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• Engineered nanomaterials can harm
plants, heterotrophic and autotrophic
microbes, and animals.

• Animals were most harmed, plants
least.

• 50% lethal concentrations exceeded
most environmentally relevant concen-
trations.

• Biodilution was more common than
biomagnification.

• Most experiments were too short or too
unrealistic to assess chronic environ-
mental effects.
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The global environment annually receives thousands of tons of engineered nanomaterials (ENMs, particles less
than 100 nm diameter). These particles have high active surface area, unique chemical properties, and can
enter cells. Humanity uses many ENMs for their biological reactivity (e.g. microbicides), but their environmental
effects are complex.We cataloged 2102 experimental results on whole organisms for 22 particle classes (mainly
on Ag, Zn, Ti, and Cu) to assess biological responses, effective and lethal concentrations, and bioaccumulation of
ENMs. Most responses were negative and varied significantly by particle type, functional group of organism, and
type of response. Smaller particles tended to be more toxic. Aquatic organisms responded more negatively than
did terrestrial organisms. Animals generally were most sensitive and plants least. Silver ENMs generally had the
strongest negative effects. Effective and lethal concentrations generally exceeded modeled environmentally rel-
evant concentrations and organisms usually did not accumulate or biomagnify to concentrations above those in
their environment. However, most experiments lasted less than a week and were not field studies. Research to
date is probably insufficient to understand chronic effects and long-term biomagnification. Numerous unique
and untested ENMs continue to enter environments at accelerating rates, and our analysis indicates potential
for negative effects. Our data suggest substantial research is still required to understand the ultimate influence
of ENMs as they continue to accumulate in the environment. Around 40% of the papers with experimental data
for ENMs failedwith respect to reportingmeans, sample sizes, or experimental error, or they did not have proper
experimental design (e.g. lack of true controls). We need more high-quality experiments that are more realistic
(field or mesocosm), longer duration, contain a wider range of organisms, and account for complex food web
structure.

© 2021 Elsevier B.V. All rights reserved.
VA, analysis of variance; BAF, bioaccumulation factor; BCF, bioconcentration factors; EC50, concentration where half the test
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1. Introduction

Humans are escalating production and application of engineered
nanomaterials (ENMs, particles less than 100 nm in diameter) globally
because these materials have unique and useful properties for numerous
applications (Hochella et al., 2019). Organisms have been exposed to par-
ticles in this size range since life evolved (Handy et al., 2008), however
novel ENMs are entering the natural environment at exceptional rates.
We have a modest but increasing understanding of environmental risks
of these novel exposures (Owen and Handy, 2007). ENMs can enter
cells, and their high surface area to volume ratio potentially increases
their reactivity and toxicity relative to larger particles (Hochella et al.,
2019; Jeevanandam et al., 2018). Modern societies have released other
novel compounds (e.g. human synthesized pesticides) into the environ-
ment without fully understanding their influences, ultimately leading to
widespread unintended negative consequences (Rubin, 2011).

Nanotechnologyhas resulted inmany useful ENMs. As a result, thou-
sands ofmetric tons of ENMs (including silver (Ag), titanium(TiO2), and
zinc (ZnO)) are released to landfills, water, soil, and air each year (Keller
and Lazareva, 2014). Subsequently, they can be retained, removed, or
transported among trophic levels and ecosystems (Nowack et al.,
2012). Several factors impede generalization about their environmental
influences including 1) numerous types, sizes, and concentrations of
ENMs to test, 2) various experimental testingmethods, some under un-
natural conditions, 3) methodological difficulties in determination of
concentrations, and 4) the diversity of organisms used as test subjects
(Bour et al., 2015; Hou et al., 2013; Lead et al., 2018).

Additionally, the properties of ENMs lead to ambiguity in predicting
environmental effects. For example, ENMs can be more reactive than
larger particles and less reactive than corresponding ions. However,
they could remain in the environment longer than ionic compounds
would, and move through natural environments more quickly than
larger particles can. While some ENMs, such as Cu and Ag, have docu-
mented biocidal properties, even relatively inert compounds (e.g., Si, as-
bestos) can have negative health effects. Natural complexity of diverse
and interacting organisms complicates prediction of effects as well.
Thus, predictive understanding of biological effects of ENMs requires
substantial data.

