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While nanoparticles occur naturally in the environment and have been intentionally used for
centuries, the production and use of engineered nanoparticles has seen a recent spike, which
makes environmental release almost certain. Therefore, recent efforts to characterize the toxicity
of engineered nanoparticles have focused on the environmental implications, including exploration
of toxicity to organisms from wide-ranging parts of the ecosystem food webs. Herein, we
summarize the current understanding of toxicity of engineered nanoparticles to representatives of
various trophic levels, including bacteria, plants, and multicellular aquatic/terrestrial organisms, to
highlight important challenges within the field of econanotoxicity, challenges that analytical
chemists are expertly poised to address.
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Nanotechnology has provided a basis for innovation in a wide range of fields, from
pharmaceuticals to athletic gear, and has resulted in an exponential increase in both the
deployment of nanotechnologies in products along with the development of novel
materials.12 Nanoparticles’ unique size-dependent physicochemical properties are often the
reason for their increased use in products; however, these same unique properties have
prompted concern that unique physiological responses will be elicited in living systems by
interaction with these materials. Accordingly, much work on the biological implications of
this interaction, both intended and unintended (i.e., toxicity), have been examined using a
suite of in vitro and in vivo studies to characterize the bionanointerface.3~7 As the global
production and use of nanoparticles increases, estimated to be thousands of tons in 20048
and projected to grow to over half a million tons by 2020,%10 it is almost certain that
engineered nanoparticles will be released into the environment. So, while the majority of
studies to date have focused on human health implications of nanoparticles, many recent
efforts consider the ecological implications of nanoparticles, including the fate, transport,
and toxicity, to promote sustainable use of these novel materials.11-13 These efforts have
advanced significantly in recent years and warrant new consideration.

Though nanoparticles occur naturally in the environment (i.e., as minerals, clays, and
products of bacteria) and have been intentionally used for centuries (e.g., as finely divided
metal colorants), the systematic design and engineering of nanoscale materials has only
occurred in the last few decades. Much work in today’s studies of engineered nanoparticle
transformation, fate, and toxicity is based on previous work in the colloids community,
focused on naturally occurring colloids such as inorganic minerals (e.g., Fe,O3), organic
biopolymers (e.g., dissolved organic matter), and microorganisms on the submicrometer
scale.1® The previous studies of naturally occurring colloids have centered on their fate and
transformation, including their role in atmospheric chemistry!® and in the transport of
micropollutants such as potentially toxic metals.18 Engineered nanoparticles are composed
of a much wider variety of materials and occur in monodisperse sizes and shapes with a
suite of synthetic surface molecules, distinct from naturally occurring materials; this has
prompted the colloids community to consider more strongly the impact of engineered
nanoscale particles on ecosystem health in the emergent field of nanotoxicology.

Econanotoxicity studies have sought to describe the toxicity of nanoparticles to ecosystems,
often within modeled laboratory systems or, in a small number of cases, within mesocosms.
Herein, we summarize and analyze the current body of literature focused on the toxicity of
engineered nanoparticles on various levels of the food web, going beyond previous reviews
that had a narrower focus on specific classes of nanomaterials and/or model systems.17-19
Consideration will also be given to the transformation of nanoparticles as they enter the
environment, which has been reviewed recently in detail 2021 Through this broad analysis of
econoanotoxicity studies, we aim to illuminate gaps in the econanotoxicity literature where
the expertise of analytical chemists can advance this interdisciplinary field.

ENGINEERED NANOPARTICLES IN THE ENVIRONMENT

Though the number of commercial and manufactured products containing nanoparticles is
growing and novel nanoparticles are continually developed, only a few materials are
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currently used in a large number of products or in high volume; therefore, only a small
subset of nanomaterials are currently being released or will likely be released to the
environment in the coming decades. These include silver, titanium dioxide, zinc oxide,
silica, and carbon-based nanomaterials (single-walled carbon nanotubes (SWCNTS),
multiwalled carbon nanotubes (MWCNTS), and fullerenes):22 accordingly, these
nanomaterials are the main focus of studies within the current econanotoxicology literature.
It should be noted that this list of materials is not exhaustive and other materials in the future
may be released in high volumes.

There are various entry points for engineered nanomaterials into the environment, including
direct application to an environmental compartment (either intentionally or through
unintentional product degradation), wastewater treatment plant (WWTP) effluent, and
WWTP sludge;23:24 yet, it is difficult to estimate the relevant concentrations of
nanoparticles that will be released at any given time. Some of the difficulty in predicting
relevant concentrations of nanoparticle release is the result of limited data on current and
future nanoparticle prevalence in commercial products.?1:25 Additionally, transformations of
nanomaterials, such as dissolution, agglomeration, sedimentation, or change of surface
moieties, could greatly affect the pathway and extent of environmental release. A number of
risk assessment efforts have been made to model and calculate predicted environmental
concentrations (PECs) of nanoparticles with the current understanding of nanoparticle
transformations and fate,2-23.26-31 glong with a few experimental approaches to examine
nanoparticle fate under natural conditions.31:32 A summary of the PECs is found in Table 1,
with ranges including the lowest and highest PECs reported in the literature, and it should be
noted that these values are sometimes calculated considering all species of the material (e.g.,
Ag,S, Ag*, and Ag nanoparticles) and other times considering simply the expected
predominant form.

The compilation of PECs in Table 1 highlights some important considerations for analytical
chemists within the field. First, there is a large dynamic range for individual types of
nanoparticles that requires important method development to capture accurate environmental
release of nanoparticles. The challenges with assessment in a large dynamic range are
compounded by differences in the complex environmental matrixes, which also necessitates
the development of sensitive tools for quantification of release, an area in which analytical
chemists can contribute. Finally, the PEC ranges in Table 1 include all species of a material,
however, the field would be greatly advanced with detailed characterization of the oxidation
state of the nanoparticles, or transformed nanoparticle state, because there are important
toxicological implications for various oxidation states (e.g, Hg?* is more toxic than Hg®3).
This understanding of nanoparticle release behavior is dominated by theoretical modeling;
the scientific community would be well served if nanotoxicologists did collaborative work
with experts in experimental ecosystem models. These models would facilitate more
realistic PECs, especially if scientists could make better assessment of nanoparticle release
into the ecosystem. It is clear that real-time measurement of nano-particle environmental
release necessitates important methodological and technological advancements capable of
dealing with complex matrixes, a large nanoparticle concentration range, and evolving
primary nanoparticle characteristics.
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NANOPARTICLE TRANSFORMATIONS

From the body of literature, it is clear that nanoparticles are transformed from their original,
synthesized state no matter the type, amount, or pathway of environmental nanoparticle
release, which follows from their high reactivity. Transformations are the result of a myriad
of processes, including aggregation/agglomeration, redox reactions, dissolution, exchange of
surface moieties, and reactions with biomacromolecules. These dynamic transformations in
turn affect the transport, fate, and toxicity of nanoparticles in the environment, making it
critical to understand and characterize these transformations. Numerous reviews have given
detailed description of the status quo analytical tools utilized to measure nanoparticle
characteristics,3-2:34 and thus, these will not be discussed herein. Rather, trends in
nanoparticle aggregation, surface molecule transformations, and speciation/dissolution under
environmental conditions will be the focus of this section. Typically, environmental
conditions are simulated in the laboratory by modeling ionic strength and natural organic
matter (NOM) content, two key characteristics in nanoparticle transformation in aqueous
solutions; however, some work monitoring transformations in reconstructed mesocosms,
such as freshwater wetlands3® or wastewater treatment plants (WWTPs),32 has been
performed. Mesocosms better simulate nanoparticle transformations in natural
environments, but there are limited analytical techniques for quantifying nanoparticle
transformations, which may have implications for their toxicity, in these complex matrices.
Tools for in situ nanoparticle characterization are critical for a better understanding of
toxicity within complex mesocosm studies.

