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Silver nanomaterials (AgNMs) are released into the soil through various anthropogenic activities, including as
biocides and in biosolid amendments. There is an abundance of toxicity data available for AQNMs and soil
organisms, yet the assessment of their ecological risk and the influence of NM characteristics and exposure
conditions on AgNM hazard in soils are not well elucidated. In this study, available soil ecotoxicology data
for AgNMs and other Ag forms were collated from literature into a database. Using this database, species
sensitivity distributions (SSDs) for soil biota were constructed. From these SSDs we calculated hazard
concentrations for 50% of species (HCsq) that would allow us to robustly compare effects on soil organisms
soil or liquid media and to assess relationships to NM properties (coating) and major soil properties. For all
AgNMs, the calculated HCsq value was 3.09 (1.74-5.21) mg kg for studies conducted with soil dwelling
species in soils and 0.70 (0.32-1.64) mg L™ for liquid exposures. In comparison, the HCsq value for Ag salt
(silver nitrate, AQNOz) was 2.74 (1.22-5.23) mg kg * for soil and 0.01 (0.01-0.03) mg L for liquid-based
exposures. At a detailed level, the Ag salt was more toxic than the NMs across most soil species and
endpoints. Further analyses indicated that both NM surface coating and soil type influence AQNM toxicity. In
soil exposures SSDs indicated similar effects across differently coated NM forms, however, in liquid-based
assays both uncoated and PVP-coated AgNMs were more toxic to soil tested organisms than citrate-coated
AgNMs. Soil cation exchange capacity (CEC) and organic carbon (OC) also influenced AgNM toxicity, with
AgNMs being more toxic in soils with higher CEC and lower OC. Our study provides a data resource of
toxicity data for soil species and the first hazard thresholds for risk assessment of AgNMs in soils and
provides new insights into the factors driving AGQNM hazard for soils species.

Silver nanomaterials (AgNMs) are widely used in many consumer products and biocides. Their main pathway to the environment is through biosolids that

are applied to agricultural lands, making them a risk to both freshwater and soil ecosystems. In comparison to freshwater ecosystems, the ecological risk of
AgNMs to soil biota is understudied. Our study constructs the first species sensitivity distribution specifically for soils and gives insight into how both
particle and soil properties can influence AgNM hazard to soil biota.

Introduction

direct releases (e.g. as biocides) and biosolid application to
land.® Material flow analysis predicts that >90% of AgNMs in

Silver nanomaterials (AgNMs) are one of the fastest growing
classes of NMs," accounting for 15% of market share in
2022.% Pathways for AgNMs to the soil environment include
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commercial products end up in wastewater treatment plants
(WWTP).* Within the WWTP system, the majority of these
NMs partition to the sludge.” In many countries, a significant
proportion of the sludge is further treated to generate
biosolids that are used as a soil amendment in agricultural
and non-agricultural soils. Given the potential release of
AgNMs to soil environments, the hazard of these materials to
soil communities has been a subject of some concern, with a
strong drive over the past decade to assess their toxicity to
soil species. Yet, hazard thresholds for risk assessment of
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AgNMs in soils have not yet been determined and the relative
importance of NM characteristics and soil type are not
robustly established.

Multiple studies investigating the effects of AgNM on soil
organisms and processes have found that exposure can inhibit
vital rates (e.g., survival, growth, reproduction) of soil
invertebrates and plants, as well as altered or inhibited
functioning of soil microbial communities and processes.®™" It
is widely proposed that the toxicity of AgNMs is largely driven
by the release of Ag ions.">™* However, ion release may only be
partial, which means that comparison of exposures to similar
ionic and NM silver masses will result in a lower toxicity for the
partially dissolved AgNM form. Consistent with this, when
compared with the toxicity of Ag salt, a meta-analysis of toxicity
data for aquatic species showed that AgNMs were less toxic
compared with the salt."”> Similarly, some soil toxicity studies
have also shown the Ag salt to be more toxic than AgNMs,">"*
although this is not always the case.™

