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esearch into the health and environmental safety of nanotechnology has seriously E

lagged behind its emergence in industry. While humans have often adopted S
synthetic chemicals without considering ancillary consequences, the lessons learned ¢ E) & ¢ (o
from worldwide pollution should motivate making nanotechnology compatible with Y
environmental concerns. Researchers and policymakers need to understand exposure . S
and harm of engineered nanomaterials (ENMs), currently nanotechnology's main R s
products, to influence the ENM industry toward sustainable growth. Yet, how should v . s €

T

research proceed? Standard toxicity testing anchored in single-organism, dose-
response characterizations does not adequately represent real-world exposure and
receptor scenarios and their complexities. Our approach is different: it derives from
ecology, the study of organisms' interactions with each other and their environments. Our approach involves the characterization
of ENMs and the mechanistic assessment of their property-based effects. Using high throughput/content screening (HTS/HCS) with
cells or environmentally-relevant organisms, we measure the effects of ENMs on a subcellular or population level. We then relate
those effects to mechanisms within dynamic energy budget (DEB) models of growth and reproduction. We reconcile DEB model
predictions with experimental data on organism and population responses. Finally, we use microcosm studies to measure the
potential for community- or ecosystem-level effects by ENMs that are likely to be produced in large quantities and for which either
HTS/HCS or DEB modeling suggest their potential to harm populations and ecosystems.

Our approach accounts for ecological interactions across scales, from within organisms to whole ecosystems. Organismal ENM
effects, if propagated through populations, can alter communities comprising multiple populations (e.g., plant, fish, bacteria) within food
webs. Altered communities can change ecosystem services: processes that cyde carbon, nutrients, and energy, and regulate Earth's waters
and atmosphere. We have shown ENM effects on populations, communities, and ecosystems, induding transfer and concentration of
ENMs through food chains, for a range of exposure scenarios; in many cases, we have identified subcellular ENM effects mechanisms.

To keep pace with ENM development, rapid assessment of the mechanisms of ENM effects and modeling are needed. DEB models
provide a method for mathematically representing effects such as the generation of reactive oxygen species and their associated
damage. These models account for organism-level effects on metabolism and reproduction and can predict outcomes of ENM-organism
combinations on populations; those predictions can then suggest ENM characteristics to be avoided. HTS/HCS provides a rapid
assessment tool of the ENM chemical characteristics that affect biological systems; such results guide and expand DEB model
expressions of hazard. Our approach addresses ecological processes in both natural and managed ecosystems (agriculture) and has the
potential to deliver timely and meaningful understanding towards environmentally sustainable nanotechnology.
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Introduction

The use of engineered nanomaterials (ENMs) is rapidly
increasing,’ raising concerns about impacts to environmen-
tal organisms and processes.>> Thus far, there is no direct
evidence for in situ environmental harm by ENMs.>* How-
ever, considering that ENMs are highly reactive® but mostly
uncharacterized,® concern and uncertainty surround their
fates and effects in the environment. What research can
guide regulators and industry to avoid environmental harm?
Given the pace of ENM development, research must be
efficient to be influential. But efficiency is not just about
speed; it is equally about efficacy, that is, delivering mean-
ingful information regarding the ecological effects of ENMs.
We are performing research to assess and predict effects of
ENMs across ecological scales for a range of exposure
scenarios. This is a departure from the convention of stan-
dardized toxicity testing for lethality of select organisms
under artificial conditions.” This Account demonstrates
why an emphasis on ecology in assessing nanoecotoxicol-
ogy is important.