The size of nanoparticles is an important determinant of reactivity, transport, and toxicity.
While toxicology studies commonly characterize the primary particle size, typically using
electron microscopy, nanoparticles tend to interact with environmental systems as
aggregates. Light scattering techniques are most commonly employed to study stability of
nanoparticles in solution® or as an aerosol.3® While systematic studies of aggregation of
engineered nanoparticles in soil have not been completed, one technique used is scanning
electron microscopy (SEM) to study nanoparticle aggregates sorbed onto soil particles.3’
Within solutions, there are some notable aggregation trends observed no matter the
nanomaterial. First, increasing ionic strength increases the rate and extent of aggregation of
most nanomaterials,38:39 and the ionic species has some effect on the extent of
aggregation.20:39.40 |ntentionally modifying the surface of nanoparticles can prevent or
enhance the effect of ionic strength on aggregation as demonstrated by Badawy et al. with
Ag nanoparticles that were “bare”, citrate-, PVP (polyvinylpyrrolidone)-, or BPEI (branched
polyethyleneimine)-capped, where steric hindrance and electrostatic repulsion prevented
aggregation of PVP- and BPEI-capped Ag nanoparticles.3®

Besides ionic strength, the presence of NOM and other biomacromolecules (e.g.,
extracellular polymeric substances) plays a key role in determining the aggregation state of
nanoparticles. NOM is a ubiquitous, and poorly defined, component of environmental
systems consisting of high molecular weight humic and fulvic acids resulting from plant and
animal material decomposition that readily sorbs onto the highly reactive surface of
nanomaterials.! Typically, NOM displaces weakly bound capping agents and forms a
dynamic, heterogeneous layer of molecules?2 similar to the “protein corona” that has been
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the focus of many biological toxicity studies.*3 With respect to aggregation, the presence of
biomacromolecules has had varied effects. There is significant evidence that, in the presence
of NOM, nanoparticles are stabilized and aggregation is limited at realistic NOM
concentrations (1-30 mg of carbon/L),40:44 but flocculation is observed at higher NOM
concentrations.#> Other molecules, like extracellular polymeric substance (i.e., a bacterial
secretion containing polysaccharides and proteins), cause an increase in nanoparticle
aggregation rate,*6 while still other molecules like cysteine, a component of proteins and
NOM, cause an initial increase in the aggregation rate but not in the long term aggregate
size.*” Understanding aggregation is critical for characterizing transport of nanoparticles
through environmental compartments; for example, less aggregation yields lower rates of
sedimentation and greater mobility. In addition, understanding the interaction of
nanoparticles under natural conditions (e.g., salinities, pH, and molecular species) enables a
better assessment of exposure and transport.

These aggregation studies bring to light the importance of the nanoparticle surface and
localized environment around that surface to transformation of the material. As alluded to
previously, NOM is of particular importance in this respect because of its pervasiveness
throughout the environment. While it clearly plays a role in the aggregation dynamics, NOM
is itself dynamic, with an undefined molecular structure and a variety of reactive moieties;
therefore, its sorption onto nanoparticle surfaces may aid transformations beyond
aggregation, such as surface reduction, where NOM can reduce ionic metals at a
nanoparticle surface to increase nanoparticle size.*® Other molecules at the nanoparticle
surface, such as fatty acids,*° can also influence nanoparticle transformation. In addition to
organic molecules (e.g., NOM, proteins, carbohydrates), potentially toxic metal ions also
have the ability to adsorb onto the nanoparticle surface, increasing the transport and toxicity
effects of metal atoms but also prompting the use of nanoparticles in remediation of
potentially toxic metal pollutants.>®

Beyond sorption of molecules/atoms, the transformation of the nanomaterial itself into other
species plays a role in the toxicity assessment. For example, the dissolution of Ag
nanoparticles (Ag(0) to Ag*), is responsible for the antimicrobial nature of Ag
nanoparticles,®! and therefore, understanding this speciation, studied primarily using atomic
spectroscopy, is important for assessing econanotoxicity. However, the surface of Ag
nanoparticles, in addition to surface adsorption of NOM and other macromolecules, is
susceptible to reaction with oxygen and sulfur atoms, making it unlikely that Ag(0) is the
primary species at the nanoparticle surface.20 Likewise, free dissolved Ag™ is unlikely to be
present in large concentrations, as many naturally occurring compounds have a propensity to
complex Ag*. Scientists working in this field must resist oversimplifying conclusions
regarding speciation as it will certainly invalidate translation of their results into real,
complex environments. Other nanoparticles (e.g., Au, ZnO, and CuQ)°2 experience similar
speciation either in the dissolution to ions or chemical reactions that, in turn, could affect
other physicochemical changes in the nanoparticles and ultimately, nanoparticle fate and
toxicity. Greater attention to nanoparticle speciation is necessary within the nanotoxicity
literature in order to identify nanospecific toxicity.
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The importance of the nanoparticle state on subsequent transport and toxicity, complicated
by the interplay between different, dynamic nanoparticle transformations (Figure 1),
necessitates careful, time-dependent in situ characterization of nanoparticles in
environmentally relevant conditions. Current analytical methods yield limited insight into a
subset of these transformations; development of sensitive, in situ characterization tools, a
strength of the analytical chemistry community, would significantly advance this field.

CASE STUDY: TOXICITY TO FOOD WEB MEMBERS

As the measurement of all the processes in Figure 1 remains a challenge, particularly
speciation of metals according to their oxidation state and ligand environment, so too does
the determination of the impacts of engineered nanomaterials on living organisms, all the
way from single cells to human communities. We consider here the work that has been done
thus far to follow the toxicity effects of engineered nanomaterials on the various members of
the food web, including bacteria, plants, and multicellular aquatic/terrestrial organisms in
order to better understand the generalized toxicological conclusions while also illuminating
gaps within the field.

BACTERIA

Bacteria act as components of the base of the food web and serve integral environmental
functions. They are ubiquitous members of ecosystems with particular importance in global
nutrient cycling. This ecological import along with the relative ease of culture has made
bacteria a primary focus of econanotoxicity studies to date, including use of a wide range of
model organisms and toxicity assays to assess the impacts of nanoparticles. Algae are also
important, low trophic-level members of aquatic systems and are critical in photosynthesis
and as food sources; however, since the methods of nanotoxicity study are similar to those
of bacteria and the literature is limited compared to that of bacteria, algal nanotoxicity will
not be discussed herein.

Bacterial model choices for nanotoxicity studies vary greatly and have included common
research species such as Escherichia coli,>3 Bacillus subtilis,>* and Pseudomonas
aeruginosa®® along with bacteria that play key roles within environmental compartments,
such as Nitrosomonaseuropaea®6->7 (nitrifying bacteria with a role in wastewater treatment).
The breadth of choices in these monoculture systems is wide, which has led to some
challenges within the field in generalizing experimental results. That is, many studies have
utilized common microbial species that may not be likely to come in contact with
nanoparticles in the environment, while more environmentally relevant species have been
considered less thoroughly. To overcome this issue, some research groups have pursued
toxicity studies on naturally sampled bacteria.>8-80 Natural isolates increase the complexity
of the model system, providing environmental relevancy; however, these community-based
studies are typically limited in their ability to elucidate mechanisms of toxicity because
individual species functions are not separated from the response of the whole. Contributions
from analytical chemists may be able to address this issue. For example, surface-enhanced
Raman spectroscopy has been successfully applied to detect pathogenic bacteria and in the
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future may be able to both identify (and therefore distinguish) bacteria and observe changes
in outer membrane composition following nanomaterial exposure.®1

While there is a large body of evidence that nanoparticles are internalized by a variety of
mammalian cells, bacterial cell uptake of nanomaterials is yet unclear. Few systematic
studies have been reported that measure rates and intracellular locations of nanoparticles in
bacteria and those that have been reported conflict with each other. Some studies suggest
that internalization of nanoparticles does occur;>3:62 however, other studies have indicated
that there may be adsorption of nanoparticles to membranes or association of nanoparticles
near the bacteria, without internalization.63.64 For the studies that report internalization of
nanoparticles by bacteria, no mechanistic explanation is pursued; the current consensus
within the field is that nanoparticles typically do not cross the bacterial cell membrane.