Two general extremes on the range of views exist with respect to
ENMs: unbridled optimism of the applications of ENMs and extreme
fear about the potential unknowns associated with ENM releases into
the environment (Bernhardt et al., 2010). Reality probably falls between
these extremes, but a movement toward the optimistic from some re-
searchers has been proposed. Dr. Paul Westerhoff, in an invited confer-
ence presentation through the US National Science Foundation
(Westerhoff, 2020), stated “Overall, the levels of engineered
nanomaterials are usually extremely low (part per billion or lower),
and lower than incidental or natural nanomaterials of similar composi-
tion. Occasionally, ‘hotspots’ in the workplace or environment were ob-
served, but overall we concluded there are very low exposures inwater.
As the EHS [environmental health and safety] community saw the risks
from engineered nanomaterials would likely be low, and manageable,
many began focusing on exploring how unique nanoscale properties
could be exploited to clean-up the environment”. Similarly, Lead et al.
(2018) stated “There is a developing consensus that NMs may pose a
relatively low environmental risk”. Simultaneously, researchers publish
papers advocating for purposeful release of ENMs to solve environmen-
tal problems even though the specific ENMs are, in the same paper,
demonstrated to be toxic and non-ENM solutions are available
(Dodds, 2019). A recent extensive review on the influence of ENMs on
microbial communities suggested even low concentrations can have
sub-lethal effects on structure and function of microbial communities,
particularly under realistic field conditions and chronic exposures
(Wu et al., 2021).

We sought to explore if ENMs really pose a low environmental risk
after our preliminary literature review found only modest systematic
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analyses of existing experimental data (e.g., Notter et al., 2014; Rajput
et al., 2018), and most of it focused on laboratory studies (Wu et al.,
2021). We take up the call made over a decade ago to use meta-
analytic approaches to assess ecological effects of ENMs combining
many studies (Bernhardt et al., 2010). Now, with the explosion in num-
bers of ENM research papers, we have enough publications on the ef-
fects of ENMs to begin to untangle the complex and diverse universe
of potential environmental effects.

We assembled a large dataset on environmental effects of ENMs to
explore: 1) Which ENMs are studied and how? 2) How do particle
identity, size, concentration, and study duration influence toxicity (re-
sponse ratios, and lethal and effective concentrations (LC50 and EC50))
in different organisms related to the role they play in the environment?
3) What are bioaccumulation (BAF), biomagnification (BMF), and
bioconcentration (BCF) factors of ENMs as a function of ecosystem
role and trophic level in different organisms?We paid special attention
to the quality of each study and analyzed the data with established
meta-analytic statistical procedures developed to avoid biases associ-
ated with combining numerous experimental results from different
investigators.

2. Materials and methods

2.1. Data collection

Our general workflow consisted of multiple steps of identifying
studies, assessing their relevance to our aims, harvesting the data, and
approaches to data analyses (Fig. 1).Wemined the peer-reviewed liter-
ature on 1 Nov 2019 using theWeb of Science Core Collection Database
and extracted papers by search relevance (details below and in supple-
mentary material). We searched with terms including “nanomat*” or
“nanopart*” (*indicating a search wildcard) in combination with quali-
fiers such as “terrestrial” or “aquatic”, and we further narrowed our
search to focus on microbes, aquatic or terrestrial producers, or con-
sumers, and specific response terms (e.g., photosynthesis, growth).
Each line for response ratios had at least one comparison of experimen-
tal treatment with control, and we collected ancillary information rele-
vant to the study for all recorded experimental results. Supplementary
index table S1 has detailed search terms, S2 has a list of rules for record-
ing data and exclusion of papers, S3 has columnheader descriptions and
metadata for the full dataset, and S4 has types of ENMs (link to full
dataset here upon publication).

We collected variables to be used for response ratios, EC50, ED50,
LC50, LD50 (50% concentration or dose for an effect or lethality),
biomagnification factors (BMF, concentration in predator versus prey,
also referred to as trophic transfer factor), bioaccumulation factors (BAF,
tissue concentration/environment concentration), bioconcentration fac-
tors (BCF, same as BAF but excludes dietary exposure), ENM type, size,
concentration, and other experimental details. Data were reported such
that negative response ratios represented harm (e.g., mortality rates
were converted to survival so a decrease in survival would translate to a
negative response ratio), and units were convertedwhen needed to facil-
itate direct comparison.

We created a detailed list of rules to exclude non-relevant results
(Table S2). The top 80 papers for each grouping of search terms (sorted
by Web of Science relevance scores) were assigned without bias to each
of nine reviewers for data extraction.We identified an additional selection
of 44 papers from the remaining initial search lists using targeted if-then
statements to highlight papers in areas in which we were lacking data in
an effort to identify papersmost likely to increase sample sizes enough to
ensure rigorous analyses. Thus, we examined 444 papers closely. We
rejected many of these immediately because they were reviews, or
while they discussed ENMs, they did not have actual experiments on
ENMs.