Within AgNM studies, there are multiple additional drivers
that can lead to differences in toxicity for soil organisms.
Processes linked to aging and transformations over time have
been found to be important. For example, AgNM toxicity in soil
was shown to increase with time as a result of the slow Ag ion
release kinetics and relatively slow toxicokinetics of Ag uptake
in, e.g., earthworm species."®"” Not all NM “ageing” reactions,
however, lead to an increase in toxic effect. Other NM
transformation processes such as sulfidation have been shown
to reduce the toxicity of AgNMs.'® In the case of aquatic
species, SSDs constructed to compare the sensitivity of
organisms to pristine and transformed (sulfidised) AgNM
found the HC; value for transformed AgNMs was >200-fold
higher compared with that for the pristine AgNM."® Whether
differences between hazard thresholds would be similarly
reflected for soil environments has yet to be tested.

NM physiochemical properties can also be important
drivers of toxicity. Multiple toxicity studies have investigated
the influence of NM properties such as size, shape and
coating on AgNM toxicity, however, to date no consistent
conclusions have been reached.’** For example, AgNM
shape was found to be more important than size for driving
AgNM toxicity to the nematode Caenorhabditis elegans,”
while another study showed the importance of size and
surface coating for toxicity to earthworms.”* Although a
meta-analysis using a species sensitivity distribution (SSD)
approach for freshwater species found it difficult to establish
the most important AgNMs driving NM hazard,> there is
some evidence of the potential importance of NM coating for
aquatic effects.”>*>*® Some evidence of the importance of
surface coating for toxicity to soil organisms supports
this,>”*® however, the knowledge gap on the nature and
extent of such effect remains.

Soil properties (e.g., pH, organic carbon, clay and sand
content) are a further factor that can modify AgNM exposure
and effects in soil ecosystems. Several studies have
demonstrated that the soil properties (e.g., pH, organic
matter content, cation exchange capacity) can influence the
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chemical speciation, mobility, bioavailability and ultimately
toxicity of metals and metallic NMs.**** Although some
studies have highlighted the importance of pH,*® the toxicity
of AgNMs generally cannot be attributed to a single property
and rather multiple soil chemistry parameters have been
shown to influence bioavailability and toxicity.®** However,
within this growing body of information, the scale and
magnitude of such effects are not established.

In this study, we collate available literature data to
establish a comprehensive database comprising of toxicity
data from studies investigating Ag salt and AgNMs toxicity to
soil organisms. A database of effect studies and SSDs are
used to explore, 1) the differences in toxicity between AgNMs
and Ag salt (silver nitrate, AgNO;), 2) the effect of AgNM
particle properties (ie., size, shape, coating) and AgNM
ageing on toxicity, and finally 3) the influence of soil
properties on AgNM toxicity. To maximise the available data,
we collated data for both soil and liquid-based toxicity
studies conducted with soil species. From the available data
and derived SSDs, we sought to evaluate the hypotheses that,
1) soluble Ag is more toxic than AgNMs to soil organisms, 2)
particle ageing through incubation in a natural environment
or testing of artificially aged AgNMs (e.g., sulphidised AgNMs
intended to simulate changes that may occur in treatment to
generate biosolids) reduced toxicity compared to unaged
AgNMs, and 3) both soil and particle properties are
important drivers of AgNM toxicity.

