctuated equilibrium(/3) was first proposed in 1972 by
Niles Eldredge and Harvard evolutionary biologist Stephen J. Gould. This holds
that evolutionary changes occur relatively rapidly in comparatively brief periods
of environmental stress, separated by longer periods of evolutionary stability.
After many years of skepticism, their theory is gaining acceptance because proof
is emerging.

Intelligent tools such as those described earlier, are helping us to discover
that the natural ecology undergoes periodic large scale and localized instability
that threatens our society, and not just in the extended timeframes that we used to
think.

In 1994, Comet Shoemaker-Levy 9 (SL9) hit Jupiter(/4), blasting holes the
size of Earth in its atmosphere. Had this hit the Earth, human life would have
been virtually extinguished. Until then, it was thought that such disruptions
happened only every few million years and that we'd have time to see them
coming. SL-9 demolished this idea. It demonstrated that we live in a galaxy
where life can be snuffed out on a planetary scale without warning.
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Furthermore, scientists have found that smaller events have upset the
ecology here on Earth. Ice core and tree ring records show that in the year 536
AD. an unknown event triggered a catastrophic cooling of the northern
hemisphere, resulting in years without summers that led to wholesale crop
failures and starvation(/5). Other ice core and tree ring samples from around the
world show that naturally induced climate flips: have occurred far more
frequently and suddenly than we once thought(/6). '

At the regional scale, in 1700 a fracture at the Cascadia subduction zone
produced a tsunami that scoured the Pacific coast for miles inland where many of
our cities now stand(/7). In 1958, a fifteen hundred-foot high wave swept away a
forest after a mountain collapsed into Lituya Bay, Alaska(/8).

At the other end of the scale, nanosized organisms a hundred times smaller
than most bacteria have been discovered(19,20,21). For decades, researchers
around the world have theorized that many prevalent diseases such as
atherosclerosis are caused by infection(22).This was proven for stomach ulcers
decades ago, but for other illnesses no one could find a culprit. Now it seems
that we have one. Skeptics claim that nano organisms don’t exist, but studies in
2002 by the Mayo Clinic and other well-known universities now confirm their
existence(23). Furthermore, there seems to be a treatment(24). Most recently, in
March of 2003, nano scale micelle-like entities were found in large numbers in
polluted river water(25), suggesting that a world of nano scale life forms may lie
beneath the one that we are used to dealing with.

Such nano and macro scale phenomena may pose big threats, yet
government agencies and insurers know of precious few defenses against them,
and moreover they often do not have adequate methods for detecting them.

Thus, punctuated equilibrium is not part of the environmental risk
assessment framework right now, and as such, a chunk of the ecological equation
is missing,

This is especially true when considering the environmental risks and
benefits posed by nanotechnologies. Such technologies may at once be driving
the next “punctuation” in evolution, yet give us the tools to protect ourselves
from conventional and newly discovered natural threats. That is the new
paradox.

Discussion

Most of our agricultural, medical, and housing systems struggle to respond
to the natural environment's complexity. Right now, many of our technologies
are note very good at it. For example, we use antibiotics to cure infections, but
they lose their potency when the environment that they work in adapts to them.
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Yet this imbalance may shift. Technology convergence may let us do
something that we have only dreamed of until now: Adapt rapidly to nature’s
complexity. '

For example, we may be able to adapt rapidly to big natural onslaughts. We
may build earthquake-proof and storm-proof structures based on newly
discovered, super-strong, nanostructured aerogels that slash the costs and risks of
building in risky zones. In medicine, drugs may be so precise that they backfire
only occasionally instead of generating widespread immune responses as they do
now.

This ability to adapt rapidly to nature’s complexity may allow the
institutions that underpin our economy, such as insurers for example, to redefine
the boundaries of risk assessment for everything from property protection to
disease vectors.

What to Do

Intelligent systems along with newly discovered natural threats are the
elephants in the room of risk assessment. They must be investigated with a view
to developing adaptive technologies such as those described in this paper. Yet
this is not occurring among many of the institutions responsible for risk
assessment.

For example, although nanoscale organisms have been identified in
geological formations and the human body since the early1990’s, neither the
USEPA or insurance companies seem to examine the implications for human or
natural ecology. Yet NASA is extensively studying it, as are Universities of
Texas, McGill Canada, Regensburg and Hamburg Germany, Kuopio Finland,
Melbourne Australia, and many others.

At the macro end of the scale, neither EPA nor insurance companies have
yet examine newly discovered anomalies such as the naturally induced climate
flip_of circa 536 A.D., or the west coat tsunami of 1700. These might disrupt
natural ecosystems and bankrupt insurers if they recur. Furthermore, no
government agency or insurance company examines how nanotechnologies
might be used to adapt to such phenomena.

I therefore suggest that as a first small step, EPA, FEMA, and selected
insurers sponsor a forum: “Match Nature’s Complexity; Using technology
convergence to adapt to newly discovered natural threats”. The goals of this
forum would be:

--Summarize newly understood natural threats at the nano and macro scale,

--List advanced technologies that may help us adapt to them,

--Determine how risk assessment methods might be revised accordingly.
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The forum might bring together experts who have never met as a group,
such as: scientists who have developed aerogels and intelligent materials that can
be used to adapt structures to climatic and seismic threats; researchers who
discovered nanobacteria and developed methods to reverse nanobacterial
infections; and scientists who have uncovered new naturally induced threats that
warrant a new type of defense.
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Chapter 4

The Environmental Impact of Engineered
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Nanotechnology (CBEN), Rice University, MS-60, 6100 Main Street,
Houston, TX 77005

Nanoparticles are important in natural environments due to their size,
tunable properties and accessible surfaces and our control over these properties
can be exploited to create or add value to a variety of technologies. Many
consumer . products that incorporate nanoparticles, such as sunscreens and
clothing, are already in the marketplace, and the industry is growing fast. This
book highlights also the many valuable environmental technologies that can
come from the applications of unique nanomaterial properties. As this nascent
technology area matures, the debate about the whether the unknown risks of
nanomaterial use balances its established benefits will only intensify.

Traditionally, emerging technologies have faced risk assessments and the
associated public acceptance issues long after products have been
commercialized. In this new century, however, public debate about the relative
merits of young technologies is starting much earlier in the development process
with more substantial impact on the ultimate commercial enterprise. Genetically
modified (GM) foods and the Human Genome Project present contrasting cases.
GM enthusiasts ignored or dismissed concerns and soon faced a robust and
organized activist campaign against GM products. While this has not had a
major impact on sales of GM foods in the US, the European market for such
products has essentially disappeared and a global debate has ensued over their
use in the developing world. In contrast, the founders of the Human Genome
Project acknowledged that the scientific discoveries spawned by their research
would likely raise societal and ethical concerns and set aside a portion of their
research dollars to address them. No significant backlash has developed against
HGP. Some of the same critics of GM foods are now turning their attention to
nanotechnology. This kind of negative attention at such an early stage in a new
technology s development could profoundly impact its ability to gain a foothold
in the marketplace.

There is relatively little technical information and proactive public policy
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concerning the implications of nanotechnology, and this only sustains the
arguments of those organizations opposed to developing nanotechnology. While
there are some nanotechnology critics that remain concerned about far-term
applications such as nanorobots and human-machine hybrids, most focus on the
near-term issues of nanoparticle exposure and toxicity. The actions these critics
recommend range from calls for new laboratory protocols to protect workers
from unknown risks, to a global moratorium on the manufacture and use of
engineered nanoparticles until they can be certified as benign to both humans
and the environment. [1, 2] Such concerns have received attention from both US
and EU policymakers, and several governments are now contemplating an
appropriate response. For example, in response to cautionary public statements

-made by the Prince of Wales, the UK Royal Society was commissioned to carry

out an independent study to assess whether nanotechnology is likely to pose new
risks not addressed by current regulations. [3, 4] The US House of
Representatives passed a bill in 2003 that requires the integration of societal
impact studies into nanotechnology research; similar language appears in the
pending Senate version of the bill. [5, 6] While these policy deliberations are in
an early, exploratory phase, the ultimate outcome may be a new regulatory
stance towards nanotechnology aimed at minimizing exposure to the engineered
nanoparticles of greatest concern.

Environmental Impact of Engineered Nanomaterials

The question of the environmental impact of engineered nanomaterials is a
technical one that scientists and engineers can address experimentally; however,
until very recently the topic has received little attention. There are few directly
relevant and peer-reviewed studies of engineered-nanoparticle toxicology or
environmental impact in the open literature. By ‘engineered nanoparticle’ we
mean nanoparticles with critical dimensions less than 50 nm engineered for a
specific function. The modifier ‘engineered’ is an important one for this work, as
it distinguishes nanoparticles created with high perfection and uniformity from
the polydisperse, naturally occurring nanoparticles and ultra-fine particles
produced in aerosols. The characterization of the environmental impacts of
nanomaterials presents many challenges. Most daunting is the extraordinary
breadth of nanoscale materials: not only are there many different types, but they
can be of many sizes and possess different surface coatings. Moreover, there
isn’t one ‘most important’ class of materials on which to focus, nor is there likely

‘to be in the near future. Like polymeric materials, nanomaterials are diverse and

will be used in many forms and sizes. In this discussion we limit ourselves to an
important class of nanomaterials, namely inorganic, engineered nanoparticles.
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A key question to pose from the start is by what routes and in what
concentrations will people and wildlife be exposed to engineered nanomaterials?
A worker in a fullerene manufacturing plant has a different exposure profile than
the bowler whose ball is coated with fullerenes. Clearly, it is essential to
characterize the expected concentrations of engineered nanoparticles that may be
present in the air, water and soil. A useful way to approach the problem is to
consider several likely scenarios for how human populations, both in the present
and near future, may be exposed to engineered nanoparticles. Each situation
presents different issues for characterizing exposure, and their comparison
highlights those scenarios most likely to be relevant for engineered
nanomaterials. :

Occupational exposure to nanomaterials is growing as demand increases for
nanoparticles that add value to consumer products. The number and diversity of
companies building plants to manufacture nanoscale materials will only continue
to increase as new applications are developed. Mitsubishi’s Frontier Carbon
Corporation has begun manufacturing multiton quantities of fullerenes and hopes
to- produce 300 metric tons annually within two years. [7, 8] Frontier envisions
fullerenes being incorporated into thousands of applications, including
pharmaceuticals, fuel cells, batteries and high-performance coatings. Mass
production of a novel material raises different questions about exposure than
does small-scale use in the research lab. However, in the US both groups can
consult standardized material safety data sheets (MSDS) to assess the hazards of
the compounds into which they may come in contact. The MSDS for most
nanoparticles are identical to those of the bulk material of equivalent chemical
composition. Thus, despite the extensive body of literature demonstrating the
novel chemical and physical properties of most nanomaterial, no new formal
requirements have been established for safe handling beyond those already in
place for the bulk material.

Consumer products containing engineered nanomaterials must also be
considered as another potential route of human exposure. Nanoparticles have
already been incorporated into personal care products such as sunscreens and
cosmetics, where their small size confers benefits such as transparency and
increased performance.[9-11] Detailed information on particle size and
information is difficult to obtain since the product formulations are considered
proprietary by most companies. In 1999, the US Food and Drug Administration
considered two petitions regarding the regulation of nanoscopic or “micronized”
titania in personal care products. One comment recommended that micronized
titania be treated as a “new ingredient with several unresolved safety and
efficacy issues.” In its final rule, the FDA agreed with the second comment that
micronized titania is “not a new material but is a selected distribution of existing
material” and that it showed no deleterious effects in animal and human studies.
[12] Exposure to micronized titania particles greater than 40 nm through skin
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absorption has been ruled out in the literature.[13, 14] However, the
photocatalytic activity of titania and zinc oxide particles may, through a free
radical mechanism, degrade the stability of the organic components of
sunscreens, thereby reducing their efficacy.[15-19] Free radical processes can
also damage biological tissue, though the risk from sun exposure may be
greater.[20, 21] Another question not explicitly addressed by the FDA rule is the
relative importance of the physical size of a nanoparticle when considering its
risk.

The exposure to nanomaterials of factory workers and consumers of
personal care products is a near-term issue worthy of more focused attention by
the research community. Equally important is the scarcity of data in the literature
regarding exposure mechanisms relevant over the long term, e.g., through the
accumulation and transport of nanoparticles in the environment. As nanoparticle
manufacture continues to increase, and as more products incorporating them are
brought into the marketplace, their concentration in the air, water and soil is
likely to rise. Therefore, it becomes important for both the technical and policy
communities to understand and address the consequences of that possibility. The
technical community can help by evaluating the fate and transport of model
systems in these surroundings.

Recommendations

In the absence of reliable scientific data, policymaking may become unduly
politicized. Therefore, concrete actions must be taken to ensure that
nanotechnology develops responsibly and with strong public support. The most
essential component of a responsible policy is a scientific assessment. of the
impact of nanomaterials on human health and the environment. A body of solid,
peer-reviewed data on potential toxicity, bioaccumulation, and fate of
nanomaterials in the environment would identify the specific nanomaterials and
applications of greatest potential risk so that the risk can be mitigated or avoided
altogether. The technical community must also show itself to be responsive to
public concerns by engaging in open dialogues with all stakeholders, including
nanotechnology’s critics, about the best way to ensure that nanotechnology does
not have unintended consequences.
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Chapter 5
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The papers in this section summarize presentations given in a
session on the “toxicology and biological interactions of
nanomaterials.” The purpose of this session was to review
what is currently known of the toxicity of several specific
manufactured and naturally occurring nanomaterials, to
consider the more general topic of biological interactions of
materials on the nanoscale, and to lay the groundwork for
development of an effective and focused research program on
the collective toxicity of these chemically and physically
diverse materials.
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The symposium session on toxicology and biological interactions of
nanomaterials is one of the first of its type. It was designed to attempt to identify
potential adverse health effects in the broadest sense that may be associated with
the creation, use and or disposal of manufactured nanomaterials.

Currently there are few if any scientists working with a sole focus on the
toxicology of manufactured nanomaterials. The closest well established area of
investigation is the field of ultrafine particle inhalation toxicology. The growing
awareness that adverse cardiovascular and pulmonary health effects of
particulate air pollution may be in large part accounted for by the smallest of the
combustion particulate byproducts ( < 0.1 um in diameter) is fairly recent (J),
and the unexpected finding that nanoparticle size can impact toxicity equally if
not more so than chemical composition hints at the complexity of the topic.
Indeed, the unusual biological properties of nanomaterials- substances that are
neither “chemicals” nor ‘particles” as we typically think of them, allows for a
collective consideration of a class of substances that differ widely in chemical
and physical properties, as well as applications and uses.

It has been proposed that nanoparticles, particles ranging from 1 to 100 nm
in any one dimension, were not a significant part of the human environment until
combustion of fuels became a central aspect of life (2). This is an interesting
hypothesis, although the implication that cells or organisms did not encounter
nanomaterials and therefore are ill equipped to deal with them is somewhat
implausible. For example, many biological agents such as viruses (3) and
lipoproteins that transport fatty acids and lipids fall into the nanometer size range
(4), and indeed all organisms have evolved the capability of carrying out the
essential processes of life through organization and maintenance of complex
functional nanostructures.

However, there are indications in the literature that manufactured
nanomaterials or nanoparticles resulting from combustion may interact with
biological systems in unpredictable ways. Ultrafine particles deposited in the
lung are apparently translocated across the alveolar-capillary barrier through
caveolae, rather than taken up by macrophages as is the fate of larger particles,
and there is evidence for movement of nanoparticles from the respiratory tract to
extrapulmonary organs through neurons (7). The unusual distribution properties
of nanoparticles have been exploited by the pharmaceutical industry in
developing methods to deliver drugs across the blood-brain barrier (5). In
addition, the seemingly unrestricted access of nanoparticles into cells has been
exploited through the use of nanocrystals (quantum dots) as fluorescent
bioprobes in imaging applications (6). Certain nanoparticles have been observed
to preferentially accumulate in particular organelles (7,8). Surface properties
seem to play a major role in determining where the materials accumulate within
the cell.
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Understanding the surface chemistry of nanoparticles may be key to
predicting ultimate toxic effects. Surface properties can be changed by coating
nanoparticles with different materials, but surface chemistry is also influenced by
the size of the particle. Even inert elements such as gold, become more
catalytically active when present as nanoparticles (9). It has been shown that
inhaled ultrafine polytetrafluoroethylene (PTFE or Teflon®) particles are
disproportionately more toxic than larger particles of similar composition but
equivalent mass (/0). Ultrafine polystyrene particles were reported to induce
inflammation in the lung in proportion to their surface area (/7). This interaction
of surface area and particle composition in provoking biological responses adds
an extra dimension of complexity in sorting through the potentially advantageous
and adverse events that may result from exposure to these materials.

The speakers chosen for this symposium session were asked to address both
recognized toxicities as well as apparently benign interactions of nanoparticles
with biological systems. Dr. Paul Alivisatos of the University of California,
Berkeley, and Lawrence Berkeley National Laboratory led off the technical
portion of the program by introducing quantum dots; outlining his laboratory’s
bioimaging studies with these materials, and describing some applications in
determining the metastatic potential of cells in culture. Dr. Bernard Erlanger of
Columbia University discussed a remarkable series of studies wherein antibodies
have been raised to chemically-modified fullerenes and were shown to cross
react with single walled carbon nanotubes (72, and see commentary /3). These
studies have applicability to the question of the potential of manufactured
nanoparticles to produce autoimmune disease and other immunological
responses. Dr. David Allen of Texas Tech then reviewed studies from his
laboratory examining the interactions of nanoparticles, under development as
drug carriers, on the function of the blood-brain barrier.

The second half of the symposium session dealt with examinations of
toxicity’s resulting from exposures to nanoscale materials. Dr. Gunter
Oberdorster, University of Rochester, reviewed a series of studies his laboratory
has carried out looking at the toxicity, fate and transport of various inhaled
ultrafine particles. These studies form a large part of the existing knowledge base
on particle fate and transport outlined above. Finally, Drs Chiu-wing Lam,
Johnson Space Center, and David Warheit, DuPont Haskell Laboratory,
described a set of independently performed studies that both examined the
consequences of intratracheal instillation to rats of different preparations of
single wall carbon nanotubes. Although the pulmonary lesions produced in these
studies were qualitatively similar, the investigators held different opinions
concerning the interpretations of the studies, and on the implications of these
findings for human health following inhalation of these materials.

In our estimation, this symposium session established that there is merit in
considering as a collective concept the toxicity of nanomaterials of a wide
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variety of chemical and physical properties. It is our hope that recognition of the
unique characteristics of nanoparticles will enable us to design studies that will
establish critical toxicologic principles. This information could aid in the design
of toxicologically benign materials and provide the science base to support safe
implementation and societal acceptance of a promising technology.

This symposium was reviewed in articles published in Science (/4), and
Chemical & Engineering News (15).

References

1. Oberdérster, G.; Utell, M.J. Ultrafine particles in the urban air: To the
respiratory tract- and beyond? hﬂz, 110, A440-1.
2. Howard, C. V. Nanoparticles and Toxicity. ETC Group Occasional Paper
Series: Winnipeg, Canada 2003, vol 7, No. 1. Annex.

3. Masciangioli, T.; Zhang, W-X. Environmental technologies at the nanoscale.
Environ. Sci. Technol.2003, Mar. 1, 102A- 108A.

4.. Badiou, S.; Merle De Boever, C.; Dupay, A.M.; Balliat, V.; Cristol, J.P.;
Reynes, J. Decrease in LDL size in HIV positive adults before and after
lopinavir/ritonavir-containing regimen: an index of atherogenicity?
Atherosclerosis 2003, 168, 107-113.

5. Lockman, P.R.; Mumper, R.J.; Kahn, M.A.; Allen, D.D. Nanoparticle
technology for drug delivery across the blood-brain barrier. [ EEEENEGEGEGEGNE
Bhckiugar002 28, 1-12,

6. Seydel, C. Quantum dots-get wet. Sgience 2003, 300, 80-81.

7. Foley, S.; Crowley, C.; Smaihi, M.; Bonfils, C.; Erlanger, B. F.; Seta, P.;
Larroque, C. Cellular localisation of a water-soluble fullerene derivative.

I 2, 294, 117-119.

8. Savic, R.; Luo, L.; Eisenberg, A.; Maysinger, D. Micellular nanocontainers
distribute to defined cytoplasmic organelles. Sgience, 2003, 300, 615-618.

9. Haruta, M. When gold is not noble: catalysis by nanoparticles. hgitmRéte
2003, 3, 75-87.

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch005

August 10, 2012 | http://pubs.acs.org

32

10. Johnston, C.J.; Finkelstein, J.N.; Mercer, P.; Corson, N..; Gelein,, R.;
Oberdbrster, G. Pulmonary effects induced by ultrafine PTFE particles. Jgxicol

Inim——.F 000, /68, 208-215.

11. Brown, D.M.; Wilson, M.R.; MacNee, W.; Stone, V.; Donaldson, K. Size-
dependent proinflammatory effects of ultrafine polystyrene particles: a role for
surface area and oxidative stress in the enhanced activity of ultrafines. Zogicol,

IR 001, /75, 191-199.

12. Erlanger, B. F; Bi-Xing, C.; Zhu, M.; Brus, L. Binding of an anti-fullerene
IgG monoclonal antibody to single wall carbon nanotubes. Jgigehgitn?001, /,
465-467.

13. Izhaky, D.; Pecht, 1. What else can the immune system recognize? Proc,
I 998, 95 11509-11510.

14. Service, R. F. Nanomaterials show signs of toxicity. Sgieuce2003, 300, 243.

15. Dagani, R. Nanomaterials: Safe or unsafe? Chem. Engineer. News 2003,
April 23, 30-33.

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch006

August 10, 2012 | http://pubs.acs.org

Chapter 6

A Role for Inmunology in Nanotechnology
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Until 1985, only two allotropic forms of elemental carbon were known:
graphite and diamond. In 1985, a third form was discovered constructed of 60
carbon atoms (i.e. Cg) and named Buckminsterfullerene because of its
geodesic character (7). The preparation of fullerenes in workable quantities led
first to applications in chemical and engineering processes and subsequently to
the suggested use of fullerenes for biological and medical applications (2-4)
and as templates for the design of experimental pharmaceutical agents,
including those with anti-viral (5-9), antioxidant (8-/2), chemotactic (/3), and
neuroprotective (/4) activities.

We demonstrated that the mouse immune repertoire is diverse enough to
recognize and produce antibodies specific for C60-fullerenes (/5). We
succeeded in isolating several monoclonal anti-C ¢ antibodies.  The
monoclonal antibody under study (1-10F-A8) is an IgGl, kappa and was
prepared by standard procedures which included immunization of mice with a
fullerene carboxylic acid derivative covalently linked to a protein (bovine
thyroglobulin) by competitive inhibition in an ELISA format, in which a
fullerene-rabbit serum albumin (RSA) conjugate was used as the target. An
apparent binding constant of 22 nM was determined. The sequences of the light
and heavy chains were determined, and the three-dimensional structure of the
Fab fragment was solved and refined by x-ray crystallographic techniques to a
resolution of 2.25 A. Finally, we identified and modeled the probable binding
site for C 60 fullerene and described the interatomic interactions that stabilize
the antibody-fullerene complex.

Identification and Modeling of C ¢ Binding to the Fab’ Fragment of
Monoclonal Antibody 1-10F-A8 by X-ray Crystallization

Identification of the C ¢ binding site in the anti-fullerene antibody was
accomplished by X-ray crystallization using accessible surface area calculation
and docking/energy minimization procedures.  Accessible surface area
calculation with a 1.7 A radius probe identified a spherical-shaped cavity in the
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interface of the two sequence-variable peptide chains, VH and VL, that make
up the binding site of an antibody molecule. The two chains contain within
them amino acids that actually contact the antigen, defined as the
Complementary Determining Regions (CDRs). There are also the “framework”
regions that define the combining site but do not make contact with the
fullerene. The V L CDR amino acid residues are Tyr-36, GIn-89, Phe-96 and
the V L “framework” residue Phe-98. Included also are the side chains of VH
CDR residue Asn-35 and VH framework residues Val-37, Trp-47, and Trp-
106. In addition the main chain atoms of the V H residues Ala-97, Thr-98 and
Ser-99 (in CDR H3) also define the cavity. The cavity contains two solvent
water molecules that form a solvent bridge between the side chains of V L Gln-
89 and V H Asn-35.

Accessibility to the fullerene binding site is via a 4.7 A wide channel
fashioned by the CDR L3 and the short CDR H3 hypervariable loop. The
cavity identified by the V L-V H interface is approximately 7 A in diameter,
too small for the C ¢ fullerene of 10 A diameter, incorporating the van der
Waals radii of the carbon atoms. Nonetheless, manual docking of a model C ¢
into the cavity and using an energy minimization protocol results in relaxation
of the surrounding Fab side chains and 11 degree rotation of the VL and VH
domains. The binding process therefore, includes an induced fit mechanism.
The antibody surface area buried by the V L and V H interface is relatively
small, 1,100 A?, consistent with other anti-hapten antibodies that undergo large
relative V L -V H displacements upon hapten binding.

In addition to confirming that the fullerene binding site was the spherical
cavity identified by accessible surface area calculation, the modeling and
energy minimization of the Fab-C ¢ complex suggests several pi-bond stacking
interactions between the fullerene and the antibody. Aromatic side chains of
VHTrp-47, VL Tyr-91, and VL Phe-96 as well as side chains for VH Asn-35
and VL GIn-89 lie parallel in the C ¢ molecule. In addition, the potential for a
weak hydrogen bond from the VL Tyr-36 hydroxyl to the fullerene (3.15 A)
was also noted. Stacking interactions to C g have been previously described in
the crystal structure of C ¢ solvated by benzene. The solvent benzene was
noted to lie over the electron-rich C 4 pentagon-pentagon bonds, clearly
establishing the nature of the stacking interaction. Pi-system stacking
interactions are well established in x-ray crystal structures of antibody-antigen
complexes. . For example, in the antibody-antigen complex of the anti-
lysozyme antibody D44, the stacking interaction involved an aromatic side
chain, tryptophan, from the antibody and an arginine from the antigen. It is not
surprising, therefore, that the anti-fullerene antibody uses similar stacking
interactions for the binding of fullerene.

It should be noted that the stacking and hydrogen bond interactions to the
fullerene would be weak interactions.
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Binding of the Anti-Fullerene Antibody to Single Wall Carbon
Nanotubes

Single wall carbon nanotubes (SWNTSs) are a remarkable new class of
nanometer diameter metallic and semiconducting wires that carry current as pi
electrons propagating on their graphitic surface. They are physically robust,
exhibit great tensile strength, do not oxidize or have surface states under
ambient conditions, and show high conductivity. They are easily grown in
lengths of tens of microns and can be precisely positioned and manipulated
when attached to AFM tips. Their remarkable electrical properties suggest their
potential for use in future electronic components.

The immunochemical binding interreaction between SWNTs and the C60
antibody was first demonstrated by a competitive ELISA in which a colloidal
suspension of carbon nanotubes was shown to competitively inhibit the binding
of anti-fullerene antibody to a fullerene conjugate of rabbit serum albumin.
Competition was seen at very high dilutions of the SWNT colloidal suspension.
A quantitative measure of binding coefficient will require detailed study as a
function of available SWNT surface area, structural type, and extent of SWNT
aggregation into ropes.

Binding was confirmed directly by atomic force microscopy. SWNT ropes
on mica were initially imaged, the surface was then exposed to antibody
solution, and finally, the same SWNT was imaged in air. This sequence
distinguishes any preexisting surface particles from bound antibodies. Three
drops of aqueous SWNT suspension (0.064 mg/mL in Triton 100X surfactant,
from_Tubes@Rice) were spun into freshly cleaved mica surface. The sample
was imaged by tapping mode AFM in air. Many anti-fullerene antibody
molecules could be seen adsorbed to the surface of nanotubes (/6).

Thus the monoclonal anti-C 60-specific antibody could be visualized
binding to carbon nanotubes, presumably because the latter have a curved,
hydrophobic pi-electron-rich surface, analogous to C60, itself. The
hydrophobic binding site of the antibody is sufficiently flexible to recognize
both. Thus our findings bridged 2 disparate disciplines, electrical
nanotechnology and monoclonal immunology. We were encouraged, therefore,
to explore the possibility of utilizing this combination in biological systems, in
particular with the idea that antibody-coated SWNTs can be used
advantageously as probes of cell or membrane function. A SWNT rope has a
diameter of about 10nm, far smaller than present metal or glass capillary
intracellular probes. They should be capable of insertion into and withdrawal
from specific regions of cells, with minimal disturbance of cell or membrane
function.

We first showed that the monoclonal anti-fullerene antibody could be
covalently “decorated” with a fluorescent Ca™ probe (Molecular Probes,
Eugene OR) without disturbing its specificity for fullerenes and nanotubes. Our
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future plans envision insertion of the SWNT- antibody-calcium probe into
living cells. It should be possible for the probe molecule(s) to be optically
excited or electrically addressed via the conducting SWNT wire. Unlike most
semiconductors and metals, SWNTs do not form insulating surface oxides at
room temperature, i.e. there should be electrical contact with the antibody.
Indeed, recent experiments by others have demonstrated that nanotube
electrical properties change with reversible adsorption of molecular species.
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Chapter 7

Effects and Fate of Inhaled Ultrafine Particles

Giinter Oberddrster

Department of Environmental Medicine, University of Rochester,

575 Elmwood Avenue, Rochester, NY 14642
(Gunter-Oberddorster@urme.rochester.edu)

Concentration of inhaled particulate matter (PM) varies by
orders of magnitude from ng/m’ to mg/m’, depending on
material, particle size, and proximity to sources. Particle
number concentrations, expressed as particles/cm’, can also
span several orders of magnitude, with ultrafine particles
(<100 nm) accounting by far for the highest number yet
lowest mass concentrations. Deposition in extrapulmonary
and pulmonary airways is mainly governed by impaction,
settling, diffusion and interception. The nose is a very
efficient filter for large (>2 um, impaction) and smaller
ultrafine (<5 nm, diffusion) particles; in the respiratory tract
overall there is minimal deposition at 0.2 - 0.5 pm (settling
and diffusional displacement minimal). While chemical com-
position does not influence deposition of inhaled particles—
assuming no hygroscopicity—disposition of deposited part-
icles is highly dependent on their chemical characteristics.
Since PM is a chemically complex mixture, different mechan-
isms including dissolution, leaching, chemical binding and
mechanical transport are involved in particle clearance. For
solid poorly soluble particles, classical clearance mechanisms
are size dependent and pathways include mucociliary escalator
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in nasal and tracheobronchial airways to the GI-tract, alveolar
macrophage-mediated clearance in the alveolar region to the
mucociliary escalator, interstitial translocation and lymphatic
uptake to regional lymph nodes. More recently, two additional
pathways to extrapulmonary organs have been described,
specifically for poorly soluble ultrafine particles: translocation
to blood circulation; and transport to ganglia and structures of
the CNS along axons of sensory nerves located in nasal and
tracheobronchial epithelia. This could provide a plausible
mechanism for adverse cardiovascular and CNS health effects.

Introduction

Several epidemiological studies have found associations of ambient
ultrafine particles (UFP) with adverse respiratory and cardiovascular effects
resulting in morbidity and mortality in susceptible parts of the population (1-6)
whereas other epidemiological studies have not seen such associations (7, 8).
Controlled clinical studies evaluated deposition and effects of laboratory-
generated UFP. High deposition efficiencies in the total respiratory tract were
found as well as effects on the cardiovascular system (9-13). Studies in animals
using laboratory-generated surrogate UFP or ambient UFP showed that UFP
consistently induced mild yet significant pulmonary inflammatory responses as
well as effects in extrapulmonary organs. Animal inhalation studies included the
use of different susceptibility models in rodents, with analysis of lung lavage
parameters and lung histopathology, effects on the blood coagulation cascade
and translocation studies to extrapulmonary tissues (14-21). In vitro studies by a
number of different investigators using different cell systems showed to varying
degrees oxidative stress—related cellular responses after dosing with laboratory-
generated or filter collected ambient ultrafine particles (22-25). Although
effects of UFP were consistently observed it appears that more data are needed
for their toxicological characterization specifically with regard to developing
occupational or environmental standards.