We recorded experimental data directly from the paper when au-
thors made results available in a table or through in-text discussion of



Fig. 1. Study selection, data harvest, and data analyses workflow.
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results. When data were only available in the form of a graph, we ex-
tracted numeric data from images (Rohatgi, 2019).

2.2. Data analysis

We used log response ratios (Hedges et al., 1999) to quantify effect
size of ENMs for each experiment, after correction for bias associated
with small sample sizes in experiments (Lajeunesse, 2015). Before run-
ning statistical tests, we omitted response ratios if the experimental or
control groups had a standardized mean less than three after adjust-
ment for small sample size (Lajeunesse, 2015). We used funnel plots
to assess if there was still bias (supplementary materials) and found
no evidence that such bias exists (Sterne et al., 2005) Analyses were
conducted in R using package car (Fox et al., 2012) and other base pack-
ages (RCoreTeam, 2019). ENM particle size and experiment length ef-
fects on responses were analyzed using analysis of covariance
(ANCOVA). We assessed other categorical differences with ANOVA. Dif-
ferences between experimental setting (e.g. laboratory or field) and
ecosystem type (i.e. aquatic or terrestrial) were analyzed using
ANOVA. We excluded some specific ENM types from figures when
there was not a large enough sample size for proper statistical analysis.
BAF, BCF, BMF, EC50, and LC50 were not normally distributed (Shapiro-
Wilk test), so were log transformed prior to analyses. We recognize
that multiple statistical tests can lead to false estimation of significance,
but most of our results are very highly significant and application of
Bonferroni corrections or similar approacheswould not alter our overall
conclusions.

We calculated additional BAF and BMF values by dividing the con-
centration of ENM in tissues by either the environmental concentration
of the relevant ENM (BAF) or the concentration in the food source
(BMF). We only did this for papers that did not directly report BAF or
BMF values but where data were available to calculate values manually
from environmental and/or organismal ENM concentration estimates.

3. Results

3.1. Types of experiments and particles

We excluded about 40% of the papers we analyzed with a complete
reading because they did not report means, errors, sample sizes, ENM
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size or concentration used, or had no proper controls. Many of the pa-
pers without proper controls tested multiple ENMs and/or other
stressors simultaneously but did not use a complete factorial experi-
mental design that could discern individual effects and interactions.
Our final dataset was composed of experimental results from 191
closely read papers, for a total of 2102 unique data lines.

The papers with adequate experimental data reported results on 22
types of ENMs,with Ag, Zn, Ti, and Cumost commonly studied (Fig. 2A).
Fe, C nanotubes (CNT), Ce, Au, Ni, and Si had modest attention, and Al,
carbon graphene (CG), carbon fullerenes (CF), quantum dots, Sn, Cn,
Se, Mn, plastic, and Cowere sparsely represented. Almost 90%were lab-
oratory experiments, 10% were in mesocosms, and less than 1%were in
field settings.

Several of the elements had different chemical forms of
nanomaterials. Specific chemical forms and numbers of data points for
each form are in supplementary materials. We used nested ANOVA
followed by Tukey's post-hoc comparisons to assess if the form of
ENM significantly influenced response ratios for ENMs with enough
data to make the test (Ag or Ag2S, graphene or graphene oxide, Cu or
CuO, Fe3O4 or zero valent Fe). None of the comparisons were significant
(p > 0.17). Likewise, we only had data to test differences in EC50 and
LC50 for Cu or CuO, and found no significant differences (p > 0.52), po-
tentially due to high variance and small sample size. We lumped results
for all chemical forms by element (except carbon nanotubes, graphene,
and fullerenes) in subsequent analyses.

Particle coating significantly (p < 0.02) influenced response ratio,
but the effect of coating varied by particle type. Coated Ag particles elic-
ited stronger responses, but Au and Ti had weaker effects with particle
coating. In combination with the possibility that coating properties
change over time, this led us to combine data from coated and non-
coated particles for the remaining analyses.