Methods

Literature search and evaluation

A comprehensive literature search was conducted to collate
available ecotoxicological data for soil species exposed to
AgNMs and other Ag forms using Web of Science with the
search terms: TOPIC (Nano* AND (toxic* OR effect*) AND (Ag
OR silver)) AND ALL FIELDS (Arthropod*). More than one word
was added in the search terms to define the organism group,
for example using TOPIC (Nano* AND (toxic* OR effect*) AND
(Ag OR silver)) AND ALL FIELDS (earthworm* OR enchy* OR
Eisenia* OR Lumbric* OR Aporrectodea) AND ALL FIELDS
(soil*). The term “soil*” was further added for plants, bacteria,
enzymatic activity, insects, fungi and invertebrates. The search
period was restricted to the period 2009 to 2021 representing
the time since work on engineered nanomaterials was first
published at any scale and the last full year available.
Relevance screening was conducted on the collated
literature. Firstly, titles and keywords were evaluated to
identify papers likely to contain relevant toxicity data. From
this evaluation, a total of 277 papers were identified for more
detailed assessment. In the second step, these papers were
assessed and prioritised based on containing the following 1)
studies where three and more test concentrations plus a
control were used in the ecotoxicity test, 2) reported toxicity
values or toxicity data were reported in the text, graphs or
tables, 3) whether the exposure was in soil or in a liquid

based exposure medium was reported; 4) available
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characterisation information for the exposure medium were
given. This second step prioritised a total of 165 papers.
Ecotoxicity data and data around experimental design were
gathered where from this refined list.

Data collection

The dose descriptors for toxicity endpoints collated from the
literature studies were effect concentrations (EC,), inhibition
concentrations (IC,), lethal concentrations (LC,), lowest
observed effect concentrations (LOEC) and no observed effect
concentrations (NOEC). From microbial studies, dose
descriptors also included minimum inhibition concentration
(MIC) and minimum bactericidal concentration (MBC).

Alongside the ecotoxicity data from the study, information
on the AgNM form used (i.e. powder or suspension), NM pre-
exposure treatments (i.e., sonication and ageing in biosolids)
as well as extrinsic AgNM properties (hydrodynamic
diameter, polydispersity index and surface charge) were
collected. Data for as-manufactured (pristine) AgNM and
transformed (aged) material were also collected. Aged AgNMs
represent a more environmentally relevant form of AgNM for
soils. The available soil property information reported for the
study were also collected - i.e. pH, organic carbon (OC), water
holding capacity (WHC), cation exchange capacity (CEC) and
sand, silt and clay content.

Normalising toxicity data to chronic NOEC

A range of different dose descriptors (LC,, EC,, NOEC,
LOEC etc.) and test durations (hours to >100 days) were
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represented in the collated dataset. For the SSD analysis, it
is important that the data derived from studies can be
reasonably compared. To this end, a previously applied
framework was applied to the dataset, whereby toxicity
values expressed as different metrics and for different
exposure times collected from studies are converted to
chronic (long-term) no-effect concentrations (NOEC) using a
defined set of assessment factors (AFs) (eqn (1)).>° AFs are
widely used in ecotoxicology literature to harmonise toxicity
values for ERA purposes. These AFs are applied depending
on the dose descriptor and the duration of the assay
associated with the toxicity value.

Chronic NOEC = (dose descriptor value/(AFcgece X AFquration)) (1)

where AFege.c refers to the assessment factor (AF) for
converting a dose descriptor value into chronic NOEC value,
that is dependent on the dose descriptor in question. The
following AFs were applied: factor of 1 for NOEC values,
factor of 2 to dose descriptors less than an EC,5 or a LOEC
and finally, a factor of 10 where the dose descriptor value
reported was above or equal to an EC,5.>>*® Where AFqguration
refers to the AF for converting acute toxicity values to
chronic; a value of 1 used for chronic exposures and a value
of 10 used for acute exposures (Table 1).