Much of the current understanding of bacterial nanotoxicity has been informed by analysis
of bacterial viability and growth, using methods such as colony forming unit assays and
optical density measurements to create growth curves or calculate minimum inhibitory
concentrations. Morphological changes and reactive oxygen species generation have also
been commonly observed using electron microscopy and fluorescent probes, respectively.
These techniques have been used to assess bacterial response to hanoparticle exposure as a
function of nanoparticle dose, agglomeration state, surface modifications (e.g., engineered
surface coatings and natural transformations in the environment), and external
environmental conditions (e.g., UV light exposure and interaction with NOM). Table 2
provides an overview of the monoculture bacterial model systems and assays that have been
used in the literature. Traditional microbiological assays still dominate toxicity assessments
in the bacterial nanotoxicity literature. While these assays provide valuable information,
continued development of more sensitive and quantitative spectroscopic and -omic methods
(genomic, proteomic, metabolomic), spurred by the analytical chemistry community, will
significantly advance our understanding of bacterial nanotoxicity. Less common methods to
assess the bacteria-nanoparticle interaction have included FT-IR for metabolic profiling of
changes in functional groups,® mass spectrometry to characterize the binding of
nanoparticles to bacterial surface proteins,% and genetic methods such as quantitative-
PCRS7 to observe targeted gene expression and terminal restriction fragment length
polymorphism (T-RFLP) to assess community composition of naturally sampled bacterial
isolates.?® In general, bacterial nanotoxicity studies have fallen into one of two camps: those
utilizing monoculture model systems versus those utilizing natural bacteria isolates.

Despite the wide variety of monoculture bacterial species that have served as model systems
for econanotoxicity evaluation, general trends are beginning to emerge regarding bacterial
response to engineered nanoparticle exposure. One such trend is the correlation between
nanoparticle-induced ROS production under UV light exposure and increased bacterial
toxicity, which has been studied with a variety of nanoparticles. For example, Wiesner and
co-workers considered the effect of fullerene nanoparticle (Cgg and single-wall and
multiwall carbon nanotubes) aggregate size on ROS production and toxicity toward Vibrio
fischeri, a bioluminescent marine bacterium that is the exclusive symbiont of
Euprymnascolopes (Hawaiian Bobtail Squid).8! Bacterial toxicity was measured based on
changes in bacterial luminescence, which is directly proportional to the respiration rate for
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V. fischeri, and related to nanoparticle aggregate size (as determined through filtration using
1.2 um, 450 nm, 100 nm, 50 nm, and 20 nm filters). ROS production, measured by
degradation of 2-chlorophenol, was quantified as a function of aggregate size, and results
revealed an increase in ROS concentration under UV-A illumination and an increase in
respiration inhibition with a decrease in the mean nanoparticle agglomerate diameter. These
results mirror the size-dependent toxicity observed for nonaggregated nano-particles in other
model systems.>486 However, there is some disagreement within the field regarding the role
of ROS in conveying fullerene nanoparticle toxicity. A study by Alvarez and co-workers
observed no evidence of photocatalytic ROS production, as measured with molecular
probes, from Cgg nanoparticle aggregates (nCgp).’’ Here, the authors demonstrated that nCgg
are oxidants by measuring their oxidation-reduction potential across a 1-10 mg/L
concentration range, and they suggest that toxic effects of fullerene nanoparticles are due to
direct oxidative damage of membrane proteins and lipids by nanoparticles without ROS
production. In addition to fullerene nanoparticle aggregates, photocatalytic-ROS production
by metal oxide nanoparticles has also been observed, where wide-bandgap semiconductors
like TiO, or ZnO can be expected to produce electron-hole pairs under UV light, causing
reduction/oxidation of nearby species. One study compared 20-100 nm diameter TiO,
nanoparticle-induced toxicity in Bacillus licheniformis, a common soil bacterium, under UV
light and nonilluminated conditions and, unlike the aforementioned nCgg results, observed a
similar reduction in bacterial viability under both control and UV-illuminated conditions.8’
Toxicity under UV light was attributed to TiO»-induced ROS generation while damage
under nonilluminated conditions was attributed to nanoparticle attachment to cell
membranes and subsequent membrane damage through oxidative stress. Similar results were
observed by Sadiq et al. where 20 nm diameter TiO, nanoparticles imparted toxicity to E.
coli, P. aeruginosa, and B. subtilis through membrane damage under nonilluminated
conditions.%° Conversely to the above study, good correlation (R = 0.84) has been shown
between UV-light induced ROS production and E. coli survival rate following TiO5, ZnO,
Ce0,, Al,03, and Fe,03 nanoparticle exposure, even though release of toxic Zn2* ions
(measured at 178.3 pg/L) may have also contributed to toxicity in the case of ZnO
nanoparticles.’? In this study, E. coli were exposed to 5 pg/mL nanoparticles of aggregate
size ranging from 100 to 2000 nm for 2 h under 365 nm, 0.78 mW/cm? UV light exposure
with ROS concentration measured with a variety of molecular indicators and E. coli survival
rate determined via the plate count assay.’! These differences may be the result of many
different assays used to quantify/observe ROS throughout the literature. The assessments of
nanoparticle-induced ROS production would benefit from more consistent methods and/or
including select gene expression analysis (e.g., super-oxide dismutase) to observe whether
ROS stimulation does in fact promote oxidative stress.

In addition to ROS production, the correlation between nanoparticle dissolution and
bacterial toxicity has emerged out of the econanotoxicity literature. Of the commonly used
nanoparticles, this is most apparent for Ag nanoparticles, which, as mentioned above, impart
toxicity to bacteria through the dissolution to Ag*-51:88 A recent study by Alvarez and
coworkers showed that under both aerobic and anaerobic conditions (the latter precluding
ROS generation), Ag nanoparticle toxicity toward E. coli correlates directly with Ag*
concentration.®! Both commercially available polyvinylpyrrolidone-coated Ag nanoparticles
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of diameters 18, 51, and 72 nm and synthesized glycol-thiol coated Ag nanoparticles of
diameters 3, 5, and 11 nm were used in this work. E. coli suspensions were dosed with 0—
200 pg/mL Ag nanoparticles or 0-400 pg/L Ag* (in the form of AgNO3) and toxicity was
assessed via colony forming units. Complexation of Ag* by media components (e.g., CI7)
was minimized by using a sodium bicarbonate buffer as the exposure medium. The authors
suggest that Ag nanoparticle properties shown elsewhere to influence antimicrobial activity,
including size, surface charge, and surface coating, influence toxicity only by changing the
dissolution properties. In addition to Ag nanoparticles, ions released from both ZnO and
CuO nanoparticles (Zn?* and Cu2*) have shown toxicity toward microorganisms.’? Similar
to Ag, ZnO, and CuO nanoparticles, quantum dot (QD)-induced bacterial toxicity must be
considered along with the effect of dissolved metal ions. Alvarez and co-workers recently
demonstrated that exposure to commercially available 7.4 nm diameter QDs (CdSe core
with ZnS shell) caused defense and stress responses in Pseudomonas aeruginosa at sublethal
concentrations, including increased expression of heavy-metal ion efflux system genes upon
exposure to QDs and the metal ions along with extracellular nanoparticle biosynthesis
following ion exposure. These responses were increased upon exposure to weathered
nanoparticles that typically have increased toxic metal ion release.>® A change in bacterial
gene expression was also observed in nitrifying bacteria N. Europaea, P. stutzeri, and A.
vinelandii upon QD exposure with an up-regulation of nitrogen cycling genes:87 unlike Ag
nanoparticles, QDs still induced a change in the nitrification/denitrification cycle after
controlling for ion release, indicating some nanospecific toxicity.