However, despite uncertainties regarding ambient UFP effects, there are a
number of characteristics which are unique for UFP. These relate to their
behavior in the air and in the respiratory tract, giving them a distinctly different
potential to cause adverse health effects. The following short treatise provides
an overview of these UFP-specific characteristics.
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Respiratory Tract Deposition

The main mechanism of deposition of inhaled UFP in the respiratory tract is
by diffusion due to displacement when colliding with air molecules. Other
deposition mechanisms, inertial impaction, gravitational settling, and
interception, do not contribute to UFP deposition, and electrostatic precipitation
only in cases where UFP will carry significant electric charges. The predictive
ICRP model (26) gives the fractional deposition of inhaled particles in the
nasopharyngeal, tracheobronchial and alveolar region of the human respiratory
tract under conditions of nose-breathing during rest. For ultrafine particles (1-
100 nm), in each of the three regions of the respiratory tract different amounts
of a given size of these particles are deposited. For example, 90% of inhaled 1
nm particles are deposited in the nasopharyngeal compartment whereas it is only
~10% in the tracheobronchial region and essentially none in the alveolar region.
On the other hand, 5 nm particles show about equal deposition of ~30% of the
inhaled particles in all three regions; 20 nm particles have the highest deposition
efficiency in the alveolar region (~50%) whereas in tracheobronchial and
nasopharyngeal regions this particle size deposits with ~15% efficiency. These
different deposition efficiencies should also have consequences for potential
effects induced by inhaled UFP of different sizes as well as for their disposition
to extrapulmonary organs, as will be discussed later.

The ICRP model predictions are based on experimental evidence of
numerous well-conducted studies in humans for particles above 0.1 pm for all
three regions of the respiratory tract (for review see reference 27). With respect
to ultrafine particles, experimental data for nasal deposition in humans have
been published (28, 29), which served as a basis for the ICRP model. There are
also UFP deposition data in humans for tracheobronchial and the alveolar region
of the respiratory tract (12, 30), and there are human deposition data for inhaled
UFP for total respiratory tract deposition (10, 31-33).

The information about the fraction of inhaled particles depositing in
different regions of the respiratory tract could be interpreted as showing that a
high deposition fraction in one region of the respiratory tract also implies a high
dose to individual cells in that region. However, large differences in epithelial
surface area between the different regions need to be considered. For example,
inhaled 20 nm particles have the highest deposition efficiency in the alveolar
region of the lung. When modeling the deposition of such particles along the
individual generations of the lower respiratory tract, one can see that, indeed,
most of the mass of these particles is depositing beyond generation 16 of the
tracheobronchial region, i.e., in the alveolar region (Fig. la). However,
considering that the epithelial surface areas in tracheobronchial and alveolar
regions have vastly different sizes, one needs to take into account the deposited
dose normalized per unit surface area. Figure 1b shows that in that case the
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upper generations of the tracheobronchial region, in fact, receive the highest
doses per unit surface area. An additional factor that needs to be considered is
that during deposition hot spots of deposition occur at bifurcational junctions
(34, 35). These hot spots comprising about 100 cells or areas of 100 x 100 pm
on carinal ridges, can increase focal concentrations by 1-2 orders of magnitude.

Another example may serve to illustrate further differences between
regional and surface area deposition, while at the same time comparing the
deposition of inhaled poly-disperse ultrafine 20 nm and fine 250 nm particles in
all three regions of the human respiratory tract (Figure 2). Assumed is an
inhaled concentration of 100 pg/m’ over a 6-hr. exposure period. The
geometric standard deviation of the particle size distribution is 1.7. Deposited
amounts, or dose, per region and per unit surface area in all three regions of the
respiratory tract are shown, as predicted by the MPPD model (36). As can be
seen, the ultrafine particle deposition on a mass basis is more than twice in each
of the three regions compared to the 250 nm fine particle. The dose deposited
per region increases from the nasal to the tracheobronchial to the alveolar region
for both particle types. When expressing the deposited dose per unit surface
area, the picture is reversed. While the more than 2-fold greater deposition of
UFP is unchanged, the highest surface area dose is received by the nasal
followed by the tracheobronchial region, and the least is deposited in the
alveolar region (Figure 2). Expressed in terms of number of particles per unit
surface area, it is about 5,000 times higher for the 20 nm UFP compared to 250
nm fine particles. This may have significant implications for the likelihood of
ultrafine particles to be translocated to extrapulmonary sites as will be discussed
later.

Respiratory Tract Clearance

A number.of defense mechanisms exists throughout the respiratory tract
aimed at keeping the mucosal surfaces free from cell debris and foreign
materials, including particles deposited by inhalation. Several reviews describe
the well-known classic clearance mechanisms and pathways for deposited
particles, (e.g., 27, 37, so the following paragraphs will only briefly mention
those mechanisms and point out specific differences that exist with respect to
ultrafine particles. A major focus in this article is on an additional not generally
recognized mechanism which appears to be very specific for ultrafine particles
and which involves their translocation from the respiratory tract to the Central
Nervous System (CNS).

The clearance of deposited particles in the respiratory tract is basically due
to two processes: physical translocation of particles and chemical dissolution or
leaching. The latter mechanism is directed at biosoluble particles or components
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of particles that are either lipid soluble or soluble in intracellular and
extracellular fluids. Solutes and soluble components can then undergo adsorp-
tion and diffusion or binding to proteins and other subcellular structures and
maybe eventually cleared into blood and lymphatic circulation. This mechanism
of clearance for biosoluble materials can happen at any location within the three
regions of the respiratory tract. In contrast, a number of diverse processes
involving physical translocation of inhaled particles exists which are different in
the three regions of the respiratory tract. Figure 3 summarizes these clearance
processes for solid particles. As will be pointed out, some of them show
significant particle size-dependent differences, making them either uniquely
effective for a given particle size or very inefficient for another size.

Nasal mucosa and tracheobronchial region are supplied with an effective
clearance mechanism consisting of ciliated cells forming a mucociliary escalator
to move a mucus blanket towards the pharynx (posterior nasal region and
tracheobronchial region). This constitutes a very fast clearance for solid par-
ticles which removes most of them within 24 hours in the tracheobronchial
region. It operates most likely also for ultrafine particles (21), although studies
by Schiirch et al., (38) et al. show that surface tension lowering forces of a thin
surfactant layer in the bronchial tree act on particles to submerge them into the
mucus and sol phase of the airway fluid which may result in a prolonged
retention in this region (39). From the oropharynx, participles are then
swallowed into the GI tract thus being eliminated from the respiratory tract. A
more detailed review of these nasal mechanisms is provided by Kreyling and
Scheuch (37).

The most prevalent mechanism for solid particle clearance in the alveolar
region is mediated by alveolar macrophages, through phagocytosis of deposited
particles. The success of macrophage-particle encounter appears to be
facilitated by chemotactic attraction of alveolar macrophages to the site of
particle deposition (40). The chemotactic signal is most likely C5a, derived from
activation of the complement cascade from serum proteins present on the
alveolar surface (41, 42). This is followed by gradual movement of the macro-
phages with internalized particles towards the mucociliary escalator. The
retention halftime of solid particles in the alveolar region based on this
clearance mechanism is about 70 days in rodents and up to 700 days in humans.
By 6-12 hours after deposition in the alveolar region, essentially all of the
particles are phagocytized by alveolar macrophages, provided, they are of the
right size. It appears that there are significant particle size-dependent differen-
ces in a cascade of events leading to effective alveolar macrophage phago-
cytosis.

Figure 4 displays results of several studies in which rats had been exposed
to different sized particles (for the 3 and 10 pm particles intratracheal
instillation of 40 and 10 pg polystyrene beads were used). Twenty-four hours
later, ~80% of 0.5, 3 and 10 pm particles could be retrieved by lung lavage with
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Figure 3: Respiratory tract particle clearance pathways. (1) Mypocilia(y
escalator; (2) Gl tract; (3) AM-mediated clearance; (4) Interstitium (via
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the macrophages, whereas only ~20% of ultrafine 15-20 nm and 80 nm particles
could be lavaged with the macrophages. Conversely, ~80% of the ultrafine
particles were retained in the lavaged lung after exhaustive lavage, and ~20% of
the larger particles > 0.5 pm remained in the lavaged lung.

These results imply that UFP—inhaled and deposited as singlets in the
alveolar space—are not efficiently phagocytized by alveolar macrophages
which could be either due to an inability of macrophages to phagocytize these
small particles or due to a lack of the deposited singlet UFP to generate a
chemotactic signal at the site of their deposition. Studies seemingly supporting
the first hypothesis, indeed, show that an optimal particle size for phagocytosis
by alveolar and other macrophages is between 1-3 um, and that beyond these
sizes phagocytosis rates become progressively slower (43-45). However, in
vitro dosing of alveolar macrophages with ultrafine particles indicates that they
are phagocytized by macrophages and activate these cells (23, 46; 24; 22).
Since in vitro studies do not mimic realistic in vivo conditions, the second
hypothesis is more likely to explain the result in Figure 4, that the macrophages
do not “sense” the deposited UFP since they did not generate a chemotactic
signal or only a very weak one. This suggestion is also supported by the low
deposited dose per unit alveolar surface area even for those UFP (20 nm) that
have the highest deposition efficiency there (Fig. 1b). Still, experimental proof
for this hypothesis is needed to explain the results of Figure 4 that UFP
deposited by inhalation in the alveolar region are not efficiently phagocytized by
alveolar macrophages.

Because of the inefficiency of alveolar macrophage uptake of UFP one
might expect that UFP interact instead with epithelial cells. Indeed, results from
several studies show that UFP deposited in the respiratory tract readily gain
access to epithelial and interstitial sites (37). We showed in studies with ultra-
fine PTFE fumes that shortly after a 15-min. exposure the fluorine-containing
particles could be found in interstitial and submucosal sites of the conducting
airways as well as in the interstitium of the periphery close to the pleura (20).
Results of other studies with ultrafine and fine TiO, particles—ranging in size
from 12 nm to 250 nm—are consistent with a strongly particle size dependent
translocation to epithelial and interstitial sites: 24 hours after intratracheal
instillation of 500 mg into rats, more than 50% of the 12 nm sized TiO, had
translocated, whereas it was only 4% and less for 220 nm and 250 nm TiO,
(47). Of course, the smaller particle sizes of 12 and 20 nm vs. 220 and 250 nm
also means that the administered particle number was more than 3 orders of
magnitude higher for the ultrafines, a factor that seems to be an important
determinant for particle translocation across the alveolar epithelium, as are the
delivered total dose and the dose rate (48). In general, interstitial translocation
of fine particles across the alveolar epithelium is more prominent in larger
species (dogs, non-human primates) than in rodents (37, 49), and one may,
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therefore, assume that the high UFP translocation observed in rats are likely to
occur in humans as well.

Interstitial translocation constitutes another translocation pathway for those
particles which are not phagocytized by alveolar macrophages, either due to
their small size—which is the case for UFP—or due to an overloading of the
alveolar macrophage capacity to phagocytize particles. A state of particle
overload has been induced in a number of chronic rat inhalation studies with
very high particle concentrations leading to increased translocation also of fine
particles (50). Once in the interstitium, translocation to regional lymph nodes
either as free particles or after phagocytosis by interstitial macrophages can
occur.

Some particles after accumulation in lymph nodes will also translocate
further into post-nodal lymph and entering the blood circulation. This mechan-
ism was demonstrated for fibrous particles in dogs: Intrabronchially instilled
amosite fibers were found in post-nodal lymph samples of the right thoracic
duct collected in the neck area before entering the venous circulation (51).
There was an obvious size limitation in that only the shorter and thinner fibers
(< 500 nm diameter) appeared in the post-nodal lymph. This lympho-hema-
togeneous pathway appears to exist also in non-human primates where it was
shown that fine crystalline silica particles translocated to the livers of exposed
monkeys following chronic exposure to high concentrations (52. 53). Thus, the
clearance pathway from local lymph nodes to the blood circulation is not
restricted to UFP but occurs also for larger particles, although rates are likely
different. The initial step, however, involving transcytosis across the alveolar
epithelium into the pulmonary interstitium, seems to occur with larger particles
only in high lung load situations when the phagocytic capacity of alveolar
macrophages is overwhelmed and the particles are present in the alveoli as free
particles for an extended period of time.

Once the particles have reached pulmonary interstitial sites, uptake into the
blood circulation in addition to lymphatic pathways can occur, a pathway that
again is dependent on particle size, favoring ultrafine particles. Several recent
studies in rodents and humans indicate that rapid translocation of inhaled UFP
into the blood circulation occurs.

Nemmar et al. (14) reported findings in humans that inhalation of *™Tc-
labelled ultrafine carbon particles (Technegas®) resulted in the rapid appearance
of the label in the blood circulation shortly after exposure and also in the liver.
They suggested that this at least partly indicated translocation of inhaled UFP
into the blood circulation. In contrast, other studies in humans with *™Tc-
labeled carbon particles (33 nm) by Brown et al. (23) did not confirm such
uptake into the liver, and the authors cautioned that the findings by Nemmar et
al. (14) were likely due to soluble pertechnetate rather than labeled UFP. Our
inhalation studies in rats have shown that ultrafine elemental "*C particles
(CMD ~30 nm) had accumulated to a large degree in the liver of rats by 24
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hours after exposure, indicating efficient translocation into the blood circulation
(54). Suggested pathways into the blood could be across the alveolar epithelium
as well as across intestinal epithelium from particles swallowed into the GI tract.
On the other hand, using a method of intratracheal inhalation of ultrafine 1925,
particles in rats, Kreyling et al. (37) found only minimal translocation (<1%)
from the lung to extrapulmonary organs, although they reported 10-fold greater
translocation of the smaller (15 nm) compared to the larger (80 nm) UFP.

The conclusion from these studies is that translocation of inhaled UFP from
the respiratory tract into the blood circulation can occur, although the efficiency
of such translocation may well depend on the chemical and surface
characteristics of the UFP. Additional studies are needed to determine particle
size and surface chemistry dependent translocation rates across the alveolar
epithelial/endothelial cell barrier. With respect to the mechanism of this
translocation pathway, it has been suggested that caveolae existing in alveolar
epithelial and endothelial cell membranes support this transcytosis process (55).
During inspiratory expansion and expiratory contraction of the alveolar walls
these caveolae with openings around 40 nm disappear and reappear, forming
vesicles which are thought to function as transport pathways across the cells for
macromolecules (56). Caveolin proteins associated with these caveolaec may
also be involved in this translocation process.

Finally, a translocation pathway in the respiratory tract involving neuronal
axons should be discussed here. This pathway may be specific for UFP and was
already discovered more than 60 years ago, yet it has received only little or no
attention by inhalation toxicologists. It is depicted in Figure 3 for the nasal and
tracheobronchial regions, comprising sensory nerve endings of the olfactory and
the trigeminus nerves and of an intricate network of sensory fibers in the
tracheobronchial region. Studies in the early 1940’s (57, 58) showed that 30 nm
poliovirus particles intranasally instilled into chimpanzees translocated along the
axon of olfactory nerves into the olfactory bulb. DeLorenzo (59) in later studies
related to the physiology and anatomy of olfaction provided excellent EM
photographs of colloidal 50 nm gold particles translocating in the axon of
olfactory nerves into the olfactory bulb of squirrel monkeys following intranasal
instillations. DeLorenzo could manifest the translocation of these electron dense
gold particles from their uptake into the olfactory rods, their retrograde
movement along the dendrites, anterograde movement along the olfactory nerve
axons to the olfactory bulb, even crossing synapses to the second layer of mitral
cells in the bulb, and finally the localization of the 50 nm particles in
mitochondria. Both groups of investigators also determined the transport
velocity of the 30 nm virus and 50 nm gold particles at 2.4 and 2.5 mm/hour, at
which speed the particles appeared within 30-60 mins. after nasal inoculation in
the olfactory bulb. This agrees very well with neuronal transport velocities of
solid particles in axons of other neurons after direct microinjection (60).
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Hunter and Dey (62) and Hunter et al. (63) documented in subsequent
studies with intranasally and intratracheally instilled rhodamine labeled
microspheres neuronal uptake and translocation via trigeminus nerves in the
nasal region and sensory nerves in the tracheobronchial region. The particles
were transported to the trigeminal ganglion at the internal base of the skull and
to the ganglion nodosum in the neck area (with connections to the vagal nerve),
respectively. These findings are based on the now well-established method of
using 20-200 nm microspheres, which are readily transported in axons and
dendrites as tracers to visualize neurons. This axonal/dendritic transport of
microspheres was first described by Katz et al. (64) after microinjection into
brain tissue of rats and cats. Size and surface properties of the microspheres
seem to influence the neuronal translocation process, the optimal size possibly
being ~30 nm UFP (Katz, personal communication).

In a most recent study we have found that inhalation of ultrafine elemental
13C particles (35 nm) resulted in their significant accumulation over the 7-day
post-exposure period in the olfactory bulb of rats (Fig. 5). On two of the post-
exposure days there was also a significant increase of ’C in cerebrum and
cerebellum, however, the olfactory bulb showed the most consistent significant
increases (65). Preliminary results of another inhalation study with ultrafine (30
nm) manganese oxide particles in rats again showed significant increases of Mn
in the olfactory bulb as well as striatum and frontal cortex. These studies are
consistent with the olfactory nerve translocation route demonstrating that this
pathway is also operating for inhaled UFP deposited in the nasal region of the
rat.

Significance of Translocation from the Respiratory Tract

The preceding sections summarized data demonstrating that inhaled UFP of
different sizes can target all three regions of the respiratory tract. Once
deposited, these particles—in contrast to larger-sized particles—appear to
translocate readily to extrapulmonary sites and reach other target organs by
different transfer routes and mechanisms. One involves transcytosis across
epithelia of the respiratory tract into the interstitium and access to the blood
circulation directly or via lymphatics resulting in distribution of UFP throughout
the body. The other is uptake by sensory nerve endings embedded in airway
epithelia, followed by neuronal translocation to ganglionic and CNS structures.

Translocation of inhaled UFP into the blood circulation could affect
endothelial cell function as suggested by results of Nemmar et al. (15; 66).
These authors saw in an experimental thrombosis model in hamsters that i.v.
injected and intratracheally instilled positively, but not negatively, charged 60
nm ultrafine polystyrene particles increased thrombus formation in a peripheral
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vein. Larger 400 nm positively charged particles did not increase thrombus
formation when intratracheally instilled at a dose which induced pulmonary
inflammation equivalent to that of a thrombus forming 60 nm UFP dose.
Although high doses were used, these results are consistent with the concept
that (i) UFP, but not fine particles, translocate from the lung to the blood
circulation and can affect endothelial function; (i7) that surface properties —
including charge and also chemistry (20, 67) are important determinants of UFP
effects.

UFP translocation to the blood circulation could also explain
epidemiological findings of cardiovascular effects associated with ambient UFP
and results of clinical studies showing vascular responses to inhaled ultrafine
elemental carbon particles (1, 6, 13). As discussed before, evidence in humans
for the translocation of inhaled UFP into the blood circulation is ambiguous,
with one study showing rapid appearance in the blood and significant
accumulation of label in the liver of humans inhaling **Tc-labelled 20 nm
carbon particles (14), while another study using the same labeled particles
reported no such accumulation (23). As described in the previous section,
translocation of inhaled ultrafine particles in rats to extrapulmonary organs
(liver) has been observed, albeit the magnitude of such translocation seems to be
dependent on particle chemistry. Taken together all of the evidence from
animal and human studies for alveolar translocation of UFP, it is likely that it
happens in humans as well, dependent on particle surface characteristics/
chemistry which seems to have a significant influence on extrapulmonary
translocation of UFP. In addition to UFP translocation, cardiovascular effects
may also be the corollary of a sequence of events starting with particle-induced
alveolar inflammation which in turn causes acute changes in blood coagulability
and leading to cardiovascular effects (68).

Little recognized as a mechanism of importance in the area of UFP health
effects and even more intriguing are observations of solid UFP translocation
from airway mucosa along sensory nerves. Questions about the relevance for
humans and about mechanisms of neuronal uptake and transport arise. It has
been well demonstrated in rodents in numerous studies that inhaled or
intranasally instilled soluble metal compounds are translocating via olfactory
neurons to the olfactory bulb (69-72). No data in that regard are available for
humans; however, the aforementioned results in chimpanzees and squirrel
monkeys with intranasally-instilled 30 nm virus and especially 50 nm gold
particles (57-59) clearly demonstrated in detail the uptake and movement of
these particles in olfactory rods, olfactory dendrites and axons, and even
crossing synapses in the olfactory bulb in non-human primates. Although this
makes it a very likely mechanism in humans as well, there may also be
important differences. Given that the olfactory mucosa of the human nose
comprises only 5% of the total nasal mucosal surface as opposed to 50% in rats
—which in addition are obligatory nose breathers—one can argue that the
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olfactory route may be an important transfer route to the CNS for inhaled UFP
in animals with a well-developed olfaction system yet at the same time its
importance for humans with a more rudimentary olfactory system can be
questioned. The following comparison between rats and humans is an attempt
to analyze the plausibility of human CNS exposure from inhaled UFP via the
olfactory neuronal pathway.

The airflow directed to the human nasal olfactory mucosa (5% of total nasal
mucosa) is 10% of the total nasal airflow (73). A much larger relative olfactory
mucosa of 50% of the nasal mucosa in the rat receives only 15% of the total
nasal airflow (74), so that the relative deposited amount per unit surface area of
the olfactory mucosa may be not that different between rats and humans.
Indeed, the Multiple Path Particle Deposmon (MPPD; 36) model predicts that
deposition of inhaled 20 nm particles in the nasopharyngeal regnon is about 5
times greater per unit nasal surface area in humans than in rats, i.e., ~60 ng/cm’
for rats compared to ~300 ng/cm in humans, assuming a 6-hr. exposure at 100
pg/m® under normal resting breathing conditions for both species. Assuming
even distribution across the nasal mucosa—which is most likely not quite
correct—rats would deposit ~480 ng on their olfactory mucosa and humans
about ~1,575 ng. A first attempt to estimate how much of the deposit on the
olfactory mucosa translocates to the olfactory bulb was made in our latest rat
inhalation study with inhaled ultrafine carbon "*C (Fig. 5). It was found that
~20% of the deposited amount translocated to the olfactory bulb within 7 days
after the exposure. In the example above the rats would translocate 96 ng to
their olfactory bulbs (85 mg organ weight), and humans would translocate 315
ng to their olfactory bulbs (168 mg organ weight [75]); that is 1.1 ng/mg
olfactory bulb in rats and 1.9 ng/mg olfactory bulb in humans, a 1.6-fold higher
concentration in humans. This is a rough estimate only and should not be over-
interpreted and generalized for all UFP since neuronal translocation rates may
be very dependent on particle size, surface chemistry and other parameters, and
may also be different between rodents and humans.

If — instead of assuming even distribution of deposited ultrafine particles —
one takes a different approach and assumes that inhaled 20 nm particles are
depositing on the olfactory mucosa proportionately to the airflow directed to
that region, the result changes even more towards a higher surface area dose in
the human olfactory mucosa and a lower one in rats. In rats it would be 20
ng/cm’ (160 ng on total olfactory mucosa), and in humans 600 ng/cm’ (3150 ng
on total olfactory mucosa), a 30-fold difference. The olfactory bulb would then
be dosed with 32 ng in rats and 630 ng in humans (20% translocation of
deposited amount), equivalent to olfactory bulb concentration of 0.4 ng/mg in
rats and 3.8 ng/mg in humans, an almost 10-fold higher concentration in
humans.

Of course, these modeling exercises do not prove that efficient olfactory
translocation of inhaled solid UFP in humans does occur, but the evidence in
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non-human primates together with these dosimetric arguments strongly support
the existence of this mechanism in humans despite a rudimentary olfaction
system. Final confirmation obviously can only come from human evidence.
However, even if the surface loading of the human olfactory mucosa is much
less than the model predicts, and therefore the amount being translocated is
much less, an exposure over many years or decades conceivably could result in
significant accumulation in the olfactory bulb. Translocation into deeper brain
structures is likely to occur as well, as shown in rats for soluble manganese (70),
but requires further confirmatory studies with respect to solid ultrafine particles.

In addition to the olfactory system other neuronal translocation pathways in
the respiratory tract need to be considered also, as discussed in the previous
section. It is not only the olfactory mucosa that is supplied with sensory nerve
endings, but the rest of the nasal and oro-pharyngeal mucosa have sensory
nerves derived from the maxillary and ophthalmic branches of the trigeminus
nerve, coming together at the trigeminal ganglion and continuing to the base of
the brain. There is also a dense network of sensory nerves in the mucosa of the
tracheobronchial region. These are additional neuronal translocation pathways
for solid UFP and perhaps fine particles as Hunter and Dey (62) and Hunter and
Undem (63) demonstrated in rodents. No evidence is available that these two
additional particle translocation routes operate in humans (or non-human
primates), it is a wide open field for future research. It can be hypothesized,
however, that cardiovascular effects associated with ambient particles in
epidemiological studies (76) are in part due to direct effects of translocated UFP
in functions of the autonomic nervous system.

The chemistry of ambient UFP changes depend on particle size and source
of origin. The smaller ambient ultrafine particles approaching the nanoparticle
range consist increasingly of organic compounds (77), which are lipid or water
soluble. It is conceivable that these, too, could be translocated via neurons since
neuronal transport of proteins, lipids, and cellular organelles is a well-known
phenomenon (78). A likely mechanism for neuronal transport of solid UFP is
the cell’s shuttle system of axonal and dendritic microtubuli (79), involving
binding proteins of the Kinesin Superfamily. In the context of potential CNS
effects of air pollution, including ambient UFP, a study by Calderon et al. (80)
may point to an interesting link: These authors describe significant inflamma-
tory changes of the olfactory mucosa, olfactory bulb and cortical and subcortical
brain structures in dogs from a heavily polluted area in Mexico City, whereas
these changes were not seen in dogs from a less polluted control city. However,
whether direct effects of airborne UFP are the cause of these effects remains to
be determined.

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch007

August 10, 2012 | http://pubs.acs.org

54
Outlook

The ubiquitous occurrence of airborne UFP results in significant human
exposures under environmental and certain occupational conditions. Once
deposited, the disposition of these particles appears to be unique: In addition to
the classical clearance processes known to exist for fine and coarse particles,
solid ultrafine particles can translocate to extrapulmonary organs across
epithelial layers and also through uptake via sensory nerve endings in the nasal
and tracheobronchial regions. Particularly, translocation of nasally deposited
UFP along olfactory nerve axons into the olfactory brain has been well
demonstrated in non-human primates and rodents, thereby circumventing the
tight blood-brain barrier for accessing CNS structures. It is very likely that UFP
reaching the CNS via this neuronal pathway will cause adverse effects,
depending on their chemical composition and bioavailability of particle
components to neuronal cells. Although this pathway is likely to exist in humans
as well, conclusive evidence is still lacking. Thus, there is a need to determine
the potential of airbone UFP to cause adverse CNS effects in laboratory
animals and in humans. Figure 6 summarizes hypotheses of UFP effects,
including systemic effects induced by alveolar inflammation or through particles
reaching the blood circulation leading to cardiovascular effects; indirect
cardiovascular effects via the autonomic nervous system from neuronally
translocated particles to respective ganglia and CNS structures; and potentially
direct effects on CNS functions. Modifying factors for these events most likely
include age, underlying disease and other co-pollutants. Future research
addressing these hypotheses requires close collaborations between toxicologists
(animal, cellular, molecular), epidemiologists, clinicians (pulmonary, cardiovas-
cular, neurologic), and atmospheric scientists.
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Chapter 8

Toxicity of Single-Wall Carbon Nanotubes in the
Lungs of Mice Exposed by Intratracheal Instillation

Chiu-wing Lam 2 John T. James!, Richard McCluskey’,
and Robert L. Hunter®

ISpac:e and Life Sciences, NASA Johnson Space Center, Houston, TX 77058
’Wyle Laboratories, 1290 Hercules Dr, Suite 120, Houston, TX 77058
*Department of Pathology and Laboratory Medicine, University of Texas
at Houston, Medical School, Houston, TX 77030

Single-wall carbon nanotubes (NTs) are light and could
become airborne; fine NT particles could potentially reach the
lung. The pulmonary toxicity of three NT products was
investigated in mice by intratracheal instillation. Mice (4 to 5
per group) were each instilled once with a fine-particle
suspension containing 0, 0.1 or 0.5 mg of NTs or a reference
dust (carbon black or quartz), and killed 7 or 90 days later for
lung histopathological study. Carbon black elicited minimal
effects and high-dose quartz produced mild to moderate
inflammation in the lungs. All the three NT products studied
produced granulomas (microscopic nodules) and other lung
lesions. These results show that, for the test conditions
described here and on an equal-weight basis, if NTs reach the
lung, they can be more toxic than quartz. If airborne NT dusts
are present in the working environment, respiratory protection
should be used to minimize inhalation exposures.
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Introduction

NTs structurally resemble rolled-up graphite sheets with one end capped.
They possess unique electrical, mechanical, and thermal properties and are
finding widespread applications in the electronics, computer, and aerospace
industries. Dr. Richard Smalley, a Nobel laureate and a pioneer in NT research
at Rice University (Houston, TX), has predicted that hundreds or thousands of
tons of NTs could be produced in 5 to 10 years and “in time, millions of tonnes
of nanotubes will be produced worldwide every year " (1, 2). As the production
and applications of NTs expand, the potential for human exposures will also
increase.

NTs are commonly produced by electric arc or laser evaporation of carbon
atoms from graphite, or by chemical-vapor deposition (CVD) using a non-
graphite source. In each method, carbon atoms generated are allowed to deposit
on vaporized catalytic metal particles forming carbon nanotubes. High-pressure
CO conversion (HiPco™) is a CVD process that uses carbon monoxide as
carbon source (3). An individual NT molecule or fiber is about 1 nm in
diameter and several micrometers long. NT fibers pack tightly into bundles or
ropes of microscopic sizes. These bundles, in turn, aggregate loosely into small
clumps. They are very light and can easily become airborne. A study by the
National Institute of Occupational Safety and Health on a raw HiPco-NT sample
showed that agitation could generate low concentrations of respirable-size
particles in the air (4).

Concern about the potential for its workers to be exposed to this novel and
important material of unknown toxicity prompted NASA to sponsor the present
NT pulmonary toxicity study. Reported here is a summary [(for the full report,
see the December 2003 issue of Toxicol. Sci. (5)] of our investigation of the
pulmonary toxicity of three NT products, generously provided by Rice
University and CarboLex, Inc. (Lexington, KY). These products were made by
different methods, and contained different types or amounts of metals. Metal
analysis in our laboratory showed that the Rice HiPco™.-prepared NTs
contained about 25% (w/w) iron in the raw form (RNT), and 2% iron after
purification (PNT); the CarboLex carbon-arc product (CNT) contained 25%
nickel and 5% yttrium (5). The CNT product is a fine powder like carbon toner.
The RNT particles tend to stick to each other or to container walls; it would be
very difficult to isolate enough particles of respirable sizes for an inhalation
study, and to generate and monitor NT aerosols for such a study. Thus the NTs
were tested for pulmonary toxicity by intratracheal instillation, which is a
common and accepted route of administration for toxicologically screening
dusts without incurring the expense and difficulty of an inhalation study (6, 7).
Intratracheal instillation studies also allow comparative toxicity investigation of
several dusts simultaneously (8). In the present study, carbon black and quartz,
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two dusts whose toxicities in the lungs have been well characterized, were used
as references.

Methods

To produce results that are relevant for assessing the toxicity of a dust in the
lung, a test material should have particle sizes in the respirable range. The
RNT and PNT, consisting predominately of large particles, are not suitable for
lung toxicity study without further treatment. NTs are neither water soluble nor
wettable. Walters et al., (9) of Rice University, used “aggressive sonication of
purified NT samples in surfactants such as Triton-X or highly polar solvents,
like dimethyl formamide” to make suspensions (10 mg/L) containing mostly
individual fibers and a few small bundles. We prepared fine particle
suspensions suitable for intratracheal instillation by briefly shearing (2 min) and
sonicating (30 sec) NT samples in mouse serum. R. Hauge of Rice (personal
communication) advised us that brief sonication would not shorten or change
the fundamental nature of NTs. NT sample suspensions prepared in our
laboratory appeared as smooth pastes; under the microscope, they showed that
most of the particles were less than 10 um in size, but some larger aggregates
were present.  All test samples were prepared in the same way. Male mice
(B6C3F,, ca. 30 g, 4 to S per group) were each instilled once with 0, 0.1 or 0.5
mg of NTs, carbon black, or quartz suspended in 50 ul of heat-inactivated
mouse serum. Seven or 90 days after a single dust treatment, the mice were
euthanized and the lungs were excised, fixed, and stained for histopathological
study.