Due to the limited use of AFs in soil ecotoxicology studies,
relevant acute and chronic durations for soil microbes,
invertebrates and plants are proposed here (Table 1). To
apply AFs associated with test duration, standard test
guidelines for acute and chronic studies were considered

Table 1 Assessment factors (AF) applied to the toxicity values based on dose descriptors (AFeect), @nd acute and chronic exposure defined by soil

taxonomic group and assay duration and the associated AFs (AFgyation)

Dose descriptor value AFqtrect Ref.
NOEC, LNOEC 1 35
<EC,5/LC,5/IC,5, LOEC, MIC or MBC 2
>EC,5/LCy5/ICss 10
Taxonomic group Exposure Duration (h) AF4yration Ref.
Soil microbes Acute <24 10 37, 38
Chronic >24 1 39, 40
Soil invertebrates: arachnid Acute <72 10 (=)
Chronic =72 1 (=)
Soil invertebrates: chromadorea Acute <72 10 (=)
Chronic >72 1 (=)
Soil invertebrates: clitellate Acute <672 10 41, 42
Chronic >672 1 41, 42
Soil invertebrates: Collembola Acute <336 10 43
Chronic >336 1 41, 42
Soil invertebrates: Crustacea Acute <672 10 41, 42
Chronic >672 1 41, 42
Soil invertebrates: Enchytraeidae Acute <336 10 43
Chronic >336 1 41, 42
Soil invertebrates: Malacostraca Acute <672 10 41, 42
Chronic >672 1 41, 42
Soil invertebrates: Tetranychidae Acute <72 10 (=)
Chronic >72 1 (=)
Terrestrial plants Acute <336 10 44
Chronic >336 1 44

This journal is © The Royal Society of Chemistry 2025
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alongside the lifespan of the test species to establish
appropriate AFs that were species dependent.

For soil microbes, acute toxicity duration was derived from
rapid nitrification and respiration tests conducted over 24
hours (ref. 37 and 38) and chronic toxicity tests including
nitrogen and carbon transformation tests.*>*° For soil
invertebrates with lifespans >1 year (Clitellata, Malacostraca
and Crustacea), acute and chronic duration thresholds were
based on the Eisenia and Folsomia candida reproduction
tests.""> For soil invertebrates with lifespans <1 year
(Collembola and Enchytraeidae), acute toxicity duration was
derived from earthworm acute toxicity testing measuring
mortality endpoints over 336 hours.*® Chronic toxicity tests
include Collembola and earthworm reproduction testing over
672 hours.*>** For soil invertebrates with lifespans between
~20-30 days (arachnid, chromadorea and Tetranychidae),
acute and chronic duration thresholds were based on test
species lifespans. For terrestrial plants, acute and chronic
duration thresholds were set from the EPA ecological effects
test guidelines for seedling emergence and seeding growth,
which states that if effects are observed between day 7-14
then the test period should be extended.**

Developing species sensitivity distributions

The data used to construct SSDs covered a range of species with
different life histories, life spans and life stages (embryo,
juvenile, adult).®® For soil invertebrates and plants, most
available data were for apical endpoints (i.e. survival, growth
and reproduction). Non-apical endpoints were also included to
maximise available data, particularly for soil microbial data.