As with RQOS, ion dissolution from nanoparticles may be impacted by a number of
environmental conditions as discussed above and therefore should be considered within
relevant experimental matrixes. These surface-mediated processes are likely to be affected
by nanoparticle transformations in natural environments, especially adsorption of NOM. Li
et al. studied the effect of NOM sorption on the toxicity of nCgp(<0.22 pM-in-diameter)
imparted to E. coli, and it was revealed that NOM (Suwanee River humic and fulvic acids)
adsorption mitigated most growth and respiration impairments that were caused by nCg.8°
A similar NOM-abated toxicity of Ag nanoparticles toward E. coli was observed,% which is
attributed to decreased interaction of nanoparticles with bacteria cells upon NOM
adsorption.®! Chloride and calcium (a representative divalent ion) concentrations also
correlated significantly with antibacterial activity, where the presence of chloride and/or
divalent ions decreased the toxicity of Ag nanoparticles to E. coli. The decrease in toxicity is
attributed to chloride binding Ag*, decreasing its bioavailability, and divalent ions
increasing the ionic strength of the suspension, destabilizing nanoparticles, and giving larger
aggregates,9! which have been shown to be less toxic.%2

Monoculture bacteria nanotoxicity studies have shed light on the mechanisms of
nanoparticle-induced toxicity (e.g., ROS production and dissolution of toxic ions) and the
significance of nanoparticle physical properties such as particle and aggregate size and
surface modifications in determining toxicity. Natural isolate studies, on the other hand,
comprise complex mixtures of bacterial species from a particular environment and have
generally focused less on identifying the mechanisms of toxicity and more on understanding
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toxicity in more complex and ecologically relevant environments, often at the bacterial
community level.

The approach of natural isolate studies has generally been to assess nanoparticle-induced
toxicity via changes in species diversity and composition and community growth and
performance. For example, Ge et. al evaluated soil microbial biomass, diversity, and
composition in a microcosm with respect to a 15-20 nm diameter TiO, and 20-30 nm
diameter ZnO nanoparticle dose and exposure time by quantifying the total extractable soil
DNA and substrate-induced respiration, which showed a negative relationship between
exposure dose and microbial biomass.58 Terminal restriction fragment length polymorphism
(T-RFLP), a tool used for determining the microbial community profiles, showed significant
community composition deviation from negative controls, with greater deviation at higher
doses and longer exposure times. Analysis of T-RFLP profiles showed a negative
relationship between nanoparticle dose and species diversity, though concentrations (0.5-2
mg TiO,/g soil and 0.05-0.5 mg ZnO/g soil) used in this study were significantly higher
than the PEC in WWTP sludge (Table 1). In a related study, bacterial community
composition, cellular respiration, and cellular production (protein synthesis) were monitored
in natural bacterioplankton samples for 5 days following Ag nanoparticle (1-10 nm
diameter) or AgNO3 exposure using multidimensional scaling plots of denaturing gradient
gel electrophoresis (DGGE) profiles, another technique for microbial community
profiling.80 This study showed significant bacterial community composition deviation from
the negative control upon Ag nanoparticle exposure (calling monoculture experiments, in
general, into question), though changes induced by AgNO3 were more variable, grouping
with either the negative control or high Ag nanoparticle doses. Cellular respiration and
protein production, monitored via flow cytometric counting of monotetrazolium redox dye
uptake and incorporation of radio-labeled 3H-leucine, respectively, decreased significantly
following Ag nanoparticle exposure at all concentrations. While these studies provide some
indication about the microbial structure and growth/respiration, they lack an understanding
of bacterial function changes, which are valuable to assess ecological ramifications of
nanoparticles. Ideally, toxicological assessments would incorporate fundamental assessment
of bacterial function upon exposure to nanoparticles while maintaining ecological
complexity. Alternatively, modeling environmental conditions within a monoculture may
enable assessment of nanoparticle impacts on bacterial function, but either path needs
development of assays sensitive enough to determine molecular markers of toxicity within
complex environments.

Das et al. pursued a more complex functional assessment in natural isolate communities. A
2012 study measured natural bacterioplankton extracellular enzyme affinity following 1-10
nm-diameter Ag nanoparticle exposure for up to 48 h.93 Extracellular enzyme activity,
critical for bacteria to acquire nutrients from species that cannot pass through the membrane,
was measured via detection of radio-labeled leucine incorporation into synthesized proteins
and showed complete inhibition after 1 h of exposure at all Ag nanoparticle concentrations.
At low concentrations (0.05-10 mg/L), full or increased activity relative to the negative
control was regained over 48 h. Natural isolate studies more accurately model the
interactions between nanoparticles and bacteria in the environment by considering bacteria
in multispecies communities, their most common state in the environment; thus, they
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provide valuable perspective alongside the more extensive monoculture bacterial
nanotoxicity literature. Both perspectives must be pursued to understand both the molecular-
level mechanisms of nanoparticle-induced toxicity and the higher level composition and
functional changes induced by nanoparticles in natural environmental systems. Analytical
chemists can contribute to this effort by pursuing applications of spectroscopic and genomic/
proteomic/metabolomic methods in bacterial nanotoxicity evaluation. Advancements in
these areas would allow several important questions to be addressed that are beyond the
scope of currently employed microbiological assays, including: Can we visualize bacterial
cell/nanoparticle interaction in real time? How is bacterial membrane composition affected
by nanoparticle exposure? How is global bacterial gene expression altered with nanoparticle
exposure? Are genetic changes reflected in protein expression? Is the bacterial metabolite
profile affected by nanoparticle exposure?

Plants are particularly relevant in considerations of econanotoxicity based on their
interaction with air, soil, and water, all of which may contain engineered nanoparticles. In
addition, plants present a significant opportunity to facilitate nanoparticle transfer among
various species in the food web because they are consumed by lower trophic level
organisms, animals, and people. Though there are a wide variety of plant species within the
ecosystem, most nanotoxicity work to date has focused on plants for human consumption,
such as maize,* wheat,9%:9 soybean,®’ tobacco,% and many fruit or vegetable plants, such
as pumpkin,?9 cucumber,96:100.101 gng radish, 96,101,102

The large surface area leaf and root structures of many plant species mean that plants have
ample opportunity to interact with nanoparticles. Unfortunately, evidence of nanoparticle
uptake and toxicity, or lack thereof, is scarce because (1) plant nanotoxicology is a relatively
new field and (2) most experiments performed to date focus on nanoparticle exposure during
germination or to plant cell cultures. Because many plant cell walls have pore sizes of 5 nm
or less, the likelihood of nanoparticle uptake and translocation is assumed to be low unless
the nanoparticles are quite small or the cells are damaged before nanoparticle exposure.
Possible routes of nanoparticle uptake include traversing the cuticle surface of leaves, the
cuticle-free portions of the plant (e.g., flowers), suberin-coated roots, or regions of new root
formation/injured areas. Uptake and translocation are generally assessed by sectioning the
plant and employing traditional microscopy methods. In the cases where plant cell uptake of
nanoparticles has been assessed, it is clear that uptake efficiency depends on nanoparticle
size, composition, surface functionalization, and aggregation state.103 Once taken up, a
small subset of studied nanoparticles have demonstrated translocation through the upward
water transport system (including Ni(OH), nanoparticles (0.01-0.1 g of nanoparticle added
to plant nutrient solution, concentration not specified),104 ZnO nanoparticles (0.05-0.5 g
nanoparticle/kg soil),%” Cu nanoparticles (0-1000 mg nanoparticle/L plant agar),%5 small
Au nanoparticles,® NaYF:Yb,Er nanocrystals,106 and fullerols107 (10-110 mg
nanoparticle/L plant cell culture solution)), and there is one study indicating the transmission
of nanoparticles (Co) among generations of rice plants (20-800 mg nanoparticle/L
germination buffer).108 Application of super-resolution microscopy would promote a
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cellular-level understanding of the interaction between plant cells and nanoparticles,
advancing our current macroscale understanding of the plant-nanoparticle interaction.