Drivers for Understanding Ecological Effects
of ENMS

Ecology and Maintenance of Ecosystem Services. Eco-
system processes® and environmental services? are at risk
as ENMs enter the environment. Human societies depend on
collective ecosystem services,® for example, crop pollination,
water and climate regulation, biodiversity conservation, and
food production (Figure 1). Such services emerge from com-
plex ecological interactions that cross biological levels of
organization (population, communities, ecosystems) and
physical scales (from the interfaces of individual particles
to entire watersheds). A particularly high value® ecosystem
service is nutrient cycling. Nutrient cycling occurs via reac-
tions catalyzed by organisms with corresponding biochem-
ical capacities; the myriad processes span many individuals
within populations. Over short spatial scales, populations
interact within communities, such as microbial communities
in the oceans or in soils. Over larger spatial scales, multiple
communities promote ecosystem functions. Maintaining
ecosystem services (Figure 1) is broadly important, and
because ecosystem services are delivered through complex
ecological processes, ecologically focused research is re-
quired to understand ENM environmental impacts. This
view defines ecological nanotoxicology.

Safer-by-Design Nanomaterials. Comprehensive nano-
toxicology could help facilitate growth of the ENM industry.’
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FIGURE 1. Ecosystem services® from natural organisms, populations,
communities, and ecosystems. If ENMs interrupt biological systems
(nested center circles), service provisions (intact spokes) are diminished.
Numbers at spoke ends, where spoke length represents relative value,®
signify gas (1), climate (2), disturbance (3), and water (4) regulation; water
supply (5); erosion control (6); soil formation (7); nutrient cycling (8);
waste treatment (9); pollination (10); biological control (11); habitat (12);
food production (13); raw materials (14); genetic resources (15);
recreation (16); cultural (17). The broken line for (8) reflects its
off-scale magnitude.

As such, ways in which ENMs might be designed to be more
compatible with human health and the environment have
been reviewed.* Safe ENM design is not a monolith, however,
as strategies that protect mammalian cells® do not necessarily
protect whole populations in the natural environment.'® Thus,
a distinct objective of ecological hanotoxicology is discovering
ENM properties that render them environmentally compatible
across biological scales, not simply within a scale.

Evidence for Ecological Effects of ENMS

Terrestrial Environment. Soil bacteria, which are abun-
dant and versatile catalysts, can sorb and disperse ENM
agglomerates."' For some ENMs, such as CdSe quantum
dots (QDs), bacterial membrane association generates damag-
ing reactive oxygen species (ROS); QDs can then enter and
accumulate, causing further stress and inhibiting growth.'? QDs
in bacteria can be transferred and concentrated (biomagnified)
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FIGURE 2. Conceptual terrestrial ecological nanotoxicology system where belowground ENMs (red dots) enter bacteria (purple) and protozoans
(larger green) from soil or via trophic transfer, or can directly affect plant roots including root symbioses (yellow/green nodes on roots). ENMs
translocated into aboveground plant tissues may change chemically (orange dots). ENM effects on bacterial population growth may be measured or
modeled (lower right graph); population effects can alter bacterial communities (middle right graph), e.g, as per terminal restriction fragment length
polymorphism (TRFLP) patterns of whole-soil DNA extracts. Below- and aboveground, ENM bioaccumulation, bioconcentration, trophic transfer, and
translocation are possible (block arrows), including ENMs entering food supplies, affecting host health, and entering soil via waste streams. Nutrient
exchange (squiggled lines) could change by effects on soil microbial communities and plants, or indirectly if ENMs change soil physiochemical

characteristics controlling nutrient or water flow.

into protozoan predators,'® affecting higher organisms. In soil
microcosms, nano-TiO, (up to 2 mg g~ soil) and -ZnO (up to
0.5 mg g~ soil) ENMs altered bacterial community structure in
a dose-dependent fashion,'* and influenced taxa associated
with ecosystem processes of N fixation, methane oxidation,
and complex C decomposition.'>

ENMs could affect plant health and the food supply.'®
X-ray synchrotron techniques identified ZnO ENM deriva-
tives, and chemical quantification showed Zn translocation
throughout hydroponic soybean'” and native desert
plants;'®'9 bioaccumulated Zn reduced root growth.'” '8
For several agricultural plant types grown hydroponically,
CeO, ENM:s translocated into tissue and, without dissolving
like ZnO ENM:s, this led to genetic change, altered germination,
and changed root and shoot growth.'”*° Thus, high-volume
metal oxide ENMs can affect a wide range of plants.