Results and Discussion

As expected, the serum control group showed no signs of pulmonary
toxicity, and the lungs of the CB group showed black particles in alveolar
regions with minimal changes (Figure 1A). The quartz-treated mice in the high-
dose group showed mild to moderate pulmonary inflammation. All the NT
products induced a dose-dependent response characterized by the formation of
epithelioid granulomas (microscopic nodules) in the centrilobular alveolar septa
and, in some cases, interstitial inflammation and necrosis in the lungs (Figures
1B and 1C). These lesions persisted and, in most cases, were more pronounced
in the 90-d groups.

The fact that the purified NTs (PNTs), whose metals were removed by
rigorous chemical treatment [prolonged reflux in concentrated acid (/0)],
produced prominent granulomas strongly indicates that NTs themselves induced
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a granulomatous reaction in the lung. Granulomas were also observed by
Warheit of DuPont Company in a similar study, in which rats were
intratracheally instilled with a laser-produced NT product (see Warheit’s report
-in this book); the instilled samples, like ours, were sonicated in a dispersing
agent. The NT dosage of 5 mg/kg that produced granulomas in rats in
Warheit’s study was comparable to that of our low-dose (0.1 mg/30-g mouse or
3.3 mg/kg) group in mice. At this dose (0.1 mg/mouse), we saw granulomas in
the mice treated with the HiPco products (RNT and PNT), but not with the
CNT. The lungs of all mice exposed to NTs at the higher dose (0.5 mg/lung)
had granulomas and some other lesions such as interstitial inflammation.

Figure 1. Lung tissue from mice instilled with 0.5 mg of carbon black or
carbon nanotube material per mouse and euthanized 7 d or 90 d after the single
treatment: (A) 7 d carbon black: black dust particles in macrophages scattered
in alveoli, (B) 7 d RNT: NT-induced granulomas in the lungs shown in low
magnification, (C) 7 d PNT: a close-up view of a granuloma containing black
particles laden in macrophages, (D) 90 d PNT: a granuloma containing NT
fibers shown at a high magnification. Magnifications varied from 40 to 900x.
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Although both types of carbon particles (CB and NTs) were taken up by
alveolar macrophages, their fate and reactions in the tissue were very different.
CB-laden macrophages scattered in the alveolar space (Figure 1A), but NT-
laden macrophages moved rapidly to centrilobular locations, where they entered
alveolar septae and clustered to form epithelioid granulomas (Figures 1B and
1C). It is well known that if the lung is not overloaded with dust, dust-laden
macrophages on the alveolar surface will migrate upward and be carried by the
escalator/mucociliary system up the trachea, and eventually be cleared into the
esophagus. However, when dusts enter the interstitial or subepithelial space,
they are very difficult to clear from the lung. These findings indicate that NTs
and CB have very different intrinsic toxicities and are subjected to different
clearance mechanisms in the lung.

But what makes NTs and CB toxicologically different? In addition to their
difference in surface chemistry (NTs are an excellent electrical conductor
whereas CB is not), they are also different in geometry. Microscopically, the
thin NT fibers pack tightly and in parallel to form ropes or rods (/). As defined
in Comprehensive Toxicology, “Fibers are a special class of particles defined as
elongated objects whose aspect ratio, the ratio of the object’s length to its
diameter, is greater than three” (/7). Individual NT molecules and assembled
NT ropes, rods, or bundles are fibers, whereas CB is amorphous. The fibrous
appearance of NTs is clearly visible in the granulomas (FigurelD). Bio-
persistent fibers are a class of particulate that is of toxicological concern (12).

Generally, insoluble dust particles on alveolar surfaces are phagocytized by
macrophages, and the dust-laden macrophages are cleared by the mucociliary
clearance mechanism. However, if the macrophages enter the interstitial space,
dust particles in the interstitial septa cannot be removed from the lung by the
mucociliary clearance mechanism. This is the case with NTs. Because we see a
difference in how alveolar macrophages react to CB and NT particles, it is
reasonable to assume that the particle clearance depends on the properties of the
dust, and not the route of exposure. In other words, macrophages will likely
react similarly to NT particles introduced into the lung by an intratracheal
instillation or by inhalation exposures. Under either of these conditions, the
lung burden of NTs from an intratracheal dose could be attained by repeated
inhalation exposures (concentration x time), and therefore be used for rough
estimation of inhalation exposure concentrations and duration. It has been
estimated that the fraction of inhaled dust that is deposited deep in the human
lung is about 30% for 3-um particles and increases to 55% for 0.05-um particles
(13). If we assume that 40% of the inhaled respirable NT particles deposit in the
pulmonary region, and that a 30-g mouse breathes in 30 ml of air per min (/4),
then a mouse breathing respirable NT dust at 5 mg/m® for 8 h daily would
accumulate 0.029 mg NTs/day. After breathing the same concentration of NTs
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for 3.5 or 17 days, a mouse would accumulate 0.1 mg or 0.5 mg of NTs in the
lung, respectively. The exposure concentration of 5 mg/m’ is the same
concentration as the Permissible Exposure Limit (PEL) that OSHA set for
respirable synthetic graphite dust and is also the exposure limit recommended
for SWNTSs by a manufacturer and supplier (/5).

OSHA'’s PELs, which are time-weighted (40 h/wk) concentrations, are set
for lifetime occupational exposures. It can be inferred from the exposure-risk
estimation information presented here that if workers were chronically exposed
to respirable NT dust, even at a fraction of the PEL for synthetic graphite, they
would be likely to have serious lung lesions. Therefore the PEL for synthetic
graphite must not be used for NTs. It also can be concluded that, for the test
conditions described here and on an equal-weight basis, if NTs reach the lungs,
they are much more toxic than carbon black and can be more toxic than quartz,
which is considered a serious occupational health hazard in chronic inhalation
exposures. If fine NT dusts are present in a work environment, exposure
protection strategies should be implemented to minimize human exposures.
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Chapter 9

Lung Toxicity Bioassay Study in Rats with Single-
Wall Carbon Nanotubes
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G. A. M. Reynolds’, and T. R. Webb'
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The objective of this study was to evaluate the
toxicity of intratracheally instilled single wall carbon
nanotubes (SWCNT) in the lungs of rats. The pulmonary
toxicity of intratracheally instilled carbon nanotubes was
compared with a positive control particle-type, quartz, and
carbonyl iron particles (a negative control particle-type). The
lungs of rats were intratracheally instilled with either 1 or 5
mg/kg of the following control or particle-types: 1) carbon
nanotubes; 2) quartz particles, 3) carbonyl iron particles.
Phosphate-buffered saline (PBS) and PBS + 1% Tween 80
instilled rats served as additional controls. After exposures,
the lungs of PBS and particle-exposed rats were assessed both
using bronchoalveolar lavage (BAL) fluid biomarkers, cell
proliferation methods, and by histopathological evaluation of
lung tissue at 24 hrs, 1 week, 1 month and 3 months post-
instillation exposure.

High dose exposures to SWCNT produced mortality
in ~15% of instilled rats within 24 hrs post-instillation. This
mortality was due to mechanical blockage of the large airways
by the instillate, and did not result from inherent lung toxicity
of the instilled SWCNT particulate.

Data from the bronchoalveolar lavage and cell
proliferation studies demonstrated that lung exposures to
quartz particles produced persistent enhancement in
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pulmonary inflammation, cytotoxicity, and lung cell
parenchymal cell proliferation indices. Alternatively, single
wall carbon nanotube exposures produced transient
inflammatory and cell injury effects at 1 day postexposure,
due primarily to the blockage of airways and resulting injury
by the instillate.

Histopathological analyses revealed that exposures to
quartz particles (5 mg/kg) resulted in dose-dependent lung
inflammatory responses, in association with accumulation of
foamy alveolar macrophages and early lung fibrosis at the
sites of normal particle deposition. Pulmonary exposures to
carbonyl iron particles produced no significant adverse effects.
Lung exposures to SWCNT in rats produced a non dose-
dependent foreign tissue body reaction, as evidenced by a
series of multifocal mononuclear granulomas. The
granulomas were characterized by black SWCNT bolus
material in the center, and surrounded by macrophage-like
giant cells. The lesions did not appear to progress beyond 1
month postexposure. Surprisingly, the bronchoalveolar
lavage and cell proliferation results were not predictive
biomarkers of the SWCNT-induced granulomatous lesions,
unlike pulmonary responses to quartz particles.

The observation of a SWCNT dust-induced foreign
tissue reaction is not consistent with the following: 1) lack of
lung toxicity by assessing lavage parameters; 2) lack of lung
toxicity by measuring cell proliferation parameters; 3) an
apparent lack of a dose response relationship; 4) non-uniform
distribution of lesions; 5) the paradigm of dust-related lung
toxicity effects; 6) possible regression of effects over time.
Moreover, recently reported data from two exposure
assessment studies at the workplace indicate very low aerosol
SWCNT exposure levels. Therefore, the physiological
relevance of these findings remains to be determined. Thus, to
reconcile the apparent discrepancies in this lung bioassay
study, it is critical that the pulmonary effects of SWCNT soot
in rats be assessed by generating SWCNT aerosols in an
inhalation toxicity study.

Introduction

Carbon nanotubes have excellent mechanical, electrical and magnetic
properties. Single-wall nanotubes (SWCNT), due to electrostatic properties,
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self-organize into rope-like structures that can range in lengths up to several
microns. The potential hazards of inhalation exposure to carbon nanotubes have
not been elucidated. Recent experimental studies in rats indicate that inhaled,
nano-sized carbon black particles may produce significant lung toxicity in rats
and the toxicity potential is inversely related to particle size. Thus, nano-sized
carbon black particles produce enhanced lung toxicity in rats when compared to
larger-sized carbon black particles (furnace black particles — mean diameters =
14 nm (surface area = 270 m?/g); lamp black particles — mean diameters = 95
nm (surface area = 22 m%/g) (1,2,3).

This study was designed as a hazard screen to assess whether SWCNT
particulate exposures produce significant toxicity in the lungs of rats by
comparing the activity of the carbon-derived particulates with other reference
particulate materials. Thus, the objective was to evaluate in rats, using a well-
developed, short-term lung bioassay, 1) the pulmonary toxicity impact of
intratracheally instilled SWCNT samples and to compare the pulmonary effects
with a low and high toxicity particulate samples.

Methods

General Experimental Design (see Tables 1-2; Fig. 1)

The major features of the pulmonary bioassay bridging study are 1)
dose response evaluation, and 2) time course assessments to determine the
persistence of any observed effect. Thus, the major endpoints of this study were
the following: 1) time course and dose/response intensity of lung inflammation
and cytotoxicity; 2) alveolar macrophage chemotactic function at 1 week post-
instillation exposure; 3) airway and lung parenchymal cell proliferation indices;
and 4) histopathological evaluation of lung tissue.

Groups of rats were intratracheally instilled with 1 or 5 mg/kg of
carbon nanotubes (CNT), quartz-crystalline silica particles (Q) , or carbony! iron
(CI) particles. All particles were prepared in a volume of 1.0 % Tween 80 and
phosphate-buffered saline (PBS) and subjected to polytron dispersement.
Groups of PBS and PBS-Tween instilled rats served as controls. The lungs of
PBS, PBS-Tween and particle-exposed rats were evaluated by bronchoalveolar
lavage at 24 hr, 1 week, 1 month and 3 months postexposure (pe). For the
morphological studies, additional groups of animals were instilled with the
particle-types listed above as well as PBS and PBS-Tween, and graphite
particles. These studies were dedicated for lung tissue analyses and consisted of
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Table 2. Protocol for Carbon
Nanotube Bioassay Study

Exposure Groups

* PBS (control)

* PBS-Tween 80 (control)

* Particulate Types (] and 5 mg/kg)

*Carbon Nanotubes
*Quartz Particles (positive control)
*Carbonyl Iron Particles (negative control)
l;i‘;t::;i:: *Graphite (carbon particle control)
Postexposure luation via BAL and Lung Tissue

-I&I.
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Pulmonary Bioassay Bridging Studies

rlnhalation Studies—;
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Figure 1. Schematic demonstrating the strategy for conducting pulmonary
bioassay bridging studies. Bridging studies can have utility in providing an
inexpensive preliminary safety screen when evaluating the hazards of new
developmental compounds. The basic idea for the bridging concept is that the
effects of the instilled material serve as a control (known) material and then are
“bridged” on the one hand to the inhalation toxicity data for that material, and
on the other hand to the new materials being tested.
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cell proliferation assessments and histopathological evaluations of the lower
respiratory tract.

For the bronchoalveolar lavage studies, groups of male rats were
exposed via intratracheal instillation to 1) vehicle control - Phosphate-buffered
saline (PBS); 2) additional vehicle control - PBS + 1%Tween 80; 3) single wall
carbon nanotubes in 1% Tween + PBS at 1 and 5 mg/kg; 4) Min-U-Sil
crystalline quartz particles in 1% Tween + PBS at 1 and 5 mg/kg; 5) carbonyl
iron particles in 1% Tween + PBS at | and 5 mg/kg. All particle-types were
suspended in phosphate-buffered saline and 1% Tween 80.

For the morphological studies, additional groups of animals were
instilled with the particle-types listed above plus graphite particles and the
vehicle controls, i.e., PBS and PBS-Tween. These studies were dedicated to
lung tissue analyses and consisted of cell proliferation assessments and
histopathological evaluations of the lower respiratory tract. Similar to the BAL
fluid studies, the intratracheal instillation exposure period was followed by 24-
hour, 1-week, 1-month, and 3-month recovery periods.

Animals

Groups of male Crl:CD®(SD)IGS BR rats (Charles River Laboratories,
Inc., Raleigh, North Carolina), approximately 8 weeks old at study start (mean
weights in the range of 240 — 255 grams) were used in this study. All
procedures using animals were reviewed and approved by the Institutional
Animal Care and Use Committee (Haskell Animal Welfare Committee) and the
animal program is fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC).

Particle-types

Single wall carbon nanotube soot generated via a laser ablation process
(4), was obtained from GAM Reynolds and DH Roach of the DuPont Central
Research. The nominal size of single wall nanotubes are 1.4 nm diameter x >1
um length. However, the nanotubes rarely exist as individual units and exist
primarily as agglomerated "ropes" of nanotubes of ~30 nm in diameter. The
soot is comprised of about 30-40 weight % amorphous carbon and 5 weight %
each of nickel and cobalt with the balance being the carbon nanotube
agglomerates. Quartz particles in the form of crystalline silica (Min-U-Sil 5)
were obtained from Pittsburgh Glass and Sand Corporation. The particle sizes
range from 1 — 3 uym. Carbonyl iron particles were obtained from GAF Corp.
The particle sizes range from 0.8 um to 3.0 um.
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Pulmonary Lavage

The lungs of sham and particulate-exposed rats were washed/lavaged
with a warmed phosphate-buffered saline (PBS) solution. Techniques for cell
counts, differentials and pulmonary biomarkers in lavaged fluids were utilized
as prevnously described (5,6). All biochemical assays were performed on BAL
fluids using a Roche Diagnostics (BMC)/Hitachi® 717 clinical chemistry
analyzer using Roche Diagnostics (BMC)/Hitachi® reagents.  Lactate
dehydrogenase (LDH). alkaline phosphatase (ALP), and lavage fluid protein
were measured using Roche Diagnostics (BMC)/Hltachl reagents. Lactate
dehydrogenase is a cytoplasmic enzyme and is a biomarker of cell injury.
Alkaline phosphatase activity is an indicator of Type II lung epithelial cell
cytotoxicity.  Increases in BAL fluid protein concentrations generally are
consistent with enhanced permeability of proteins migrating from the
vasculature into alveolar regions.

Chemotaxis Studies

Macrophage chemotaxis activity represents an indicator of alveolar
macrophage function. Chemotactic studies were conducted as previously
described (7). Alveolar macrophages were collected from particulate-exposed or
control rats by lavage as described above. The chemotaxis assay was carried out
using three concentrations (i.e., 1, 5, and 10%) of normal heated sera as the
chemotactic stimulus.

Pulmonary Cell Proliferation Studies

Following particle exposures, airway and lung parenchymal cell
turnover in rats was measured following 24 hrs, 1 week, 1 or 3 month
postexposure periods. Groups of particulate-exposed rats and corresponding
controls were pulsed 24 hrs after instillation, as well as 1 week, 1 and 3 months
postexposure, with an intraperitoneal injection of 5-bromo-2’deoxyuridine
(BrdU) dissolved in a 0.5 N sodium bicarbonate buffer solution at a dose of 100
mg/kg body weight. The animals were euthanized 6 hrs later by pentobarbital
injection. The lungs were then infused with a neutral buffered formalin fixative
at a pressure of 21 cm H,O. After 20 minutes of fixation, the trachea was
clamped, and the heart and lungs were carefully removed en bloc and
immersion-fixed in formalin. In addition, a 1-cm piece of duodenum (which
served as a positive control) was removed and stored in formaldehyde.
Subsequently, parasagittal sections from the right cranial and caudal lobes and
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regions of the left lung lobes as well as the duodenal sections were dehydrated in
70% ethanol and sectioned for histology. The sections were embedded in
paraffin, cut, and mounted on glass slides. The slides were stained with an anti-
BrdU antibody, with an AEC (3-amino-9-ethyl carbazole) marker, and counter-
stained with aqueous hematoxylin. A minimum of 1000 cells/animal were
counted each in terminal bronchiolar and alveolar regions by light microscopy at
x 1000 magnification (5,6). The percentages of immunostained cells were
quantified.

Morphological Studies

The lungs of rats exposed to particulate-exposed or PBS-Tween
controls were prepared for microscopy by airway infusion under pressure (21
cm H,0) at 24 hours, 1 week, 1 and 3 months postexposure. Sagittal sections of
the left and right lungs were subsequently prepared for light microscopy
(paraffin embedded, sectioned, and hematoxylin-eosin stained) and evaluated

5,6).
Statistical Analyses

For statistical analyses, each of the experimental values were compared
to their corresponding sham control values for each time point. A one-way
analysis of variance (ANOVA) and Bartlett’s test were calculated for each
sampling time. When the F test from ANOVA was significant, the Dunnett test
was used to compare means from the control group and each of the groups
exposed to particulates. Significance was judged at the 0.05 probability level.

Results

SWCNT-related Mortality

Intratracheal instillation exposures to high dose (5 mg/kg) single wall
carbon nanotubes produced mortality in ~15% of the SWCNT-instilled rats
within 24 hrs. After histopathological review, it was concluded that these deaths
resulted from blockage of the major airways by the SWCNT instillate, and not
from pulmonary toxicity per se of the instilled SWCNT particulate (Fig. 2).
Thus, it is likely that the mortality caused by exposure to SWCNT 5 mg/kg was
due to the exposure regimen, given the aggregating properties of the SWCNT
which are highly electrostatic and do not separate into individual nanotubes (1
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nm diameter x 1 pm length), but instead form “nanoropes” which consist of
agglomerates of 10 — 100 nanotubes.

Lung Weights

Lung weights in 5 mg/kg SWCNT-exposed rats were increased vs.
controls at 24 hrs, 1 week, and 1 month but not at 3 months postexposure (Fig.
3).

Bronchoalveolar Lavage Fluid Biomarker Results

Pulmonary Inflammation

The numbers of cells recovered by bronchoalveolar lavage from the
lungs of high dose quartz-exposed (5 mg/kg) groups were significantly higher
than any of the other groups for all postexposure time periods. Intratracheal
instillation exposures to quartz particles (1 and 5 mg/kg) produced persistent
lung inflammation, as measured through 3 months postexposure; in contrast,
instillation of CI and SWCNT resulted in a transient, lung inflammatory
response, as demonstrated by enhanced percentages of BAL-recovered
neutrophils, measured at 24 hrs post exposure (Fig. 4).

BAL Fluid Parameters

Transient increases in BAL fluid lactate dehydrogenase values were
measured in lung fluids of high dose (5 mg/kg) SWCNT-exposed rats at 24 hrs
post exposure, but were not persistent. In contrast, exposures to 5 mg/kg quartz
particles produced a sustained increase in BAL fluid LDH values relative to
controls through the 3-month postexposure period (Fig. 5). Exposures to 5
mg/kg quartz particles produced a persistent increase in bronchoalveolar lavage
fluid microprotein values at 24 hrs, 1 and 3 months postexposure, while
transient increases in BAL fluid microprotein values were measured in the
lung fluids recovered from high dose (5 mg/kg) SWCNT-exposed rats at 24 hrs
postexposure, but were not different from control values at 1 week postexposure
(Fig. 6). Transient increases in BAL fluid alkaline phosphatase values were
measured only in the lung fluids of quartz-exposed rats at 24 hrs postexposure
(1 mg/kg) and at the 1 week (5 mg/kg) postexposure time periods (Fig. 7).

The results of chemotaxis studies peformed at 1 week postexposure
demonstrated that alveolar macrophages exposed to quartz particles (5 mg/kg)
were impaired in their chemotactic responses to normal heated sera (NHS) when
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Lung Weights of Rats Exposed to Carbon Nanotubes, Quartz
or Carbonyl Iron Particles
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Figure 3. Lung weights of rats exposed to particulates and corresponding
controls. Values given are group means + S.D. Significant increases vs. controls
were measured in the lungs of rats exposed to CNT 5 mg/kg at 24 hrs, 1 week
and 1 month postexposure. *p < 0.05
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compared to controls (Fig. 8).  This alteration in cellular movement represents
an adverse alteration in macrophage function and clearance capacity. Exposures
to single wall carbon nanotubes or carbonyl iron particles did not result in
chemotactic functional deficits of bronchoalveolar lavage-recovered
macrophages.

Lung Morphology Studies

Cell Proliferation Results

Lung parenchymal cell proliferation rates (i.e., % immunostained cells
taking up BrdU) were measured in particulate-exposed rats and controls at 24
hrs, 1 week, and 1 and 3 months postexposure (pe). Significant enhanced cell
proliferation indices were quantified in the high dose quartz-exposed rats at 24
hrs and 1 month postexposure (Fig. 9). No statistically significant increases in
airway cell proliferation rates for any of the groups were measured at 24 hrs, 1
week, 1 and 3 months postexposure.

Histopathological Evaluation

Histopathological evaluation of lung tissues revealed that pulmonary
exposures to carbonyl iron particles in rats produced no significant adverse
effects when compared to PBS-Tween exposed controls.

Pulmonary exposures to quartz particles in rats produced a dose-
dependent lung inflammatory response characterized by neutrophils and foamy
(lipid-containing) alveolar macrophage accumulation. In addition, early lung
fibrosis was evident and progressive (Fig. 10).

Exposures to SWCNT produced a non dose-dependent foreign tissue
body as evidenced by the presence of multifocal granulomas, The lesions were
initially observed at 1 week postexposure. At 1 month postexposure, a diffuse
nonuniform distribution pattern of multifocal macrophage-containing
granulomas was present, primarily in the airways. At higher magnification, one
could discern the discrete multifocal mononuclear granulomas centered around
the carbon nanotube material, most likely in the form of ropes (Fig. 11). There
seemed to be little progression of the lesion at 3 months postexposure.

Discussion

This study was designed to assess the pulmonary toxicity of instilled
single wall carbon nanotubes (SWCNT) in rats. The lung toxicity of instilled
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Figure 10. Light micrograph of lung tissue from another rat exposed to quartz
particles (5 mg/kg) at 3 months post-instillation exposure. Note the tissue
accumulation of foamy multinucleated alveolar macrophages (arrows) within
alveolar spaces. The macrophages have migrated to the sites of quartz particle
instillation — At the terminal bronchiolar alveolar junctions. The accumulation
of lipid-filled macrophages and lack of clearance is a common feature of the
progressive nature of silica-induced lung disease. Magnification = x100.
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Figure 11. Low magnification micrograph of lung tissue from a rat exposed to
carbon nanotubes (1 mg/kg) at 1 month post-instillation. Note the diffuse pattern
of granulomatous lesions (arrows). It was interesting to note that few lesions
existed in some lobes while other lobes contain several granulomatous lesions —
and this was likely due to the nonuniform deposition pattern following carbon
nanotube instillation. Magnification = x20.
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carbon nanotubes was compared with a positive control particle-type, quartz, as
well as a negative control particle-type, carbonyl iron particles. Exposures to
SWCNT soot at 5 mg/kg produced mortality in ~15% of the exposed rats. This
was due to agglomeration of the major airways by the instillate and not due to
inherent toxicity of SWCNT. Results from the bronchoalveolar lavage fluid and
cell proliferation evaluations demonstrated that instillation exposures to the
positive control quartz particles, particularly at the higher dose, produced
persistent adverse effects in lung inflammatory response, cytotoxic effects, and
lung cell parenchymal cell proliferation indices. In contrast, SWCNT exposures
produced a transient inflammatory response at 24 hours postexposure, related
primarily to the clogging of airways and consequent injury by the instillate.
Instillation exposures to carbonyl iron particles produced only short-term and
reversible lung inflammation, related to the effects of the instillation procedure.
Histopathological evaluations revealed that exposures to quartz particles
produced pulmonary inflammation, foamy macrophage accumulation and tissue
thickening (i.e., fibrosis).  Exposures to SWCNT produced multifocal
granulomas, evidence of a foreign tissue reaction, and these lesions were
generally characterized by a bolus of carbon nanotubes, surrounded
concentrically by a macrophage-like granulomatous responses. The finding of
granulomas, in the absence of adverse effects measured by pulmonary
biomarkers and cell proliferation indices is very surprising, and does not appear
to follow the normal inflammogenic/fibrotic pattern produced by fibrogenic
dusts, such as quartz, asbestos, and silicon carbide whiskers. Exposure to those
dusts produces progressive lesions which can be monitored using
bronchoalveolar lavage analyses and additional pulmonary biomarkers of cell
injury, inflammation, and fibrosis.

Lam and coworkers (8) assessed the pulmonary toxicity by
intratracheal instillation of three nanotube products in mice. These materials
were manufactured by different methods and contained different metal catalysts.
Accordingly, metal analysis showed that the HIPCO-prepared nanotubes (NT)
contained 27% (w/w) iron in the raw form, and 2% iron after purification.
Carbolex electric-arc product contained 26% nickel and 5% yttrium. Groups of
male B6C3F1 mice each were intratracheally instilled with 0, 0.1, or 0.5 mg of
NT suspended in mouse serum. Additional mice were exposed to carbon black
and quartz particles. The investigators reported that carbon black particle
exposure produced minor pulmonary effects and high-dose quartz produced
moderate inflammation in the lung. Moreover, Lam and colleagues reported
that all of the NT products, regardless of the type or amount of metal, induced
epithelioid granulomas in the centrilobular alveolar septa and, in some cases,
interstitial inflammation in the animals of the 7-day postexposure groups. These
lesions persisted in the 90-day postexposure groups. The granulomas in NT-
treated mice were characterized by the authors as aggregates of macrophages
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laden with black NT particles. Lam et al. concluded that, if single wall
nanotubes reach the lung, they can be more toxic than quartz.

To summarize, instillation of SWCNT in the lungs of rats produced a
non dose-dependent a foreign tissue body reaction. The distribution of the
multifocal granuloma lesions was nonuniform. There appeared to be no dose
response relationship, and a possible regression of lesions occurring from the 1-
month to 3-month postexposure periods was noted. The development of these
lesions is inconsistent with pulmonary effects observed with fibrogenic dusts,
which generally occur at bronchoalveolar junctions. It was interesting to note
that the pulmonary biomarkers measured in this study were not predictive of this
granulomatous lesion. In addition, two occupational exposure assessment
studies of carbon nanotube operations have been recently reported. Both studies
have reported very low aerosol exposure levels of respirable-sized carbon
nanotubes, ranging from not detectable to < 0.1 mg/m’ (9,70,11). These
findings give support to the hypothesis that, due to their electrostatic attraction
and proclivity to agglomerate into nanorope structures, aerosol exposures at the
workplace to respirable-sized carbon nanotubes are extremely low. Therefore,
the study findings of multifocal granulomas that we have reported herein may
not have physiological relevance. Thus, to evaluate the true potential risks
associated with inhaling single wall carbon nanotubes, the pulmonary effects of
SWCNT exposure must be evaluated by conducting an inhalation toxicity study
with SWCNT in rats.
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Chapter 10

Environmental Implications: Nanoparticle
Geochemistry in Water and Air

Nanoparticles and the Environment

Alexandra Navrotsky

Thermochemistry Facility and NEAT ORU, University of California
at Davis, Davis, CA 95616

Nanoscale phenomena are unique and important to environmental science
and geoscience. Recent work shows that many outcomes and rates of
geochemical processes are governed by phenomena at the nanometer scale,
often in small particles. Surface interactions exert a disproportionate influence
on the structure, chemistry, and movement of these nanomaterials in the Earth.
In many cases, traditional distinctions between solutes, colloids and solids
become vague.

Nanogeoscience is broadly defined to include the study of materials and
processes at the nanoscale in their role in geologic processes on the Earth and
other planets. Because many nanoscale phenomena are concentrated near the
Earth’s surface, these phenomena are of crucial importance to humans. Because
processes are intrinsically molecular at the nanoscale, there is an immediate
synergy and a diffuse boundary between nanogeoscience and the fields of
chemistry, physics, and materials science. Furthermore, geoscientists
increasingly recognize the major role played by microorganisms in geologic
phenomena. There is an equally fuzzy boundary between nanogeoscience and
the life sciences in this realm because microbial processes often proceed by
manipulating surfaces and nanoparticles. Furthermore, nanoparticles in polluted
air interact directly with the human respiratory system and may be a major
factor in lung disease. Nanoparticles in water both transport and sequester
metals and organic matter, leading to changes in bioavailability of nutrients and
pollutants. Thus nanoenvironmental science focuses on the role of natural and
anthropogenic nanoparticles in improving or degrading environmental quality.
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Nanoenvironmental science addresses a number of critical environmental
issues: the transport of metals and organics in the near-surface environment;
global geochemical and climate cycles (including the carbon cycle and global
climate change); soil and water quality and sustainable agriculture; atmospheric
particle transport, ice nucleation and rainfall; and biological effects in organisms
from bacteria to humans. The application of nanoscience and nanotechnology
to the environment also addresses national needs: environmental safety, national
security, and human health; mining, minerals, oil, and gas; the disposal of
chemical and nuclear waste, environmentally friendly manufacturing and new
geomimetic materials; and agriculture and food.

Geoscientists have unique skills in aqueous and solid state chemistry,
particularly in complex multicomponent systems. They study phenomena
occurring on a vast range of scales both in space (nanometers to thousands of
kilometers) and time (nanosecond to billions of years). Such a multiscale
approach to scientific problems is necessary in monitoring and minimizing the
effects of pollution, evaluating the toxicity of materials, and ensuring the safety
of water and food supplies.

Much of the chemistry in the atmosphere, on the Earth’s surface, and at
shallow depths occurs at disequilibrium and minerals form and dissolve in
immense solubility gradients. These gradients are caused by bacterial
metabolism, by the transition from oxygen-rich to anoxic environments, by the
large temperature and pressure gradients intrinsic to the atmosphere, oceans, and
shallow Earth. Pollution itself causes sharp gradients in pH and chemical
concentration. The initial precipitates that form in these settings can consist of
only a few tens of atoms; they are thermodynamically metastable yet some may
exist for thousands to millions of years. These very fine-grained materials, or
nanoparticles, are not only very small but they are also very common. Though
they may represent only a small fraction of the mass of material in the Earth,
they represent a large number fraction of the particles in atmospheric and
aqueous environments, and nanoparticles are responsible for most of the surface
area (at solid-water, solid-air, and solid-solid interfaces) of Earth materials.
Because chemical reactivity is much greater at surfaces and interfaces than in
the bulk, most of the chemical reactions in both natural and laboratory systems
disproportionately involve nanoparticles.