Response ratios were generally less negative with longer experi-
ments (p < 2−16) and varied by trophic strategy (functional group)
with a significant interactionwith experiment length (p< 2−5). Animal
experiments averaged 4.3 days, aquatic producers 6.9 days, heterotro-
phic microbes 92 days, and terrestrial producers 55 days. Longer exper-
iments had weaker response ratios for animals and primary producers,
but not heterotrophicmicrobes. Particle type (p<0.02) and experiment
length did influence LC50 (p < 0.04), with longer experiments revealing
more lethality at lower concentrations. Experiment length in the studies

Image of Fig. 1


Fig. 2. Total number of data lines per type of ENManalyzed (note log scalewith percentages of total data lines rounded to thenearest 1%) (A); overall response ratios for ENMparticle types
withmeans and 95% confidence intervals (B); response ratios by response group (C); response ratios by type of response ratio (D); and response ratios by habitat (E). Box plots in C–E and
remaining figures have line at the median, lower and upper edges at the 25th and 75th percentiles, respectively, whiskers extending to the most extreme value no further than 1.5*Inter
Quartile Range from the edges, and outlying points plotted individually with sample sizes above each bar.
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we reviewed did not significantly influence EC50 for BCF and BMF but
did for BAF (p < 0.043).

The interaction of ENM particle identity and size significantly influ-
enced response ratios (p< 0.003, ANCOVA)with larger particles having
weaker responses for Fe and Ti, and stronger responses for Ag,
graphene, and Cu. LC50 was influenced by particle size (p < 0.004)
with smaller particles being more lethal for Ag, Cu, Zn, and Ti. EC50

was highly influenced by ENM identity, size, and their interaction (p <
3−6). Smaller particles exhibited lower EC50 values for Ag, graphene,
Cu, Si, and Ti, but EC50 values were greater with larger Zn particle size.
Size did not significantly correlate with BAF and BCF, but BMF was
greaterwith smaller Agparticles and larger Ti particles (p<0.014). Sub-
sequent analyses of our data did not control for particle size.

3.2. Response ratios by organism type and response type

The type of ENM strongly influenced response ratios regardless of the
covariate it was analyzed with; most responses were negative with 95%
confidence intervals for 9 of 15 ENM types falling below zero, and no
means were significantly above zero (Fig. 2B). Response ratios differed
by organism, ENM type, and their interaction (ANOVA, p < 2.2−16 for all
effects). ENMsmost strongly harmed animals, particularly via negative ef-
fects of Ag; Cu andZnhadmostly neutral influences. Terrestrial plants had
the weakest responses, although on average the responses tended to be
slightly negative (Fig. 2C). Response ratios were also influenced by ENM
identity and response type (biomass, diversity, growth, metabolism, or
survival; ANOVA p < 2.2−16 for main effects and their interaction). Ag
particles had the strongest influence on growth and survival (Fig. 2D). Re-
sponse ratios of aquatic versus terrestrial organisms varied significantly
by ENMtype andhabitat (ANOVAp<2.2−16 formain effects and their in-
teraction). Responses tended to be stronger for aquatic organisms for Ag,
Ti, and carbon nanotubes (Fig. 2E).

3.3. Values of LC50 and EC50

Type of ENM influenced LC50 and EC50 (ANOVA, p < 0.023 and
2.2−16 respectively, Fig. 3A, B) when concentrations were expressed
per volume of water, and EC50 was influenced by terrestrial or aquatic
habitat, particle type, and their interaction (p < 7−8). LC50 did not
vary significantly by terrestrial or aquatic ecosystem. We analyzed
EC50 for Au, Cu, and Zn to compare animals and heterotrophic microbes
(Fig. 3C) with animals more sensitive than heterotrophic microbes (p<
5−12). Fewer experiments determined LC50 and EC50 for soil and sedi-
ments (Fig. 3D–G). Heterotrophic microbes and animals had lower
EC50 for Ag than terrestrial producers when tested in soils and sedi-
ments (Fig. 3E) though small sample size precluded statistical analysis.
Relatively few studies determined LC50 values for soils and sediments
based on concentrations per soil mass (Fig. 3F and G).

3.4. Bioaccumulation (BAF), bioconcentration (BCF), and biomagnification
(BMF)

The longest experiment we could calculate BMF from was 42 days,
and the average length of experiment was 11 days. The BAF, BCF, and
BMF values varied highly significantly by particle type (Fig. 4A). Most
of these values were near or less than one, with the exception of Ti for
BAF and Cu for BMF. It appeared that BMF values were greater for carni-
vores than herbivores (Fig. 4B), though sample sizes were too small for
reliable statistical analyses.