In a planted mesocosm study using soybean, Zn from
nano-ZnO amended to soil was bioavailable and became
distributed in beans and leaves; nano-CeO, invaded root
nodules, interfered with N, fixation, and stunted plant

growth.?' Mesocosms as such can integrate population
and community-level responses within the soil that coregu-
late nutrient cycling and plant yield (Figure 2).

Aquatic Environment. ENM physical properties likely
affect toxicity across the spectrum of natural aquatic envi-
ronmental media and biological interfaces of tissues and
cells. Such variability is not part of typical model systems
and requires nonstandard approaches. For example, iron
doping of ZnO ENMs reduced dissolution and toxicity to
mammalian cells and freshwater zebrafish embryos®2? but
did not reduce toxicity (for up to 200 xg L~' Zn exposure) to
sea urchin embryos,'® possibly due to a ZnO nanoparticle
effect in the developing embryos. In vitro and in vivo
responses of cells to ENMs may also differ: for example,
chronic exposures of mussels to ZnO ENMs at concentra-
tions for which other ENMs caused cellular damage,?~2>
that is, impairing hemocyte function in vitro, do not appear
to affect hemocyte phagocytosis in vivo. This disconnect
may be due to Zn(ll) ion sequestration and elimination
mechanisms that operate in whole organisms.
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FIGURE 3. Conceptual aquatic ecosystem interactions with ENMs, focusing on coastal marine and estuarine conditions where there are extreme

gradients in salinity, ranging from low (zones of freshwater discharge) to high (open ocean), and exposure to air and desiccation (the rocky intertidal
zone). Along these gradients, ENM agglomeration, settling, and uptake exposes benthic populations and communities. Food webs involve organisms
exchanging within the water column and across the benthic—water column interface, with phytoplankton and macroalgae bioaccumulating ENMs
from the water, thereby enabling ENM bioconcentration in primary consumers, especially zooplankton and benthic herbivores, as well as benthic
suspension and deposit feeders. Benthic invertebrates and fish predators (secondary consumers) are exposed to and bioaccumulate ENMs via uptake
through consuming primary consumers. Similar processes occur in freshwater aquatic ecosystems. Orange arrows represent inputs of ENMs and

white arrows represent mechanisms of trophic transfer.

Environmental conditions may also impact toxicity, as
was demonstrated with marine phytoplankton, the primary
producers that support ocean food webs and are integral to
the global carbon cycle. Experiments with marine coastal
phytoplankton showed no negative effects of TiO, in tests
conducted under standard test conditions®® with artificial
lighting. However, experiments manipulating ultraviolet
radiation (UVR) exposure showed that TiO, was toxic under
UVR levels typical of marine surface waters.?”

Benthic food webs (Figure 3) that support many fisheries
rely on phytoplankton from the overlying water as food.
Preliminary data suggest that marine mussels, a common
seafood, suffer reduced growth and reproduction when they
graze upon ZnO ENM-contaminated phytoplankton sus-
pended in the water. Such data can be used to develop
integrative models (see below), which can be used to deduce
mechanisms of impact at population and ecosystem levels.
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Exposure Considerations

ENMs enter aquatic and terrestrial environments through air
emissions,”® wastewater treatment plants (WWTPs),293°
and building facade runoff.3'32 Amounts in the environ-
ment are unknown>? and estimates vary,>*3> but ENMs
released with manufacturing, accidental spills, product wear,
waste disposal, and recycling will reach destinations at
concentrations depending on ENM dissolution, agglomera-
tion, sedimentation, and other transport processes.>® De-
pending on exposure route, organisms may not be impacted
by ENMs.?” Further, organisms may not be exposed if ENM
bioavailability is low, for example, due to sorption into soil
matrices.8 Effects of bioavailable ENMs depend on dose,>'*
and harm at organism or population levels that may not
manifest in communities or across ecosystems, owing to
homeostatic buffering effects.>® However, it could be erro-
neous to assume that ENMs would have limited impacts