Their large surface-to-volume ratio ensures that surface forces exert
considerable influence over the chemistry and structure of nanoparticles and
nanomaterials in general, to the point that they exhibit properties that are distinct
from those of the macroscopic solid. For particles in the size range of roughly
0.5 to 500 nm, distinctions among solutes, molecular clusters, macromolecules,
and colloids are vague. Also vague is the distinction between amorphous,
disordered, and crystalline solids.
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Fine grained oxides precipitated from aqueous solution often crystallize in
structures different from those of coarsely crystalline materials: y-alumina
instead of corundum, anatase and brookite instead of rutile, maghemite instead
of hematite, and a host of complex hydrous iron oxyhydroxides. It has been
suspected that differences in surface energy stabilize, as nanoparticles,
polymorphs that are metastable in the bulk. High temperature oxide melt
solution calorimetry directly confirmed this enthalpy crossover for y- versus a.-
alumina (1) and for anatase and brookite relative to rutile (2). Relative to bulk
rutile, bulk brookite is 0.71 + 0.38 kJ/mol and bulk anatase is 2.61 + 0.41 kJ/mol
higher in enthalpy. The surface enthalpies of rutile, brookite, and anatase are 2.2
+0.2 J/m?, 1.0 0.2 J/m?, and 0.4 £ 0.1 J/m? respectively. The closely balanced
energetics directly confirms the crossover in stability of nanophase TiO,
polymorphs inferred by Zhang and Banfield (3). The heavy lines in Figure 1
show the energetically stable phases as a function of surface area. This example
shows that new phenomena (in this case, stabilization of polymorphs with quite
different properties from those of coarse-grained crystals of rutile) can occur at
the nanoscale. Such different properties can affect pollutant adsorption and
transport, photocatalysis, toxicity and other processes of environmental
importance.
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Figure 1. Enthalpy, relative to bulk rutile, of nanophase titania polymorphs,
measured by high temperature oxide melt calorimetry
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Figure 2. Venn diagram showing overlaps of traditional environmental sciences
with nanoscience. We suggest that all of such overlaps define nanoGeoscience.

In a more general sense, nanogeoscience and nanoenvironmental science lie
at the center of, and provide fundamental understanding for, a number of
environmental applications, as shown in the Venn diagram in Figure 2. The
application of nanomaterials and nanotechnology to the detection of
contaminants (inorganic, organic, or biological) offers additional important links
between environmental science and nanoscale science and technology.
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Introduction

Nano-particles are ubiquitous in the ambient environments; atmosphere and
groundwater. The effects of fine- to ultra-fine particles in atmosphere on human
being (/,2) and global climate have been increasing the importance recently (3).
In groundwater, fine-grain particles (<10um), colloid, has been an issue for
transporting toxic and radioactive elements to a far field (4). Especially the
recent research suggested that the Pu transportation to the far field by colloids at
Nevada Test Site (3).

Although particles >1 um are characterized well by some analytical methods
using X-ray and ion microprobe, a transmission electron microscopy (TEM) is
the best technique to characterized nano-particles (< lum) in environments.
However there is still a challenge to investigate trace element phases, which
frequently occur in dispersed nano-particles, because the contrast in TEM is
usually not correlated to the compositional variety. The recently developed,
scanning TEM with high-angle annular detector (HAADF-STEM), allows a
compositional imaging in near atomic level, in which the contrast is related to
atomic mass and the specimen thickness (6). In this study, the atmospheric
particulates from Detroit urban area and the colloids from Nevada Test Site.
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Experimental method

The samples were characterized using Field Emission SEM (FE-SEM:
Philips XL-30), and high resolution TEM (HRTEM: JEOL 2010F). Nano-scale
elemental mapping on nanocrystals containing heavy metals was conducted
using HAADF-STEM with EDX mapping system (Emispec, ES Vision ver. 4.0)
(7). TEM specimens were prepared by dispersing the samples from the filters
onto holey carbon grids. Before STEM analysis, the TEM specimen holder was
cleaned with plasma (Fischione Model C1020) to minimize a contamination. A
drift correction acquisition system was used for the STEM-EDX mapping.

Results and discussion

In Detroit aerosol sample, uranium nanocrystals were detected by HAADF-
STEM and subsequently the phase was identified as uraninite, UO,. In addition,
the uraninite nanocrystals were often encapsulated by well-crystalline carbon
forming “cage-like” structure. The structure possibly retards the uraninite from
alteration in the ambient atmosphere (8). In the same sample, trace elements; Pb,
As, La, Ce, Sr, Ti, Zn, Cr, Se, Sn, Y, Zr, Au, and Ag, were detected and the
elemental distributions were directly mapped in nano-scale. The structure of the
particles bearing Pb, Sr, Ti, Zn, and Au were successfully determined by the
diffraction pattern. The size of most particles bearing trace elements detected in
this study was distributed within the range of 0.01—1.0 um, which has the longest
residence time, ~100 days, in any particle sizes.

In the groundwater sample from Nevada Test Site, the three important
potentially radionuclide elements, Co, Cs, and Eu were identified. Cobalt
occurred in awaruite (Ni;Fe) structure with Mo and Cr. The Cs-bearing phase
consisted of Cs, O and U possibly forming a Cs-uranate. An Eu-bearing phase
was monazite. The three elements were present, not as absorbed species, but as
incorporated in the minerals structure.
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Introduction

Recent atmospheric observations have provided important insights into
conditions that lead to new particle formation from gas phase precursors, or
nucleation. Nucleation sometimes follows regular diurnal patterns, with peak
particle production rates occwring in midday when solar radiation is most
intensel. Nucleation can also occur in response to atmospheric perturbations,
such as the removal of pre-existing aerosol by cloud processing2 or the addition
of gas phase reactants from a surface source3, but almost always occurs during
daylight hours. Nucleation has been observed on mountains4, in the boreal
forests of Finland5, in polluted urban centers6, and in the marine boundary
layer7. Impactor measurements of freshly nucleated aerosol in a Finnish boreal
forest suggest that these particles are enriched with dimethyl amine8, while other
measurements in a variety of locations suggest an important role for sulfuric acid
vapor9. Another interesting observation is that the appearance of new particles
is sometimes preceded by the continuous growth of ions from small sizes
(mobilities between 3.2 and 0.32 cm2V-1s-1 corresponding to diameters
between 0.4 and 2.5 nm) up to large sizes (mobilities as low as 0.01 cm2V-1s-1
corresponding to a 50 nm diameter particle)10.
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While nucleation under a wide range of circumstances is now well
documented, we do not yet have accurate models for predicting nucleation rates.
Observed rates are occasionally consistent with the predictions of the binary
theory of sulfuric acid and waterl1, but rates of particle formation are often
orders of magnitude higher than can be explained by binary theoryl2. A ternary
process involving sulfuric acid, water, and ammonial3 (or possible an organic
compound such as an amine) may explain these high rates of particle production,
but additional atmospheric observations are needed to verify this. Theories exist
that describe nucleation on ion centers (ion induced nucleation)14, yet there have
been no measurements of the composition of atmospheric ions during nucleation
events to validate these.

The Aerosol Nucleation and Realtime Characterization Experiment
(ANARChE), was a multi-investigator study that focused primarily on
understanding the nucleation and growth of atmospheric aerosols. The study
took place in midtown Atlanta, GA, from July 22 to September 4, 2002. This
site was chosen because three years of continuous measurements at this site have
shown that nucleation occurs regularly in August6. ANARChE brought
together, for the first time, gas phase measurements of important precursors to
new particle formation with several unique instruments for studying the
composition of nanoparticles and ambient ions. We present below a review of
the most important observations from this study.

Methods

Table 1 shows a summary of the measurements that were performed during
ANARChE. Among these, two recently developed techniques are capable of
characterizing the chemical composition of freshly nucleated atmospheric
nanoparticles. The first instrument, a Nano Tandem Differential Mobility
Analyzer (Nano TDMA), characterizes the hygroscopicity and volatility of 3-10
nm diameter atmospheric aerosol15. It performs this measurement by exposing
size-classified ambient aerosol to 90% relative humidity (RH) at ambient
temperature or to a high temperature (100 °C). A second size classifier is used to
observe the increase or decrease in aerosol size compared to its original size,
resulting in a value called a “growth factor” which is defined as the ratio of the
output to input aerosol diameter. Insights into the chemical composition of the
aerosol can be made from these measurements, e.g., sulfate aerosol that is totally
or partially neutralized by ammonia will appear as non-volatile (growth factor ~1
when heated to 100 °C) but quite hygroscopic (growth factor ~1.4 when exposed
to 90% RH). The second recently developed instrument that was deployed in
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this study, the Thermal Desorption Chemical lonization Mass Spectrometer
(TDCIMS), can directly measure the chemical composition of 4 — 20 nm
diameter aerosol16,17. In the TDCIMS, ambient nanoparticles are charged and
then collected on a metal filament for a period of ca. 10 minutes. The filament is
moved into the ion source of a chemical ionization mass spectrometer (CIMS),
where it is heated to volatilize the particles. The evaporated molecules are then
chemically ionized and mass analyzed according to typical CIMS procedures.
The most common measurements made during ANARChE with the TDCIMS
were back-to-back measurements of ambient aerosol and laboratory-generated
particles. Since both types of particles were characterized using identical
measurement conditions, the resulting spectra could be directly compared to
provide quantitative information on the composition of ambient aerosol.

In addition to the two instruments mentioned above, one more from Table 1
will be described. The flow opposed drift tube tandem mass spectrometer is an
instrument that can measure the composition of ambient ions with high
sensitivity (a few ions per cm3) and over a wide range of molecular weights (up
to 700 amu)18. Clusters at the upper limit of this mass range should be nearly
1.5'nm in diameter. The instrument directly samples ambient ions at high flow
(2000 cm s-1). The ions are then concentrated and extracted from the main flow
with strong electric fields, and injected into a triple quadrupole mass
spectrometer. The ambient ion spectra can then be examined for evidence of
cluster growth that would suggest ion induced nucleation. Under the conditions
of high levels of sulfuric acid vapor found in Atlanta, the most likely candidate
for study would be clusters of HSO4--(H2SO4)n. If there were a series of
HSO4--(H2S04)n peaks extending continuously to large values of n, it would
suggest a formation process that is consistent with ion induced nucleation.

Results and Discussion

Aerosol Composition Measurements

During the study, eight intense nucleation events were observed,
distinguished by concentrations of sub-10 nm diameter aerosol of up to 106
particles cm-1. One example is shown in figure 1a where bursts of small
particles are observed between 13:30 and 16:30 EDT on August 25, 2002.
Figure 1b shows the results of concurrent Nano TDMA measurements of aerosol
volatility for 12 nm diameter particles. The measurements show that the aerosol
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that formed as a result of the nucleation events were less volatile than those at
other times that day. The results of concurrent TDCIMS measurements for a
narrow distribution (< 4 nm FWHM) of particles centered at 15 nm in diameter
are shown in figure 1c. The data are expressed as the ratio of the ambient
aerosol sulfate to sulfate from the same mass of pure ammonium sulfate aerosol,
a value we call the “(NH4)2SO4 mass fraction.” A value of one suggests that
the ambient aerosol may be pure ammonium sulfate. Figure 1c shows that the
aerosol that formed as a result of nucleation is consistent with sulfate acrosol that
is almost completely neutralized by ammonium. This result that ammonium
sulfate seems to be the dominant compound observed during nucleation is
consistent with the volatility measurements performed by the Nano TDMA
(figure 1b), since as mentioned previously ammonium sulfate aerosol are non-
volatile. These results are typical of those obtained from other nucleation events
during ANARChE. An example of a measurement of aerosol hygroscopicity is
shown in figure 2, where it can be concluded that 10 nm diameter aerosol
resulting from nucleation events are more hygroscopic than those at other times
of the day. This again is consistent with a completely or partially neutralized
ammonium sulfate aerosol. When ammonium was measured and compared to
calibration aerosols in the same manner as sulfate in figure 1¢ we found that the
ammonium composition of ambient freshly nucleated aerosols was also
consistent with ammonium sulfate aerosol. One important result of TDCIMS
measurements performed during the study is that, in spite of our best efforts at
searching for other compounds in the aerosols, our measurements showed that
the sub-20 nm diameter aerosols were composed almost entirely of ammonium
and sulfate. Thus it seems that the preponderance of evidence points to the fact
that newly formed aerosol in Atlanta during ANARChE are composed primarily
of sulfate that is almost completely neutralized by ammonium.

Ambient Ion Composition Measurements.

An example of negative ion composition measurements performed using the
flow opposed drift tube tandem mass spectrometer is shown in figure 3. From
past measurements of natural atmospheric ion spectra, we already know that
H2S04- and HSOA4--(H2SO4) are common daytime ions since H2SO4 is
generated through a multi-step photochemical process. At night when gas phase
H2S04 is largely scavenged by existing aerosol particles the ion spectrum is
expected to be dominated by NO3- ions and its H20 and HNO3 clusters. As
seen from figure 3, although total ion concentrations are very low, NO3- does in
fact typically dominate the ion spectrum at night in the absence of H2SO4, and
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HSO4--H2S04 typically dominates the spectrum during the day. There are also,
on occasion, some clusters that appear to include H2SO4 and HNO3, but the
larger HSO4--(H2S04)2-(NH3)m-(H20)p peaks for m+p=0,1,2 appear to be
very small. There is some evidence that the HSO4--(H2S04)2 peak is not quite
zero, but it is less than 10% of the HSO4--H2SO4 peak which is inconsistent
with rapid ion growth to the larger clusters expected for ion induced nucleation.
In the positive spectra, there do not appear to be any clearly consistent peaks,
only a few small variable peaks and a small concentration of many different
masses. If enhanced clustering is occurring in the positive spectrum, it must be
with a wide variety of different mass compounds. While the ion composition
results do not suggest that ion-induced nucleation played a significant role
during ANARCHhE, it is still possible that ions could have led to some
enhancement in neutral molecular cluster formation by providing ion-ion
recombination products that are more stable than those formed through neutral
reactions above. These might include gas phase clusters or molecules containing
one or two H2SO4 molecules (which dominated the negative spectrum) plus a
high proton affinity (typically alkaline) compound present in the positive ion
spectrum.

References

1. Bradbury, N. E.; Meuron, H. juhemebdagn. 1938, 43, 231-240.

2. Hegg, D. A,; Radke, L. F.; Hobbs, P. V. NG 1990, 95,
13917-13926.

. McGovern, F. M.; Jennings, S. G.; Oconnor, T. C. juussamiinsises. 1996, 30,
3891-3902.

. Shaw, G. E. ptseniusineg. 1989, 23, 2841-2846.

. Makela, J. M.; Aalto, P.; Jokinen, V.; Pohja, T.; Nissinen, A.; Palmroth, S.;
Markkanen, T.; Seitsonen, K.; Lihavainen, H.; Kulmala, M. Ggikiiiaitts
Lett. 1997, 24, 1219-1222.

6. Woo, K. S.; Chen, D. R; Pui, D. Y. H.; McMurry, P. H. dsiasaleiai
Technal. 2001, 34, 75-87.

. Covert, D. S.; Kapustin, V. N.; Quinn, P. K.; Bates, T. S. J. Geophys. Res.-
Atmos. 1992, 97, 20581-20589.

8. Makala, J.; Mattila, T.; Hiltunen, V. American Association for Aerosol

Research, 1999, Tacoma, WA.
9. F. L; McMurry, P. H. [ 1997,
352, 191-200.

w

b

=2

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch012

August 10, 2012 | http://pubs.acs.org

107

10. Horrak, U.; Salm, J.; Tammet, H. [ NNENEGgGEEEEEE 1598, 103,
13909-13915.

11. Weber, R. J.; McMurry, P. H.; Mauldin, R. L.; Tanner, D. J; Eisele, F. L.;
Clarke, A. D.; Kapustin, V. N. [mniamsiam. 1999, 26, 307-310.

12. Weber, R. J.; Marti, J. J.; McMurry, P. H.; Eisele, F. L.; Tanner, D. J.;
Jefferson, A. INNININGGEGEGEGEGEGN. 1996, 151, 53-64.

13. Korhonen, P.; Kulmala, M.; Laaksonen, A.; Viisanen, Y.; McGraw, R.;
Seinfeld, J. H. [INGTEE. 1999, 104, 26349-26353.

14. Yu, F. Q.; Turco, R. P. Sumpimiammis. 2000, 27, 883-886.
15. Sakurai, H., Tobias, H.J., Park, K., Zarling, D., Docherty, K.S.,; Kittelson,

D. B., McMurry, P.H. Atmos. Environ. 2003, in press.

16. Voisin, D.; Smith, J. N.; Sakurai, H.; McMurry, P. H.; Eisele, F. L. Agrosol
Saimbashaal. 2003, 37, 471 - 475.

17. Smith, J. N.; Moore, K. F.; McMurry, P. H.; Eisele, F. L. Aerosol Sci.
Technol. 2003, submitted.

18. Eisele, F. L. jnfinmuimmniias. 1988, 93, 716.

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch013

August 10, 2012 | http://pubs.acs.org

Chapter 13

Outer-Sphere Coordination of Uranyl Carbonate
by Modified Cyclodextrins: Implications
for Speciation and Remediation

Jason R. Telford

Department of Chemistry, University of Iowa, Iowa City, IA 52242-1294

The characterization of two outer-sphere ligands with uranyl
carbonate are presented. The ligands are based on a- and b-
cyclodextrin architectures, with amine hydrogen bonding
groups appended to the 1° hydroxyl ring of the cyclodextrin.
Binding affinities for uranyl carbonate are Ka = 253 M.1 and
838 M.\ for per-[6-(ethylenediamino)]-6-deoxy-a-cyclodextrin
(1) and per-[6-(amino)]-6-deoxy-bcyclodextrin (2) respective-
ly. These ligands are able to complex uranyl carbonate in
seawater to an appreciable extent, and influence the speciation
of the metal complex.

Introduction and Background.

Nature controls metal-ion reactivity through inner- and outer-sphere
coordination chemistry. Inner-sphere coordination is provided through the few
amino acids and cofactors capable of binding a metal, and outer-sphere
influences are a result of protein secondary and tertiary structure. In all instances
characterized to date, proteins recognize small inorganic substrates, such as
phosphate or iron complexes, by providing a binding site with a spatial
arrangement of hydrogen bonds or hydrophobic patches complementary to their
substrate.i-3 Inthese natural systems, there isno exchange of ligands
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(replacement of a water by a protein-based ligand, for example), but rather the
inorganic complex is recognized in situ. We have developed supramolecular
ligands which bind small inorganic complexes using the same strategy Nature
employs, namely outer-sphere recognition.s,s The ability to bind metal guests by
outer-sphere  coordination has far-reaching implications to applied
environmental and industrial remediation. Instead of protein architectures, here
we report the use of cyclodextrins (CyD) as the molecular architectures (Figure
1). There is no metal-binding by the CyDs themselves, but our CyD derivatives
are modified to present a hydrogen-bonding pocket for a target metal-complex.
These ligands take advantage of the unique geometric features of a substrate,
with recognition modulated by interaction with the guest topology, van der
Waals interactions, and hydrogen bonding. While several research groups target
oxoanions such as phosphate, sulphate and nitrate in host-guest systemss,7, our
target for this study is the synthesis and characterization of a family of outer-
sphere coordination complexes with [UO2(CO3)3)s-(uranyl carbonate).s Outer-
sphere coordination (interaction with the metal’s pre-existing ligands rather than
bonding directly to the metal) is a tunable approach to binding the uranyl ion,
and thus provides a more selective approach to environmental uranyl
remediation.

There are several methods currently utilized to remediate contaminated
sites. Treatment by bioremediation (uptake by microbes) and extraction
technologies are currently being used and investigated.o-11 Another current
environmental remediation strategy relies on removing metals, including the
transuranic elements, by complexation with powerful chelating agents.12,13
These chelating ligands form thermodynamically stable complexes, so in order
to remove the metal and reuse the ligands, a high thermodynamic cost must be
paid. The advantage of our approach is that a pre-existing metal complex can be
targeted in situ, bypassing the need for costly adjustment of solution conditions
to favor a new metal complex and bypassing the high thermodynamic cost of
regenerating the ligand.

Environmentally, virtually all soluble uranium is present as uranyl
carbonate.14,15 The carbonates of the trans-oxo uranyl complex are in a
trigonally symmetric arrangement about the equatorial plane (Figurel).s,1s The
terminal oxo anions of the carbonates are strong hydrogen bond acceptors.
These simple structural features- a unique geometry and well-defined hydrogen
bond accepting groups- coupled with the pH-sensitive chemistry of uranyl ion-
provide a handle by which we can control the chemistry of the uranyl ion in
aqueous environments.
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1° hydroxyls

2° hydroxyls

Figure 1. Three views of a-cyclodextrin showing numbering scheme for
monomer units (upper left), molecular architecture of a-cyclodextrin (upper
right) and cartoon of toroidal shape and hydroxyl disposition (lower). The edge
ringed with 1° hydroxyls is referred to as the upper rim.
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Materials and Methods.

General.

NMR spectra were obtained using a Bruker 400 MHz instrument for 1H and
13C NMR (100 MHz). Chemical shifts are reported as parts per million (ppm)
from tetramethylsilane (TMS). Chemicals and solvents were commercial reagent
grade and used without further purification. Water used for titrations was
purified by reverse osmosis (MilliQ, Millipore Corp.) to greater than 18
MQ resistance. A modification of the literature procedures described previously
for the preparation of per-[6-(walkylamino)]-6-deoxy-cyclodextrin was em-
ployed for the compounds reported here.16,17

Experimental.

Preparation of per-6-amino-6-deoxy-cyclodextrins per-[6-(ethylenediami-
no)J]-6-deoxy-a-cyclodextrin (1). A mixture of 1.45 g (0.75 mmol) of per-6-
iodo-6-deoxy-a-cyclodextrin in 10 ml of 1,2-diaminoethane was heated at 60 oC
for 14-16 h. After evaporation of excess amine, 50 mL of absolute EtOH was
added. The precipitate which formed was collected and washed with absolute
EtOH to give the product as the HI salt, which was either purified by dialysis
(cellulose membrane) with ammonium bicarbonate solution or chromatographed
on LH20 eluting with water to afford product. 13C (D20) d 104.1 (C1), 86.0
(C4), 75.8 (C3), 74.3 (C2), 73.3 (Cs), 53.9 (NHCH?2), 51.9 (Cs), 42.4(CH2NH2),
MS (+FAB) M+H+ 1219. per-[6-(amino)]-6-deoxy-b-cyclodextrin (2). Was
prepared as previously described.17 13C (D20) d 104.0 (C1), 86.1 (Ca), 75.5
(C3), 74.7 (C2), 73.5 (Cs), 55.5 (C6) MS(+FAB) M+H+ 1128. Uranyl carbonate
was generated in situ by dissolving uranium nitrate into a K2C03/D20 buffer.
This solution was passed down a short column (Sephadex, G-10) using
carbonate buffer as an eluent. The concentration of the resultant solution was
calculated by UV/vis absorbance.

Titrations.

Titrations were repeated at least three times using slightly varied
concentrations of ligand. In general, a solution of 10 mM (1) or (2) was made
up in 0.5 mL D20 in an NMR tube. The solution was buffered to pD 8.0 by
addition of K2CO3 (100 mM). Small aliquots of uranyl carbonate (0.115 M
UOz2) in K2CO3 /D20 buffer were added directly to the NMR tube to make up a
solution ranging from 0-100 mM. The 1H NMR spectrum was acquired after
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each addition. A small amount of DMF (1) or methanol (2) was added as an
internal standard to calibrate the spectrum.

The data, which comprise a series of 10-15 spectra were imported into the
program HypNMR.18 Refinement of the observed proton shifts as a function of
sequential uranyl carbonate additions yields an observed stability constant
consistent with a 1:1 association. An assumption is implicit with the data
evaluation, which is that the equilibrium between chemical species within the
titration is rapid on the NMR time-scale. The chemical shift for a given nucleus
is assumed to be a concentration-weighted average over all of the chemical
species in which the nucleus is present. This assumption appears valid for these
weakly bound complexes. There is no evidence for slow exchange within the
NMR titration experiment.

Results and Conclusions.

Synthesis.

To date, there are few examples of metal complex recognition by synthetic,
outer-sphere ligands.19-22 Outer-sphere binding does not involve making strong
covalent bonds to the metal center. Rather, the summation of multiple weak
forces such as hydrogen bonds or electrostatic attraction must provide the
energetic requirements for complexation. To meet this end, the architecture
upon which outer-sphere ligands are constructed plays an important role in
preorganizing the binding groups to maximize enthalpic binding as the entropic
component of desolvating a charged metal complex is unfavorable.23,24

Synthesis of upper rim cyclodextrin derivatives follows outlines of
published procedures to give compounds of the general type illustrated in Figure
3.16,17,25.26 Three pendant arms are shown for clarity, but we have generated
cyclodextrin derivatives with 6 or 7 pendant groups. Conversion of the
cyclodextrin to the per-6-iodo-cyclodextrin is accomplished by treatment with
I2/triphenylphosphine in DMF. This modification is reported in the literature for
B-cyclodextrin, and proceeds well in our laboratory with a- or B-cyclodextrin.

Using this reaction scheme, we have generated the per-6-(1,2-
ethylenediamine)-6-deoxy-a-cyclodextrin  and  per-6-(amino)-6-deoxy-f-
cyclodextrin. Per-6-(amino)-6-deoxy-B-cyclodextrin (Figure 3) is synthesized
by treating the parent iodo compound with sodium azide in DMF. Precipitation
with acetone affords the per-azidop-cyclodextrin in quantitative yield. The
azide is reduced to the amine by treatment with triphenylphosphine and
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Figure 2. Two views of the uranyl carbonate anion. Side view (left) and top

(right)

NH NH, NH, + +

ono 0 +
H
(¢) ? 0
OH
6 H 7
a b c

Figure 3. a) per-[6-(ethylenediamino)]-6-deoxy-a-cyclodextrin (1), b) per-[6-
(amino) J-6-deoxy-B-cyclodextrin (2), ¢) cartoon diagram of ligands, with only
three hydrogen bonding groups shown for clarity.
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ammonium hydroxide at room temperature. Precipitation from 9 ethanol yields
per-6-amino-B—cyclodextrin.

The per-6-(1,2-ethylenediamine)-6-deoxy-a-cyclodextrin (Figure 3) is
synthesized in high yield from the iodo compound by reacting with neat
ethylene diamine. Following isolation, this highly water-soluble compound was
fully characterized. The mass spectrum of the compound shows the appropriate
M-+H peak, as well as the +1, 2, 4, and 6 counterions. The NMR spectra (1H and
13C) are relatively simple at low pH, indicating the amine substituents do not
disrupt the 6-fold symmetry of the backbone (Figure 4). At high pH, all peaks
are broader, as is common in reported work with Bcyclodextrin. 17

Uranyl ion coordination and thermodynamics.

The U(VI) ion is diamagnetic, which allows straightforward NMR
experiments on the ligands and on the metal complexes. Thermodynamic
evaluation of the binding affinity between per-6-(1,2-ethylenediamine)- 6-
deoxy-a-cyclodextrin and uranyl carbonate was examined by 1H NMR.27
Titrations of this ligand with uranyl carbonate (0-2 equivalents, 10 mM [ligand])
show a metalconcentration dependent upfield shift of ~0.1 ppm of the ethylene-
diamine CH2 protons which suggests an interaction of the (terminal) 1° amines
with either the uranyl or the carbonate ligands. A direct interaction of the
amines with the uranyl ion is highly unlikely based on the extremely low
association constants of amines with uranyl.2s29 A simple pH or ionic strength
effect can be ruled out, as the titration was carried out under Figure 4. {H NMR
of per-6-ethylenediamine-6-deoxy-a-cyclodextrin.

The single C1 proton signal indicates a Cssymmetry for the molecule. 10

conditions of constant pH and ionic strength. Additionally, small but
definite shifts in the C1 and C4 protons as well as other sugar protons are
observed (Figure 5). The shift in the C1, C4 and methylene proton peaks can be
fit to a binding isotherm to give Ka = 253 M-1. The complexation-induced
chemical shift of the C4 protons, as well as the other sugar-based protons,
suggests that binding is at least partially in the cavity of the torus.30

The data fit well to a 1:1 stoichiometry and there is no evidence for binding
stoichiometries greater than 1:1. Similar behavior is seen in the titration of per-
6-(amino)-6-deoxy-p-cyclodextrin. Again, clear shifts in the C1, C4, C5 and C6
protons can fit to a binding isotherm. In the case of this slightly larger
architecture, a fit of the data gives a calculated stability constant, Kassoc, of 838

M-1. chemical shifts for nucleus 2 6 10

Point number 5.070 5.080 5.090 5.100 5.110

Chemical shift unweighted error in chemical shift. (Weighted rms = 0.002) 2 6
10 -0.004 -0.002 0.000 0.002 0.004
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Figure 4. '"H NMR of per-6-ethylenediamine-6-deoxy-a-cyclodextrin. The single

C1 proton signal indicates a Cs symmetry for the molecule.
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Figure 5. Observed () and calculated (+) chemical shift change A8 in 'H

NMR of C1 proton (right) of per-6-ethylenediamine-6-deoxy-a-cyclodextrin as

function of added metal.”’ Titration conditions are given in text.
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This increase in binding affinity is probably due in large part to the
increased size of Pcyclodextrin. While a-and B-cyclodextrin have similar
distances from 1° to 1° hydroxyl (maximum of 11.5 — 12 A across the smaller
end of the torus) because of the rotation of the C6 methylene groups, the
internal cavity of B-cyclodextrin is considerably larger and likely is better able
to accommodate the large uranyl carbonate ion. We hypothesize that the uranyl
complex is bound as a unit by the amino-CyD hosts, based on the low affinity of
nitrogen bases for U(VI) ions and the large cavity of the hosts. It is not likely
that the uranyl ion is bound in the hydrophobic internal cavity of the CyD, but
rather hydrogen bonded to the amino groups at the 1° edge of the torus.

Species Distribution Studies.

The distribution of species in aqueous solutions of uranyl ion and carbonate
is complex, and highly pH dependant. However, since we know the protonation
behavior of the aquated ion, and the formation constants with small inorganic
ions such as sulfate, chloride, phosphate and carbonate, we can predict the
speciation as a function of concentration, pH, exogenous ligands and other
factors.31 This predictive ability is a powerful tool in the design of efficatious
ligands. Figure 6 shows a species distribution of uranyl ion in seawater.

Using the calculated stability constants of one of our ligands (per-6-(1,2-
ethylenediamino)-a-cyclodextrin) with uranyl carbonate, we can model the
perturbation in seawater speciation if a ligand is present. With an association
constant of K= 253 M.1 it can be seen that the addition of ligand strongly
stabilizes the tris-carbonato complex over a wider pH range (Figure 7). With a
binding constant of 838 M.i, a model of the uranyl-carbonate-(2) system
predicts that the carbonate complex will be strongly bound throughout a wide
pH range (Figure 8). The protonation states of (1) and (2) were not included in
the model. Undoubtably, the ligands (1) and (2) will be deprotonated above pH
10, and their binding affinity substantially reduced from the predicted values at
that pH. However, it is likely that the amine H-bond donors will remain
predominately protonated at near-neutral pH.

This data shows that metal ion-complex chemistry can be controlled by
outer-sphere coordination. By careful design of binding groups and an
architectural scaffold we have demonstrated that cyclodextrin-based ligands,
such as those described within this paper will form outer-sphere complexes with
uranyl carbonate within the pH and concentration range of aqueous
environmental conditions such as seawater (pH 8-8.3). Although not all uranyl
carbonate is complexed by (1) in this model, the development of ligands with
higher binding constants (even one order of magnitude) will result in essentially
complete encapsulation of the target substrate. The magnitude of interaction
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Figure 6. Species distribution of uranyl ion in seawater. The concentration of
uranyl is 107 M. The distribution of uranyl species is relatively insensitive
between 10 and 10, but hydroxo complexes dominate at higher
concentrations. Carbonate concentration is | mM. Other included ions (sulfate,
chloride) do not make substantial contributions. The main species below pH 4 is
Jfree uranyl (aquo species), from pH 4-7 it is the bis-carbonate, and from pH 7-
10, UOy(COy);*. Above pH 10, hydroxo complexes dominate.
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Figure 7. Calculated species distribution of uranyl ion in seawater. The
concentrations of species are the same as Figure 6 with the addition of 10 mM
ligand (1), K,=253 M. The biscarbonate is now the main species from pH 4-5.5
and the triscarbonate dominates from 6-10.5. Although only about 70% of
uranyl carbonate is bound, the pH distribution of the uranyl-carbonate species
is perturbed.
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Figure 8. Calculated species distribution of uranyl ion water in seawater. The
concentrations of species are the same as Figure 6 with the addition of 10 mM
ligand (2), K,=838 M. The biscarbonate is now the main species from pH 4-5.5
and the triscarbonate dominates from 6-10.5. At this level of complexation, the
calculated pH distribution of the uranyl-carbonate species is strongly perturbed,
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suggests that these ligands, or similar topology, attached to a solid support can
act as a reusable resin to remediate uranyl carbonate from aqueous
environmental waste.
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Metrology supports industry by enabling the benefits of new products
and processes to be measured and by stimulating new product development in
the instrument sector in addition to raising productivity through improved
process and quality control. Measurement also provides a foundation for a wide
range of public goods, including environmental and human health protection.
So, how do instrumentation and metrology and the environment specifically
relate to one another? What is the importance of instrumentation and metrology
to environmental and human health protection? What needs can instrumentation
and metrology supply for nanotechnology related to the environment? How do
the nanotechnology research goals for instrumentation and metrology and
environmental protection coincide? The answers to these questions can be
addressed under four topics that comprise metrology and the uses to which its
results are applied—written standards, scientific instrumentation, validated
measurement procedures, and measurement standards.