While plants have some toxicity measures that are similar to bacteria, algae, worms, fish,
and mammals (e.g., cell viability, oxidative stress, DNA damage, organism growth, and
morphology), there are also unique toxicity considerations (Figure 2). These unique
phytonanotoxicity measures include assessment of seed germination rates,99:101.109 rgot
elongation rates,?6:100.101 nitrogen fixation,®” and soil enzyme levels.%> All of these
measures are done using traditional by eye” assessment or standard assay kits. In the current
literature, there has been little analytical methodology innovation in studies of plant
nanotoxicology. The authors of this perspective suggest metabolomics as a promising
approach for studying plant nanotoxicology, for example, by studying changes in secondary-
metabolite production in plants as a function of nanoparticle exposure.10 In addition, many
of these studies are performed on hydroponic plants, where nanoparticles are presented in
the aqueous phase, rather than the more realistic nanoparticle introduction through irrigated
soil or sand. Presentation in water makes nanoparticle uptake more likely, and nanoparticle
uptake from sand appears favorable to uptake from soil.%

The results of the available phytonanotoxicity studies are most revealing when interpreted
based on the route of nanoparticle exposure, considering results for isolated cells versus
seeds versus leaves versus hydroponic solution versus soil. Any toxicity trends seen as the
system complexity increases will reveal true areas of concern. Starting with the simplest
plant system, isolated plant cells, there are two recently published studies, both focused on
MWCNT exposure. Serag et al. examined the interaction between Catharanthusroseus cells
and fluorescent MWCNTS up to 500 nm in length (0.01-0.08 mg/L medium) to characterize
cellular uptake and localization.112 Colocalized fluorescence imaging and TEM showed that
the MWCNTSs were not likely taken up via endocytosis, instead the MWCNTS appear to
penetrate the plant cell membrane as individual, rather than aggregate, nanotubes.
Khodakovskaya et al. exposed tobacco cells to 20-nm-diameter MWCNTSs (50-200 mg/L
medium) and saw an increase in cell growth rate that correlated with increased expression of
genetic markers for cell division and water channel expression compared to activated
carbon-exposed control cells.113 In addition, the MWCNT uptake was characterized using
both Raman spectroscopy and TEM, and the MWCNTSs apparently transfer between
generations of tobacco cells. While it is unclear if these cell-level studies predict whole plant
toxicity response, they are useful for understanding how nanoparticles may enter plant cells
and, if they are able to enter, where they may localize.

There are many examples where research groups have exposed plant seeds to various
nanoparticle solutions and then monitored germination and root elongation from the seed.
Lin et al. examined seed germination and root elongation in six plant species (radish, rape,
rye-grass, lettuce, corn, and cucumber) following exposure to 2—2000 mg of ~20-nm-
diameter MWCNTSs (1-2 um long), 18-nm-diameter Al, 60-nm-diameter Al,O3, 35-nm-
diameter Zn, or 20-nm-diameter ZnO nanoparticles per liter.101 Seed germination was
influenced in a subset of plant species, only by the highest concentration of Zn or ZnO;
based on careful controls, this effect cannot be attributed to Zn?* release. Root growth was
also most heavily impacted by the presence of Zn or ZnO, though other nanoparticles did
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influence the root elongation of various plant species in dose-dependent manners. Similarly,
Ma et al. studied root elongation in seven plant species (radish, rape, tomato, lettuce, wheat,
cabbage, and cucumber) following seed exposure to 2—2000 mg/L solutions of either ~7-nm-
diameter CeO,, ~22-nm-diameter La,O3, ~23-nm-diameter Gd,O3, or ~12-nm-diameter
Yb,03 nanoparticles.% Each nanoparticle had distinct effects on the root elongation of the
collection of seven edible plants, with CeO, having a significantly smaller effect than any of
the other 3 nanoparticle compositions; the measured effects could not be accounted for by
the phytotoxicity of released rare earth ions. Fugestsu and co-workers investigated the
effects of 500-2000 mg/L aqueous suspensions of graphene oxide on seedlings of terrestrial
food crops, including cabbage, tomato, red spinach, and lettuce, by monitoring germination,
growth, viability, and reactive oxygen species levels.199 Plant growth was impeded
following nano-particle exposure in all but the lettuce plants. Together, these three survey
studies suggest that the nanoparticles themselves (rather than ions produced during
nanoparticle dissolution) impact the earliest stage of plant development and that different
nanomaterials show varied effects. In another study, Patlolla et al. exposed broad bean plant
seedlings to 12.5-100 mg/L 60-nm-diameter Ag nanoparticle agglomerates and tracked both
uptake and genotoxicity.114 While the concentration-dependence of nanoparticle uptake was
not reported, the frequency of chromosomal aberrations and micronuclei induction increased
in an Ag nanoparticle dose-dependent manner. It is unclear in this report if appropriate Ag*
controls were performed for comparison, so the measured toxicity could be due to Ag, Ag™,
or a combination of the two. Wang et al. examined the capacity of clay (~90-nm-diameter)
and iron oxide (~25-nm-diameter) nanomaterials to remediate Cd phytotoxicity in four plant
species: cucumber, tomato, lettuce, and carrot.190 They found that the nanoparticles
themselves (present at 100-2000 mg/L and without Cd toxicant present) did not have
negative effects on the plants and, in some cases, even promoted root elongation. While
many more studies will be required to draw general conclusions, it is clear that the presence
of nanoparticles influences the fate of plant seeds.

While there are a fair number of papers that use leaf extracts to synthesize nanoparticles,
there are surprisingly few studies of phytonanotoxicity following leaf exposure, even though
this exposure route will be particularly relevant if nanoparticles are employed for crop
management (e.g., to improve herbicide delivery). In one recent example, Birbaum et al.
investigated uptake and translocation of 37-nm-diameter CeO, nano-particles in maize
plants after airborne exposure (deposited at concentrations of about 50-270 pg CeO»/g dry
leaf), considering both light (open stomata) and dark (closed stomata) exposure
conditions.%* The open/closed state of the stomata did not influence maize uptake of
airborne nano-particles; in addition, incorporated nanoparticles did not translocate to new
leaves developed during a 3 month postexposure cultivation. In addition, there was no
apparent difference in growth or appearance of the maize plants exposed to the CeO,
nanoparticles.

Nanoparticle exposure through the aqueous media of hydroponic plants avoids many of the
complications regarding the interaction of nanoparticles with various components of soil,
making result interpretation more straightforward and, perhaps, yielding toxicity data that
will be relevant for large or repeated nanoparticle exposures. Nelson and co-workers used
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hydroponic radish and ryegrass seedlings to model unintentional CuO nanoparticle
exposure.102 They allowed the seedlings to germinate in solutions of 10-1000 mg/L <100
nm diameter CuO nanoparticles for 6 days and monitored nanoparticle uptake, plant growth,
and DNA lesions. Upon comparing nanoparticle-exposed plants to Cu?* ion and macroscale
Cu-exposed plants, they found that the radish displayed a nanoparticle dose-dependent
increase in DNA damage that could not be completely accounted for by Cu2* effects. Also
evident was that the CuO nanoparticles crossed the plant cell wall, despite apparent
aggregation. Similarly exposed and analyzed ryegrass samples showed smaller, though still
significant, indications of CuO nanoparticle toxicity. While nanoparticle-initiated DNA
damage clearly has a negative impact on plant growth, its role in plant disease or genomic
instability is unclear and should be considered in longer term studies. In another recently
published study, Sabo-Attwood et al. exposed hydroponic tobacco seedlings to either 3.5-nm
or 18-nm-diameter Au nanoparticles at 48 mg/L or 76 mg/L, respectively.?8 The smaller
nanoparticles were able to translocate to the leaves while the larger nanoparticles
agglomerated on the root exterior. Leaf necrosis was detected only in the case of the smaller
nanoparticle. Zhu et al. investigated the effects of 0.5 g/L 20-nm-diameter Fe304
nanoparticle exposure on hydroponic pumpkin plants; this model was chosen because
pumpkin is known to efficiently take up water (and waterborne contaminants) from soil and
thus, would be a likely candidate for phytotoxicity for hydroponic nanoparticle exposure.%®
Nanoparticle exposure began after significant progress from germination, and uptake/
translocation was detected using vibrating sample magnetometry. These data demonstrate
that Fe3O4 nanoparticles and nanoparticle aggregates reside both in the leaf and root tissue.
A similar distribution, though smaller amounts, of Fe30,4 was found in pumpkin plants
grown in sand while no Fe30,4 nanoparticles were taken up by plants in soil. Like the
simpler cell and seed experiments, hydroponic presentation of nanoparticles appears to
influence plant growth and health; however, this experimental system ignores many of the
nanoparticle transformations, making the nanoparticles both more and less available, that
may occur in soil.