4. Discussion

4.1. Particle size and coating

We found highly variable but mostly negative organismal responses
to ENMs. Responses were a function of particle type and size,
5

experiment duration, habitat type, functional role of organisms, and re-
sponse type (e.g., survival, growth, etc.). Most experiments were short
laboratory studies. Particle coating led to variable effects across particles
as coatings can be used to increase activity or to keep particles in solu-
tion. We note that particles can be modified as they pass through sew-
age treatment plants, and this modification can alter response to Ag
and Ti nanomaterials (Galhano et al., 2020; Georgantzopoulou et al.,
2020; Zeumer et al., 2020). Presumably, this is because wastewater
treatment alters their surface properties.

Particle size can influence toxicity, and prior meta-analysis suggests
that dissolved ions have about two-fold greater toxicity than nanoscale
forms of Ag, ZnO, and CuO (Notter et al., 2014). Larger particles are
transported less quickly from environments (Whiles and Dodds,
2002), so larger particles may have more time to interact with organ-
isms. However, smaller particles can be more likely to enter cells (Liu
et al., 2010) and have greater active surface area, increasing the proba-
bility of toxicity. Within the size range of ENMs, we could find only
modest influences of particle size, and results varied with particle
type. Smaller particles were generallymore toxicwith lower concentra-
tions for LC50 and EC50 for most ENM types.

4.2. Applicability to real world conditions: experiment length and relevant
concentrations

The reviews by Hou et al. (2013) and Geitner et al. (2020) called for
better experimental standardization and consistency in data reporting.
We confirm this problem,withmany of the paperswe examined having
poor experimental design or inadequate results reporting. Subse-
quently, the applicability of many papers to the real world was low.
However, given the large total number of publications available we
were able to characterize enough experiments that had stronger design
and reporting.

Our analysis was subject to several potential interferences. For ex-
ample, papers published since we did our literature search could have
used more advanced methods, or better control of experiments. How-
ever, when we tested year of publication against strength of response
ratio or biomagnification factor we saw no significant temporal trend,
indicating newer literature gave no different results than older (data
not shown). We did control for bias associated with small studies as
documented in our methods sections and related funnel plots in the
supplemental information. Tests for homogeneity are not appropriate
when large differences among studies are expected (Mengersen et al.,
2013). As we assessedmany different ENMs and response types, we ex-
pected large differences among studies. Thus, we present our data as
non-parametric box plots in addition to results from statistical tests to
allow direct visual assessment of outliers and data distributions.

Chronic exposure can intensify the influence of toxicants; however,
in our analysis, longer exposures generally caused weaker responses,
except for in microbial heterotrophs. Shorter experiments were proba-
bly less prone to particle aggregation and binding, leading to increased
biological reactivity of ENMs, though most experiments were substan-
tially shorter than the study organisms' lifespans. Generalization of tem-
poral effects is difficult due to the complex nature and fate of ENMs in
natural environments (Nowack et al., 2012). However, Wu et al.
(2021) stressed that chronic effects are important for microbial assem-
blages, and that sublethal effects can have substantial long term impli-
cations for structure and function of microbial communities.
Additionally these experiments often ignore the influence of multiple
stressors (Wu et al., 2021). While “bottle” experiments can be informa-
tive, they may be difficult to extrapolate to the real world (Schindler,
1998).

We likely underestimated actual BMF values as the longest study in
our data set measuring bioaccumulation was just over a month, and
most studies were less than two weeks long. A whole-lake dosing ex-
periment revealed 119 d turnover of Ag in Northern Pike (Esox lucius)
tissues (Martin et al., 2018), substantially longer thanmost experiments



Fig. 3. EC50 (A) and LC50 (B) by particle type and ecosystem type with concentrations reported as mass per volume. (C) EC50 by ENM and organism type with concentrations reported as
mass per volume. (D) EC50 for particle types for terrestrial (Terr.) experiments and by (E) functional organism type and ENM by mass per mass sediment (Het. Mic. = heterotrophic
microbes, Terr. Pro. = Terrestrial Producers). (F) LC50 for Ag effects by aquatic (Aqu.) or terrestrial habitats and (G) for animals reported as mass per mass sediment.