Protecting the environment relies on written standards. Limits are
placed on emission of pollutants; air, to be healthy, must meet certain standards;
both drinking water and surface waters have quality criteria; pollutants are
measured and c ontrolled from landfills. M etrology is necessary to enable the
measurements that form the basis for deciding environmental standards.
Currently, there are no standards for nano-sized materials in the e nvironment.
Particularly in the air, nano-sized particulate matter may have an impact on
human health. However, the inability to measure ambient nanoparticulates
quickly, inexpensively, and accurately severely restrains research that would
lead to intelligent standards for airborne nanoparticles that might effect human
health. Waterborne nanoparticles may likewise need standards if they are found
to be harmful to aquatic organisms.

Scientific instrumentation is essential in examining nanoscale materials
and their interactions and impact on and in the environment. In addition to the
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need for instruments that detect and characterize nanomaterials, nanotechnology
itself can form the basis for detection of other materials. New instruments using
massively parallel nanoscale sensor arrays could enable more sensitive, highly
selective detection of environmentally important analytes, including both
chemical compounds and biological organisms such as algae, bacteria, or
viruses. Instrumentation is needed for monitoring nanomaterials in ambient
environments in order to determine the fate, transport and transformations of
these substances. Current metrology instrumentation for nanotechnology
involves integrated use of biological principles, physical laws, and chemical
properties. These three aspects are also integrated into environmental science,
and any furtherance of the integrative science will also further fundamental
research in the environment.

Validated measurement procedures are necessary for quality control in
monitoring and analyzing environmental samples. If emissions standards are
implemented, there must be reasonable means for effected industries and
organizations to measure nanoparticles for compliance requirements.
Measurement procedures also help the environment by increasing the efficiency
of manufacturing processes, thereby producing less waste that c ould harm the
environment.

Measurement standards are essential for research to proceed in
nanotechnology related to the environment. If there is no standardization, there
is no comparability among the numerous research laboratories involved in
examining nano-scale science and its relation to the environment. Measurement
standards are also needed for quality control during monitoring.

The importance of measurement in the environment at the nanoscale
was discussed at a workshop on Nanotechnology Grand Challenge in the
Environment. May 8-9, 2003. One of the five major discussion topics was
Nanotechnology Applications for Measurement in the Environment as applied to
sensors, monitors, models, separations, detection, fate and transport, data
gathering and dissemination. The vision statement of this workshop group says:
"The unique properties of nanoscale materials will enable the development of a
new generation of environmental sensing systems. In addition, measurement
science and technology will enable the development of a comprehensive
understanding of the interaction and fate of natural and anthropogenic nanoscale
and nanostructured materials in the environment.”

Research needs were identified in five areas: (1) biological sensor
technologies that are sufficiently stable to allow detection in situ on a continuous
basis for high-density usage; (2) a general “array” for detection of a wide variety
of potential analytes; (3) information concerning the diversity of chemical
composition at the nanoparticles level, and the transformations that o ccur and
measurement techniques that distinguish the chemical composition of particle
surface layers from the particle interior; (4) generic nanoscale assembly
methods; and (S5) advances in spectroscopic instrument technologies that allow
rapid detection of low signal strength, while probing smaller volumes of a
nanoparticulate sample.
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Measurement is fundamental to the progress and quality of all scientific
endeavors and engineering applications. It provides an underlying foundation
for research in environmental and human health protection. Advances in
metrology to both measure nanoscale materials and to use nanotechnology in
measurement go hand in hand with advancing the protection of the environment
and human health.
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Chapter 15

Molecular-Dynamics Simulation of Forces between
Colloidal Nanoparticles

Kristen A. Fichthorn'? and Yong Qin’?

'Department of Chemical Engineering, The Pennsylvania State University,
University Park, PA 16802
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Introduction/Background .

Nanoparticles hold great promise for a diverse array of materials
applications, ranging from electronic circuits to bulk materials with novel
mechanical properties to biological materials. Many applications involve
colloidal nanoparticles, whose effective use in nanotechnology hinges on their
selective assembly or their stabilization against aggregation. Various methods
have been used to stabilize colloidal nanoparticles; however all involve
dispersant molecules such as surfactants or polyelectrolytes. Not only do these
dispersants alter the chemistry and physics of nanoparticle systems, but since
they occupy a significant mass fraction of a nanoparticle system, they produce a
tremendous waste stream during processing. An improved understanding of the
forces between “bare” colloidal nanoparticles could lead to new and
environmentally beneficial strategies for engineering colloidal nanoparticle
suspensions.

Historically, the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory has
been used to describe electrostatic and van der Waals interactions in colloidal
systems [1]. However, the assumptions of DLVO theory do not apply to
nanoparticles. Further, recent studies suggest that forces that are not taken into
account by DLVO theory, such as solvation and depletion, could be important in
colloidal nanoparticle systems. From a theoretical point of view, it is now
possible to simulate colloidal nanoparticles using large-scale, parallel molecular
dynamics (MD). These studies can yield atomic-scale detail that is not currently
accessible with experimental methods and they can be used to resolve the origins
and magnitudes of forces between colloidal nanoparticles. The goal of this study
is to apply MD simulations to investigate the relative magnitudes of solvation
and van der Waals forces in a model colloidal nanoparticle system.
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Materials/Methods

We use parallel MD to simulate two solid nanoparticles immersed in a
liquid. The bulk solvent is simulated as 108,000 Lennard-Jones atoms in a cubic
cell with periodic boundary conditions. To study the influence of particle size on
interparticle forces, we simulate spherical nanoparticles of two different sizes.
The small spherical nanoparticles are composed of 64 atoms and the average
diameter is 1.67 nm. The large spherical nanoparticles are composed of 2048
atoms and the average diameter is 6.01 nm. The surfaces of the spherical
nanoparticles are rough, as shown in Fig. 1. To investigate the influence of
surface roughness, the nanoparticles are rotated so that they contact from a
different angle and have different contacting surfaces. Finally, since the shape of
a nanoparticle can influence solvation forces, we also study cubic nanoparticles,
which have 2744 atoms arranged in a face-centered-cubic (fcc) structure, such
that the contacting surfaces have the smooth and flat fcc(111) structure.

Particle-solvent interactions can further affect the solvation force between
nanoparticles. In the simulations, nanoparticles can be either solvophilic or
solvophobic. Solvophxhc means that the solvent molecules have a stronger
attraction to atoms in the nanoparticles than they do to themselves. To model this
case, we set the solid-fluid attraction to be five times stronger than fluid-fluid
attraction. For solvophobic nanoparticles, the interaction between the solvent
molecules and the nanoparticle atoms is five times weaker than the solvent-
solvent attraction.

Results/Discussion

Several existing theories can be used to calculate van der Waals forces.
These theories rely on the assumption that the van der Waals attraction between
two colloidal particles is the sum of pair-wise additive dispersion forces between
the atoms comprising the objects. Using the assumption of a continuum solid,
Hamaker [2] and Bradley [3] derived expressions for the van der Waals
interaction between two macroscopic, spherical particles. In both of these
formulae, the scaling of the interaction with particle separation is different than
the 1/r° scaling between two atoms. Since nanoparticles are an intermediate case
between single atoms and macroscopic colloidal spheres, it is unclear whether
these macroscopic theories can describe van der Waals interactions between
them.

We calculated and compared van der Waals forces between the spherical
nanoparticles using direct evaluation of the pair-wise dispersion forces, as well
as with Hamaker’s and Bradley’s equations. Due to the small size and irregular
surfaces of the nanoparticles, results with different theories vary considerably.
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Both Hamaker’s and Bradley’s equations fail for short nanoparticle separations.
The discrepancy between Hamaker’s formula and direct evaluation arises from
the irregular surface structure of the nanoparticles and Hamaker's equation
predicts van der Waals forces well at separations greater than 3 fluid layers
(about 1 nm). In both the small and large nanoparticle systems, Bradley's
equation always underestimates the van der Waals force.

The free energy change of the nanoparticle system with particle separation is
calculated from a variant of the thermodynamic integration (TI) method [4]. In
the TI method, the derivative of the free energy with respect to a nanoparticle
separation § is calculated directly and then integrated to yield A4(6),

ay = f s dU(a) 5 |

where & and b} are states of the system with different nanoparticle
separations. Accounting only for solvation forces in the derivative of the
potential U, we have

Ady = f g d8(74.(F4,5(8)~ Fp 5 (5)) s O
i

1)

where A,s and F B,s are the forces acting on particles 4 and B due to the

solvent and F4p is the unit vector pointing from particle 4 to particle B. The

ensemble-average quantity in the integral of Eq. (2) is the solvation force.

Solvation forces for solvophilic and solvophobic nanoparticles have been
calculated for the different nanoparticle systems. In all the solvophilic
nanoparticle systems, the solvation forces oscillate between attraction and
repulsion. We find that the phase of the oscillations for the spherical
nanoparticles is influenced by surface roughness and depends on their relative
orientation. The oscillatory behavior is caused by the solvent's ordering near the
surface. This effect is particularly evident for the cubic nanoparticles, which
exhibit the strongest solvation forces. In Fig. 2, we show the solvation-force
profile for the cubic nanoparticle along with the solvent-density profile from a
slice of the simulation box surrounding the nanoparticles for a nanoparticle
separation of 3.50. The dark red contours in the solvent-density plot indicate a
higher solvent density than the bulk and solvent layering in the region between
the two nanoparticles.

We find that solvation forces for solvophobic nanoparticles are always
attractive. In this case, solvent molecules are repelled from the interparticle
region and the density there is lower than the bulk density. Because the solvent-
particle interaction is different from the solvophilic case, the solvophobic
solvation forces are orders of magnitude smaller than the solvophilic solvation
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Figure 1: Snapshot of spherical 64- and 2048-atom nanoparticles.
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Figure 2: van der Waals and solvation forces for
the solvophilic, cubic nanoparticle (left) and the
solvent density profile for the cubic nanoparticle
at a separation of about 3.5 (right).
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forces and van der Waals forces. Nevertheless, the attractive solvation forces
enhance the attractive van der Waals forces between nanoparticles so they can
aggregate more easily.

A comparison of solvation forces and van der Waals forces (assuming that
the solid is Al,O; and the solvent is Ar) for the cubic, solvophilic nanoparticles
is shown in Fig. 2, where we see that the solvation force is comparable to the van
der Waals forces. This indicates that solvation forces may be beneficial in
preventing nanoparticles from aggregating and that stable nanoparticle
dispersions may be achieved in suitable nanoparticle-solvent systems.
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Chapter 16

Growth and Characterization of Single-Crystal
Multilayer Nanostructures for Fast Ion Conduction

S. Azad, S. Thevuthasan, V. Shutthanandan, C. M. Wang,
D. E. McCready, L. Saraf, O. A. Marina, and C. H. F. Peden

Pacific Northwest National Laboratory, 902 Battelle Boulevard,
P.O. Box 999, Richland, WA 99352

Single-crystal multi-layered thin films of pure and mixed ceria
and zirconia were heteroepitaxially grown using molecular
beam epitaxy on yttria stabilized zirconia substrates. The
growth of these films was monitored using in-situ reflection
high-energy electron diffraction (RHEED). In addition, the
ex-situ characterization techniques including X-ray diffraction
(XRD), high-resolution transmission electron microscopy
(HRTEM) and Rutherford backscattering spectrometry (RBS)
along with ion channeling were used to further characterize
these films.

Introduction

There has been considerable interest in solid oxide fuel cell (SOFC) devices
since they provide relatively clean alternative energy to the conventional fossil
fuels. The operation of all solid-state electrochemical devices including
batteries, sensors and fuel cells, is essentially built on ion conduction in solid
electrolytes. In order to improve the efficiency of electrochemical devices at
lower operating temperatures, electrolyte materials with higher oxygen ionic
conductivity at low temperatures need to be developed. Currently available
electrolyte materials, e.g., yttria-stabilized zirconia (YSZ), an almost exclusive
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oxygen ion-conducting electrolyte for modern solid oxide fuel cell devices,
exhibit adequate oxygen-ion conductivity only at high temperatures (0.1 S/cm at
1275 K for YSZ). At lower temperatures, ionic conductivity in YSZ is
significantly lower. Therefore, the operation of SOFC devices with YSZ
electrolytes is limited to high temperatures only. At the same time, high
operating temperatures significantly restrict the choice of materials for other
components in the SOFC device. Several strategies are currently being explored
in order to increase the ionic conductivity of the electrolyte and to reduce the
operating temperature of the SOFC devices. The prevalent approach to increase
the conductivity is based on the incorporation of different dopants, which
preferentially increase the concentration of certain types of lattice defects in the
electrolytes. In particular, cerium oxide doped with a divalent or trivalent oxide
(in most cases, gadolinia or samaria) exhibits higher ionic conductivity,
compared to YSZ, at temperatures around 1075 K [1-7].

It is well known that nanoscale materials often display properties that are
very different compared to the base, coarse-grained, bulk materials. In
particular, it has been recently demonstrated that a nanoscale lamellar structure
of two different fluorides (calcium fluoride and barium fluoride) can exhibit
significantly higher ionic conductivity along the interfacial directions at
moderate temperatures [8). In that arrangement, the ionic conductivity of barium
fluoride was increased 100 to 1,000 times compared to that of a bulk crystal. If
such a remarkable finding could be transferred into practice, it would provide
the ability to design similar structures from oxygen ion conductors to enhance
the performance of solid-oxide fuel cells, oxygen generators and membrane
reactors at substantially reduced operating temperatures. In this study, we
investigate a novel approach of increasing the ionic conductivity of doped ceria
by artificially introducing nanoscale interfaces that are parallel to conduction.

As a first step, we have grown and characterized high quality single crystal
multi-layered pure ceria and zirconia films on YSZ(111). The films were grown
by oxygen plasma assisted molecular beam epitaxy (OPA-MBE) and were
characterized by reflection high-energy electron diffraction (RHEED), x-ray
diffraction (XRD), Rutherford backscattering spectrometry (RBS) and high
resolution transmission electron microscopy (HRTEM). Since these high
quality single crystal films, with minimum defects, have weak oxygen ionic
conductivity, it is difficult to obtain useful information regarding the effects of
nanoscaling on oxygen ion transport properties of these materials. In general,
the oxygen ionic conductivity is significantly higher in doped ceria and zirconia
films compared to pure films and the growth of these films with dopants is
currently underway in our laboratory. In this short paper, the growth and
characterization of the single crystal ceria/zirconia alternating multi-layer films
is discussed. Details of the films with dopants, including ion conductivity
measurements, will be described in a later publication.
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Experimental

All growth and in-situ characterization measurements were carried out in a
dual-chamber ultrahigh vacuum (UHV) system described in detail elsewhere
[9]. The MBE chamber consists of three metal evaporation sources and an
UHYV compatible electron cyclotron resonance (ECR) oxygen plasma source, as
well as RHEED for real-time characterization of epitaxial film growth. Ce and
Zr rods (both 99.98% purity) were used as the source materials in separate
electron beam evaporators. Growth rates of these films were monitored by
means of quartz crystal oscillators (QCO) adjacent to the substrate. Polished
(10x10x2) YSZ (yttria-stabilized zirconia) (111) single crystals were used as
substrates for epitaxial growth of ceria-zirconia multi-layer films. YSZ
substrates were ultrasonically cleaned in acetone and methanol prior to insertion
into the dual-chamber UHV system through a load lock. Once in the MBE
chamber, the substrates were cleaned by heating to 875 K for 10 min while
being exposed to activated oxygen from the ECR plasma source at an oxygen
partial pressure of ~1.5 x 10° Torr. The ceria-zirconia epitaxial films were
grown by alternately evaporating Ce and Zr metal beams in the presence of a
low-pressure oxygen plasma. The optimum experimental conditions that were
used during the growth of single crystal zirconia-doped ceria in a previous study
[10] were used to grow these films. In particular, the substrate temperature and
the oxygen partial pressure were kept at 925 K and 2.0x10°® Torr, respectively,
during the growth. The rates of cerium and zirconium metal deposition were
maintained between 0.02-0.03 nm/sec and the growth was monitored by in-situ
RHEED.

The samples were further characterized by ex-situ XRD, RBS and HRTEM
techniques. In the XRD analysis, the samples were measured on a high-
resolution, double-crystal Philips X'Pert MRD system. The experimental
diffraction data were analyzed using Jade (Materials Data, Inc., Livermore, CA)
and compared with the Powder Diffraction File PDF-2 database (International
Centre for Diffraction Data, Newtown Square, PA). RBS work was performed
in the Environmental Molecular Science Laboratory (EMSL) accelerator
facility, which is described elsewhere [11]. RBS and channeling measurements
were carried out at a sample temperature close to 300K using 2.04 MeV He'
ions at normal incidence. The SIMNRA simulation program [12] was used to
model the experimental RBS spectra, and determine the thickness and
stoichiometry of the films. Finally cross section thin foils were prepared by
standard tripod wedge polishing, followed by Ar-ion beam thinning for high
HRTEM measurements and these measurements were carried out on a Jeol JEM
2010 microscope with a routine point-to-point resolution of 0.194 nm.
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Results And Discussion

A high quality 7 nm single crystal ceria layer was first grown on a clean
YSZ(111) substrate. Fig. 1 shows typical RHEED patterns obtained in the [-
110] (left panels) and [-211] (right panels) azimuthal directions from the YSZ
substrate (top panels) and a pure ceria film grown on YSZ (bottom panels). The
substrate patterns are of good quality, showing streaks rather than an array of
spots, indicating reasonably flat surfaces with large terrace widths. The RHEED
patterns obtained from the epitaxial ceria film also indicate reasonably well-
ordered surfaces showing RHEED patterns with low background, homogenous
intensity along the streaks, and clear visibility of Laue zones.

The RHEED patterns for the films persisted from the beginning of the
growth, suggesting that these films grow in a reasonably laminar fashion on
YSZ. The streak spacings of the films are qualitatively similar to that of the
bulk spacing of CeO, suggesting that the films have achieved the bulk spacings
of CeO, as expected. In addition, there is no evidence for surface reconstruction
under these growth conditions. The RHEED patterns reveal that epitaxial films
have the same orientation relationship as YSZ. However, during the growth of
7 nm pure zirconia layer on top of the ceria film, half order streaks were
observed in addition to the primary streaks observed during ceria growth. This
may indicate the presence of a surface reconstruction for zirconia. The half
order streaks persisted until the end of 7 nm zirconia growth and disappeared
during the growth of next ceria layer. Since a cubic structure for pure zirconia
is not stable, it is possible that this leads to a surface reconstruction, although we
also note the stress in the films associated with a lattice mismatch to maintain
the cubic fluorite structure that was obtained in XRD measurements discussed
below. Appearance and disappearance of half order streaks during zirconia and
ceria growth, respectively, continued throughout the growth of the film that
contained 10 alternating layers of ceria and zirconia.

The XRD spectrum obtained for the hetero layers of CeO, and ZrO, on the
YSZ(111) substrate is shown in Fig. 2. The observed positions of the
CeO,(111) and CeO,(222) peaks at 20 ~ 28.5 and 58 closely match with the
reference data and the absence of any other reflections in the pattern indicates
that the CeO, film was single phase. Similarly, the positions for the ZrO,(111)
and Zr0,(222) also matched the reference data from the cubic fluorite zirconia
structure, and these peaks were almost superimposed on the much sharper
substrate YSZ peaks. XRD results reveal that the thin film, composed of hetero-
layers of CeO, and ZrO,, has a high crystalline quality, and also that the film
has single phase CeO, and ZrO,.

In Fig. 3 (a), we present the channeling and random spectra of epitaxially
grown hetero-layers of CeO, and ZrO, thin films on YSZ(111). The arrows in
the figure indicate the energetic positions expected for backscattering from Ce,
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Fig. 1: Typical RHEED patterns obtained in the [-110] (left panels)
and [-211] (right panels) azimuthal directions from the YSZ substrate
(top panels) and a pure ceria film grown on YSZ (bottom panels).
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Fig. 2: XRD data for hetero-layers of CeO;, and ZrO, thin films on YSZ(111).
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Zr and O atoms. It is clear from the figure that there is some channeling in the
film; hence, it has some degree of crystallinity. The multi-layered structure of
the films is also very clear in Fig. 3(b), an enlargement of a region of the
channeling spectrum shown in Fig. 3(a). It is well established that the pure
CeO, and Zr-doped CeO, films on YSZ substrates show misfit-dislocations at
the interface [13]. Due to these misfit-dislocations, the channeling spectrum
from these films shows an extra peak at the interface [14]. As observed in the
TEM results discussed below, these epitaxially grown hetero-layers of CeO, and
ZrO, thin films on YSZ(111) studied here show misfit dislocations at the
interfaces as well. The combination of this disorder and the relatively poor
depth resolution (~ 20 nm) of RBS, results in minimum yields of Ce and Zr that
are higher than expected for thicker films of good crystalline quality.

Fig. 4(a) is a low magnification TEM image of a film composed of 5 layers
of ZrO, and 5 layers of CeO, grown in an alternative sequence. The thickness
of each layer appears to be uniform, as evidenced by the straight interface
between different layers. The inset of Fig. 4(a) shows the selected area electron
diffraction (SAED) of the film, demonstrating that both ZrO, and CeO, layers
are single crystals, and that those layers maintain an epitaxial orientation
relationship of [110]ZrO,/[110]CeO, and (002)ZrO,//(002)CeO,. One
interesting aspect of the SAED is the existence of the otherwise forbidden
diffraction spots for the fluorite structure, such as spot (001) as (even, even,
odd). The origin of these forbidden spots will be discussed in a separate paper.
The lattice mismatch between ZrO, and CeO, layers is also clearly revealed by
the separation of high order diffraction spots. The lattice mismatch between the
ZrO, and CeO, layers is mainly relieved by interface misfit dislocations, as
shown in the HRTEM image of Fig. 4(b). In addition, a few dislocations are
also visible in the interior of the film.

Conclusions

High quality single crystal multi-layered pure ceria and zirconia films were
grown using molecular beam epitaxy on YSZ(111). These films were
characterized using in-situ reflection high-energy electron diffraction (RHEED)
and ex-situ X-ray diffraction (XRD), high-resolution transmission electron
microscopy (HRTEM) and Rutherford backscattering spectrometry (RBS) along
with ion channeling. The RHEED patterns obtained from the epitaxial multi-
layered films indicate reasonably well-ordered surfaces. XRD, channeling and
HRTEM measurements, also indicate that these films are single phased and high
quality single crystals.
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Figure 4. Low magnification TEM image showing the general structure of the multi-
layer film (a). HRTEM image showing the interface structures between different
layers (b).
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Introduction/Background

It is known that diesel engines produce a tri-modal size distribution of DPM
(diesel particulate matter), (1). The number of nano-size particles i.e. those in
the “nuclei” mode, is quite variable and can be attributed in many cases to the
self-nucleation of volatile species during the dilution and simultaneous cooling
of the exhaust. In some cases nanoparticles may also form prior to dilution (2,
3). V

The dynamics of particle formation during and after combustion is a topic
of much interest and investigation. A recent summary of the diesel combustion
process (4) describes how the fuel jet quickly disintegrates as it exits the nozzle
and vaporizes as it entrains hot air, subsequently forming a teardrop-shaped
cloud of fuel-vapor and air mixture with a diffusion flame at its periphery.
Particles of soot originate from pyrolysis of fuel in the fuel-rich region of this
diffusion flame. These primary soot particles are spherical and consist of many
layers of carbon atoms and/or multi-atom platelets. As the piston moves
downward, rapid adiabatic cooling causes these primary particles to
agglomerate. At this stage, if there are any species (such as metals) with very
high concentrations, they may self-nucleate if the rapid cooling drives their
saturation ratios high enough. As the resulting aerosol travels through the
exhaust system, further cooling causes condensation of other species onto the

.particles. When the aerosol exits the tailpipe it again cools rapidly and other

more volatile species condense suddenly and/or self-nucleate into nanoparticles.
The resulting mixture of gases and particles is what we call DPM.
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Both acute and chronic health effects have been associated with DPM. One
theory holds that the potentially large number of ultrafine particles and their
characteristic high lung-penetration efficiency may play a role in this correlation
(5), and it is also possible that the presence of metals may be a contributor. To
address these issues, the UMN and NIOSH are conducting a joint investigation
to characterize the metal content of diesel nanoparticles and this report
summarizes preliminary findings. The research aims at providing insight into the
formation of metal-rich nanoparticles via self-nucleation as well as the overall
distribution of metal across a wider range of particle sizes due to condensation
and coagulation.

Methods/Materials

The source of DPM for this work was a three cylinder, 1.5 liter Isuzu
engine powering a genset. Engine speed was constant at 1800 rpm and the
engine was run at two conditions i.e. no-load and 6kW load, with fuel flow rates
of 1.0kg/hr and 2.25kg/hr respectively. The fuel used for all tests was #2 diesel
fuel with nominal sulfur level of 350 ppm. The fuel was doped with iron using
small amounts of ferrocene i.e. (CsHs),Fe, blended with the fuel to achieve the
desired doping level. DPM samples were drawn from the tailpipe by a stainless
steel probe inserted through the pipe wall and directed into the exhaust stream.
The sample was subsequently diluted approximately 10 to 1 with dry air.

The single-particle mass spectrometer (SPMS) used in this study is shown in
figure 1 and described in detail in reference 6. The primary components of the
system are an aerodynamic lens inlet (7), a two-stage differential pumping
system, a free-firing dissociation/ionization laser and optics system, a linear
time-of-flight mass spectrometer, and a data acquisition system composed of a
high-speed digital storage oscilloscope and PC. .

The SPMS generates particle mass spectra akin to that in figure 2. Note that
although there are some molecular fragments (in this case Cx, N2, 02), the
particles are generally ablated to their elemental constituents. Thousands of
such spectra were collected during the course of this work. Each spectrum is
unique, as is each particle. Along the lines of earlier work (8), customized
software was developed to help sort and analyze the numerous individual
particle spectra.

Since the SPMS does not have a means for measuring the size of particles
that are ablated, a method was developed to correlate the size distribution of the
inlet aerosol to the range of signal intensities of the many particle mass spectra.
The inlet aerosol size-distribution was first measured with the SMPS, and
corrected using an empirically derived transmission efficiency for the
aerodynamic lens. Next, the sizes of all sampled particles were estimated. This
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Figure 2. Single Particle Mass Spectrum
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was done by conducting a series of tests to correlate the SPMS signal intensity to
the size of known particles (see also reference 9). From these tests we derived a
non-linear correlation factor for estimating particle size from SPMS signal
intensity. We used that factor to calculate a volume-equivalent particle diameter
for each sampled particle. The matching of the two resulting size distributions
(figure 3) is indicative of the accuracy of using this approach for diesel particles.

Results/Discussion

" When the fuel is doped with 20ppm iron, the SMPS-measured particle size
distribution contains a distinct nuclei mode which increases with engine
load/fuel flow rate (figure 4).

Due to the great variety of particles in the aerosol, the resulting single
particle mass spectra vary considerably. To help sort the spectra we counted on
previous knowledge of particle morphology and divided the particles into three
classes as follows. Note that the values of C, H, and Fe used were the areas
under the elemental peaks of the individual mass spectra.

“Organic Carbon” particles are defined as those where H/C >1. They are
typically nanoparticles containing fuel or oil residues rich in organic carbon i.e.
rich in hydrogen.

“Elemental Carbon” particles are those where H/C < 1. These are particles
containing greater relative amounts of elemental carbon (typically agglomerates
of primary carbon spherules).

“Pure iron” particles are those where Fe/C>15. These are the
nanoparticles of iron (self nucleated in the engine).

To verify this for our case we took DPM samples for complimentary
analyses i.e. transmission electron microscopy and energy dispersive
spectroscopy (TEM/EDS), using a low-pressure cascade impactor (LPI), (10).
Figure 5 shows a TEM image which contains all three of the above mentioned
particle types.

Figure 6 shows the size distribution for the above three particle types based
on numerous mass spectra, for the 6kW engine load. Organic carbon particles
are more prevalent in the smaller size ranges, which is consistent with a previous
observation (11) indicating that the amount of organic carbon on DPM decreases
as particle size increases. Note that about 8% of the particles detected are pure
iron nanoparticles and that the elemental carbon particles are distributed
similarly to the accumulation mode shown in figure 4. The latter suggests that
the coagulation of primary carbon particles into agglomerates does not change
significantly with metal doping. However, the absolute number of these
accumulation mode particles was shown to decrease as a result of doping. This
supports earlier work (2) and suggests that the presence of metals during the
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combustion process may enhance the oxidation of carbon. This is reflected in
figure 4 where the higher presence of iron in the system i.e. at higher loads and
thus higher fuel flow rate, is shown to reduce the numbers of accumulation-mode
particles. That figure also shows that reducing the load and fuel flow causes the
iron nanoparticles to virtually disappear as expected, and the elemental carbon
particles to increase in number.

Figures 7a-b illustrate the analysis of numerous spectra to observe trends in
the amount of various elements in each particle. Each dot on a graph represents
the area under one elemental peak from one unique mass spectrum (i.e. one
particle). The x-axis reflects the size of the particles analyzed, i.c. the volume-
equivalent diameter calculated using the correlation factor mentioned above.
The values on the y-axis reflect the amount of each element determined by
calculating the area under that elemental peak. For carbon, we sometimes had
more than one peak (due to molecular fragments) and in that case the area under
all carbon-containing peaks would be summed to give the amount of carbon for
that particle.

The SPMS spectra summarized in figures 7a-b show the fraction of iron in
the particles at low and high engine load when using fuel doped with 20ppm
iron. The figures clearly show the increase in absolute iron levels at high load
(which reflects the doubling of fuel flow rate). At low load, iron fraction
increases non-linearly for smaller particles, which suggests that iron
condensation onto carbon particles plays a key role in particle formation, since
that would favor smaller particles due to their higher surface to volume ratio.
Contrast this with the data of figure 7b for higher engine load, which still shows
the non-linear behavior but with significant data scatter. This increased scatter is
believed to be a result of a trend toward coagulation dominance in the system,
i.e. an increasing role played by nucleation and subsequent coagulation of pure
iron nanoparticles. At high load, the quantity of Fe more than doubles due to
increased fuel flow rate. This increases the saturation ratio of iron vapor in the
combustion chamber and the nuclei mode particles subsequently grow larger and
more numerous (as in figure 3). Figure 7b shows that for the higher engine load
there is a group of data with Fe/(C+Fe) ratios of unity, representing those pure
iron nanoparticles. Figure 7a does not show such particles, since at that
condition they are too few and too small to be detectable.

Conclusions:

e Using 20ppm iron doping, self-nucleated iron particles are
detectable by both SMPS and SPMS.

e As iron content increases, the iron nanoparticles grow in size and
number.
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e At low engine load, (or lesser iron availability), the proportion of
iron increases non-linearly for small particles, suggesting
condensation of iron onto particles.

¢ When more iron is available, self-nucleated particles increase in
number and the amount of iron on larger particles is more variable,
suggesting coagulation.
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Chapter 18

Environmental Applications: Sensors and Sensor
Systems: Overview

Nanotech-Enabled Sensors and Sensor Systems

Susan L. Rose-Pehrsson and Pehr E. Pehrsson

Chemistry Division, Naval Research Laboratory, 4555 Overlook Avenue,
SW, Washington, DC 20375-5342

The introduction and incorporation of nanomaterials and nanotechnology
offers the potential for revolutionary transformations in the capabilities of
sensors and sensor systems. Nanoscale sensor technologies rely on the unique
physical and chemical properties conferred by their size. Intelligent use of such
materials will permit the design of light, compact, low power, and exquisitely
sensitive devices. Even old detection methods are being enhanced with the use
of nanoscale materials. New sensor designs will exploit the inherent, often
unique chemical and physical properties of nanoscale materials, such as
engineered band structures, electrical conduction, mechanical resonance,
quantum effects, optical properties, large surface to volume ratio, and small
mass. For example, the large surface to volume ratio of a nanoparticles
translates into large changes in the electrical conductivity or mechanical
resonance of the nanostructure when very small quantities of analyte adsorb on
its surface. The ability to manipulate the size of the particles, and especially
their surface chemistry, therefore makes them amenable to designed
modifications and optimization for particular analytical tasks. These qualities
also make sensors based on nanotechnology especially well suited for arrays
with different chemistries and transduction mechanisms, thus enhancing their
selectivity and ability to discriminate analytes in complex chemical
environments. These characteristics suggest that sensors will be increasingly
flexible and customizable to specific tasks as research provides suites of suitable
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chemistries and designs built upon common architectures. Such a sensor
can be based on varying numbers of these structures, from a single particle,
such as a carbon nanotube, to an amalgamation of many particles, e.g. metal
beads coated with an organic layer to form a 2-dimensional layer. Other
sensors rely less on the specific size-dependent properties, but still benefit from
using nanoscale particles optimized for other desirable device properties, e.g.
low power consumption.