The most likely route of plant exposure to nanoparticles is through the soil or sand as
nanoparticles enter the ecosystem through a variety of intentional and unintentional release
routes and accumulate.115 In the previously referenced study by Birbaum et al., the
researchers considered both airborne and irrigation-based exposure of maize plants to 37-
nm-diameter CeO, nanoparticles.% When nanoparticles were presented at 10 pg/g soil/day
via 14-day irrigation, there was neither measurable uptake (using inductively coupled
plasma mass spectrometry (ICP-MS) analysis) nor any changes in growth or appearance of
the maize plants. Priester et al. added nanoscale 0.05-0.5 g of ZnO (~10-nm-diameter) or
0.1-1 g of CeO, (~8-nm-diameter) per kilogram soil, and then soybean plants were grown to
full maturity before phytotoxicity analysis. The ZnO translocated throughout the plant, into
the leaves and even the product beans. CeO, apparently acted directly at the root/soil level,
inhibiting N, fixation and, thus, plant growth. These are among the most realistic studies
performed, and the results are concerning. Dimkpa et al. monitored phytotoxicity of
agglomerates of 50-nm-diameter CuO and 100-nm-diameter ZnO on wheat grown in sand.54
There was clear evidence that the nanoparticles were dissolving, though the resulting
dissolved ions had similar impacts to ions introduced via bulk CuO and ZnQO. One unique
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result of nanoparticle, as compared to bulk, exposure was increased ROS in both the roots
and shoots of the wheat. On a similar experimental scale, Du et al. applied 5 g of 40-nm-
diameter ZnO or 10 g of 20-nm-diameter TiO», to a field to simulate nanoparticle-polluted
soil and monitored the subsequent growth of wheat and several soil enzyme levels (urease,
protease, catalase, and peroxidase).®> TEM analysis of the wheat roots showed mild uptake
of TiO, and no evidence of ZnO uptake; however, there was Zn (likely in the form of Zn2*)
but not Ti in the harvested wheat shoots. Both nanoparticles induced depressed soil enzyme
activity and an overall decrease in harvested wheat biomass. Clearly, nanoparticles
presented in soil can influence plants that grow in that soil. One complication in
understanding the impact of the current data lies in the lack of knowledge about relevant soil
nanoparticle dose or how heterogeneous the incorporated nanoparticles will be with changes
in soil depth or composition. In addition, many of the studies we have just summarized use
vastly different types of nanoparticles, at different exposure times and concentrations,
making cross-correlations difficult. Community-set standards would certainly help move
this field forward.

MULTICELLULAR AQUATIC AND TERRESTRIAL ORGANISMS

The routes of exposure of nanomaterials to living organisms depend on the habitat of the
organism. For plants, as we have just learned, entry through roots is a main concern. For fish
in water or worms in soil, nanoparticles that are resident in the aqueous or soil phases
provide a means of entry into the animal (gills, mouth, to the gut) that could be drastically
altered by the nature of the nanoparticle surface.

Early studies of nanomaterial toxicity in fish (Table 3) focused on limited numbers of larger
organisms that humans might eat, such as trout and bass, with critical measurements being
made on as few as three fish,116-120 For hydrophobic carbon-based materials, organic
solvent impurities and degradation products have been found to be responsible for biological
effects and clearly demonstrate the need for proper controls.

The community has zeroed in on several standard fish in order to better compare across
studies. Japanese medaka and zebrafish are standard organisms in biology and can be
considered the aquatic versions of the famous Drosophila fruit fly. Zebrafish are hardy
freshwater fish, reproduce quickly, and were one of the earliest organisms to have its
genetics examined in detail.12! Medaka are hardy, reproduce rapidly, and can live in a
variety of salinities; also, its genome has been sequenced.22 While it is important to start
with accepted biological models, future work should also monitor nanotoxicity effects in a
more susceptible fish model to check result generalizability. The literature regarding effects
of nanomaterial exposure on zebrafish numbers at least 200 studies so far and mostly are
concerned with measuring toxicity levels, although some nanomaterial fate/metabolism
work has begun to appear. The first nanomaterials studied in these regards included carbon-
based nanoparticles(fullerenes, CNTs) and titanium dioxide (for a review see Handy et
al.123), There are numerous practical difficulties with fish measurements in addition to the
ones already mentioned: for example, when chemically irritated, fish can produce mucus
that can aggregate and precipitate out nanoparticles, rendering effective concentrations far
different from initial ones.124 Therefore, analytical methods to separate and quantify all the
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biologically relevant reservoirs that might harbor nanomaterials in a system are required; the
nature of these reservoirs will vary with the organism and environment studied.

The noble metals are becoming objects of study for fish, too, perhaps as a result of an
increasing awareness of “antimicrobial nano-silver” products in the marketplace. More
recent studies show more sophistication in terms of nanomaterial surface chemistry than
earlier, basic studies. For example, Kwok et al. have recently reported that silver
nanoparticles exert different toxicological effects on medaka that depend on both the form of
the silver and on the nanoparticle coating.12> These authors found that silver nitrate was 3—
10x more toxic, as measured by medaka death as a function of concentration, than the same
mass of silver in nanoparticle form (for several different diameters). They also found that the
coating of the silver nanoparticle (citrate, gum arabic, or polyvinylpyrrolidone) influenced
the toxicity, with the gum arabic coating the worst offender. Animal dissection slices were
examined by hyper-spectral darkfield imaging to locate silver nanoparticles, and at least in
these fish, the gills were the apparent main point of entry. At early times or lower doses,
anatomical deformations in the fish were observed. A related study by Kashiwada et al.
similarly found that medaka embryos underwent gross morphological changes upon
exposure to 4 nm silver nanoparticles (which they estimated to coexist with 25% free silver
ion) and that silver nanoparticles were able to navigate biological barriers to enter the
embryos (or silver ion entered and was subsequently reduced to make particles in the
embryos).126 DNA microarray analysis suggested that the presence of silver nanoparticles
was correlated with increased oxidative stress and the down-regulation of genes involved in
growth, cell proliferation, and differentiation. While these authors did not examine a suite of
surface chemistries, a very recent report by Nel et al. implicates atomic-level crystal defects
in silver nanoplates with toxicity to zebrafish embryos.127 The main emphasis of this study
was on the effect of nanoparticle shape on toxicity in both fish gill epithelial cell lines and in
zebrafish embryos; surprisingly, the authors found that the most toxic (as judged by cell
death or lack of embryo hatching) form of silver were nanoplates, as opposed to nanospheres
or nanorods. The correlation of toxicity with the amount of free silver ion, as judged by ICP-
MS with assumptions about how well free silver ion can be separated from silver
nanoparticles, was not great; a much better correlation was found with nanoparticle shape,
with “sharp” edged silver nanoplates being good at breaking open cell membranes. The
authors were able to passivate these crystal defects with cysteine and mitigate the biological
response, suggesting that the physical shape and contact of the nanomaterial with
membranes might be an important parameter to decode the mystery of nanobio interactions.

In soil, earthworms comprise a critical component of the ecosystem28 and are model
detrivores in ecological studies. A handful of experiments have been conducted on
earthworm response to the presence of engineered nanomaterials in soils. One of the earliest
ones concerned 14C-labeled carbon nanotubes, and ultimately the authors found that
polycyclic aromatic hydrocarbons (PAHs) were far more likely to be taken up by
earthworms compared to carbon nanotubes.29 Interestingly, a follow-up study found that
carbon nanotubes were good at sequestering PAHSs in soil and therefore made PAHSs less
bioavailable to the worms.130
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A perusal of the “earthworm + nanomaterial” literature suggests that approximately half of
the papers use metal oxides as the nanomaterial of choice. The typical experiment is to dose
standard soils with the nanomaterials, expose the worms, quantify uptake after a certain
amount of time, and measure organismal effects in parallel. For example, Hu et al. examined
both TiO, and ZnO (10-20 nm diameter) in this regard and found that molecular-level
effects (e.g., DNA damage by the comet assay) occurred at doses greater than 1.0 g per kg
soil, Zn and Ti were bioaccumulated in the worms after 7 days, and ZnO gave more toxic
responses than TiO,.131 However, this paper has been criticized132 for its lack of clarity in
definitions and standards (wet weight? dry weight?) and its lack of background in
metallobiochemistry regarding the required levels of Zn, for instance, as a micronutrient. A
recent review!33 provides a very nice summary of the nanomaterials/soil studies that have
been conducted so far. Exposure times vary from 1 to 28 days; doses vary from 0.1 to 1 000
mg nanomaterial per kg soil; and most of the biological outcomes measured for worms are
mortality, reproductive ability, and occasionally a molecular biology measurement such as
ROS generation or gene expression. The authors of this recent review point out a need for
improved analytical detection methods that can measure in situ properties of nanomaterials
in soil or, failing that, more standardization in extraction procedures suitable for highly
variable ionic strength and turbid samples.133

Heckmann et al. have examined a host of inorganic nanoparticles (copper, silver, gold,
titania, zirconia, silica, alumina) and their free metal ions for their effects on earthworms in
soil, at concentrations of 1000 mg metal or particles/kg dry soil.134 At this very high dose,
100% reproductive failure was observed for silver nitrate and silver nanoparticles, with
copper nanoparticles and TiO, also exhibiting some degree of reproductive damage (by
morphology and anatomical inspection).