The SSD modelling used the geomean of the chronic
NOEC values for each species across soil invertebrates,
microbes and plants. Separate SSDs were constructed for soil
and liquid based assays using the “ssdtools” package in R
Studio. This SSD modelling approach wuses maximum
likelihood and model averaging to fit multiple distributions
(log logistic, log normal, gamma) and calculates a weighted
average HCs, and 95% confidence intervals. The HCsq
represents the chemical concentration predicted to be
hazardous to 50% of species in an ecosystem. The HCs, value
has been chosen rather than the more traditional HC; value,
as the HC;, is a more robust metric to use for hazard
potential. It is positioned in the centre of the modelled
species sensitivity curve and thus gives the lowest
uncertainty, making it more robust when comparing different
SSD than using values in the tail of the SSD model (i.e., the
HCs). However, due to their prevalent use in risk assessment
to derive risk characterization ratios, HCs; values were also
calculated. Separate SSDs were constructed for ungrouped
AgNMs (pristine and aged together), pristine AgNMs, aged
AgNMs and Ag salt (AgNO;) based on either soil or liquid
based exposure for comparison. All SSDs were constructed
using available data to generate species geomean values, and
using the criteria of five or more species across soil
taxonomic groups (>3 taxonomic groups).
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To assess how particle properties can influence AgNM
toxicity, data on the intrinsic AgNM properties (primary
particle size, shape, coating) were binned into categories.
AgNMs were split into three size range categories (<20 nm,
20-50 nm and >50 nm), aligning with those from previous
freshwater SSDs for AgNMs.>®> The AgNM data was also
grouped into five different shape categories: spheroidal,
cuboid, irregular, wire and plate. The spheroidal category
included spherical-shaped AgNMs, while irregular referred to
angular shaped AgNMs (Table S1t). Finally, the AgNM data
was also grouped by coating type: polymer-coated (acrylic,
PVP and PVP-PEI), organic-coated (alkane, bovine serum
albumin, carbon, chitosan, citrate, citric-tannic acid, gum
arabic, oleic acid, paraffin wax, Tween and Tween-
ammonium nitrate, NH,NO;), combination coatings (citrate-
PVP, Tween-acrylic and Tween-NH,NO;-acrylic) and uncoated
(Table S17). Where coating was not reported the AgNM was
assigned to the “uncoated” category.

SSDs were constructed for AgNM characteristics (size,
shape, coating), however not all AgNM particle characteristic
categories had enough data points to create an SSD. Soil
property data (organic carbon (OC), pH, water holding
capacity (WHC), cation exchange capacity (CEC), sand %, silt
% and clay %) were collected and categorised by the upper
and lower quartiles of the property ranges (Table S1t). SSDs
were also constructed for soil properties that showed
significant correlations with chronic NOEC toxicity values:
namely, OC, CEC, pH and silt content. SSDs were then
developed for the upper and lower quartile OC and CEC
values across the soil types.

To assess if SSD curves are significantly different from
each other, an F-test was performed using the sum of squares
(SS) and number of observations (df) for both combined and
individual SSD curves (eqn (2)).

F= ((SScombined - SSseparate)/(dfcombined - dfseparate))/
Ssseparate/dfseparate [2)

In cases where AgNMs and Ag salt had been tested in the
same species, then the sensitivity to the two forms could be
directly compared. For this, the converted chronic NOEC
toxicity values were for the AgNMs were divided by those
values for Ag salt to calculate a ratio of their relative
toxicities."

Relationships between particle or soil properties and toxicity

To further understand the influence of soil properties on
toxicity regression analyses were conducted for both Ag forms
(AgNM and Ag salt) between the logged chronic NOEC values
and logged soil properties (pH, OC, WHC, CEC and sand, silt
and clay content) (Table S1t). The influence of AgNM particle
properties on chronic NOEC values was also explored using
ANOVA. Normality tests on the toxicity data were conducted
using a Shapiro test and a factorial analysis of variance
(ANOVA) was conducted to compare the mean chronic NOEC

This journal is © The Royal Society of Chemistry 2025
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values across the AgNM size, shape and coating category
groups for soil and liquid-based exposures. Tukey's HSD post
hoc tests were then used to assess where the significance of
differences between the NM property categories. ANOVA
analyses were conducted in R using “afex”, “PMCMR” and
“PMCMRplus” packages.

Results
Data collation summary

In total 2122 toxicity values were extracted from 139 soil
AgNM ecotoxicology papers (1051 soil-based assays, 445
liquid-based assays). Most values were based on apical
endpoints  (e.g, mortality,  growth,  reproduction,
development) for soil invertebrates and plants (Table S27).
The soil-based microbial endpoints were primarily for
measures of nitrification, respiration and other soil
functional endpoints (Table S2t). Microbial studies in
liquid-based assays were based often on apical endpoints
(microbial biomass change). The majority (>50%) of the
toxicity data were for AgNMs <20 nm in size, spheroidal
in shape and with some form of surface coating. The
Tween-coated AgNMs refers almost exclusively to studies
conducted with the Joint Research Centre (JRC) AgNM300K
test material, which are coated in a polyoxyethylene
glycerol trioleate and polyoxyethylene sorbitan mono-
laurate “Tween” suspension.”” Sufficient toxicity data
meeting the SSD criteria for model construction were
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50 nm, >50 nm), as well as for pristine and for aged
AgNMs. Sufficient data were also available for Ag salt
(AgNO3). However, there was insufficient data to construct
separate SSDs based for the different physiochemical
property groups for Ag,S NMs.

