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he doors of perception to the nano-

metric realm have been opened by

new analytical tools that are improv-
ing our understanding of how life has
evolved and how ecosystems function.
Naturally occurring nanomaterials are found
in a staggering range of structural and
chemical variety. Because of their small size,
these materials are challenging to locate, to
isolate, to observe, to characterize, and/or to
classify, and, just like engineered nanoma-
terials, their characteristics and properties
can change, sometimes dramatically. The
closer we look, the more it appears that
particles at the nanoscale are instrumental
in important geochemical and biogeo-
chemical reactions and kinetics such as the
availability of elements in the oceans,’ the
partitioning of metals in other aquatic
systems,” and the bioavailability and toxicity
of many elements. An examination of the
potential risks to human health and the
environment posed by engineered nano-
particles® and the ability to construct nano-
phases with great precision are leading to
fundamental discoveries in the ecological
and life sciences.

The work by Hutchison and co-workers
reported in this issue of ACS Nano reminds
us that, in some cases, nanomaterials that
are virtually identical to those we engineer
can form spontaneously in nature, either
from ions in solution or from larger non-
nano-objects.* Hutchison and co-workers de-
scribe a scenario in which metal objects that
may oxidize and release class B metal cations,
including silver and copper, may be subse-
quently photoreduced to form metallic
nanoparticles. This mechanism is but one
example of an untold number of nanoparticle
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ABSTRACT A wide variety of nanomater-
ials can be found naturally occurring in the
environment, although finding and character-
izing these materials remains a challenge due
to their size. Recent studies in the field have E”
shown that natural nanomaterials are com- 0
mon in many geochemical systems. In this
issue of ACS Nano, Hutchison and co-workers
make us realize that manmade nanomaterials
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can often be practically identical to those that spontaneously form in the environment. This

Perspective discusses the prevalence of nanomaterials in nature, including anthropogenic and

naturally occurring nanomaterials, and the dynamic behavior of these materials in the

environment.

formation and growth phenomena exhib-
ited by many of the Earth's minerals where
formation conditions favor very high nu-
cleation rates and relatively slow growth
rates, resulting in many exceptionally
small particles.® Nanophase formation by
biological processes, such as nanobiomi-
neralization, most often involves redox
reactions of aqueous species driven by
bacteria and is associated with some
type of cell function. Mineral weathering
(breakdown under Earth surface con-
ditions) also generates nano-sized pri-
mary or secondary phases. The observa-
tion of nanoparticle formation reported
by Glover et al. highlights several impor-
tant issues concerning nanomaterials,
both naturally occurring and engineered,
and the environment.
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The work by Hutchison
and co-workers
reported in this issue of
ACS Nano reminds us
that, in some cases,
nanomaterials that are
virtually identical to
those we engineer can
form spontaneously in

nature.

First, the work by Glover et al.*
supports the notion that nanoma-
terials, defined here simply as parti-
cles that are less than 100 nm in size,
are ubiquitous in the environment.
Second, it underscores the dynamic
nature of nanomaterial formation
and transformation in the environ-
ment. The high surface-to-volume
ratio of these materials makes them
especially reactive in the environ-
ment, leading to a host of transfor-
mations that affect their behavior,
bioavailability, and potential toxicity
in the environment. In the case of
engineered nanomaterials, it is the
transformed material, rather than
the pristine starting materials, that
must be evaluated for potential im-
pacts on the environment. Finally,
this work suggests that nano-
phases may play a significant role
in the cycling of elements in the
biosphere and in biological pro-
cesses. Given the extraordinary
number of formation scenarios
within the vast range of Earth incu-
bators for nanomaterial generation,
it is apparent that all living things,
from the origin of life until today,
have evolved among and always
existed within and around a huge
variety of nanomaterials. New tools
that have been developed to ob-
serve these nanophases in the
environment, cell cultures, or in
organisms enable exploration of
the roles of nanophase materials in
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biology and the Earth's processes.
Greatly simplified systems invol-
ving model engineered nanoma-
terials may simulate (to a degree)
naturally occurring ones and in-
form us about naturally occurring
processes, while naturally occur-
ring processes may inform us
about the potential impacts of en-
gineered nanomaterials.