Copper, silver, and gold nanoparticles have been systematically examined by Bertsch and
Unrine et al. for their effects on earthworms.13> Nanoparticle effects on worm growth,
mortality, reproduction, and gene expression are the most commonly performed
measurements. For a variety of sizes of copper nanoparticles, the general conclusion was
that they were partially oxidized in soils (as judged by X-ray absorption spectroscopy) and
were indeed taken up by the worms but that there were no significant biological detrimental
impacts until 65 mg Cu/kg soil.135 For silver nanoparticles, silver nitrate was rightly
included in controls; results there depended, interestingly, on soil type.138 Silver nitrate
alone reduced earthworm growth and reproduction at 7.4 mg/kg soil in a natural sandy soil,
but only worm reproduction was affected, starting at 94 mg/kg soil, for artificial
“standard”soils.136 For two different PVP-coated silver nanoparticle batches of different
diameters, reproductive toxicity was observed, but at nearly an order of magnitude less
compared to free silver; finally, earthworm accumulation of silver was significantly higher
in the sandy soil compared to the artificial soil.136 X-ray spectroscopy confirmed that ~20%
of the silver nanoparticles in these experiments were in the 1* oxidation state. For gold, ICP-
MS of tissues and X-ray fluorescence of tissue slices showed that earthworms can
accumulate 22 and 55 nm gold nanoparticles, primarily in the gut but also in the entire
body.135 No observable changes in gene expression were measured at doses between 5 and
50 mg Au/kg dry soil, but modest effects on worm reproduction, over several weeks, were
measured at the highest doses.13°
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The overall “effects” experiments for inorganic nanoparticles + soil + earthworms have been
supplemented by monitoring animal behavior in nanoparticle-dosed soils. For example,
earthworms will avoid soil dosed with silver nitrate essentially immediately, if they can; but
if the soil is dosed with silver nanoparticles at the same silver concentration as the silver
nitrate experiment, the earthworms take up to 48 h to avoid the area.136 The mechanism of
how the earthworms sense the presence of nanoparticles is not clear; it is not correlated with
the release of silver ions or with the nature of the microbial communities in the soil.136
Clearly, experiments such as these would benefit from close collaboration between
earthworm experts and nanotoxicologists.

CHALLENGES AND PERSPECTIVE

In the past decade, our understanding of the fate, transport, and toxicity of engineered
nanoparticles has expanded greatly, in part due to the strategic use of model systems and
nanoparticles. However, there is much need to increase the complexity of systems and move
from individual species or environmental condition (e.g., with NOM) models described
above to more complex mesocosms and as such, assessing the fate, transport, and effects of
engineered nanomaterials in aquatic systems (river/ocean, etc.) and in soil (even without
plants) presents major challenges to the analytical chemist. These challenges (Figure 3)
include (i) making functional-level toxicity assessment in complex ecosystems, (ii) detecting
engineered nanomaterials that are similar in chemical composition to natural particulate
matter, (iii) characterizing the nanoparticles in a complex, natural environment (including
oxidation state and adsorbed species) and/or controlling/accounting for natural conditions
that cause a known change to the nanoparticle characteristics, such as a natural-occurring
gradients of ionic strength or pH.

Toward the first challenge, characterizing toxicity in a complex ecosystem, some effort has
been made in larger, multitrophic-level systems. Ferry et al. followed the transport and
uptake of gold nanorods in an estuarine mesocosm where nanomaterials were introduced
into the seawater. Gold concentrations at the end of 12 days were measured for both the
living and nonliving parts of the ecosystem using exhaustive ICP-MS.137 The overall results
show that about 10% of the gold stays in the water column (in spite of the high ionic
strength that might suggest irreversible precipitation and deposition); about a quarter ends
up in the sediment; and the microbial biofilms (60%) and clams (6%) are the main points of
entry into the food web. In another study using Duke Forest mesocosms, transportation of
PVP-coated silver nanoparticles was followed over a very long-term (18 months) period.3°
In this case, initial concentrations at the 25 mg/L level were introduced either into the soil or
into the water of the system, which included many plants, insects, and fish. Silver
concentrations were measured by either atomic absorption analysis, or by ICP-MS, after
acid digestion of samples. X-ray absorption spectroscopy was employed to measure silver
speciation. One conclusion from the study was that the route of entry into the ecosystem
matters: for example, if the nanoparticles were introduced into the soil, at the end of 18
months, 58% of the detected nanoparticles remained in the soil (compared to 3% in the
subaquatic sediment). If the nanoparticles were introduced via water, 60% of the found
nanoparticles had migrated to the subaquatic sediment (compared to 7% found in the soil).
Plants sequestered 3% (via soil) or 0.2% (via water) of the nanoparticles. Concentrations in
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fish and insects were reported at the 0.5-3.3 ug Ag/g wet weight levels. Unlike gold, silver
does react with environmental constituents: over half of the silver, originally introduced as
AgP, had oxidized to silver sulfide (Ag,S), with another quarter being reacted to form other
silver-sulfhydryl compounds. These examples of mesocosm uptake and toxicity, however,
rely only on viability and/or behavior as an assessment of toxicity, and elucidating more
nuanced views of toxicity (on a functional level) has the potential for providing a better
mechanistic view of nanoparticle impacts. To accomplish the task of function-level toxicity
assessment, there is a need for better communication between ecologists, toxicologists,
chemists, and material scientists in order to determine the most relevant and important
model systems, the critical functions of interest, and best practices in data interpretation.

In answer to the second challenge, detection of the engineered nanomaterials, the
environmental nanotechnology community has provided several solutions. One elegant,
although not always practical, solution is to perform isotope tracer studies. In one such
study, details of Fe(ll) cycling between the aqueous phase and goethite nanorods (an iron
oxide mineral) were mapped out by following >’Fe via ICP-MS in the various
environmental compartments. Overall, the investigators concluded that a possible new
“redox-driven conveyer belt” mechanism was in place that was able to incorporate fresh iron
into the goethite nanorods, yet keep the same size and morphology of the particle intact
during the reaction.138 Zhang et al. have followed the transport and aggregation of
multiwalled carbon nanotubes in aqueous peat suspensions by labeling the tubes with the
radioactive 14C isotope.13? Separation of the nanomaterials in each of the environmental
compartments was accomplished by standard centrifugation procedures, and detection of

the 14C was accomplished with a standard liquid scintillation counter. To detect
nanomaterials made out of elements that are rare in the environment, ICP-MS is an excellent
technique for many nuclei; detection limits can be in the part-per-trillion range. X-ray
absorption and fluorescence spectroscopies provide detailed information on oxidation states
of almost all the elements in the periodic table, but the detection limits are orders of
magnitude higher than for ICP-MS. Detection of engineered nanoparticles within
environmental components will be critical in establishing better experiments or models of
release and fate of nanomaterials into the environment.