SSDs constructed using all available Ag data

SSDs were generated for AgNMs (ungrouped = pristine and
aged together, as well as pristine and aged separately) and
the Ag salt (AgNO;), including all the available toxicity data
for soil invertebrates, plants, microbial apical effects and
microbial functions (Fig. 1 and S1t). HCs, values calculated
from these AgNM SSDs were 3.06 (1.74-5.21) mg kg™ for the
studies in soil and 0.70 (0.32-1.64) mg L™ for liquid-based
exposures (Fig. 1, Table S371). Assessment factors were applied
to 75% and 91% of the toxicity values in the soil and liquid
based assays respectively. HCs values calculated from these
AgNM SSDs were 0.03 (0.01-0.08) mg kg™ for the studies in
soil and 0.004 (0.001-0.01) mg L™ for liquid-based exposures
(Table S47).

Soil microbial species and associated enzyme responses
were generally most sensitive to AgNM in the soil exposures.
For Ag salt, HC5, values were comparable to those for AgNMs
in soil exposures, 2.74 (1.22-5.23) mg kg™ but lower than
those for AgNMs when compared to the SSD based on liquid
exposures, 0.01 (0.01-0.03) mg L™ (Table S31). However, the

available for AgNMs in the property groups: coating  sensitivity of microbial endpoints was consistent between
(Tween, citrate, PVP and uncoated), shape (spheroidal, = both Ag forms. Compared with pristine AgNMs,
irregular) and size (split in three categories: <20 nm, 20-  environmentally relevant AgNMs, presented a higher,
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Fig. 1 Soil species sensitivity distributions for AQNMs (ungrouped = pristine and aged together) in (A) soil and (B) liquid medium assays. Species
are grouped by taxonomic classes (soil microbes, soil invertebrates and terrestrial plants) and AOB refers to ammonia oxidising bacteria.
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although not significantly different, HCs, value (7.05 mg
kg ') (Fig. 3 and S2, Table S37), (F ratio 0.06; p value = 0.81).

Insufficient data were available to create a separate SSD
for the different effect endpoints available for the
invertebrate, plant and microbial studies. Instead, to
compare AgNM and Ag salt toxicity for different effect
endpoints, we used the geomeans of the toxicity values
calculated for the set of reported endpoint effects for the
AgNM and Ag salt, expressing them as ratios. These
comparisons indicated that Ag salt was typically more toxic
than the NM form for 11 out of 14 effect endpoints (ratio <1)
for invertebrates and microbial studies, and for all plant
endpoints (Fig. 2, Table S5f). Exceptions to the general
pattern were for microbial enzyme activity, microbial carbon
transformation and invertebrate enzyme activity endpoints
(Fig. 2, Table S5t). In liquid-based assays, the Ag salt was
consistently more toxic than the NM across all effect
endpoints (Table S57). Generally, the calculated geomeans
showed lower variance for Ag salt studies compared with
AgNMs, in both soil and liquid assays, suggesting that
AgNMs effect values vary more compared with those from for
Ag salt studies, with nanomaterial property related effects
being a potential cause (Table S57).