owing to environmental dilution: due to their small size and
tendency to sorb organic material, ENMs may remain sus-
pended in water indefinitely, dissolve, or aggregate and de-
posit in sediments, particularly in estuaries.>**° To date, much
ecological nanotoxicology has involved medium to high ENM
concentrations, in order to determine the potential for harm,
for example, as might occur near concentrated “hot spots”. In
the absence of measured ENM environmental concentrations,
mechanistic effects modeling (below) uses empirical results to
make predictions at untested exposure concentrations.

Approaches for Minimizing Ecological Effects
of EMNS

Modeling, and Thereby Predicting, Ecological Toxicity.
The pace of nanotechnology development threatens to exceed
sodiety's capadity to predict, and thus mitigate unwanted effects
on ecosystem services. Biological receptors in the environment
include a vast number of organisms, life stages, and biochem-
ical pathways, yet their interactions with ENMs are inherently
anchored in biochemical bases that should be amenable to
hypothesis formulation and testing using mathematical mod-
eling. Other Accounts in this special issue on Environmental
Health and Safety Considerations for Nanotechnology high-
light the power of mechanistically based, structure—activity
relationships (SARs) in linking suborganismal processes to
organismal performance, but SARs have limited transferability
and utility for addressing concerns about nanomaterials'
ecological effects — espedially those involving populations
and ecosystems. We require mechanistic approaches that are
relevant at these higher levels of biological organization.

This need has been recently formalized in the adverse
outcome pathways (AOP)*' paradigm. A few AOPs make
obvious contact with population dynamics, for example,
those linking molecular mechanisms regulating egg yolk
formation (vitellogenesis) to reduced reproduction,42 but for
many molecular responses the connection is less obvious.
One common sublethal impact of toxicants is to change the
rates at which individual organisms obtain energy and
nutrients from their environment and utilize them for cellu-
lar function (Figure 4a). A powerful approach to modeling
these changes, with a track record in ecotoxicology, is
Dynamic Energy Budget (DEB) theory.*>~%¢ DEB theory
focuses on the individual organism, with differential
equations describing the rates at which an organism
assimilates and utilizes energy and materials from food
for maintenance, growth, reproduction, and develop-
ment. These rates depend on the “state” of the organism
(e.g., age, size, maturity) and its “environment” (e.g., food
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FIGURE 4. (a) Schematic representation of the transformations in the
simplest DEB model capable of describing all life stages in an animal.>®
An embryo uses “reserve” to grow and develop. At “birth’, a juvenile
starts feeding. Assimilated food is stored as reserve and utilized by
juveniles for maintenance, growth, and development (increase in
maturity). Adults partition energy between maintenance, growth, and
reproduction. (b) Mass transformations in a simple toxicokinetic model
describing bioaccumulation. Toxicant enters the organism either
through food or directly (e.g., transport across gills in a fish). Toxicant
within the organism may or may not be bioavailable. A toxic effect model
(not illustrated) specifies how bioavailable toxicant (red in panel (b))
impacts the transformations represented in panel (a).

density, temperature, exposure to contaminants). The
connection to population dynamics is through “struc-
tured” or “individual-based” modeling techniques.**47-48
Furthermore, with some simplifying assumptions, the result-
ing population models share many properties with more
traditional ecological models (which treat a population as
a single aggregate entity),*® thereby opening possible links
to community and ecosystem dynamics. The use of DEB
theory in ecotoxicology requires assumptions that describe
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the uptake, release, and metabolism of toxic compounds,
and their effects on the organism's physiology; specifically,
toxicokinetic and toxic effect submodels are required.>°
The toxicokinetic submodels (Figure 4b) describe contami-
nant exchange with the environment and chemical transfor-
mations within an organism. The toxic effect submodel
specifies how the basic DEB model parameters change in
response to the toxicant.