Naturally Occurring and Anthropogenic
Nanomaterials Are Already Ubiquitous in
the Environment. The chemistry of
the Earth is unimaginably complex:
a magnificent tangled web of inter-
dependencies of living and inani-
mate components that includes a
vast and global array of naturally
occurring nanomaterials.® Naturally
occurring nanomaterials are con-
tinuously forming within and dis-
tributed throughout continental soils,
ground and surface waters, the
oceans, and the atmosphere. We
estimate that soils are the most
prolific generators of Earth's nano-
materials, and that oceans provide
the largest collective reservoir of
these materials.® Transport of soil-
derived nanomaterials to the oceans
occurs primarily by the world's rivers,
but significant portions are also trans-
ported to the sea by glacial and aeo-
lian (airborne) processes. By far, the
largest amount of aeolian nanomater-
ials are lofted and transported by
winds blowing over arid and semiarid
lands, with a smaller contribution from
agricultural lands. This far exceeds air-
borne nanomaterials dervied from bio-
logical debris, volcanic aerosol emis-
sions, as well as hydrous sulfate
and chloride aerosol salts which
condense from drying sea spray
droplets. All of these aeolian nano-
materials travel the world courtesy
of atmospheric circulation patterns.

The variations observed in the
origin and types of naturally occur-
ring nanoparticles is striking. For
example, it has been shown that
active earthquake-generating faults
can produce massive quantities
of nanoparticles via mechanical
grinding.” Surprisingly, this process
can generate mineral nanoparticles
down to 10—20 nm in size, and wide
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The chemistry of the
Earth is unimaginably
complex: a magnificent
tangled web of
interdependencies of
living and inanimate
components that
includes a vast and
global array of naturally
occurring

nanomaterials.

swaths of these materials within
highly fractured fault zones may
be important in fault mechanics.
Beyond Earth, spectral imagers on-
board Mars Viking and Pathfinder
landers as well as ground-based ob-
servations have strongly suggested
the presence of nanophase ferric
oxides in Martian soils and airborne
dust? Finally, trace amounts of dia-
mond nanoparticles exist within chon-
dritic meteorites and interplanetary
dust particles.” These nanodiamonds
average only 3 nm in diameter, with
some as small as 1 nm (<150 carbon
atoms). These nanodiamonds are
thought to have formed either within
supernovae that supplied raw mate-
rials for the formation of our solar
system or perhaps directly in our
sun's solar nebula and in conjunc-
tion with other star types.

Back on Earth, observations of
nanoscale materials in natural waters,
impacted waters (e.g., mine drai-
nage sites), and in the built environ-
ment (e.g., wastewater treatment
plants) are now common and include
TiO, in mine drainage, ferrihydrite
in nature and acid mine drainge
sites,'® and Ag,S in water treatment
plants."" The prevalence of sources
of metal nanoparticles emanating
from industry, nature, or byproduct
of human activity has implications
for interpreting ambient con-
centrations, metal nanoparticle
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persistence, and size distribution—
important considerations in envir-
onmental risk assessment. Naturally
produced nanoscale particles from
sources such as forest fires, bac-
terial metabolism, or dissolution, as
well as nanoparticles produced by
precipitation in waste streams, in-
ternal combustion engines, and
other “incidental” sources, must be
considered alongside sources of
engineered nanomaterials (ENMs).
In some cases, the produced materi-
als are virtually identical to ENMs, as in
the case of fullerenes produced in
engineered, natural, or incidental
combustion processes. Incidental car-
bon nanotubes and other fullerene-
related nanocrystals have been re-
ported to originate from propane
stoves, wood fires, burning tires,
and other sources.'>"?