W.K. Dodds, J.P. Guinnip, A.E. Schechner et al. Science of the Total Environment 796 (2021) 148843

6

Image of Fig. 3


Fig. 4. (A) Bioaccumulation (BAF), bioconcentration (BCF), and biomagnification (BMF) factors by particle type, and (B) BMF seperated by carnivores and herbivores.
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we analyzed. Inorganic ENMs will not degrade, suggesting the possibility
of very long-term chronic effects. Most ENM experiments use ENMs in
suspension, but many studied ENMs have a propensity to coagulate and
settle, and should move to soils and sediments where they will concen-
trate and potentially re-cycle into the biological pool. Some of the ENMs
can mobilize via dissolution but most will continue to accumulate in the
environment with repeated releases. For example, Rearick et al. (2018)
added nanoscale Ag to a lake for four months resulting in consistent in-
creases in lakewater concentrations. Additionally, biochemical processing
of nanomaterials will occur in the environment, potentially changing
chronic effects. In one study, the effects of Ag ENMs onmicrobial commu-
nities were stronger when the ENMs were subjected to pre-conditioning
via simulated wastewater treatment conditions than when they were
fresh (Forstner et al., 2020). Microbial communities continued to shift
7

over a year in terrestrial and wetland mesocosm experiments dosed
with Cu(OH)2 nanoparticles (Carley et al., 2020). These examples suggest
our data setwas not adequate to estimate long-termeffects andmayhave
underestimated the potential for biomagnification.

Data suggest occurrence of ENM hotspots. Cleveland et al. (2012)
placed a single black dress sock in a 366 L marine mesocosm stocked
with cordgrass, sediment, andmarine animals and attained awater con-
centration about 10 times the estimates of environmentally relevant
concentrations from Gottschalk et al. (2013) within 6 h. This value
was close to the lower range of EC50 values we found. Similarly, the
upper concentrations for Ag and ZnO in soil were far lower than the
EC50 or LC50 values documented here, but the Ag concentration in sedi-
ments exceeded by 10-fold those in a mesocosm with a single stuffed
toy bear after 72 days.

Image of Fig. 4
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What are environmentally relevant concentrations of ENMs? Analyti-
cal andmodeling approaches foundmedian surfacewater concentrations
of nanoscale TiO2 were 0.5–0.003 μmol/L, Ag from 0.004–3*10−5 μmol/L,
ZnO from0.003–0.0005 μmol/L, C nanotubes from10−4–10−5 μmol/L, ful-
lerenes at 10−6 μmol/L, and CeO2 at 0.001 μmol/L (Gottschalk et al., 2013).
The EC50 values we found for TiO2 were mostly greater than these
modeled ranges except for in some animal tests. All values for EC50 for
Ag, ZnO, and C nanotubes we found exceeded those environmental con-
centrations. Gottschalk et al. (2013) only provide a modest number of
field estimates to compare to their models.

Values reported by Gottschalk et al. (2013) needmore field verifica-
tion as well as more detailed modeling. For example, spatially resolved
models of Ag and ZnO nanoparticles in streams suggested that agricul-
tural sources could dominate, but that a relatively small amount of ei-
ther particle was retained in the streams. Another study found that
ZnO left the watershed more quickly because of its ability to dissociate
into ionic Zn+ (Dale et al., 2015). Further, EC50 or LC50 values indicate
when half the population experiences negative effects or death; how-
ever, a 10% mortality rate could have large implications for ecological
processes and would likely occur at far lower concentrations.

We did find higher concentrations for EC50 in terrestrial than aquatic
experiments when papers reported concentrations per unit liquid vol-
ume, which generally occurred because experimenters reported the
concentration they added as a liquid solution to sediments. We have
no way of knowing what the actual exposures were in these experi-
ments as the soil or sediments could have diluted the ENMs. Alterna-
tively, the ENMs could have adhered to the sediments leading to
higher effective doses or physically changing the toxicity.

4.3. Specifics of the most commonly used ENM types

The most commonly studied ENMs were Ag, Cu (Cu and CuO), TiO2,
and ZnO. Each of these has different uses and base properties. The most
heavily studied of these is Ag, used for its microbicide properties in
clothing, medical equipment, water treatment, andmany other applica-
tions (Longano et al., 2012). Around 400 metric tons of Ag ENMs per
year are produced and ultimately will enter the environment (Keller
and Lazareva, 2014). The use of Ag ENMs has probably decreased trans-
mission rates of disease and hadmany positive aspects. However, these
particles can pass through theblood-brain barrier and impairmitochon-
drial function related to their penetration and accumulation in themito-
chondrial membrane among other negative effects (Akter et al., 2018).
Ag ENMs have cytotoxic effects on human cell lines (Tortella et al.,
2020). Negative effects on an array of organisms are reviewed in detail
by Tortella et al. (2020). The use of these particles is accelerating and,
presumably, environmental concentrations will increase accordingly
because the particles will not degrade. Laboratory experiments indicate
effects on laboratory cell lines at concentrations ranging from 0.4–250
ng/L (0.0027–2.3 nM) including several modes of action (Akter et al.,
2018). These concentrations are less than those we report for whole-
organism experiments and overlap the ranges of environmentally rele-
vant concentrations reported by Gottschalk et al. (2013). As discussed
above, environmental concentrations can far exceed these in “hotspots”
such as near Ag ENM-impregnated clothing discarded into water. The
experiments we analyzed indicated Ag ENM bioaccumulation factors
of 0.1–1, indicating some bio-dilution, but perhaps not enough to keep
concentrations within cells low enough to avoid damage in all environ-
mental applications.