There are at least five distinct ways in which DEB models
may enhance our understanding of the ecological effects of
nanomaterials:

1 Existing DEB methodology may characterize effects of
nanoparticles on model parameters, as has been
shown for marine phytoplankton exposed to metal
oxide particles.?® The approach yields metrics, includ-
ing a “no-effects concentration” (NEC), that are inde-
pendent of specific experimental protocols.>' —>3

2 Individual to population projection. By fitting a DEB
model to a large body of data from short-term studies,
it is possible to project effects on population growth
rates. This approach can describe laboratory informa-
tion on individuals from a broad range of contaminants
and target organisms,*® and help interpret field data.>* We
used this methodology to evaluate the effects of chronic
exposure to metal oxide particles on lifetime reproduction
rates of marine mussels.>> DEB models give “added value”
to measurements on individual organisms by using data
from experiments lasting weeks or months to predict a
population property that is expressed over years.

3 The DEB formalism allows modeling the impact of
multiple stressors. DEB models can be used to evaluate
the combined effects of ENM toxicity, reduced food
availability, temperature, and other environmental
factors that impact the energy available to the animal
for growth and reproduction.>®

4 With additional submodels, the DEB approach connects
smoothly with suborganismal information and with phys-
icochemical processes in the environment. The power of
this approach was demonstrated in a recent study of
bacterial responses to dissolved cadmium and CdSe
QDs,'>°° as outlined in Figure 5. There were supporting
data on intracellular and extracellular dissolved Cd, and
on ROS. Microbial studies exploit the individual-to-popu-
lation connection in the opposite direction, with primary
data coming from populations and model inferences
relating to organismal and suborganismal processes.

5 DEB-based structured population models may describe
the effects of ENMs on the dynamics of interacting
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FIGURE 5. Identifying toxicity mechanisms for CdSe quantum dots (QDs)
in populations of Pseudomonas bacteria. A variant of the standard DEB
model was developed that included an explicit representation of ROS
production and its effects within a cell*®%° (panel a). The model was tested
on data on toxicity of dissolved Cd salts>® (panel b) and used to model
toxic effects specific to QDs®° (panel ¢). The DEB model of ionic Cd toxicity
can predict effects at high concentrations from growth data at lower levels
(panel b). By identifying ROS levels with one parameter in Kooijman's DEB
model (the “aging acceleration”), it was possible to determine the plausi-
bility of different potential mechanisms of QD toxicity. Panel c shows
predicted values of a metric involving ROS levels after 15 h using three
different toxic effect models. The “best model” assumed increase in
maintenance processes such as cellular repair and maintenance of cross-
membrane gradients as the dominant mechanism for QD toxicity.

populations**>’ and thereby open the way to modeling

community dynamics. Studies in progress use such
models to elucidate effects of silver nanopatrticles
(NPs) on phytoplankton—zooplankton interactions.



In summary, DEB models offer a parameter-sparse repre-
sentation of the organismal response to toxicants that can
provide biologically interpretable metrics from toxicity tests.
DEB models focus on individual organisms, but incorporate
information from suborganismal studies and relate seam-
lessly to ecologically important studies on interacting popu-
lations. DEB modeling can support recent work on adverse
outcome pathways (AOPs) by simplifying and extending the
pathways to include ecological interactions without com-
promising the critical insights from molecular and cellular
studies.

Making Appropriate and Accelerated Measurements of
Effects Potentials and Mechanisms Using High Through-
put Screening (HTS). HTS employing ENMs synthesized to
systematically vary specific properties has allowed compre-
hensive testing of hypothesized effects-mechanisms in
mammalian cells.” However, typical HTS models may not
apply to ecosystems. Moving forward, HTS can apply to
bacteria that were identified as sensitive in soil micro-
cosm studies,'® as was effective with laboratory bacteria.®
Likewise, HTS assays were adapted to marine phyto-
plankton®®?? and mussel hemocytes in High Content
Screening (HCS). HTS and HCS enable screening large num-
bers of ENMs with varying properties for their effects on the
physiology and growth of organisms responsible for impor-
tant ecosystem services.