Nanomaterials Are Dynamic in Nature.
All nanoparticles, once released into
the environment, undergo dramatic
and complex transformations through
interactions with various chemicals
and other factors (e.g., UV light, inter-
action with (in)organic ligands, redox
reactions, biotransformations, aggre-
gation). Such transformations will in
turn affect the nanoparticles' toxicity.
A recent study demonstrated that ex-
posure of Ag nanoparticles to sunlight
induces their aggregation and greatly
decreases their toxicity to a studied
wetland plant, Lolium multiflorum.'*
Similarly, exposure to sulfide at envir-
onmentally relevant concentrations
affects the surface charge, aggrega-
tion state, and release of Ag ions from
Ag nanoparticles.”” The oxidation
of Fe(0) nanoparticles to magnetite
greatly decreased their toxicity po-
tential as determined by exposure
to central nervous system glial cells
and neurons.'® The adsorption of
organic matter to nanoparticles,
which invariably occurs in the en-
vironment, can affect their aggrega-
tion, mobility in the environment,
and their toxicity potential. The
organic polymeric coatings on nano-
particles may be degraded by mi-
croorganisms, resulting in aggre-
gation and subsequent fate in
the environment."” There is also
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evidence that metal atoms on na-
noparticles can readily exchange
with dissolved metal atoms, de-
monstrating the dynamic nature of
the surface of nanoparticles. Given
that a particle's surface is largely
responsible for its reactivity and
behavior, the dynamic, ever-chan-
ging nature of the surface cannot
be overlooked.

Aggregation has been shown to
affect both the dissolution rate'®
and reactivity'® of nanoparticles.
A direct link between structures
of fullerene aggregates and the
kinetics of reactive oxygen species
production has been demonstrated.
The underlying theory developed
to predict Cgo and fullerol photo-
chemistry'® is applicable to other
systems in which the reactivity of
nanoparticle surfaces is affected by
proximity to other nanoparticles.
Part of the effect of aggregation is
simply to reduce mass transfer of
solutes or water to particle surfaces,
as has been observed in the dissolu-
tion of lead sulfide nanoparticles.?°
While mass transfer and shadowing
effects can be expected to slow
reactions on particle surfaces within
an aggregate, the very proximity of
reactive surfaces creates elevated
local concentrations of reactant sur-
faces within aggregates relative to
the bulk and determines the net
reactivity when nanoparticles ag-
gregate. The result in fullerene ag-
gregates is an increase in triplet—
triplet annihilation and triplet—ground
state interactions that reduce reac-
tivity. Changes in nanoparticle reac-
tivity and in nanoparticle disso-
lution rate can be expected to alter
their potential effects on organisms
and persistence in the environment.

The work by Hutchison and co-
workers,* as well as the examples
given above, highlight the impor-
tance of understanding the com-
plex interactions between nano-
materials and the environment,
including how nanomaterials could
transform, what they transform into,
and, perhaps most importantly, that
the surfaces of the materials are
ever-changing depending on the
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nature of the fluid in which they
are suspended. Nanomaterials must
therefore be considered as highly
dynamic and mutable in the en-
vironment.

Implications of Nanomaterial Transfor-
mation for Toxicity and Bioavailability.
Metals ecotoxicology research has
long focused on metal speciation
and equilibrium. These methods
have not historically taken into ac-
count nanophase materials that
can be part of the equilibrium/
speciation process, even though the
first reported violation of the free ion
activity model for nonlipophilic met-
al complexes was found to be a
now well-studied nanoscale Al
complex, the tridecameric Al (Al;5)
(AlO4Al;5(OH)54(H,0),5," ") species.
This important nanocluster was in-
itially found to be 60—100 times
more toxic to plants than the “dis-
solved” hexaaqua AI** ion?"?? and
later was demonstrated to be more
toxic to fish, algae, and other ecor-
eceptors, as well. Recent evidence
also suggests that plants and micro-
organisms may be involved in the
biogenic synthesis of a wide variety
of nano-sized metal, metal oxide,
and metal sulfide phases.