Cu and CuO ENMs have biocidal properties and are used in personal
care products and as an enabler for agricultural pesticides (Angeler
et al., 2003) among other potential uses. Consistent with our analyses,
others have noted biological accumulation and toxicity of copper
ENMs (Angeler et al., 2003). Dissolved copper can be toxic to many or-
ganisms including aquatic organisms. Repeated addition of ionic copper
sulfate to lakes to control cyanobacterial blooms is probably the
most widely studied aspect of purposeful copper additions to the
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environment. Hanson and Stefan (1984) analyzed 58 years of treatment
in five Minnesota lakes. They found additions caused shifts to undesir-
able cyanobacteria, fish kills, loss of desirable fish species, loss of macro-
phytes, and reduction of macroinvertebrates. Additionally, copper
continued to build up in the lake sediments over time. This is instruc-
tive, as copper ENMs will build up in aquatic sediments at potentially
greater rates than ionic forms of copper as they are less likely to wash
out with hydrologic exchange. Given that copper ENMs are an ingredi-
ent of some pesticides and there is likely potential for repeated applica-
tions, the buildup of copper in terrestrial soils is also of concern.

While TiO2 in its bulk form is considered non-toxic and is used in
many products including human food, the ENM form has photocatalytic
properties that can be useful in breaking down pollutants but also in-
crease its toxicity to some organisms (Schaumann et al., 2015). Most
of the microbicide properties relate to this phototoxicity. Many of the
experiments we analyzed did not document the source or intensity of
the light used and may have underestimated toxicity relative to that
which would occur in surface waters. Additionally, increased acidity,
as seen in surface waters as atmospheric CO2 increases, magnifies the
toxicity of TiO2 ENMs (Xia et al., 2018). Again, we found few experi-
ments that controlled for pH, so it is not clear what continued effects
would be on marine ecosystems with ongoing acidification.

The largest use of ZnO nanoparticles is in sunscreen because they
allow visible light to pass while absorbing ultraviolet light, but these
particles also have anti-microbial properties and manufacturers incor-
porate them in food packaging. The ZnO nanoparticles have similar
properties to TiO2 as they are photocatalytic, producing reactive hy-
droxyl and peroxide compounds upon exposure to light (Sirelkhatim
et al., 2015). Rajput et al. (2018) foundnegative effects of ZnOon terres-
trial and aquatic animals, plants, and soil microbes in their review. In
contrast, we found negative but weak effects of ZnO onmost organisms.
Long term experiments with ZnO on mice indicated negative health ef-
fects not evident in shorter experiments (Rajput et al., 2018)

4.4. Potential for accumulation in the environment

We have found considerably more data on a wider variety of organ-
isms than did Hou et al. (2013), indicating research has progressed.
Their review did find a relationship between environmental concentra-
tions and body burdens of ENMs for aquatic organisms (fishes and
microcrustaceans mostly) and soil (earthworms). However, these au-
thors noted numerous experimental deficiencies in methodology. A
more recent review (Kuehr et al., 2021b) investigatedmethods for test-
ing bioaccumulation in invertebrate test organisms. They note consider-
able progress in experimental methodology over the last decade and
provide a guide to best practices in such studies. Many of the studies
we reviewed did not follow these suggested best practices.

We compare our results to some general principles derived from or-
ganic and metallic pollution research. A global analysis verified that or-
ganic chemicals have greater rates of trophic magnification if an
organism metabolizes them at low rates and the compounds have
high hydrophobicity (Walters et al., 2016). In contrast, functional rela-
tionships between concentrations and inputs or excretion alone control
metal bioaccumulation (the metals cannot be metabolized). While or-
ganic forms of some metals (e.g. methylmercury) clearly biomagnify,
the data for other forms of metals are more scant. Some metals appar-
ently do biomagnify (Mann et al., 2011). Hou et al. (2013) noted that
lipid content of animals correlated poorly to bioconcentration of
ENMs, even the carbon-based ones. Sanchís et al. (2020) confirmed
this observation with fullerenes (a non-polar compound expected to
biomagnify), biofilms, and snails.