Traditional sampling and detection methods for environmentally important
species can be time consuming, costly and require hazardous materials which
themselves contribute to the environmental waste problem and create a
logistical burden of operation. Nanotechnology may reduce or even eliminate
the need for such reagents and can in some cases even enable the use of
ambient species as part of the analytical process.

Unique sensor materials are being developed that result in small and
inexpensive sensors with novel sampling mechanisms. Both optical and
electronic-based nanocrystal sensors are being investigated because these novel
materials offer unusual and useful properties. Likewise, carbon nanotubes
possess an extraordinary range of electronic, thermal, and structural properties.
These properties depend on the detailed physical and chemical structure of the
tube, so small changes can dramatically affect them and offer a number of
possible detection pathways.

The lines between chemical and biological nanosensors are often blurred,
with chemical sensors sometimes used for measuring biological phenomena
and vice versa. An excellent example of this'is shown in Greenbaum’s research
where naturally occurring microorganisms are used as biosensors for chemical
detection in drinking water. Researchers are increasingly combining the two
fields in powerful new ways, especially as they look to nature for clues and
ideas in developing novel nanostructures and sensors.

Nanotechnology is enabling sensitive new devices. Micromachined
cantilevers-based sensors have a significant advantage in the absolute
sensitivity achievable. Novel coating methods are making these sensors more
robust and reproducible. This field is expected to advance quickly and produce
some unique methods for detecting many chemical and biological species of
interest.

In addition, old methods are being used and combined in new ways to
miniaturize all aspects of sensor systems. One example is lab-on-a-chip
technology, which permits transport of laboratory analytical methods to the
field. The small size of the detection systems reduces sampling size, detection
time, reagent quantities and laboratory waste products. This detection platform
will need novel detectors with enhanced sensitivity, and nanotech-enabled
devices are expected to provide many such devices.

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch018

August 10, 2012 | http://pubs.acs.org

156

Many analytes of environmental importance are now being investigated
with these and other nanotech-enabled sensors. These unique sensors and
sensor systems will permit simultaneous monitoring and remediation via real-
time, on-line sampling, thus allowing timely prevention of environmentally
hazardous conditions before they become serious problems.

Eight papers were invited to contribute to the Nanotech-Enabled Sensors
and Sensor Systems Session of the Nanotechnology and the Environment
Symposium. The papers range from basic research to development of specific
chemical and biological sensors. In the following seven chapters, experts in the
field share some the highlights of their work in this area. The papers are varied
and describe both chemical and biological sensors. Nanotech-enabled sensors
and sensor systems are in their infancy. The next decade will certainly see an
explosion in their capabilities, hopefully accompanied by thé ability to
economically and reliably create these structures and effectively use the
materials for the benefit of the environment.
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Sorptive Properties of Monolayer-Protected Gold
Nanoparticle Films for Chemical Vapor Sensors
and Arrays
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Introduction

Nanoparticles and nanoparticle-based materials are attracting great interest
for their unique properties and potential for application in diverse areas.
Monolayer-protected nanoparticles (MPNs) are of particular interest because
they can be taken up in solution, synthetically modified, or cast into thin
films.(1-4)

On chemical microsensors, these materials act as sorptive films. Films of
gold MPNs consist of gold particles separated from one another by the
protective monolayers on their surfaces. These monolayers represent insulating
layers of molecular dimensions and potential vapor sorption sites. Snow and
Wohltjen described films of gold MPNs as Metal-Insulator-Metal-Ensembles
(MIME) in recognition of the nanostructure of the films.(5) Initial investigations
by a number of groups have confirmed the potential of MPN-based films for
chemical vapor sensing.(5-12)

The response of a chemical microsensor with a sorptive coating is
dependent on the amount of vapor sorbed by the film and the transduction of that
sorbed vapor into a measurable change in the sensors output signal. Detection
limits then depend on the signal relative to the noise. As a result, the
detectability of vapors with such sensors depends on the signal-to-noise per
sorbed vapor molecule. Accordingly, the sorptive properties of films of MPNs
are of interest in understanding and developing nanoparticle-based sensors and
sensor arrays for chemical vapor detection. Are these materials containing large
mass percentages of gold and much smaller mass percentages of organic thiol
effective at sorbing organic vapors, and how do they compare with sorptive
polymers?
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In this study, the thickness shear mode (TSM) device has been used to
investigate the vapor uptake properties of several readily prepared gold MPN
materials.({2) It is demonstrated that many, but not all, MPN-based sensing
layers provide rapid and reversible uptake of vapors, as is desirable for vapor
sensors. Sorptive selectivity varies with the monolayer structure, which provides
a basis for sensing material design and use in sensor arrays. The sorptive
properties are compared with more common polymeric sorptive materials so that
conclusions can be reached regarding the relative roles of sorption and
transduction in MPN-coated sensor performance.

Materials and Methods

A number of nanoparticle materials were synthesized using the two phase
approach first described .by Brust(2) and used subsequently by Wohltjen and
Snow(5). Nanoparticle materials were also synthesized by the single phase
methanol/water synthesis developed previously by Brust() and used by
others.(7) The nanoparticle materials were not fractionated and were used as
isolated.

Nanoparticle materials were applied to one surface of a 10 MHz TSM
device by spray coating solutions of the nanoparticles in either dichloromethane
or methanol, depending on their solubility. Vapor sensors were always cleaned
in a UVO Cleaner (Model 342, Jelight Company, Inc, Irvine CA) unit prior to
film application. Vapor sorption measurements were made on TSM devices
coated with an amount yielding approximately 10 kHz frequency shifts (an
indication of film "thickness").

10 MHz TSM devices were operated with an oscillator card and the
frequency signal was measured using a Hewlett-Packard 53131A High
Performance Universal Counter with a medium stability time base, with data
transferred to a microcomputer by GPIB. The frequency counter was controlled
and data were logged using LabVIEW® software (National Instruments, Austin,
TX). In addition, a Hewlett-Packard 4194A Impedance Analyzer was used to
measure the motional resistances before and after coating crystals, and to
determine the effect of coating amount on motional resistance. It was confirmed
by these measurements that the coated TSM devices would function as
gravimetric sensors.

Coated TSM devices were mounted in a flow cell with gas inlet and outlet
ports, maintained at 298K, and exposed to calibrated vapor streams. The test
vapors were generated from bubbler sources with dry nitrogen carrier gas, and
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further diluted with additional carrier gas using an automated vapor generation
system. The sensors were exposed to 10 minute intervals of each vapor
concentration followed by 15 minutes of carrier gas for recovery before the next
concentration of the same vapor. Data points were typically collected every 2
seconds but longer intervals were sometimes used.

Results and Discussion

Nanoparticle materials. Dodecanethiol- and several arenethiol-protected
gold nanoparticle materials were prepared for investigation; the thiols included
dodecanethiol, chlorobenzenethiol, trifluorobenzenethiol, benzenethiol, and
hydroxybenzenethiol. Nanoparticle formation was confirmed by high resolution
transmission electron microscopy (TEM). Typical nanoparticle core sizes were
in the range of 1.6 to 6 nm with about 3 nm most common.

Vapor sorption behavior. The test sensors were evaluated against nine
concentrations each of four-vapors: n-hexane, toluene, 2-butanone, and 1-
butanol. The vapors were selected to represent a diverse set with nonpolar
hexane, more polarizable toluene, basic and dipolar 2-butanone and hydrogen-
bond acidic 1-butanol. These test vapors provide a preliminary probe of
differences in behavior and chemical selectivity among the nanoparticle
materials. Sensor responses to the test vapors were generally rapid and
reversible, with exposures leading to steady state or near steady state responses
within the six-minute exposure period. @ However, the responses of
hydroxybenzenethiol-coated nanoparticle films were much slower and will not
be further considered here.

Calibration curves for the four vapors on the selected coatings were
determined. For gravimetric sensors at a fixed temperature, these represent
sorption isotherms. These calibration curves range from mostly linear to varying
degrees of downward concavity. The calibration curves for the benzenethiol-
protected nanoparticle TSM-sensor were the most curved in our data set.

Comparisons with sorptive polymers. Polymers are widely used in chemical
sensing and their sorptive properties have been examined in detail. We have
previous data for the sorption of hexane, toluene, and 2-butanone by
poly(isobutylene), PIB, and poly(epichlorohydrin), PECH, on 10 MHz TSM
devices.(13) These polymers have been used in a variety of vapor sensing
studies, and represent simple prototypical sorptive polymers whose structures
and sorptive properties have been described in detail elsewhere.(/3-16)

Poly(isobutylene) an alkane based low-polarity polymer interacting by
dispersion forces. In this regard it can be considered similar in interactive
properties to the alkane chains of dodecanethiol. Poly(epichorohydrin) is more
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dipolar due to the chloro-substitution. The arenethiol-based nanoparticle
materials are expected to be polarizable and if halogenated, dipolar.

The sorptive data for the polymers were compared with the corresponding
data for the nanoparticle films. This analysis compared the sorptive properties
on a mass-of-vapor-sorbed per mass-of-sorbent-material. It was evident from the
results that the best nanoparticle films for a given vapor were less sorptive on a
per-mass basis than the best sorptive polymer considered, the polymer being
better by a factor of 2 to 2.5.

However, it should be noted that films of equal mass but with different
material densities will have different thicknesses. Vapor sorption is typically
quantified on the basis of the partition coefficient, where the concentration of
vapor in the sorbent phase is in g/L. Thus, the partition coefficient describes
sorption on a mass-per-volume basis. -

The densities of the polydisperse MPN materials as thin films are not
known; however estimates were made using the mass compositions from
thermogravimetric analysis and the bulk densities of gold metal and the thiol
starting material. Although MPN materials are typically 75-90% metal by mass
and thus only 10 to 25% organic by mass, they are 70-90% organic material by
volume and only 10-30% metal by volume. Thus, despite the low mass
percentage of sorptive organic insulating material, these materials are actually
primarily sorptive organic material by volume.

Using the estimated film densities, we calculated preliminary estimates for
partition coefficients. From these estimates, it was found that on a per-volume
basis, the sorption of organic vapors by these MPN materials is of the same
order of magnitude as the polymers at the test concentration.

Discussion.

Vapor sorption by the sensing film is a fundamental influence on' sensor
response. Regardless of the tranduction mechanism ultimately used for sensing,
information on vapor uptake is useful in predicting and interpreting sensor
response behavior. Slow uptake will lead to slow response times regardless of
the transduction mechanism. Gravimetric calibration curves relate directly to
sorption isotherms, and directly to the calibration curves of other types of
sensors if the transduction mechanisms of those sensors are linear with sorbed
concentration.

Our measurements indicate that the nanoparticle-based materials examined
sorb vapors with partition coefficients that are of the same order of magnitude as
the organic polymers used for comparison, assuming material densities estimated
as described above. Strictly from the standpoint of sorption, these materials do
not appear to have advantages over polymers as sensing layers.
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However, since they can be as good as the polymers at vapor sorption, and
may have other desirable properties, they represent candidate layers for acoustic
wave sensors whose responses are related to the mass of vapor sorbed. The
surface acoustic wave (SAW) device is an example of such a sensor.(15,17-22)

Transduction is also important in sensor performance, and these materials
can be used as conducting films on chemiresistor sensors. It has been reported
that chemiresistor sensors coated with MPN films can offer lower detection
limits than polymer-coated vapor sensors,(//,23,24) such as those based on
surface acoustic wave devices or those based on chemiresistors coated with
carbon black containing polymers.

If MPN-coated chemiresistors do offer better detection limits than polymer-
coated SAW vapor sensors, and the MPN layers and polymer layers absorb
similar amounts of vapor, then the lower detection limits for MPN-coated
chemiresistors must be due to more signal-to-noise per sorbed vapor molecule.
This conditional argument stimulates thinking about signal transduction and
nanostructure as a focus for improved sensors.

The implications are that nanostructure matters and suitable nanostructures
can lead to excellent signal-to-noise per sorbed molecular unit. Tailoring
nanostructure for more sensitive transduction represents an area of opportunity
for nanoscience in chemical sensing.
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Chapter 20

Semiconductor Nanostructures for Detection
and Degradation of Low-Level Organic
Contaminants from Water

Prashant V. Kamat, Rebecca Huehn, and Roxana Nicolaescu

Notre Dame Radiation Laboratory, University of Notre Dame,
South Bend, IN 465560579

Introduction

In this new millennium, we are faced with the challenge of cleaning our
natural water and air resources. While we enjoy the comforts and benefits that
chemistry has provided us, from composites to computer chips, from drugs to
dyes, we are faced with the task of treating wastes generated during
manufacturing processes and the proper disposal of various products and
byproducts. Nanotechnology can provide us with ways to purify the air and
water resources by utilizing semiconductor nanoparticles as catalysts and/or
sensing systems.

A variety of sensors for environmental applications have been developed in
recent years, including SnO, based semiconductor systems that have been used
as conductometric gas sensors (1,2) and a TiO, electrode for determining the
chemical oxygen demand (COD) of water (3). Semiconductor nanostructures
have drawn attention in recent years for their potential as chemical sensors.
Their exploitation as chemical sensors was prompted by the discovery of
photoluminescence from porous-Si and subsequent observation that many
organic and inorganic molecules quench this emission (4,5). The
photoluminescence in porous-Si arises from charge carrier recombination in the
quantum confined nanosized environments (6,7). Both energy- and electron
transfer mechanisms have been proposed to explain the quenching by organic
molecules. Sailor et al have attributed the quenching of the PL by aromatic
molecules such as anthracene, pyrene, benzanthracene etc. to energy transfer to
the triplet state of the organic substrate (8). El-Shall and coworkers (9) have
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shown that the emission from silicon nanocrystals is quenched by aromatic
nitrocompounds via electron transfer from the conduction band of the silicon
nanocrystal to the vacant orbitals of the quenchers.

The feasibility of using porous silicon nanocrystals as sensors has been
demonstrated for detecting nerve gas agents (/0) and nitroorganics (9,11).
Using detection based on electrical conductivity, (72) photoluminescence,
(10,11) or interferometry, (10) researchers have achieved sensitivity in the
range of ppb-ppm levels.

A desirable feature for the detoxification of air and water is to develop
methodologies that can simultaneously sense and destroy toxic chemicals.
Such a catalyst system is especially useful when it triggers the photocatalytic
operation on demand, i.e., photocatalysis becomes operational only when the
system senses the presence of an aromatic compound in the immediate
surrounding. Semiconductor nanoclusters such as ZnO and CdSe have an
added advantage that they emit quite strongly in the visible region. Size-
dependent emission properties of these semiconductor systems have been
explored in earlier photochemical studies (73-17). The size dependence
properties of these nanoparticles and the ability to tailor the sizes of the
nanoassemblies finds ready application in chemical sensors. The thermal
conductivity of metal oxide semiconductors is often used to sense organic
vapors and gases (18). The visible emission of nanosized ZnO, which usually
arises from anionic vacancies, is very sensitive to hole scavengers (17).

Materials and Metheds

A small aliquot (usually 250-500 uL) of ZnO slurry was spread over an
area of 2 cm® of a glass slide and air dried. The semiconductor coated glass
plates were then annealed in the oven at 673K for 1 hour. The immobilized
semiconductor was inserted in a specially designed flow cell that can be
accommodated in a SLM 8000 spectrofluorimeter or on the optical bench of the
photolysis set up. Photocatalytic degradation experiments were conducted by
illuminating the ZnO film with collimated light from a 150 W Xenon lamp
filtered through CuSO, solution (A>300 nm).

Results and Discussion

Zn0 promises to be a promising candidate for such a specialized
environmental application (Figure 1) since it is very semsitive to hole
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Figure 1. Principle of simultaneous detection and degradation approach in
photocatalysis. The emission response of ZnO film to the presence of 4-
chlorocatechol is shown on the bottom. (Reproduced with permission from
reference 19. Copyright 2002.)
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scavengers. The emission is quantitatively quenched by hole scavengers such
as iodide ions or phenols (20). The feasibility of employing nanostructured
ZnO films for simultaneous sensing and degradation of organic contaminants
has been demonstrated recently in our laboratory (19). The ZnO emission is
very sensitive to the presence of aromatic compounds such as chlorinated
phenols in water. The observed emission quenching is quantitative as the
extent of quenching by the organics is determined by the adsorpuon
equilibrium. A detection sensitivity of the order of 1 ppm can be achieved in
these systems. A major feature of the ZnO semiconductor system is its ability
to degrade the organic contaminant under high intensity UV-illumination.
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Figure 2. Emission recovery during the degradation of 4-chlorophenol at an
UV-irradiated ZnO film. (Reproduced with permission from reference 19.
Copyright 2002.)

Experiments illustrating the emission increase during photocatalytic
degradation (Figure 2) show that the emission recovery parallels the
degradation of aromatic intermediates from the aqueous solution. Thus,
emission from ZnO films can be used to monitor the course of a photocatalytic
reaction. Though not selective, ZnO emission quenching serves as a probe to
sense the presence of aromatic intermediates in water. ZnO film-based
nanosensors should be useful in applications such as monitoring the quality of
drinking water, or assessing the contamination in underground water. Design
engineering of fiber optic probes can miniaturize the semsor design for
environmental applications.
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Semiconductor nanostructures can play an important role in developing
smart materials that can simultaneously sense and destroy harmful chemical
contaminants from the environment. Such an application seems to be
important as the concern over chemical contamination of drinking water and
air needs to be addressed.  Application of semiconductor nanoparticles as
photocatalysts is still limited by the fact that they respond only to UV-
excitation. Continued efforts to extend the response to the visible range have
met with limited success. Semiconductor-metal nanocomposites that improve
the selectivity and efficiency of the photocatalytic process are expected to draw
the attention of future research.
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Chapter 21

Luminescent Silole Nanoparticles as Chemical
Sensors for Carcinogenic Chromium(VI)
and Arsenic(V)

Sarah J. Toal and William C. Trogler*

University of California at San Diego, 9500 Gilman Drive,
La Jolla CA 92093-0358
*Corresponding author: wet@ucsd.edu

Introduction

The principle objective of the research described herein is to synthesize
new materials for the selective sensing of carcinogenic chromium(VI) and
arsenic(V) containing species. Both metal ions have been proven to have
serious adverse health effects and are regulated by the EPA. As it exists in its
predominant environmental form, CrO,” is isostructural with the sulfate ion
(SO42'); hence, sulfate transport proteins uptake CrO, wherein it damages
DNA." Likewise, the predominant environmental form of As(V), AsO%, is
isoelectronic with PO,>, and so it competes in cellular uptake of phosphate.”
The EPA has set maximum contaminant level goals (MCLG) for chromium and
arsenic at 0.10 and 0.05 ppm respectively. "The enforcement of these regulations
requires the development of sensitive and selective sensors for these
carcinogens.

Both chromate and arsenate are oxidizing agents, a property which may be
exploited to effect their detection. It has recently been shown that silole
containing polymers may be used as sensors specific for TNT and other
nitroaromatic oxidant species.” The method of detection is based on
luminescence quenching of the silole polymer by the electron accepting analyte.
Polysilole luminescence occurs from a LUMO stabilized by o*-n* conjugation
arising from the interaction between the o* orbital of the silicon chain and the
n* orbital of the butadiene moiety. Recently, it was reported that formation of
methyl(phenyl)tetraphenylsilole colloids leads to a significant increase in
luminescence.”  Although poly(tetraphenyl)silole is insensitive to simple
inorganic oxidants, functionalization of the silole unit with hydrogen bonding
substituents has been performed to incorporate binding regions for anionic
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oxidants, such as chromate and arsenate. Nanoparticle colloids of poly(tetra-
phenyl)silole show not only increased luminescence, but also much greater
sensitivity in analyte detection.

Materials and Methods

The silole compound used for the detection studies 1A, 1-(3-aminopropyl)-
1-methyl-2,3,4,5-tetraphenylsilole, was designed to have an amino terminated
alkyl substituent on the silicon atom, which hydrogen bonds to the oxygens of
the chromate and arsenate analytes in solution. It was synthesized from the
chloroplatinic acid (H,PtClg) catalyzed hydrosilation of allylamine by 1-methyl-
2,3,4,5-tetraphenylsilole. The latter silole was prepared by a modified literature
procedure."

Results and Discussion

The UV-vis absorption spectrum of silole 1A (Figure 1) exhibits two
absorption bands at 248, and 360 nm. The longest wavelength absorption is

typical of silole compounds,® and is attributed to the m-n* transition of the
metallole ring,

=)
2
8
=
[
a8
[
Q
8
P M MM MMM T
Wavelength (nm)

Silole 1A
Figure I: UV-vis data for 1A in THF

Fluorescence studies were performed with an excitation wavelength of
360 nm on a 10 pm solution of 1A. Silole 1A is a weak luminophore in THF
solution with a Ay, = 475 nm. However, addition of water to the THF solution
causes precipitation as a colloid and increases the luminescence dramatically.
Atomic Force Microscopy images were taken on a glass coverslip coated with
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the nanoparticles, and they reveal the size of the nanoparticles to be on the order
of 80-100 nm (Figure 2a). Surface coating of the nanoparticles with SiO, by
treatment with Si(OEt), produces particles with sizes on the order of 150 nm,
and slows the rate of nanoaggregate settling.

2a

Figure 2: AFM images of silole 1A nanoparticles: 2a, uncoated (1 pm x 1 pm
scan). and 2b. silicate coated (5 um x 5 um scan)

For uncoated nanoparticles, chromate and arsenate detection studies were
made on a 10 um solution of 1A in 1:9 THF:H,0. Luminescence quenching is
observed at concentrations as low as 0.50 and 5 ppm of Cr(VI) and As(V)
respectively. Stern-Volmer plots for the quenching, however, are non-linear,
which may reflect nanoparticle surface saturation (Figures 3a-b).
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Figure 3: Stern-Volmer plots for luminescence quenching by 3a) Cr(VI)
and, 3b) As(V)

It has been shown that silole compounds functionalized with anion binding
sites show a capability of detecting chromate and arsenate at low concentrations.
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Chapter 22

A Nanocontact Sensor for Heavy Metal Ion
Detections

V. Rajagopalan, S. Boussaad, and N. J. Tao

Department of Electrical Engineering and Center for Solid State
Electronics, Arizona State University, Tempe, AZ 85287

Introduction

The ability to detect trace amount of metal ions is important because of the
toxicity of heavy metal ions on a broad range of living organisms and the
consequence of heavy metals not being biodegradable. To date, heavy metals in
environment are usually measured with spectroscopic techniques, which require
samples to be collected and transported to the laboratory for analysis. /n situ
measurements are highly desirable because they provide an early detection of
trace metal contaminants while minimizing errors, labor and cost associated with
collection, transport, and storage of samples for subsequent laboratory analysis.
One of the promising in situ sensors is based on anodic stripping
voltammetry.(1-5) To achieve detection limits of trace elements in the pg/L to
ng/L range, a preconcentration or separation technique is normally required, in
which metal ions are electrochemically deposited onto a Hg electrode. Following
the preconcentration, the electrode potential is scanned to a more positive value
to oxidize and strip the deposited metals from the electrode. The oxidation
current reaches a peak at a potential characteristic of the metal, which provides
the identity of the metal. Other methods include fluorescence-detection,(6-12)
porphyrin derivatives as complexing agent,(7) array-based sensors,(13, 14)
magnetic  effects,(15) ion-sensitive field effect transistors(16) and
microfabricated cantilevers.(17, 18) While each method has its own advantages
and disadvantages, a simple and inexpensive yet reliable and sensitive sensor
requires further effort.

In the present work, we demonstrate a method to detect trace amount of
metal ions using such electrodes. Our method starts with electrodes separated
with a narrow gap (Fig. 1). When the electrodes are exposed to a solution
containing heavy metal ions, the ions can be deposited into the gap by
controlling the electrode potentials. Once the deposited metal bridges the gap, a
sudden jump in the conductance between the electrodes occurs, which can be
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easily detected. Since the gap can be made as narrow as a few nm or less, the
deposition of even a few ions into the gap is enough to trigger a large change in
the conductance, thus providing a sensitive detection of metal ions. Our previous
experiments (19, 20) have shown that the conductance of such a small bridge is
quantized and given by NGy, where N is an integer and Gy is conductance
quantum (=2e*/h, e is the electron charge and h is the Planck constant). For this
reason, the bridge is often called quantum point contact. (21-24)The metal
bridge can also be stripped off (or dissolved) by sweeping the potential
anodically. The potentials at which deposition and dissolution take place provide
identity of the metal ions, a principle similar to that of anodic stripping analysis.

Materials/Methods

We started with a pair of Au electrodes separated with a um-scale gap on a
Si or glass substrate in 0.2 M HCI. (20, 25) We then applied a bias voltage (~ 1.2
V) between one electrode and an external resistor connected in series with the
other electrode. Initially, the entire bias voltage fell across the gap between the
two electrodes, consequently, Au atoms were etched away from the anode and
deposited on the cathode. Because the deposition was a diffusion limited
process, the cathode grew directionally towards the anode. When the gap
between the cathode and anode decreased below a few nm, tunneling current
began to flow across the gap and the effective resistance of the gap dropped
sharply. As a result, the voltage across the gap also dropped sharply and
eventually determined the etching and deposition process and left us with a pair
of electrodes separated with a gap of 0.4 — 0.6 nm wide (estimated from the
tunneling current) (Inset of Fig. 1). The success rate to form such a gap was
about 50% (several hundred of electrodes pairs), and the rest ended up with
point contacts between the two electrodes. However, many of the contacts could
be re-broken by flowing a large current through them based on electromigration
effect, (26) which allowed us to re-start the etching and deposition procedure
described above.

For heavy metal ion detection, we used a bipotentiostat (Pine Instruments,
Model AFRDE 5) to control the potentials of the two electrodes and determine
the conductance between the two electrodes at the same time. For potential
control, we used a Ag wire as quasi-reference electrode and a Pt wire as the
counter electrode. We tested two metal ions, Pb** and Cu?, by dissolving
Pb(NO;); and CuSO, in 50 mM HNO,; and H,SO, supporting electrolytes,
respectively. The metal ions are deposited into the gap of the electrodes either by
holding the potentials of the two electrodes close to the reduction potentials of
the metals or by scanning the potentials between a preset upper and lower limits.
In the later case, we can observe deposition & dissolution of the metal ions
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reversibly. Once the deposited metal bridges the gap, the conductance between
the two electrodes increased abruptly, which was measured with the
bipotentiostat and recorded with a digital oscilloscope.

metal ions

Electrodeposition

Re
» '133'" - -

-

Figure 1. (A) A drop of sample solution is placed onto a pair of nanoelectrodes
separated with an atomic scale gap on a silicon chip. (B) Holding the
nanoelectrodes at a negative potential, electrochemical deposition of a single or
a few metal atoms into the gap can form a nanocontact between the two
nanoelectrodes and result in a quantum jump in the conductance.

Results and Discussions

After forming the electrodes, we held the electrodes potential below and
above the electrodeposition potential (reduction). When the potentials were held
above the electrodeposition potentials, no conductance change was observed.
However, below the electrodeposition potentials, conductance jumped above
1Gy, the conductance of a single atom contact between the two electrodes. Figure
2a shows an example of the experiment of Cu?*. The conductance is not
measurable initially, but it jumped above 1G, several seconds after holding the
potential below the Cu deposition potential. The conductance continued
to increase as the electrodeposition continued at the potential. The amount of
time that takes to form the contact depends on the concentration of the ions. We
have determined the deposition as a function of concentration and plotted the
results in Fig. 2b. As we might expect, the time increases as the concentration
decreases, but it is almost proportional to the logarithmic of the ion
concentration. A qualitative understanding the time dependence on the
concentration requires a good knowledge of the electrode geometry, which will
be studied in the future. Nonetheless, the observed simple dependence of the
deposition time on the concentration provides us with a method to estimate the
concentration of ions. This measurement also shows that we can detect a
concentration of 10 nM Cu®*. We performed the similar experiments for Pb?*
ions, whose electrodeposition potential is lower than that of Cu®*.
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Figure 2 (a) Conductance of a pair of Au electrodes in 10* M Cu?* solution as a
function of time. The electrodes were held at the electrodeposition potential of
Cu?* with a bias of 50 mV applied between the two electrodes. The sudden jump
in the conductance (marked by an arrow) corresponds to the formation of a Cu
point contact between the Au electrodes. (b) Deposition time required to form a
Cu point contact vs. ionic concentration, where the solid line is a guide to eye.
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In summary, we have demonstrated a simple method to detect trace
amount of metal ions (0.1 nM) using a pair of electrodes separated with atomic-
scale gap. By controlling the potentials of the electrodes, metal ions in solution
can be deposited in the gap and form a point contact between the two electrodes,
which can be sensitively detected via the quantum jump in the measured
conductance. The deposition time that it takes for the formation of a point
contact increases as the ionic concentration decreases. We have also shown that
different ions form point contacts or dissolve point contacts at different
potentials, which can be used to identify the ionic species.
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Chapter 23

Ultrasensitive Pathogen Quantification in Drinking
Water Using Highly Piezoelectric Microcantilevers

Wan Y. Shih!, G. Campbell?, J. W. Yi', H. Luo', R. Mutharasan’,
and Wei-Heng Shih'

Departments of 'Materials Engineering and *Chemical Engineering,
Drexel University, Philadelphia, PA 10104

Current development of pathogen detection in water relies on filtration
culture methods*" and fluorescence-based methods,"" e.g., fluorescence probes
methods" and DNA microarray methods.” These techniques, however, do not
lend themselves for in-situ, rapid, quantitative measurements. With the filtration
culture methods, sample water is passed through a filter that is pretreated for
visualization of the target pathogen. Growth of colonies on the filter indicates the
presence of the target pathogen in the test water. Both the fluorescently labeled
probe methods" and the DNA microarray methods' rely on detection using
fluorescence spectroscopy, which is not quantitative. There is an immediate need
for rapid, quantitative, and specific pathogen detection to ensure the safety of
natural and manmade water supplies, including source, treated, distributed and
recreational waters.

Another development of biosensing technologies relies on silicon-based
microcantilevers *** due to their availability and ease of integration with existing
silicon based technologies. All silicon-based microcantilevers rely on external
optical components for deflection detection. Antibody receptors were coated on
the surface of the microcantilevers to bind target DNA, protein molecules, or
bacteria."™ The adsorbed target molecules can be detected by monitoring the
mechanical resonance frequency of the microcantilever. The adsorption of target
molecules causes a change in the microcantilever's mass, which in turn causes a
shift in the resonance frequency. Because of the small sizes of the silicon-based
microcantilevers, about 100 pm in length, they exhibit high mass-detection
sensitivity. The mass change per Hz is about Am/Af~10"? g/Hz,"™ where Am
and Af respectively denote the mass change and the corresponding resonance
frequency change due to the binding of the target molecules. However, the
required optical components are large and complex,
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requiring precisc alignment. Moreover, immersing the silicon-based
microcantilevers in water reduces the resonance intensity by an order of
magnitude,™ reducing the Q factor, defined as the ratio of the resonance peak
frequency relative to the resonance peak width at half peak height, to about one,
thus prohibiting the use of silicon-based microcantilever for in-water detection.
The main reason that silicon based microcantilevers cannot have high resonance
signal in water is that the microcantilevers are not piezoelectric.

We have demonstrated highly piezoelectric lead zirconate titanate/stainless
steel cantilevers for mass detectlon,'"’ liquid density and viscosity sensing,”"
yeast cell quantification,™ protein detection,™ and protein-antibody specific
binding detection.™™  Moreover, we showed that unlike a silicon-based
microcantilever, a piezoelectric cantilever can still maintains a high Q value in
water, making it particularly suitable for in-water detection. As an example, we
showed the in-air and in-water resonance spectra of the PZT/stainless steel
cantilever that was later used for yeast detection in Fig. 1(a). Detection of yeast
cells is shown in Fig. 1(b) where the resonance frequency shift versus time of thé
cantilever immersed in different yeast concentrations is shown. Note that at
different yeast concentrations, the resonance frequency shift rises differently with
time. The kinetics of the resonance frequency shift bears the information: of the
yeast concentration and can be yeast concentration quantification.'®
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Fig. 1: (a) First-mode resonance frequency spectra of the yeast detecting cantilever,
(b) Resonance frequency shift versus time after the cantilever was immersed in the
1g/L (full diamonds) and 2 g/L (open squares) suspension.