Influence of NM properties on hazard thresholds

In soil-based assays, the smallest size class (<20 nm = 1.98
mg kg™'; 20-50 nm = 6.41 mg kg™") had lower HCs, values for

>

Microbes in soil assays
1,000,000.01

o
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NMs compared to larger classes (>50 nm = 13.82 mg kg™).
However, no significant differences across size classes were
found, i.e., the SSD models were not significantly different by
F-test (Fig. S3; Table S3+t), due to broader confidence intervals
for larger classes (<20 nm = 1.27-3.21 mg kg™'; 20-50 nm =
2.48-14.08 mg kg™'; >50 nm = 2.84-55.78 mg kg '). For the
shape classes, there was overlap in the HCs, 95% CI values
for spheroidal (1.15-3.97 mg kg™') and irregular (1.37-67.83
mg kg™) shaped AgNMs (Fig. S3, Table S31) indicating that
shape did not have a significant effect on AgNM ecotoxicity.
For coatings, SSDs were overlapping for citrate-PVP-, tween-
and uncoated AgNMs (Fig. S31) indicating no significant
difference on ecotoxicity for these coating. The SSD for
citrate-coated AgNMs (n = 7 studies) was, however, different
from the distributions for the other AgNM coating groups,
with a lower HCs, value (1.14 mg kg™") (Fig. 3 and S3, Table
S37), and a significantly lower value compared with uncoated
NMs (n = 22 studies) (F ratio = 11.2; p value <0.01). In liquid-
based assays, SSD curves for smaller NMs (<50 nm) indicated
a slightly lower HCs, (<20 nm = 0.51 mg L™" and 20-50 nm =
0.14 mg L") compared with the larger size class (>50 nm)
AgNMs (2.49 mg L) (Fig. S41), although this difference was
not significant (Fig. 3 and S4, Table S3t). Comparing the
HCs;, from each coating groups indicated similar values for
PVP (n = 24 studies) and uncoated AgNMs (n = 24 studies).
Both, however, had a significantly lower HCs, values
compared with citrate-coated AgNMs (n = 10 studies) (citrate
vs. PVP: F ratio = 23.5; p value <0.01; and citrate vs. uncoated:
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Fig. 3 HCsp values (estimated concentration and 95% confidence intervals) for Ag salt, AQNMs (ungrouped, pristine and “aged”) and AgNMs
(grouped by size, shape and coating properties) for (A) soil property and (B) soil-based; and (C) liquid-based assays; high refers to the upper
quartile and low refers to the lower quartile range for each soil property across soil assays.

F ratio = 42.8; p value <0.01). For shape, sufficient species
toxicity data were only available to generate a single SSD for
spheroidal shaped AgNMs. Hence, no comparison to other
shapes could be made (Fig. S47).

Considering AgNM size class, the chronic NOEC for the
smallest size class (<20 nm mean = 14.2 mg kg ™" + 52.4) was
significantly lower than the 20-50 nm size class (46.9 mg
kg™ + 153.2) (Fig. S5, Tables S6 and S71) from the ANOVA
analyses. Significant differences were also found between
surface coating, with the chronic NOEC values PVP-coated
AgNMs being significantly lower compared with uncoated
AgNMs (Fig. S6 and S7, Tables S6 and S77). In the case of
shape, no significant differences were found, although
factorial ANOVA indicated interactions between size-shape as
well as size-coating (Fig. S5 and S8, Table S67).

Influence of soil properties on hazard thresholds

SSD models for soil-based studies indicated that AgNMs were
significantly more toxic in soils in the “low” OC category
(HCso 95% CI for lower quartile values = 0.46-2.65 mg kg™
from 40 studies and HCs, 95% CI for upper quartile values =
6.21-14.16 mg kg ' from 20 studies) (Fig. 3 and S9, Table
S3t) (F ratio = 30.2; p value <0.01). Lower hazard thresholds
were determined in soils with higher CEC (lower quartile
values = 2.33-6.34 mg kg ' from 64 studies and upper
quartile values = 0.03-1.87 mg kg™ from 10 studies) (F ratio =
16.0; p value <0.01). Soil pH did not influence the SSD curves
with no significant difference between HCs, values (Fig. S97).