Thus, one consequence of the
formation and transformation of
nanoparticles from dissolved metals
is that one must account for the pre-
sence and nature of nanophases,
even when nanoparticles may not
be the original form of the material
released. The role of nanophases in
metal equilibrium processes is not
currently well understood. Funda-
mental research is needed to adapt
existing equilibrium models to ac-
count for the generation of nano-
materials from dissolved metals,
the formation of nanoparticles from
macroscopic objects, and to im-
prove our understanding of how
engineered nanomaterials may con-
found equilibrium modeling. Our
models of metal toxicity are largely
based on an understanding of met-
al speciation and equilibrium and
how these factors affect bioavail-
ability. Not accounting for the role
of nanophase materials in metal
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speciation and equilibrium, and
thus bioavailability, could lead to
an underestimation of environmen-
tal risk. Even without a unique
mechanism of toxicity for nano-
particles, nanophases could con-
tribute to greater-than-expected
toxicity via additional routes of ex-
posure or simply through a more
efficient delivery system for toxic
metalions (e.g., a Trojan horse effect).

Fundamental research
is needed to adapt
existing equilibrium
models to account for
the generation of
nanomaterials from
dissolved metals, the
formation of
nanoparticles from
macroscopic objects,
and to improve our
understanding of how
engineered
nanomaterials may
confound equilibrium

modeling.

Transformations can greatly impact
the bioavailability and uptake of
nanoparticles as well as the result-
ing metals released from them. Sil-
ver nanoparticles, as well as other
particles made from class B metal
ions such as Au, Cu, Pb, or Zn,
will invariably sulfidize in most envi-
ronments (e.g., in sediments, and
even in air, silver objects are readily
tarnished due to reaction with sul-
fide in the air). This sulfidation de-
creases the amount of Ag ions that
are released from those materials,
which in turn decreases their toxi-
city.?* Recent work in the Center
for Environmental Implications
of Nanotechnology (CEINT) has
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demonstrated that Ag nanoparti-
cles indeed sulfidize over an 18
month period in a simulated wet-
land; however, the sulfidation is in-
complete, and, despite the very
small amount of Ag ions released
from the sulfidized particles, inially
added metallic Ag nanopartucles
remained bioavailable to plants
and fish in the system. Silver nitrate
added to a similar mesocosm re-
sulted in the formation of Ag,S
particles, suggesting that class B
soft metal ions are transformed over
time in nature, likely to metal sulfide
nanoparticles. While clear mechan-
isms of nanoparticle uptake by
plants have yet to emerge, there is
ample evidence demonstrating that
a range of metal, metal oxide, and
carbon-based manufactured nano-
materials can be taken up by certain
plants and distributed in root, stem,
and leaf tissues, although both the
symptoms and the extent of da-
mage tend to be nanomaterial-
specific and variable between studies.

The ambiguous distinction be-
tween engineered, natural, and in-
cidental nanoparticles became some-
what moot with the European
Commission's recommendation in
October 2011 that the term “nano-
material” be defined as “a natural,
incidental or manufactured material
containing particles, in an unbound
state or as an aggregate, or as an
agglomerate, and where, for 50% or
more of the particles in the number
size distribution, one or more exter-
nal dimensions is in the size range
1 nm—100 nm.”?* There is an inher-
ent recognition in this definition that
all sources of nanomaterials are im-
portant in evaluating the possible
impact of nanoscale materials on
human health and the environment;
however, perhaps the greatest ben-
efit to studying these materials will
be in their ability to inform us about
the manner in which nano-sized ma-
terials have been a part of our envir-
onment from the beginning. The
study of engineered nanomaterials
informs us about and facilitates our
study of naturally occurring proces-
ses that reciprocally provide us clues
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regarding the potential toxicity, envir-
onmental impact, and risk associated
with human activities that result in the
production of nanoparticles. Recogni-
tion of the dynamic nature of nano-
particles in the environment adds
another dimension to an already broad
definition of nanomaterials, that of
mutability and transformation.
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