Currently we are extending this approach to detect E. coli 0157:H7 in water
using a piezoelectric PZT/stainless steel cantilever. The cantilever tip was coated
with the antibody of E. coli 0157:H7. The detection of the E. coli 0157:H7 is
shown in Fig. 2(a) where the resonance frequency shift with time due to the
binding of the E coli cells to the cantilever tip. The detachment of the E coli
0157:H7 cells from the cantilever tip at pH = 2 in a glycine buffer is shown in
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Fig. 2(b). A scanning electron micrograph of the E coli 0157:H7 cells is shown
in the insert of Fig. 2(a).
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Fig. 2: Resonance frequency shift versus time
due to the immobilization of E. coli (a) and
detachment of E coli (b). The insert shows a
SEM micrograph of immobilized E. coli.

Examining the dependence of of the mass detection sensitivity, Af/Am ,

on the length and width of the cantilever and the resonance mode, we showed
that the mass detection sensitivity of the cantilever increases with a decreasing

cantilever size (see Fig. 3) as Af /Am < 1/ wL:, where L, is the length, w the

width, signifying that a piezoelectric cantilever of 50 um in length would reach a
detection sensitivity of 10" g/Hz, smaller than the mass of a single bacterium,
This offers the potential for unprecedented detection sensitivities in ultra low
concentrations.

To achieve 107 g/Hz detection sensitivity, currently, we are making highly
piezoelectric microcantilevers by integrating highly piezoelectric lead
magnesium niobate-lead titanate (PMN-PT) thick layer in the microfabrication
process. We have succeeded in making PMN-PT thick layers using a novel
nano-layer coating approach and reasonably thick (e.g., 1-10 um) layers with
excellent piezoelectric properties were made using a modified sol-gel approach.
The X-ray diffraction pattern and a SEM micrograph of the PMN-PT thick layer
on a titanium foil are shown in Fig. 4(a) and (b).
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Fig.3: (a) Resonance frequency shift per unit mass change with

a normalized width versus cantilever length.
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Fig. 4: (a) A SEM micrograph (b) X-ray
diffraction pattern of a 6 layer PMN-PT thick
film on titanium sintered at 700°C for 2 hours.
The film has a thickness of about 6 pm.
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It is expected that highly piezoelectric PMN-PT microcantilevers of 50 pm
in length that offer unprecedented detection sensitivity will emerge from the
present study. In Table I, we summarize the pros and cons of currently available
biodetection technologies. Clearly, applied to detect pathogens in drinking water,
each technique has its shortcomings. The present approach of using highly
piezoelectric microcantilevers coupled with antibodies specific to target
microbes immobilized at the cantilever tip has the right attributes for direct,
ultrasensitive, rapid, label-free, in-situ, and specific quantification of pathogens
in drinking water as indicated by our preliminary results shown above.
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Introduction

An array of environmental problems necessitates the development of rapid,
portable, cost effective measurement systems for determining trace levels of
contaminants. Unfortunately instruments robust enough to operate outside of a
laboratory typically do not have sufficient sensitivity or selectivity. One
approach to improving any analytical method is to separate the analyte(s) from
the sample matrix and concentrate them into a smaller volume prior to
measurement. When this preconcentration is done with small quantities of solid
sorbents the method is typically referred to as solid-phase microextraction
(SPME).

SPME bridges the gap between sample collection and sample analysis in a
single step. After the analyte is captured in the sorbent it can be transferred to an
instrument for analysis or, in some cases, assayed directly. SPME significantly
reduces the amount of chemicals and solid waste generated during the assay
process. SPME is also typically faster than conventional liquid extraction
processes and is very amenable to field applications. SPME is an equilibrium
process and the amount of analyte extracted is ultimately limited by the
magnitude of the partition coefficient of the analyte between the sample matrix
and the sorbent material. Consequently, effective SPME materials require high
affinities for the target analyte and large surface areas.[1)

Self-assembled monolayers on mesoporous supports (SAMMS) have a
number of properties that make them ideal sorbents for SPME. The mesoporous
silica structure is produced through a surfactant templated sol-gel processes[2]
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which endows SAMMS with high surface areas and rigid open pore structure
(thereby providing short diffusional path lengths and rapid sorption kinetics).[3]
A monolayer with an appropriate terminal ligand upon the surface of these
mesoporous silica structures provides a high density of chemically selective
complexation sites.[3,4] Well-established ligand chemistry[5] enables a wide
range of monolayer chemistries allowing significant flexibility in the target
analyte(s).[6-13] The combination of high density monolayers and the high
surface mesoporous structure results in hybrid nanostructured sorbents
(SAMMS) ideally suited for SPME ; these materials offer high capacity, rapid
sorption kinetics, and interfacial chemistry easily tailored for a wide variety of
analytes. SAMMS have been shown to be excellent sorbents for many
environmentally relevant targets, including heavy metals such as mercury, lead
and cadmium [6-9], chromate and arsenate [10], and radionuclides such as *Tc,
137Cs[11], uranium and the actinides [13). Herein we discuss the advantages,
challenges and limitations for using SAMMS for SPME and environmental
characterization.

Materials and Methods

Mesoporous Supports

There has been a great deal of work in the synthesis of nanostructured
materials recently, particularly in the area of surfactant templated synthesis of
mesoporous ceramic materials.[2, 14] Synthetic methods have been developed
to prepare these materials in a variety of morphologies (lamellar, cubic,
hexagonal, etc.) with structural features ranging from about 20A to as much as
300A.[14] The micelle shape and structure dictates pore size and structure. The
material used for this work is based on commercially available MCM-
41mesoporous silica (Mobil). The material had an average pore diameter of
approximately 35A and a surface area of approximately 980 m¥g. This pore
diameter is smaller than ideal for monolayer derivatization, but was used in this
study as it is readily available. The SAMMS generated using this substrate were
evaluated for SPME applications, and found that they performed well as
preconcentration media, in spite of the relatively small pore size. Studies with
larger pore materials are currently underway.
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Self-assembled Monolayers

The sclf-assembly of a monolayer is the spontaneous aggregation of
molecules into an ordered, organized macromolecular array on an interface,
yielding a functional layer only a single molecule thick. [15] The self-assembly
process is driven by the attractive forces between the molecules themselves (e.g.
van der Waals’ interactions, hydrogen bonding or dipole-dipole interactions), as
well as the attractive forces between the molecule and interface (e.g. hydrogen
bonding, acid/base interactions, etc.). It is important to recognize that the
molecular spacing in a self-assembled monolayer is dictated by the aggregation
efficiency and the molecular “footprint” of the monomer. To effectively exploit
the high surface area it is advantageous to install a fully dense self-assembled
monolayer across the entire silica surface. Only through the judicious choice of
reaction conditions (i.e. solvent identity, water concentration, water location, and
reaction temperature) can self-assembly efficiently take place, resulting in a
dense, uniform coating of the surface. Supercritical fluids, particularly CO,, are
effective reaction media in which to carry out silane self-assembly within
mesoporous ceramics. [16] Prudently chosen supercritical fluids effectively
solvate the siloxane monomers, assist in the monolayer formation processes, and
by virtue of their gas-like viscosities facilitate mass transport of reactants
throughout the nanoporous ceramic matrix.

The specific materials, synthetic procedures, and analytical methods utilized
in these studies have been previously described in detail elsewhere.[7-13]

Results and Discussions

Heavy Metals; Uptake and Selectivity

Initial efforts into developing SAMMS as sorbents for metal ions focused on
the sequestration of soft heavy metals (such as Hg®*, Cd*, etc.) due to their
impact on the environment and human health. Since these heavy metals are
“soft” Lewis acids, monolayers terminated in a “soft” Lewis base (in particular
alkyl thiols) have high affinities for mercury and other heavy metals of
environmental concem such as Cd*, Pb*, and TI'". Consequently, thiol
SAMMS were developed and found to be excellent sorbents for the soft heavy
metals, exhibiting high partition coefficients (often exceeding 10°%) and high
loading capacity (binding more than 500 mg Hg** per gram of SAMMS).[6-9]
The binding affinity of thiol SAMMS for Hg** is so high that even comPlexants
like EDTA cannot compete. [9] Ubiquitous cations such as Na'*, K'*, Ca?*,
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Mg, Fe** and Zn* were found to provide no measurable competition to
Hg”*for the thiol binding sites; a result also predicted by hard-soft acid base
theory.

The large partition coefficients and selectivity of the thiol SAMMS/Hg
system enables effective SPME from complex environmental matrices. Due to
the high partition coefficients and capacity of the sorbent material, trace analyte
uptake is linear over very large preconcentration ranges. Selective SPME
preconcentration (up to a factor of 10° ) of heavy metals with thiol SAMMS
from actual river and aquifer water has been demonstrated. Sorbent material
morphology can also be very important for uptake dynamics. For example, small
particulates (< 5 microns) can block flow in packed microfluidic SPME
columns. The hydrophobic nature of some monolayers can create difficultly in
wetting the functional surfaces of the nanopores and reduce analyte uptake.
Humic acids, suspended organics, and colloids in surface and ground waters can
significantly reduce analyte uptake by plugging the SPME column. However,
these problems can be resolved with intelligent application of techniques such as
particle sorting, sequential solvent washing, and in-line filtration methods.

2+

Detection

X-ray fluorescence (XRF) spectroscopy coupled with SAMMS SPME
enables rapid detection of trace levels of toxic metals. Metal assay with XRF
spectroscopy is based upon the quantitative measurement of characteristic
elemental X-rays emitted from an atom after bombardment by higher energy
photons. XRF is capable of direct rapid multi-elemental analyses of solids and
liquids but has limited (part per million level) sensitivity. SPME with SAMMS
provides a mechanism to concentrate the target analyte, thereby significantly
lowering detection limits. Concentrating the analyte into SAMMS also mitigates
two primary factors limiting XRF sensitivity; the heterogeneity of the sample
matrix and the particle sizes. The typically small, and potentially uniform,
SAMMS particles (< 200 microns) allow the excitation radiation and subsequent
characteristic x-rays to efficiently and uniformly pass through the silica SAMMS
structure.

Table 1 shows the concentration of trace metals in an SPME thiol SAMMS
column (15 mg) after 200 mL of river water (pH 8) spiked with of 1 ppb of
selected metal ions was pumped through at 1 ml/min. The difference in the
preconcentration of the metals in the SPME SAMMS column is due to the
competitive equilibrium processes between the sample solution and monolayer
surface. However, the SAMMS SPME clearly preconcentrated all the metals
from a level (1ppb) well below the EPA drinking water limits (listed in the right
column) to a range easily measurable by the XRF. Using SAMMS selective for

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch024

August 10, 2012 | http://pubs.acs.org

190

oxoanions we have obtained similar results for chromate and arsenate anions.
The actual limit of detection for metals in environmental samples with this
approach will depend upon a number of variables including the target metal, the
sample matrix, the type of SAMMS, the relative volumes of sample and sorbent,
and the sensitivity of the XRF system. However, it is clear that SPME with
SAMMS type materials can be a powerful tool for environmental sample
preconcentration and assay.

Table 1. Performance of thiol SAMMS and XRF

Metal SAMMS XRF EPA
Concentratio | LOD® | DWS®

n’ (ppm) (ppm) | (ppm)
2

Hg™* 7.2 0.002
Cu®* 57.5 2 1.3
Pb** 7 2.4 0.015
Ag”* 16.3 7 0.1
Cd** 18.7 7 0.005

a 200m! of river water spiked with of 1 ppb of metal ions and passed
through a 15 mg SPME thiol SAMMS column '

b Limit of detection (LOD) for XRF system utilized

¢ EPA Drinking water standards (DWS) from
www.epa.gov/safewater/mcl.html

Radionuclides

SPME with SAMMS can provide similar advantages for preconcentration of
radionuclides. A number of SAMMS sorbent materials have been recently
created for the sorption of actinides [12-13]. SAMMS have also been created
that are excellent sorbents for the environmentally relevant fission products such
as ®Tc, and *'Cs [1 1]. Radionuclides lend themselves particularly well to direct
assay of the SPME sorbent through direct counting of radiation from the SPME
material after preconcentration. Coupling SPME SAMMS with nuclear
detection systems enhances the selectivity and sensitivity for detection of the
selected radionuclides. In addition to concentrating the target radionuclide(s) the
SPME sorbent excludes interferents and provide a uniform well defined sample
geometry; a critical issue for isotopic assay. Prudently chosen sorbents coupled
with selected detection methods can provide rapid assay capability for both field
screening and isotopic laboratory measurements. The detection scheme
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employed ‘depends upon the type of radiation (alpha, beta, gamma, neutron)
emitted from the radionuclide and whether or not isotopic information is desired.
To date we have found SPME with SAMMS very effective for determination of
gamma, beta, and alpha emitting radionuclides in environmental samples [17].

Summary

New synthesis methodologies in the area of templated nanomaterials and
molecular self-assembly have created an effective new type of sorbent materials
that can be utilized for environmental SPME and assay application. The rigid
open pore structure of SAMMS allows for the facile diffusion of the target
analyte into the mesoporous matrix, thereby enabling rapid sorption kinetics.
The self-assembled monolayers terminated in highly specific ligands allow the
sorbent to be tailored to the specific environmental targets, providing excellent
chemical selectivity and capacity. Using SAMMS SPME for selective
preconcentration can enhance the selectivity and sensitivity of analytical
methods. We have demonstrated XRF coupled with SAMMS for SPME to be
capable of quickly determining the concentration of toxic heavy metals to levels
below the EPA drinking water limits. This enhancement has also been
demonstrated using electrochemical sensing [18] and radioanalytical methods.
Further work developing SAMMS materials for environmental SPME and for
using these new materials synergistically with analytical instrumentation is
currently underway.

References

1. “Solid Phase Microextraction. Theory and Practice”, J. Pawliszyn; Wiley-
VCH; New York, 1997.

2. Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S.
Natuze 1992, 359, 710. Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz,
M. E.; Kresge, C. T.; Scmitt, K. D.; Chu, C. T. W,; Olson, D. H.; Sheppard,
E. W.; McCullen, S. B.; Higgins, J. B.; Schlenker, J. L. J. Am. Chem. Soc.
1992, 114, 10834.

3. “Designing Surface Chemistry in Mesoporous Silica” Fryxell, G. E., Liu, J. in
Adsorption on Silica Surfaces™ Papirer, E., ed., Marcel Dekker, New York,
2000.

4. Moller, K.; Bein, T. fimussbfatens] 998, /0, 2950-2963.

5. See for example: Peters, M. W.; Wemer, E. J.; Scott, M. J.

2002, 41, 1707-1716. Nash, K. L.; Choppin, G. R. Sep. Sci. Technol. 1997,
32, 255. Horwitz, E. P.; Kalina, D. G.; Diamond, H.; Vandergrift, G. F.;

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch024

August 10, 2012 | http://pubs.acs.org

192

Schulz, W. W. Solvent Extr. lon Exch. 1985, 3, 15. Schulz, W. W
Horwtiz, E. P. Sep. Sci. Technol. 1988, 23, 1191.

6. Mercier, L.; Pinnavaia, T. ISR 998, 32, 2749. Antonchshuk,
V.; Jaroiec, M. Chem. Mater. 2000, 12, 2496-2501. Kruk, M.; Jaroniec,
M.; Antochshuk, V.; Sayari, A. J. Phys. Chem. B 2002, 106, 10096-10101.
Bibby, A.; Mercier, L. Chem. Mater. 2002, 14, 1591-1597. Mercier, L.;
Pinnavaia, T. J. Chem. Mater. 2000, 12, 188. Mercier, L.; Pinnavaia, T. J.
Adv. Mater. 1997, 9, 500.

7. “Hybrid Mesoporous Materials with Functionalized Monolayers” J. Liu, X.
Feng, G.E. Fryxell, L.Q. Wang, A.Y. Kim, M. Gong, [N
1998, 70, 161-165. *“Organic Monolayers on Ordered Mesoporous
Supports” X. Feng, G.E. Fryxell, L.Q. Wang, A.Y. Kim, J. Liu, Science,
1997, 276, 923-926. Chen, X.; Feng, X.; Liu, J.; Fryxell, G. E.; Gong, M.
Sep. Sci. & Tech. 1999, 34, 1121-1132.

8. K. Kemner,K. M.; Feng, X.; Liu, J.; Fryxell, G. E. ; Wang, L. -Q. ; Kim, A.
Y.; Gong, M.; Mattigod, S. V. infusslfiadel 999, 6, 633-635.

9. Mattigod, S. V.; Feng, X.; Fryxell, G. E.; Liw; J.; Gong, M. Sep. Sci.& Tech.
1999, 34, 2329-2345.

10. Fryxell, G. E.; Liu, J.; Gong, M.; Hauser, T. A.; Nie, Z.; Hallen, R. T.; Qian,
M.; Ferris, K. F. honifatenn] 999, /1, 2148-2154.

11. Lin, Y.; Fryxell, G. E.; Wu, H.; Englehard, M. jinnniiniiniaimio01. 35,
3962-3966. :

12. Bimbaum, J. C.; Busche, B.; Lin, Y.; Shaw, W. J.; Fryxell, G. E. Chem.
o .2002, 1374-1375.

13. “Self-assembled Monolayers on Mesoporous Silica, a Super Sponge for
Actinides” X. Feng, L. Rao, T. R. Mohs, J. Xu, Y. Xia, G. E. Fryxell, J. Liu,
and K. N. Raymond, Ceramic Transactions, 93, Environmental Issues and
Waste Management Technologies IV, edited by J. C. Mara and G. T.
Chandler, pp. 35-42, 1999. Fryxell, G. E. “Actinide Specific Interfacial
Chemistry of Monolayer Coated Mesoporous Ceramics” Final Report for
the Environmental Managed Science Program, Project #65370, U.S. Dept.
of Energy, 2001.

14. Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S.
Nature 1992, 359, 710. Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz,
M. E.; Kresge, C. T.; Scmitt, K. D.; Chu, C. T. W.; Olson, D. H.; Sheppard,
E. W.; McCullen, S. B.; Higgins, J. B.; Schlenker, J. L. J. Am. Chem. Soc.
1992, 114, 10834. Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G.
D. J. Am. Chem. Soc. 1998, 120, 6024-6036. Alberius, P. C. A.; Frindell,
K. L.; Hayward, R. C.; Kramer, E. J.; Stucky, G. D.; Chmelka, B. F. Chem.
Mater. 2002, 14, 3284-3294. Landry, C. C.; Tolbert, S. H.; Gallis, K. W.;
Monnier, A.; Stucky, G. D.; Norby, P.; Hanson, J. C. Chem. Mater. 2001,

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch024

August 10, 2012 | http://pubs.acs.org

193

13, 1600-1608. Antonelli, D. M.; Ying, J. Y. Curr. Op. Colloid Interface
. Sci. 1996, 69, 131.

15. “Organic thin films and surfaces: Directions for the nineties”.edited by
Abraham Ulman., Academic Press, 1995.

16. Zemanian, T. S.; Fryxell, G. E.; Liu, J.; Mattigod, S.; Franz, J. A.; Nie, Z.
algie2001, 17, 8172-8177. Shin, Y.; Zemanian, T. S.; Fryxell, G. E.
Wang, L. Q.; Liu, J. Microporous and Mesoporous Mater. 2000, 37, 49-56.

17. “SAMMS for Solid Phase Microextraction and Assay of Radionuclides” J. of
Radioanalytical and Nuclear Chemistry, R. Shane Addleman, Oleg B.
Egorov, Matthew O’Hara, Brad Busche, Thomas S. Zemanian, Glen Fryxell,
in press.

18. Yantasee, W.; Lin, Y., Zemanian, T.S., Fryxell, G.E. Voltammetric detection
of lead(I) and mercury(II) using a carbon paste electrode modified with
thiol self-assembled monolayer on mesoporous silica (SAMMS). Analyst,
128(5):467-472.  Yantasee, W.; Lin, Y.; Fryxell, G.E., Wang, Z.
"Acetamide phosphonic acid-modified carbon paste electrode: a new sensor
for uranium detection" Electroanal. Short Comm., (in press). Yantasee, W.;
Lin, Y,; Li, X; Fryxell, G.E., Zemanian, T.S., Viswanathan, V.
"Nanoengineered electrochemical sensor based on mesoporous silica thin-
film functionalized with thiol-terminated monolayer", Analyst, (in press).
Yantasee, W.; Lin, Y.; Fryxell, G.E.; Busche, B.J. "Simultaneous detection
of cadmium(ll), copper(Il), and lead(II) using a carbon paste electrode
modified with carbamoylphosphonic acid self-assembled monolayer on
mesoporous silica (SAMMS)" Anal. Chim. Acta, (submitted).

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch025

August 10, 2012 | http://pubs.acs.org

Chapter 25

Photosynthetic Biosensors for Rapid Monitoring
of Primary-Source Drinking Water

Elias Greenbaum'*", Miguel Rodriguez, Jr.’,
and Charlene A. Sanders'

!Chemical Sciences Division, Oak Ridge National Laboratory, Oak
Ridge, TN 37831
XCenter for Environmental Biotechnology and Graduate School of Genome
Science and Technology, University of Tennessee, Knoxville, TN 37996
*Corresponding author: greenbaum@ornl.gov

Introduction

Algae and cyanobacteria are present in all surface waters that are exposed
to sunlight. The unattached microscopic organisms that are found individually
or in small clumps floating in rivers and lakes are composed of phytoplankton
and zooplankton. Most of the phytoplankton is composed of algae (1).
Chlorophyll a is the major photosynthetic pigment in algae. Since microalgae
are ubiquitous and grow rapidly, quantification of this pigment can serve as a
good indicator of environmental changes in aquatic ecosystems (2).

The time course of fluorescence is an indication of the organism’s ability to
perform photosynthesis and is directly related to its physical well-being. One of
the most useful parameters in fluorescence analysis from photosynthetic tissue is
the efficiency of Photosystem 11 (PSII) photochemistry. The ratio of variable to
maximal fluorescence (FV/FM) which is equal to the maximal fluorescence
minus the minimal fluorescence divided by the maximal fluorescence (FM-
FO)/FM) is called the quantum yield of photochemical efficiency. It may be
calculated from photosynthetic tissue that is subjected to a saturating flash of
light (3,4).

The purpose of this paper is to describe the application of naturally
occurring photosynthetic microorganisms as biosensors for the detection of
chemical antagonists in primary-source drinking water. The agents used in this
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study were methyl parathion (MPt), potassium cyanide (KCN), diuron (DCMU),
and paraquat. Methyl parathion is an organophosphorus insecticide and a
cholinesterase inhibitor that is structurally and functionally similar to the
chemical warfare agents classified as nerve agents. Severe exposure in humans
and animals can lead to convulsions, unconsciousness, cardiac arrest, and death.
Hydrogen cyanide has an odor characteristic of bitter almonds and is completely
miscible in water. For these experiments, the water-soluble salt KCN was used.
The cyanide ion is an extremely toxic and fast-acting poison. Paraquat is a
herbicide that is highly soluble in water. Death is usually due to progressive
pulmonary fibrosis and epithelial proliferation in the lungs. DCMU (Diuron) is
a substituted urea—based herbicide. Diuron is a nonionic compound with
moderate water solubility. The U.S. Environmental Protection Agency has
ranked Diuron fairly high (i.e., as a Priority B Chemical) with respect to
potential for groundwater contamination (5).

Experimental

Studies were performed using “as-is” freshwater samples and their naturally
occurring populations of phytoplankton.

Cell Chamber, Fluorescence Measurements, and Toxic Agents

The experiments, illustrated in Figure 1, were designed to mimic the flow
of river or lake water through the fluorescence detection system. The cell
chamber/optical unit (Figure 1) is a flow system containing the fluorescence
cell. Following the batch experiments, the standard fluorescence cuvette in the
Walz fluorometer was replaced with the flow-through model (Hellma Cells,
Inc., Model QS-131, Plainview, NY). The cuvette inlet was connected to a
glass-bottle reservoir that contained the water samples, and the outlet drained to
waste. This experimental arrangement allowed continuous monitoring and
replacement of water samples in a manner similar to that for the contemplated
operation of a real-world biosensor system. Fluorescence induction curves were
measured before and during exposure to toxic agents using a Walz XE-PAM
fluorometer (Walz, Effeltrich, Germany). Fluorescence excitation and emission
wavelengths were 660 and 685 nm, respectively. A halogen lamp actinic light
source illuminated the cuvette at an intensity of 500 pE: m™ s™' via a fiber-optic
cable through direct connection to the cell chamber.
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Jacketed

Optical Unit/ Reservolr

Cell Chamber

[l Actinic/Saturation

Photodiode 3 &Yl Light Unit

Detector

Waste Walz XE-PAM

Fluorometer

Figure 1. Experimental apparatus for continuous monitoring of water
quality. Batch experiments used a static fluorescence cuvette. Continuous
experiments used a flow-through cuvette.

Fluorescence induction curves were recorded every 5 min; data collection
for each curve was completed within 10 s. Data extracted from the fluorescence
induction curves were used to calculate F;, Fp.ay, F, (variable fluorescence = Fy,y
- Fy), and the efficiency of PSII photochemistry (F,/Fma). A 200-mL water
sample was placed in a jacketed reservoir. The sample was continuously stirred
and maintained in darkness with a black cloth. The reservoir was connected to
the flow-through fluorescence cell with flexible tubing. To obtain a
homogenous sample before each recording, the volume in the fluorescence cell
was replaced three times. After control data were collected, the volume in the
reservoir was adjusted to 100 mL and the toxic agent was added. The toxic
agents were prepared as stock solutions prior to addition to the reservoir and
were injected directly into the top of the vessel and immediately mixed with the
sample. Spent samples were drained into a waste bottle (Figure 1). Upon
arrival in the laboratory from collection sites at the rivers, the water samples
were kept under a fluorescent lamp at an illumination of 50 uE: m™ s™! until use.
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Results

Freshwater Batch Experiments

Field samples were drawn from selected locations of the Clinch River, Oak
Ridge, Tennessee, and the Tennessee River, Knoxville, Tennessee. The Oak
Ridge samples were taken from the Clark Center Recreation Park, the Melton
Hill Hydroelectric Dam, and the Oak Ridge Marina. Table 1 summarizes data
obtained from samples at various locations after 25-min exposure to the agents
indicated.

Table I. Decrease in Photochemical Yields of Naturally Occurring Algae in
Primary-Source Drinking Waters from the Clinch and Tennessee Rivers
Following Exposure to Toxic Agents

Toxic agent (4 £ prob. err. (%) ) °
Sample site KCN P DCMU

Clark Center Recreation Park  22.78 £1.63 8.3210.2] 17.71 £ 1.32

Melton Hill Hydroelectric 29.851t4.17 7.66 +0.90 23.45+4.77
Dam
Oak Ridge Marina 2588+0.90 8.58+0.27 12.81 £ 0.81

Tennessee River 21.89+0.76 3.28+0.18 14.77 £ 1.81

“For each agent, A is defined as the decrease in photochemical yield following a 25-min
exposure. It was computed by subtracting the value obtained for each toxic agent from
its corresponding control. The probable error is the computed error (the square root of
the sum of the squares of the sample standard deviations of the toxin and control data)
based on standard error analysis (6).

Continuous Experiments

Continuous experiments were performed with samples drawn from the
Clark Center Recreation Park. Figure 2 presents the decrease in photochemical
yield of these samples. The change in yield as a function of exposure time was
normalized to the data points at 5 min. The error bars represent the standard
deviations for the samples. Control and experimental runs were conducted in
triplicate, except for MPt experiments, which were conducted in duplicate. All
yields were computed from three runs, except for MPt yields, which were
computed from data collected from two runs. Results are expressed as means
+1 S.D.
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Figure 2. Decrease in photochemical yield of naturally occurring algae in
Clinch River (Clark Center Recreation Park) water. The first data points were
recorded after 5 min of dark adaptation. MPt, KCN, and DCMU were added at
18 min (indicated by arrow), and fluorescence data were recorded at 30, 35, 40,
and 45 min.

Discussion

Our results demonstrate that naturally occurring freshwater algae can be
used as biosensor material for the detection of toxic agents in sunlight-exposed
primary drinking water supplies. These agents block electron transport, impair
light energy transfer, or generate toxic secondary photoproducts, all of which
provide signals that can trigger an alarm. Our results showed that the tissue-
based biosensors experienced a decrease in photochemical yield when exposed
to MPt, KCN, paraquat, and DCMU. A detectable effect was observed in every
freshwater sample tested.

Conclusions

The data presented in this paper indicate that biosensors based on
fluorescence induction curves of naturally occurring freshwater algae can be
used to detect methyl parathion, cyanide, paraquat, and DCMU in primary water
supplies under appropriate experimental conditions. In the context of current
state-of-the-art biosensor research, they are unique: in the case of sunlight-
exposed drinking water, the biosensors occur naturally in the medium to be
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protected. When combined with encrypted data telecommunication and a
database-lookup library containing pertinent data for healthy algae, this
approach to protection of sunlight-exposed primary drinking water supplies may
be of practical value under real-world conditions.

Acknowledgements

The authors thank Drs. John W. Barton and Brian H. Davison for their
assistance with the methyl parathion experiments. We also thank Dr. K.
Thomas Klasson for designing spreadsheets for data analysis, Ms. Angela R.
Jones and Ms. Patricia A. Wilson for secretarial support, and Dr. Barton and
Ms. Marsha K. Savage for reviewing the manuscript. This research was
supported by the U.S. Department of Energy and the Tissue-Based Biosensors
Program, Defense Advanced Research Projects Agency, under MIPR No. 99-
H250 with Oak Ridge National Laboratory. Oak Ridge National Laboratory is
managed by UT-Battelle, LLC, for the U.S. Department of Energy under
contract DE-AC05-000R22725. The data contained in this paper were
originally described in reference 7.

References

1. Palmer, C. M. Algae in water supplies. Public Health Service Publication No.
657; U.S. Department of Health, Education, and Welfare: Cincinnati, OH,
1959.

2. Pinto, A.M.F.; Von Sperling, E.;, Moreira, R.M. Chlorophyll-a
determination via continuous measurement of plankton fluorescence:
methodology development. KsisusResng001, 35, 3977-3981.

3. Schreiber, U.; Bilger, W.; Neubauer, C., Chlorophyll fluorescence as a
nonintrusive indicator for rapid assessment of in vivo photosynthesis. Egal,
Stud. 1994, 100, 49-70.

4. Falkowski, P. G.; Raven, J. A. Aquatic Photosynthesis; Blackwell Science
Publications: Malden, MA, 1997.

5. Guidelines for Canadian Drinking Water Quality, 6™ ed.; Ministry of Supply
and Services: Ottawa, Canada, 1996.

6. Sime, R.J. Physical Chemistry: Methods, Techniques, and Experiments;
Saunders College Publishing: Philadelphia, PA, 1990, pp 136-1.

7. Rodriguez, M., Jr.; Sanders, C. A.; Greenbaum, E. Biosensors for rapid
monitoring of primary-source drinking water using naturally occurring

photosynthesis. [ NNNNENEGgGgG@GEEE02, /7, 843-849.

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch026

August 10, 2012 | http://pubs.acs.org

Chapter 26

Environmental Applications: Treatment/Remediation
Using Nanotechnology: An Overview

Daniel Strongin

Department of Chemistry, ’I‘einple University, Philadelphia, PA 19122

Contributions in this chapter address the hypothesis that
nanotechnology can be used for the treatment and
remediation of toxins in the environment. Toward this end
papers are presented that detail research on a variety of
nanostructured materials ranging from natural protein
structures to nanostructures produced by lithographic
techniques that have already been developed in the electronics
industry. The motivation behind this session was to bring to
the forefront the diversity of nanostructure design and
application, and to expose different approaches to researchers
in a variety of scientific fields.

The chemical waste resulting from industrialized nations presents a serious
set of environmental problems. The treatment and/or remediation of toxic
wastes generated over many years by industry, the military, the civilian sector,
and national laboratories is a daunting challenge. It is not surprising that an
intense scientific effort has gone into the development of chemical,
biochemical, and photochemical remediation schemes to remove or destroy
toxins in soils and waters. Common degradation techniques, for example,
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implemented to remediate waste waters include zero valent iron chemistry(l),
photodetoxification using UV/Ozone systems (2), biodegradation (3,4), and
phytoremediation (5,6).