Most (although not all) compounds were not bioaccumulated or
bioconcentrated in short experiments, and ENM experiments are
prone to experimental errors that tend to overestimate these rates
(Petersen et al., 2019). It is possible that short-term experiments under-
estimate bioaccumulation. While the average length of experiment we
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foundwas11 days, Zeumer et al. (2020) found it took at least 14days for
rainbow trout to reach equilibrium concentrations of accumulated Ag
ENMs.

We found a wide range of estimates for bioaccumulation and
bioconcentration. An aquatic feeding experiment of the bivalve Corbic-
ula fluminea found bioaccumulation factors for Ag ENMs of 31 after
two days and values of 6,000 to 9,000 for TiO2 ENMs (Kuehr et al.,
2020). These values are much greater than those we found in our pa-
pers, but consistent with the observation of Ti bioaccumulating more
than Ag. Kuehr et al. (2021a) also tested the amphipod Hyallela azteca
and found biomagnification factors of 0.25–0.93, 0.02, and 0.02–0.03
for Ag, TiO2, and Au ENMs respectively. These numbers aremore consis-
tent with those we found in earlier studies. A terrestrial mesocosm
study found Ag concentrations decreased 100-fold with each trophic
step (Unrine et al., 2012). However, a whole-lake dosing study found
Ag biomagnified in Northern Pike livers (Martin et al., 2018). A five-
fold biomagnification for Ce occurred in a terrestrial mesocosm study
with plants and invertebrates (Majumdar et al., 2016), but there were
decreases in La2O3 with increased trophic level in feeding studies with
terrestrial insects (De la Torre Roche et al., 2015). Scant data exists for
biomagnification of most types of ENMs and most experiments were
too short to cover reproductive lifespans of larger organisms, which
could lead to underestimates of long-term bioaccumulation.

Very few studies on trophic transfer used more than one trophic
level, with carnivores very poorly represented in the published litera-
ture. In addition,most of the studies that report BMFs are in aquatic sys-
tems, possibly due to the ease and reliability of administering ENMs in
an aqueous setting.More studies on biomagnification of ENMs in terres-
trial systems, across greater numbers of trophic levels, and longer ex-
periments will allow better characterization of ENM movements
through food webs. A general lack of data is not surprising; in the
United States and Europe, there are 75,000 to 140,000 different
marketed chemicals of all types, but only approximately 11% of them
have toxicity data and 1% are characterized with respect to
bioconcentration (Johnson et al., 2020).

4.5. Conclusions

As we discussed in the introduction, there is a range of opinions on
thepotential danger of releases of ENMs to the environment. Our results
indicate potential environmental risks of ENMs exist, but we found 74%
of response ratios were negative. Ag ENMs generally had the most neg-
ative effects and relatively low values for EC50 but were also the most
studied. Ag and Cu have antimicrobial properties, but can also nega-
tively influence other groups, particularly animals.We found little infor-
mation about interactions of different ENMs, though many
environments probably receive multiple types.

There is a significant knowledge gap in our current understanding of
their effects on differing organisms, while their use is accelerating, in-
creasing the probability they will accumulate in the environment. The
modest numbers of studies on ENMs were mostly conducted in con-
trolled laboratory settings, were short experiments, and were not
done under natural conditions. They often ignore multiple stressors
and small-scale experiments can be difficult to extrapolate to the real
world. We also subjected our data mining to constraints that would
seem to allow any study that meets modern scientific standards to
pass. However, we filtered many papers from our analyses because
they did not report methods adequately to reproduce the study, did
not use proper experimental design, or did not report basic results
such as sample sizes and errors.

We recommend better experimental design and reporting and that
reviewers insist that such practices be followed. We suggest focus on
1) longer experiments, 2) experiments under more realistic field condi-
tions, 3) experiments that assess multiple stressors and/or combina-
tions of different ENM particle types while accounting for individual
effects as well, and 4) pursuit of methods that can better characterize
9

environmentally relevant concentrations and effects at those concentra-
tions. Novel ENMs continue to be synthesized and some of them are re-
leased into the environment either purposefully or indirectly. We urge
researchers to pursue further investigation into field studies, life cycle
analyses, multiple trophic level studies, long-term studies, and ulti-
mately, the presence of potential pathways causing bioaccumulation
of ENMs in humans. Our data suggest there may be substantial risks to
unregulated releases of many different types of ENMs into the
environment.
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