The third challenge, measurement of nanoparticle characteristics or environmental
conditions known to affect characteristics, is not a new challenge to the analytical
community, but the combination of the challenges of nanoparticle behavior and toxicity
effects bring an additional dimension of difficulty to the problem. For instance, one can
imagine that simple fluorescent dyes that show pH-sensitive emission could be used to infer
local pH changes in systems that are not turbid and contain no highly colored species that
interfere with spectral data acquisition or adsorb the dye and alter its emission properties.
Without reliable in situ characterization methods, the ex situ destructive methods of
“freezing” the composition and spatial location of the sample, separation of components by
density gradient centrifugation or field-flow fractionation, and quantification of components
by mass spectrometry/magnetic measurements/absorption/emission/electrochemistry
(depending on the type of nanoparticle and environmental components) is laborious but is
the present state-of-the-art. A recent review highlights these issues and offers several case
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studies of finding engineered nanomaterials in soils or in sludge by combinations of these
techniques.34 For the sludge experiment, the authors were able to learn that wastewater
effluent that had significant silver content (as judged by ICP-atomic emission spectroscopy)
contained not silver but silver sulfide nanocrystals (as judged by high-resolution
transmission electron microscopy and energy dispersive spectroscopy (EDAX)).240 In this
case, there was no competing particulate matter in the sample to interfere with the
identification of the nanoparticles as silver sulfide.

While the body of work studying the ecological implication of nanoparticles is growing,
gaps in our understanding still exist. To create sustainable nanotechnology, it is important
for the expertise of a wide variety of disciplines to contribute to the greater understanding of
nanobio interaction. Analytical chemists are expertly poised to address many of the current
knowledge gaps and propel the field forward.
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Figurel.
Illustration of the dynamic transformations nanoparticles undergo in the body or the

environment (black arrows) and the interplay (as illustrated by gray arrows) between these
transformations.
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Figure 2.
Unique phytotoxicity considerations. Reprinted with permission from ref 111. Copyright

2011 Elsevier.
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Figure 3.
Grand challenges of econanotoxicity where analytical chemists can greatly contribute.
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Table 1

Predicted Environmental Concentrations (PECs) of Highly Produced and Used Nanoparticles in Three Major
Pathways in the Environment?

nanoparticle  PEC, pathway into environment ref

Ag 0.088-10 000 ng/L, surface water 23, 25, 26, 28
0.0164-17 pg/L, WWTP effluent 26, 28
1.29-39 mg/kg, WWTP sludge 26, 28

TiO, 21-10 000 ng/L, surface water 2,23, 25, 26, 29, 30
1-100 pg/L, WWTP effluent 26, 31, 32
100-2000 mg/kg, WWTP sludge 26, 30, 31

Zn0 1-10 000 ng/L, surface water 26
0.22-1.42 pg/L, WWTP effluent 26
13.6-64.7 mg/kg, WWTP sludge 26

carbon-based  0.001-0.8 ng/L, surface water 23, 26
3.69-32.66 ng/L, WWTP effluent 26

0.0093-0.147 mg/kg, WWTP effluent 26

aWWTP: wastewater treatment plant.
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Bacterial Monoculture Models Used in Nanotoxicity Studies and the Nanoparticles and Methods of Toxicity

Analyzed?d
bacteria model nanoparticle doserange assay(s) refs
Escherichia coli Ag 0.025-158 mg/L CFU, growth (OD), liquid-to-plate (colony area), 51, 68-70
viability (LIVE/DEAD Baclight and diameter of
inhibition zone in disk diffusion), minimum inhibitory
concentration (OD), f-galactosidase activity
(MetPLATE bioassay)
TiO, 0.01-500 mg/L CFU, ROS (H,DCFDA, XTT, p-chlorobenzoic acid, 70-73
furfuryl alcohol), f-galactosidase activity (MetPLATE
bioassay), growth (OD), viability (LIVE/DEAD
BacLight)
ZnO 0.01-500 mg/L CFU, ROS (XTT, p-chlorobenzoic acid, furfuryl 70, 71, 74-76
alcohol), viability (LIVE/DEAD BacLight), /-
galactosidase activity (MetPLATE bioassay)
CeO, 5-150 mg/L CFU, ROS (XTT, p-chlorobenzoic acid, furfuryl 54,71
alcohol), disk diffusion, MIC, viability (LIVE/DEAD
BacL.ight)
nCgo 1-342 mg/L CFU, MIC, ROS (XTT, furfuryl alcohol, 2- 77,78
chlorophenol), lipid peroxidation, protein oxidation
CuO 0.01-350 mg/L CFU, ROS (XTT, p-chlorobenzoic acid, furfuryl 71,76, 79
alcohol), bioluminescence changes
Al,O3 5-500 mg/L CFU, ROS (H,DCFDA, XTT, p-chlorobenzoic acid, 71,73
furfuryl alcohol), viability (LIVE/DEAD BacLight)
Fe,05 5 and 100 mg/L CFU, ROS (XTT, p-chlorobenzoic acid, furfuryl 71,80
alcohol), nanoparticle adsorption to cells (ICP-OES)
Sio, 5 mg/L CFU, ROS (XTT, p-chlorobenzoic acid, furfuryl 71
alcohol)
CdSe QDs 0.01-100 mg/L f-galactosidase activity (MetPLATE bioassay) 70
NiO 0-350 mg/L CFU 76
Sh,03 0-350 mg/L CFU 76
MWCNT 10-100 mg/L viability (LIVE/DEAD BacLight), ROS (H,DCFDA) 73
Bacillus subtilis CeO, 50-150 mg/L disk diffusion, MIC, CFU, viability (LIVE/DEAD 54
BacLight)
nCgo 1-342 mg/L MIC (OD), CFU, ROS production, lipid peroxidation, 77,78
protein oxidation
ZnO 2 pug/mL-500 mg/L  CFU, viability (LIVE/DEAD BacLight) 74,76
CuO 0-350 mg/L CFU 76
NiO 0-350 mg/L CFU 76
Sh,03 0-350 mg/L CFU 76
Ag 0.025-50 mg/L growth (OD), CFU, liquid-to-plate (colony area), 68, 69
viability (disk diffusion, LIVE/DEAD BacL.ight)
Vibrio fischeri fullerene 0.5-2.5 mg/L respiration (bioluminescence), ROS production (2- 81
chlorophenol degradation)
TiO, <20 g/L CFU, kinetic bioluminescence inhibition (Flash assay 82
using luminometer)
CuO <200 mg/L CFU, kinetic bioluminescence inhibition (Flash assay 82
using luminometer)
ZnO <100 mg/L CFU, kinetic bioluminescence inhibition (Flash assay 82

using luminometer)
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bacteria model nanoparticle dose range assay(s) refs
Nitrosomonas europaea CdSe/ZnS QDs  10-100 nM MIC (OD), ROS production (H,DCFDA), transcriptome 67
analysis
Ag 0.2-20 mg/L nitrification activity (nitrite production observed with 56
NitriVer 3 Reagents), membrane integrity (LIVE/DEAD
BacL.ight), select gene expression (QRT-PCR)
Shewanella oneidensis CeO, 50-150 mg/L disk diffusion, MIC, CFU, Viability (LIVE/DEAD 54
BacLight)
Cu-doped TiO, 20 mg/L CFU, select gene expression (QRT-PCR) 83
ZnO 2-40 mg/L cell density, (OD), EPS polysaccharide content 84
(colorimetric detection using phenol- sulfuric acid) and
protein content (Bradford assay), intracellular protein
production (GFP)
Ag 2-7.5 mg/L viability (diameter of inhibition zone in disk diffusion, 69
MIC (OD), LIVE/DEAD BacLight),
Pseudomonas aeruginosa  CdSe/ZnSQDs 20 nM transcriptome analysis (QRT-PCR), antibiotic resistance 55
TiO, 10-100 mg/L viability (LIVE/DEAD BacLight), ROS (HPF), FT-IR 85

membrane, EPS characterization wrt EPS secretion
genetic variants

aNote, only models that have been used more than once in nanotoxicity studies are highlighted below. CFU, colony forming unit; OD, optical
density; ROS, reactive oxygen species; MIC, minimum inhibitory concentration; HODCFDA, 2/,7’-dichlorodihydrofluorescein; XTT, sodium 2,3-
bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium inner salt; ICP-OES, inductively coupled plasma optical
emission spectroscopy; qRT-PCR, quantitative real time polymerase chain reaction; EPS, extracellular polymeric substance; GFP, green
fluorescent protein; HPF, hydroxyphenyl fluorescein; FT-IR, Fourier transform-infrared spectroscopy.
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