A working hypothesis by researchers in the nano-arena has been that nano-
materials may provide a chemistry conducive to environmental remediation
that cannot be obtained at more traditional spatial dimensions (i.e., > um). The
Environmental Applications: Treatment/Remediation using Nanotechnology
symposium was an ambitious attempt to bring many different nanotechnology
based remediation and treatment strategies together into one session. The
session not only highlighted the activity in this area, but emphasized the unique
structural properties of nanoparticles that set them apart from more traditional
size particles.

The first session was started by Dr. Jose Rodriguez of Brookhaven National
Laboratory who gave an overview of the application of nanogold particles
supported on TiO, for SO, destruction. TiO; is a commonly used catalyst in
industry for SO, removal, but it is shown in the first talk that manogold
particles has the potential to improve the performance of TiO, alone. The
nanogold-TiO, system shows a very high efficiency toward S-O bond cleavage,
a necessity in SO, destruction. The reactivity of this system stems from the
unique electronic structure of the nanogold supported on TiO2, emphasizing
the new realm of chemical reactivity available at the nanoscale. Not all metals,
however, are easily deposited on solid supports as well defined nanoparticles so
that new synthetic strategies are being pursued by researchers. Professor
Somorjai of the University of California followed Dr. Rodriguez's talk by giving
an overview of using modern lithography to prepare patterned metal
nanostructured on solid supports. Specifically, Professor Somorjai uses electron
beam lithography, to produce platinum nanoparticles between 5 and 50 nm.
Professor Somorjai also emphasized that nanotechnology is intimately
intertwined with catalysis, since industrial catalysts are often of nanosize and
nature's catalysts, enzymes, are composed of inorganic clusters surrounded by
high molecular weight protein. Professor Somorjai argued that advances in
nanotechnology could help achieve an sought after goal in the area of catalysis;
the achievement of close to 100% catalyst selectivity often found in natural
enzymatic systems. It would be advantageous apply the high selectivity of
enzymes to remediation efforts. Due to the expense and poor stability of
enzymes in remediation efforts, their use is problematic. Dr. Jungbae Kim of
Pacific Northwest National Laboratory gave a exciting talk that gave an
overview of stabilizing enzymatic activity by using enzyme-polymer composites
in nano-meter scale or single-enzyme scale. These researchers crosslinked a
composite silicate shell around the individual enzyme molecules yielding a
highly stabilized system. Professor Martin Schoonen followed this talk with a
study that characterized the charge development of the biologically relevant
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protein ferritin in environmentally relevant solutions. Ferritin, which has a
roughly spherical shape, has an inorganic core composed of nanosized iron
oxyhydroxide. In a followup talk, Hazel-Ann Hosein of Temple University
concluded the first session by showing that ferritin could be used as a precursor
for the formation of nano iron metal and oxyhydroxide. In essence, ferritin
could be used to template the growth of potentially usefil nanoparticles.
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Chapter 27

Activation of Gold Nanoparticles on Titania:
A Novel DeSOx Catalyst

José A. Rodriguez

Department of Chemistry, Brookhaven National Laboratory,
Upton, NY 11973 (rodriguez@bnl.gov)

Abstract

The DeSOy activity of Au nanoparticles supported on titania
and magnesium oxide is examined and compared. The
AwTiO, system exhibits a remarkable activity for the
destruction of SO,. Extensive dissociation of SO, is observed
on AuwTiO,(110), with negligible dissociation on
Au/Mg0(100). Similar trends are found in AwTiO, and
Au/MgO high surface area catalysts. These results illustrate
the importance of the oxide support for the activation of gold
nanoparticles,
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The destruction of SO, (DeSO,) is a very important problem in
environmental chemistry (1,2). SO, is frequently formed during the combustion
of fossil-derived fuels in factories, power plants, houses, and automobiles (7).
Every year the negative effects of acid rain (main product of the oxidation of
SO, in the atmosphere) on the ecology and corrosion of monuments or
buildings are tremendous. Thus, new environmental regulations emphasize the
need for more efficient technologies to destroy the SO, formed in combustion
processes (2). Titania is the most common catalyst used in the chemical
industry and oil refineries for the removal of SO, through the Claus reaction:

SO; + 2H,;S — 2H;0 + 3S,qi4 (2). Different approaches are being tested for
improving the performance of titania in DeSOx operations. We have found that
the addition of gold to TiO, produces desulfurization catalysts with a high
efficiency for the cleavage of S-O bonds. In this respect, the AwTiO, system is
much more chemically active than either pure titania or gold (3).

Bulk metallic gold typically exhibits a very low chemical and catalytic
activity (4). Among the transition metals, gold is by far the least reactive and is
often referred as the “coinage metal”. Recently, gold has become the subject of
a lot of attention due to its unusual catalytic properties when dispersed on some
oxide supports (TiO,, CrO,, MnO,, Fe,0;, ALO;, Mg0O) (3,5-9). Several
models have been proposed for explaining the activation of supported gold:
from special electronic properties resulting from the limited size of the active
gold particles (usually less than 10 nm), to the effects of metal-support
interactions (i.c. charge transfer between the oxide and gold). In principle, the
active sites for the catalytic reactions could be located only on the supported Au
particles or on the perimeter of the gold-oxide interface. To address some of
these issues, the reactivity of AwTiO,(110) and AwMgO(100) towards SO,
was compared (3,10).

Experimental Methods

Photoemission was used to study the chemistry of SO, on the supported
nanoparticles. The experiments were performed in a standard ultra-high
vacuum chamber (base pressure ~ 6 x 10"° Torr) that is part of the U7A
beamline of the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory (3). The overall instrumental resolution in the
photoemission experiments was approximately 0.35 eV. The AwTi0,(110) and
Au/MgO(100) surfaces were prepared as described in refs 3 and 10. SO, was
dosed through a glass-capillary array doser positioned to face the sample at a
distance of ~ 2 mm. The SO, exposures are based on the ion gauge reading and
were not corrected for the capillary array enhancement (> 5 enhancement factor
with respect to background dosing). '
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300 K

On TiO,{110)

On MgO(100)

Atomic sulfur S 2p area (arb units)
[+)]

Au coverage (ML)

Fig 1. Amount of atomic sulfur generated afier dosing SO, to a series of
AwTi0,(110) and AwMgO(100) surfaces at 300 K. The coverage of sulfur is
assumed to be proportional to the area under the S 2p features in
photoemission.

RESULTS

Figure 1 compares S 2p areas measured for atomic S after dosing SO, (5
langmuir) to Au/MgO(100) and AwTiO,(110) surfaces at 300 K. Neither
MgO(100) nor TiO,(110) are able to dissociate SO; on their own. On both
oxide supports, the largest activity for the full dissociation of SO, is found in
systems that contain Au coverages smaller than 1 ML when the size of the Au
nanoparticles is below 5 nm (3,6,10). Clearly the Aw/TiO,(110) system is
much more chemically active than the AwMgO(100) system. These data
indicate that titania either plays a direct active role in the dissociation of SO,
or modifies the chemical properties of the supported Au nanoparticles (3,10).
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Photoemission results and TPD data indicate that Au particles supported
on MgO(100) bond SO, substantially stronger than extended surfaces of gold
(10). The heat of adsorption of the molecule on the Au nanoparticles is ~ 15
kcal/mol compared to 8 kcal/mol for SO, on Au(111). Density functional
calculations indicate that the enhancement in the SO, adsorption energy is
simply due to the presence of corner sites (i.e. Au atoms with a low
coordination number) in the nanoparticles (10). The dissociation of SO, on
Auw/Mg0(100) is very limited due to weak Au/MgO(100) interactions.

Recent catalytic tests for the Claus reaction (SO, + 2H,S — 2H,0 +

3S,054) and the reduction of SO, by carbon monoxide (SO, + 2CO — 2CO, +

Seiia) show that the AwTiO; system is 5-10 times more active than pure TiO,
(11). Interestingly, polycrystalline foils of gold are inactive as catalysts for these
DeSOx processes. In the case of AwMgO, a limited DeSO; activity is observed

(11).
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Chapter 28

Fabrication of Two-Dimensional and Three-
Dimensional Platinum Nanoparticle Systems for
Chemisorption and Catalytic Reaction Studies

Gabor A. Somorjai

Department of Chemistry and Lawrence Berkeley National Laboratory,
University of California, Berkeley, CA 94720

The aim of catalysis science in the 21% Century is the
development of catalyst systems that exhibit 100% selectivity
toward the desired product. Two-dimensional model catalysts
are fabricated by electron beam lithography and size-
reduction photolithography with precise control of metal
catalyst nanoparticle size, surface structure, location and
oxide-metal interface. 3-dimensional platinum nanoparticle
catalyst systems are being developed as well to achieve high
surface area and precise control of all of the structural
parameters.
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Catalysis: The Central Field of Nanoscience and
Nanotechnology

Background

There are two types of catalysts that carry out chemical reactions with high
rates and selectivity (1). Enzymes are nature’s catalysts, and many of them are
composed of inorganic nanoclusters surrounded by high molecular weight
proteins. These catalysts help the human body to function and are responsible
for the growth of plants. They usually operate at room temperature and in
aqueous solution. Synthetic catalysts, either heterogeneous or homogeneous,
are often metal nanoclusters that are used in the chemical technologies to carry
out reactions with high turnover and selectivity. The heterogeneous systems
have high catalyst surface area and they frequently operate at high temperatures
in the 400-800K range. The reactants and products flow by the catalyst
interface in the gas phase, if possible, to facilitate high reaction rates and
removal of the product molecules from the catalyst bed. Both enzyme and
synthetic catalysts are usually nanoclusters in size and thus the fields of
catalysis science and technologies are also nanoscience and nanotechnologies.
The evolution of the field of catalysis is strongly coupled to the development of
nanoscience and nanotechnology at the present.

Catalysis in the 20® Century focused primarily on activity, increasing
turnover rates to produce more molecules/unit area/unit time (2). Selectivity
was of lesser concern because the disposal of undesirable byproducts as waste
was not costly. This has all changed in the 21 Century, because waste disposal
is now expensive. As a result, the focus of catalysis science at present is to
achieve 100% selectivity in all catalyst-based chemical processes. This is often
called green chemistry.

The Known Molecular Ingredients of Catalytic Activity and Selectivity

Results

There are six important identifiable features that influence both catalyst
activity and selectivity. These are 1) metal surface structure; 2) bonding
modifier additives; 3) mobility of the metal clusters to restructure as well as the
mobility of adsorbates on these clusters; 4) selective site blocking; 5)

In Nanotechnology and the Environment; Karn, B., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2004.



Publication Date: December 14, 2004 | doi: 10.1021/bk-2005-0890.ch028

August 10, 2012 | http://pubs.acs.org

212

bifuntional catalysis and 6) oxide-metal interface sites. Examples were given
of how these catalyst ingredients work to produce improved reactivity.

Fabrication of High-Technology Catalysts

In order to obtain high selectivity toward the ultimate goal of 100%
selectivity, which is a road map for obtaining selective and green catalysts for
chemical processes, one has to assert molecular control over the size, location,
structure, and promoters of the catalysts. We are attempting to do this by
fabricating 2-dimensional and 3-dimensional catalysts.

2-Dimensional and 3-Dimensional Catalyst Fabrication

Using electron beam lithography (5), one can obtain nanoparticles of
platinum in the size range of 5-50 nm. An atomic force microscope picture of
such a structure is shown in Figure 1. Using electron microscopy, both in the
back reflection and in the transmission modes, one can image the nanoparticle
array and the structure of each nanoparticle. It was found that upon heating
these nanoparticles either in vacuum or in hydrogen or oxygen, they
restructured to form highly-perfect single crystals. Methods like this allow us
to prepare 10° nanoparticles in about a day. This amounts to a surface area of 1
mm’, which is quite small for studies of reaction selectivity, We need about
10" nanoparticles, which would provide a cm? surface area, which is adequate
to study, for example, reforming reactions or CO hydrogenation reactions.
However, that would take 100 days to produce by electron beam lithography.
As a result, we have turned to photolithography. A new process called size
reduction lithography (6) has been developed in Berkeley permitting us, by
selective etching, to reduce the size from 600 nm photolithographically-
prepared features down to 7 nm size features. The scheme of this process is
shown in Figures 2 and 3. Figure 2 shows the overall scheme, while in Figure
3, the steps that lead to a 50% reduction in size through the first cycle of size
reduction lithography is shown. Repetition of such a cycle several times
permits us to reach 7 nm in size. Figure 4 and 5 show electron microscopy
pictures of the nanowires produced this way, before and after the first size
reduction cycle. Once such a nanowire or nanodot mold has been produced, we
use polymer imprinting technology (nanoimprint lithography) to press the
silicon nanowires or nanodots into PMMA at elevated temperatures under
pressure to produce an image, which upon plasma etching and metal
deposition, leads to the formation of transition metal catalyst nanowires or
nanodots. This way we can prepare, on a 4” silicon wafer, a 1 cm? surface area
nanocatalyst assembly, which amounts to 10'! nanowires or nanodots.
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AFM Image of Pt Nanoparticles/SiO,
Fabricated using Electron Beam Lithography

Post Reaction Sample

50 nm particles; 200 nm interparticle distance

Figure 1: AFM image of 50 nm Pt nanoparticles with 200 nm spacing on SiO,,
Jabricated by electron beam lithography.
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Figure 2: Scheme for multiple size reduction lithography.
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3-Dimensional Catalyst Fabrication

If we are to aim for higher catalyst surface area for technological
applications of 1 m® or higher, it will require the production of 10"
nanoparticles or greater in number. This can only be obtained in 3-
dimensional structures. Figure 6 shows our approach (7). Using a sol-gel
technique, we produce nanoparticles of equal size and structure that are capped
by polymers. This fabrication is carried out in solution. In the same solution,
we then place precursor molecules to form silicates, which, under proper
conditions, produce mesoporous silicates that encapsulate the nanoparticles in
the mesopores as they form. This way, we can place large concentrations of
transition metal nanoparticles inside mesoporous solids to achieve high loading
as well as precise size and surface structure control. These approaches are
aimed toward -producing nanoparticles for very high selectivity catalytic
reactions. :

. It should be noted that enzymes exhibit 100% selectivity in important
catalytic reactions, and these enzymes operate at room temperature and in
aqueous solutions. Future studies will correlate the chemistry and mechanism
of enzyme catalysis with those of synthetic catalysts under the same conditions
at room temperature and in aqueous solutions. Such correlated studies are
promising to teach us how nature prepares highly selective nanocluster
catalysts, and therefore how to synthesize and use them in chemical technology.
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Chapter 29

Nano-Biotechnology in Using Enzymes
for Environmental Remediation: Single-Enzyme
Nanoparticles

Jungbae Kim'? and Jay W. Grate'®

'Pacific Northwest National Laboratory, 902 Battelle Boulevard,
P.O. Box 999, Richland, WA 99352
! Jungbae. Kim@pnl.gov

‘jwgrate@pnl.gov

We have developed armored single-enzyme nanoparticles
(SENs), which dramatically stabilize a protease (a-
chymotrypsin, CT) by surrounding each enzyme molecule
with a porous composite organic/inorganic shell of less than a
few nanometers thick. The armored enzymes show no
decrease in CT activity at 30°C for a day while free CT
activity is rapidly reduced by orders of magnitude. The
armored shell around CT is sufficiently thin and porous that it
does not place any serious mass-transfer limitation of
substrate. This unique approach will have a great impact in
using enzymes in various fields, including environmental
remediation.

There is a growing interest in using enzymes for remediation purposes (1-
2). Recent biotechnological advances in enzyme isolation and purification
procedures together with recombinant technology have allowed the production
of enzymes at less cost (2). The advantages of enzymatic remediation as
compared to conventional microbial remediation can be summarized as follows

O]

® More harsh operational conditions (contaminant concentration, pH,
temperature, and salinity)
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Application to recalcitrant compounds

No requirement of nutrients

No requirement of biomass acclimation

No formation of metabolic by-products

Much reduced mass-transfer limitation on contaminants compared to
microorganisms

Easy-to-control process

o  Effective in small quantity

The organic compounds, generally targeted for enzymatic remediation, are
phenols, polyaromatics, dyes, chlorinated compounds, organophosphorous
pesticides or nerve agents, and explosives (TNT, trinitrotoluene). Various
enzymes can be used for remediation, and representative candidates are
peroxidases, laccases, tyrosinases, dehalogenases, and organophosphorous
hydrolases. Even though there is more and more recognition of the usefulness of
enzymatic remediation, the cost for enzymes is still expensive, especially, due to
the poor stability and short lifetime of enzymes in general. Enzyme stabilization
can make enzymatic remediation cost-effective by increasing the lifetime of
enzymes.

In this paper, we report the development of enzyme-polymer composites in
nano-meter scale or single-enzyme scale, resulting in a stabilization of enzyme
activity. This new approach is distinct from immobilizing enzymes on
preformed solids or entrapping them in sol-gels, polymers, or bulk composite
structures. Instead, the process begins from the surface of the enzyme molecule,
with covalent reactions to anchor, grow, and crosslink a composite silicate shell
around each separate enzyme molecule (Fig. 1). The detailed synthetic approach
is as follows. A vinyl-group functionality is grafted onto the enzyme surface by
covalently modifying the amino groups on the enzyme surface with acryloyl
chloride. These modified enzymes are solubilized in an organic solvent such as
hexane, as reported previously by Dordick et al. (3-7). The solubilized enzymes
are mixed with silane monomers containing both vinyl groups and
trimethoxysilane groups. Under suitable conditions, free-radical initiated vinyl
polymerization yields linear polymers that are covalently bound to the enzyme
surface. Careful hydrolysis of the pendant trimethoxysilane groups followed by
condensation of the resulting silanols yields a crosslinked composite silicate
coating around each separate enzyme molecule. We call these armored, single-
enzyme nanoparticles (SENs).

We have synthesized SENs containing CT (SEN-CT) using
methacryloxypropyltrimethoxysilane (MAPS) as the vinyl monomer. The
products were extracted into cold aqueous buffer solution, aged at 4°C
overnight for silanol condensation, filtered, and washed. The wet residue was
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resuspended in buffer and stored in the refrigerator. The yields of enzyme
activity in the form of SENs were 38-73%.

High resolution transmission electron microscopy (TEM) images confirmed
the presence of individual enzyme particles with a composite shell (Fig. 2). The
seemingly hollow center of the nanoparticle, which results from the
transparency of the core protein to the electron beam, matches the size and
shape of the CT (8). On the other hand, the dark image surrounding the CT is
the armored shell, and the presence of silicon was confirmed by energy
dispersive x-ray analysis in the TEM instrument. The size of a few particles is
bigger than that of single enzyme molecule, due to the co-immobilization of a
few enzyme molecules in a single particle.

The CT enzymes armored as SENs exhibited impressive catalytic stability
compared to free CT. They did not show any decrease in CT activity in a buffer
solution at 30°C for a day while free CT is inactivated very rapidly by autolysis
under the same conditions (Fig. 3). The storage stability of the SEN-CT in
buffer solution was also impressive. After three-months of storage in the
refrigerator (4°C), 82% of the SEN-CT activity remained in solution as
determined by measurements on solution aliquots. However, it was noted that a
transparent layer of SEN-CT was built up on the inner surface of the glass vial.
This immobilized layer exhibited considerable enzyme activity after removal of
the solution. Thus, the apparent decrease in solution enzyme activity may be
accounted for, at least in part, by immobilization on the vial surface rather than
by enzyme degradation. :

The activities of SEN-CT and free CT were measured by the hydrolysis of
N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (TP) in a buffer solution (10 mM
phosphate buffer, pH 7.8). Kinetic constants (K, K, and ke/Ky,) obtained via
nonlinear regression based on the least squares method are given in Table 1. The
catalytic efficiency (ke/Km) of CT in SEN form was decreased by about half,
and it was due to reduced k... However, the apparent binding constant (K) of
SEN-CT was almost the same as that of free CT. This suggests that the armored
shell did not cause any significant mass-transfer limitation for the substrate
(TP).

In summary, we have developed a new form of stabilized enzyme using CT
as the initial example. Dramatic activity stabilization was achieved with minimal
substrate mass-transfer limitation. The development of stabilized enzymes as
soluble individual enzyme particles provides the opportunity to further process
these new nanomaterials, in contrast to enzymes entrapped in bulk solids. The
SENs can potentially be immobilized on solid supports, assembled with other
nanoparticles or molecules as part of multifunctional nanomaterials, and their
surfaces can be modified by silane reagents. The SEN provides a stabilized
enzyme form that can penetrate and be immobilized within nanostructured or
nanoporous substrates. These new hybrid enzyme nanostructures offer great
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Fig. 1. Schematic for SEN synthesis. The SEN synthesis proceeded via a three-
step process: the first step is to modify the enzyme surface and solubilize the
modified enzyme into a hydrophobic solvent (such as hexane); the second step is
vinyl-group polymerization in hexane, forming linear polymers grafied to the
enzyme surface; and, the final step is the hydrolysis and condensation of
pendant alkoxysilanes, crosslinking the grafied polymers and forming the
armored shell around the enzyme molecule.

Fig. 2. TEM image of SENs containing CT (SEN-CT). The sample was
extensively washed by distilled water on a membrane filter (MWCO 10K) for the
best contrast between the hollow image of CT and the dark image of armored
shell. The hollow images of most particles have a dimension of CT molecule (4 x

3.5 x 8 nm) (8). The scale bar represents 20 nm
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Fig. 3. Stability of SEN-CT (O) and free CT ( X). Residual activity was
determined by the hydrolysis of TP in aqueous buffer (10 mM sodium
phosphate, pH 7.8) afiter incubation at 30°C, and the relative activity is defined
by the ratio of residual activity at each time point to the initial activity of each
sample. All the incubations were done in plastic tubes since SEN-CT can
become immobilized on the inner surface of glass vials.

Table 1. Activity of Free CT and SEN-CT.”

Sample ke 5") | Ka(M) | kea/Km (x 10°M's™)

Free CT 30 39 7.7

SEN-CT 14 40 34
SEN-CT/Free CT |  0.47 1.0 0.44

* The CT activity was determined by the hydrolysis of TP (1.6-160 uM) in
an aqueous buffer (10 mM phosphate, pH 7.8) at room temperature (22°C).
Kinetic constants were obtained by using software (Enzyme Kinetics Pro

from ChemSW, Farifield, CA) that performs nonlinear regression based on
the least square method. The active site concentrations were determined by

the MUTMAC assay.
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potential to be used as prepared or processed into other forms for various
applications such as bioremediation, biosensors, detergents, and enzymatic
synthesis in pharmaceutical and food industries.
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Introduction

The iron storage protein ferritin is ubiquitous in biological systems where
it functions to sequester iron as a nanoparticle of ferric oxyhydroxide,
encapsulated within a protein cage-like structure. Ferritin has several
interesting physical characteristics that may lead to new remediation techniques
in the future. Both the natural ferritin, synthetic ferritin-like materials, as well
as ferritin-derived nano particles have potential use in new remediation
techniques. For example, ferritin has already been shown to promote the
reduction of hexavalent chromium dissolved in aqueous solutions {7). In
addition, by changing the functionality of the surface groups, the surface charge
and hydrophobicity of cage can be controlled (2). Hence, it may be possible to
tailor the properties of the protein cage for a particular remediation application.
Finally, apo-ferritin (i.e., ferritin without a mineral nano particle) can be used
for the synthesis of nanometer-sized metal oxyhydroxide or metal sulfide
particles (3-6). The protein cage can be removed after synthesizing the nm-size
particle within the cage.

In this contribution, we report our first results of a collaborative study of
the surface charge development of ferritin as a function of solution conditions.
This represents a small, but important component of our research program.
Similar to contaminant-colloid interactions (7), interaction of dissolved ionic
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contaminants with ferritin may be influenced or dictated by the net surface
charge of the protein. In addition, binding of ionic species, for example metal
ions, can change the surface charge of the protein. Hence, in designing
remediation strategies based on ferritin or ferritin-like materials, it is important
to understand their surface charge development as function of solution
composition.

Ferritin

The ferritin protein cage is comprised of 24-subunits, which assemble into
a cage-like architecture roughly 12 nm in diameter (3,9). In the assembled
structure, the protein subunits of ferritin present charged amino acid side
chains on the outer surface. These acidic (glutamic acid, aspartic acid) and
basic residues (arginine, lysine, histidine) dominate the charge characteristics
of the protein. Calculations of the electrostatic potential of the assembled
protein reveal delocalized charge over the surface of the protein with some
localized regions of high charge density (10). The overall surface charge of
the protein is highly pH dependent due to acid-base ionization of the surface
exposed residues. The pH at which the horse-spleen ferritin protein carries no
net charge, the isoelectric point (pI), has been reported as 4.5-4.7, when
measured by isoelectric focusing (11). Here, we report the measurement of the
isoelectric point of native ferritin (containing Fe,0,) by measuring the zeta
potential as a function of solution pH.

Light scattering-based Zetapotential Measurements

The effective surface charge, at the shear plane of a colloidal particle, can
be measured directly as the zeta potential. This is accomplished by measuring
the electrophoretic mobility of the particle (), during application of an electric
field. - Given the size of the ferritin, 12 nm diameter, dynamic light scattering
techniques must be used to determine the electrophoretic mobility (72,13).
There are two light scattering-based techniques to measure electrophoretic
mobilities. These are Laser Doppler Velocimetry (LDV) and Phase Analysis
Light Scattering (PALS). LDV is routinely used and electrophoretic mobility is
related to changes in the correlation function as a result of an applied electrical
field. The method requires the use of a DC field on the other of several volts
per cm and is limited to solutions with ion strengths below about 10 mmol/L.
By contrast, PALS-based zetapotential measurements can be obtained on
suspensions with ion strengths as high as 3 M KCl. In this study we report
zetapotential data obtained using the PALS method.
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Experimental

Native horse spleen ferritin (Calzyme, SanLuis Obispo CA) containing a
ferrihydrite (Fe,O,°nH,0) mineral core was purified by size exclusion
chromatography (Superose 6, Pharmacia-Amersham) and monitored both at
280 nm (protein) and 415 nm (Fe-oxide). Prior to investigation of the zeta
potential, the purified protein was dialyzed into an appropriate buffer (50 mM
acetate: pH 4.0, 4.5, 5.0, MES: pH 5.5, 6.0, 6.5) or into a salt background (1
mM KCI). The pH of the low salt sample was adjusted by first concentrating
the sample in a Microcon ultrafiltration unit and diluting back to the original
volume with the appropriate buffer (1 mM) and checking the pH.

The electrophoresis measurements were conducted in two different
laboratories (Montana State University and Stony Brook University) on the
exactly the same ferritin with identical equipment. The equipment in both
laboratories is a Brookhaven Instruments Corporation ZetaPlus equipped with a
red diode laser (671 nm) and PALS option.

Results

The AC zeta potential measurements were performed on mineralized HS
ferritin samples at both low (1mM) and high (50 mM) ionic strength. Prior to
zeta potential measurements, the protein was first purified by size exclusion
chromatography and analysed by dynamic light scattering and size exclusion
chromatography to confirm that the sample was monodisperse, with a diameter
of 12 nm. As shown in Figure 1, the change in the measured zeta potential as a
function of pH follows the typical sigmoidal shape of a titration curve in the pH
range from 3 to 7. The measured data could be fit to a sigmoidal curve. There
was no significant difference between the curves measured by investigators at
the two institutions. In addition, there was no significant difference between
measurements made at low and high ionic strength. At a pH of 4.3 to 4.4, the
ferritin samples were found to have no net charge, which corresponds to the
isoelectric point (pI) of these protein assemblies. This was independent of the
ionic strength as shown in Figure 1 measured, at 1 mM and 50 mM
respectively, using the AC measurement. This is only slightly lower than the
pl value reported from isoelectric focusing methods (11).

- The results reported here are only the first step toward understanding the
interaction of dissolved metal ions and ferritin. Using the results presented
here as a reference, we are now conducting electrokinetic experiments to
evaluate the interaction of dissolved metal ions, including chromate, with
ferritin. The notion is that if a metal ion forms a chemical bond with the
sorbent (here ferritin), it will change the sorbent’s surface charge. We have
used this research strategy before to study the interaction of aqueous metal ions
and aqueous organic ions and molecules with iron disulfide (14,15).
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Figure 1: Zeta potential of mineralized ferritin measured by AC phase
analysis light scattering under low and high ionic strength conditions.
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Research is presented that explored the biological protein
ferritin as a precursor for the production of nano-sized iron
oxyhydroxide and iron particles supported on SiO,. The
protein, which is an iron sequestration protein, has a shell
that is roughly spherical with a 120 A outer diameter and a
80 A internal diameter. Approximately 80 A diameter
ferrihydrite (i.e., Fe(O)OH) particles were grown within the
shell in solution in our laboratory. The ferritin was deposited
on a SiO; support, dried and subsequently exposed to oxygen
in the presence of UV (i.e., ozone cleaning) that removed the
protein shell. Atomic Force Microscopy (AFM) showed that
these nano iron oxyhydroxide particles had a relatively
narrow size distribution (averaging about 80 A). Reduction
of the iron oxyhydroxide nanoparticles in H, at elevated
temperatures led to the production of iron metal
nanoparticles, but with a broader size distribution than the
iron oxyhydroxide precursor.
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Introduction

Research in our laboratory is concentrated in part on developing a bio-
mediated route to the synthesis and control of selected metallic and metal oxide
nanoparticles, and to investigate the fundamental surface chemistry of these
nano-structures. Our working hypothesis is that metallic nanoparticles will
provide a unique chemistry not accessible at larger spatial dimensions. Much
of the interest in nanoparticles stems from research that has shown that
materials fabricated at such a size-scale often exhibit unique structural (both
geometric and electronic) properties and chemical reactivity. Cobalt at the
nanoscale, for example, shows a magnetic behavior that is dependent on size
(1). Nano-sized TiO, shows specific enhancements in its redox properties (2),
while nano-clusters of gold have been shown to exhibit a catalytic activity that
cannot be duplicated by bulk gold particles (3-6). Au on TiO, is an interesting
case of how unique catalytic activity can be obtained if the spatial dimension of
the catalytic particle is brought into the nano-regime. Another contribution in
this book by Rodriguez demonstrated that nanogold on TiO, shows a unique
activity toward S-O bond cleavage while prior studies have shown that
nanoparticles of Au supported on the TiO, surface exhibit a high activity
toward CO oxidation: a chemistry that is not experimentally observable on bulk
Au (3,4,6-9). Some of the physical properties of this system bring forward
interesting general scientific challenges that need to be met in order to evaluate
the full potential of nanoparticle driven catalysis. At elevated temperature
and/or reactant pressures, where catalysis occurs, agglomeration of the Au
nanoparticles is observed (10). Hence, methods to prevent the destruction of
the active nanoparticle component of the catalytic surface need to be developed.
The electronic structure (11), and ultimately the reactivity of Au nanoparticles
show a strong dependence on size. Au particles with a diameter of about 2 nm
show the largest CO oxidation behavior (70). This size dependence might be
expected to occur in other metallic systems. This result emphasizes the need to
synthesize nanoparticles with well defined sizes, so that surface reactivity can
be correlated to size. Hence, general synthetic routes to the formation of
homogeneous metallic nanoparticles on a variety of supports are needed.

The general synthetic approach outlined in this contribution is to use a
biologically relevant protein, ferritin, to mediate the growth of homogeneous
iron oxyhydroxide nanoparticles and to reduce the oxide to metallic iron.
Ferritin is an iron storage protein found in many biological systems. Horse
spleen ferritin (used in the current research), for example, is comprised of 24
structurally similar polypeptide units that self-assemble. The resulting
spherical cage has an outer and inner diameter of 120 and 80 A, respectively.
The protein shell of ferritin is permeable to iron which can be readily added to
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or removed from the protein interior under the appropriate redox conditions.
Up to about 3000 Fe atoms can be mineralized as nanoparticles of ferrihydrite
[Fe(O)OH] (12).

SYNTHETIC STRATEGY AND RESULTS

. The general synthetic scheme for the nanometal production is depicted in
Figure 1. Homogeneous nanoparticles of Fe(O)OH were readily synthesized by

Removal of shell
v

Fe(O)OH

Reduction

{

® -

Figure 1: General synthetic scheme for Fe metal production.

methods described elsewhere (13). Briefly, ferritin used in this study had an Fe
loading of 1500. Deaerated solutions of (NH,),Fe(SO,).6H,0 [25mM] were
added to 2.5x10° M apoferritin (Sigma) in 20 ml MES buffer at pH 6.5 in
three equivalent aliquots (0.2 ml each). After each addition the solution was
allowed to air oxidize for 1 hour. The ferritin w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>