Letting Ecological Principles Drive Environmental
Nanotoxicology. Ecological nanotoxicology is a system of
hypothesis-testing endeavors, often beginning with individual- or
population-level experiments to determine if growth or repro-
ductive effects occur as a function of exposure to well-
characterized ENMs with hypothesized stress-inducing prop-
erties (Figure 6). Experiments prioritize ENMs that are pro-
duced in large quantities and account for likely ENM
environmental compartmentalization, i.e. ENM propensities
to settle or modify in the environment.>® Because of their
cost, larger-scale experiments are undertaken if experi-
ments, models, or the scale of ENM production suggest
a potential for community- or ecosystem-level exposure
and impacts. Such studies motivate additional hypothesis
testing at subcellular to population levels. HTS/HCS and DEB
modeling are used to extend the reach of low-throughput
experiments and microcosm studies, such that ecological
exposure and effects paradigms related to ENM properties
can be developed efficiently, quickly, and accurately, thus
allowing timely advice to ENM producers and regulators
regarding industrially useful, but environmentally safe,
ENM designs.

Ecological Nanotoxicology Holden et al.

&5 ENMs

FIGURE 6. Conceptual, nested endeavors in ecological nanotoxicology.
Horizontal (dashed) lines indicate biological levels (filled circle) for which
individual experiments test effects hypotheses. For community and
ecosystem levels, microcosms (hatched rectangle) are undertaken for
ENMs with high production levels, when effects occur at lower biological
levels, or when DEB models predict propagation of population-level
effects to higher ecological levels. DEB modeling (arrows) explains and
predicts effects at one level that are measured in another, or that derive
from effects mechanisms attributable to ENM properties. The numbers
alongside the arrows represent five DEB modeling scenarios (in the text).

Extending the Ecological Nanotoxicology
Paradigm

Much current ecotoxicological research is directed at population-
level impacts because this is a substantial focus of environ-
mental impact assessment.** If the challenge is to under-
stand how ENMs influence ecosystem setrvices, research
on mechanisms of injury at subcellular, cellular, individual,
and population (i.e.,, subcommunity) levels should high-
light keystone biological species that provide ecosystem
services directly, or that indirectly facilitate them. An
important next step is to identify community-level impacts
of ENMs, such as altered predator—prey dynamics, loss of
biodiversity'* or community function, symbiosis interferences,*'
host community or disease pattern changes, and food web
alterations, and to test whether safely designing materials
reduces such impadts. Also, whether ENMs in nature are bio-
available, biotransformed, bioaccumlated, trophically trans-
ferred, and biomagnified'? is critical to address in varying
environmental media. An efficient and theoretically robust
approach is to design experiments at subcommunity levels
that parametrize models, the results of which can generate
predictions about community- and ecosystem-level impacts,
which are then tested in mesocosm experiments and/or by
sampling patterns in nature.

Conclusions

Environmental nanotoxicology should emphasize ecological
interactions at population, community, and ecosystem levels,
while accounting for underlying organismal and cellular
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effects. Ecological nanotoxicology powerfully links exposure
and ENM chemical properties, biochemical mechanisms, and
the ecological and physical processes that ultimately regulate
ecosystem-level impacts and ecosystem services. Mechanistic
models (e.g., DEB) are required to integrate information from
multiple scales and to use experimentally measured effects,
and underlying mechanisms, for predicting population level
outcomes for realistic exposure regimes. Given the pace of
nanotechnology development, such models in concert with
HTS/HCS of multiple nanoparticle, organism, and mechanism
combinations are needed for guiding safe nanotechnology.

This work was supported by the National Science Foundation and
the Environmental Protection Agency under Cooperative Agree-
ment DBI-0830117. Any opinions, findings, and conclusions are
those of the authors and do not necessarily reflect the views of the
National Science Foundation or the Environmental Protection
Agency. This work has not been subjected to EPA review and no
official endorsement should be inferred.
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