This journal is © The Royal Society of Chemistry 2025

There were weakly significant relationships between soil
properties and toxicity for both Ag salt and AgNMs (Fig. S10
and S11, Table S8t). Toxicity decreased with lower WHC,
lower CEC and higher OC (Fig. S10 and S11, Table S8t) for
both the Ag salt and AgNMs. For soil pH, there was also a
weak but significant relationship between AgNM toxicity and
pH, with lower toxicity at higher pH. In contrast there was a
positive relationship between pH and toxicity for the Ag salt
(Fig. S10 and S11, Table S87).

Discussion
Hazard thresholds for AgNMs

Reliable hazard thresholds are key to underpinning risk
assessment but determining these needs robust data to be
available for multiple species. For nanomaterials, there is a
wealth of ecotoxicity data now available, in particular for
AgNMs, which allows hazard thresholds to be derived.
Currently the extent to which chemical form, NM properties
or soil properties could influence NM hazards are not fully
elucidated for soils. In this study, we established that AgNMs
had higher hazard thresholds (i.e., lower toxicity) compared
to Ag salts. This finding is in line with previous findings for
studies of similar aim conducted for aquatic species.">™**

The one previous attempt to construct an AgNM SSD for
soil species was limited by the availability of ecotoxicity data
(pre-2015). At the time, only data for 4 species across 2
taxonomic groups was reported.’® The HC; value of 8.2 mg
kg [95% ClIs: 4.3-12.5 mg kg™ '] calculated by this early study
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is ~300-fold higher than the HC; concentration that we
calculated from our expanded dataset (Table S47). The data
that underpins our SSDs for soil species cover studies across
3 trophic levels (microbes, invertebrates and terrestrial
plants) for both AgNMs and Ag salts. The inclusion of
microbial studies in our dataset will have influenced the
lower HC; value determined from our model (n.b. the Coll
et al. (2016) study only included data for invertebrates and
plants).*® The inclusion of microbial endpoints highlights
the relatively high sensitivity of the group to AgNMs
consistent with the known anti-bacterial mode of action of
Ag generally and as NMs. For example, sensitivity of microbes
to AgNMs was demonstrated in toxicity studies by Peyrot
et al. (2014),>* who found that AgNMs were similar or more
toxic than Ag salt to soil microbial enzyme activity endpoints.

Our analyses found similar HCs, values for both Ag forms
(salt and NM) when exposed in soils. However, in liquid
medium, the Ag salt was significantly more toxic. Individual
soil toxicity studies have found Ag salt to be more toxic to soil
species than AgNMs, e.g., for earthworms and Collembola for
endpoints including gene expression, survival and
reproduction.’****” However, other studies, have found
effects at similar concentrations for both Ag salt and Ag NMs,
e.g. for nematodes."® Although greater NM effects compared
with salt can be observed in some cases, this effect appears to
be species or exposure dependant, whereby NM and soil
physiochemical characteristics as well as exposure conditions
can influence hazard outcomes. Exposure will differ based on
species traits such as feeding behaviour and physiology as
these will influence the uptake of NMs and their potential to
cause effects. For example, uptake via ingestion or across
epithelium and through body surfaces and openings can
result in varying exposure to NMs and Ag ions associated with
different components of the soil (e.g. soil pore water versus
solid soil matrix), thus influencing subsequent effects.®
Thus, the relative sensitivity of species will be linked not only
with species traits, but also with Ag bioavailability in the soil.

Aquatic SSDs comparing pristine and transformed
(sulfidised) AgNM have shown a significant difference in
toxicity, with a ~240-fold higher HC; value for transformed
AgNMs indicating their lower toxicity compared to pristine
forms.' Here we observed a similar difference, albeit less
extreme, with pristine AgNMs being 3-fold more toxic than
aged AgNMs (although the overlap of HCso 95% CIs indicate
that this effect size difference was not statistically
significant). The aged state (e.g., sulfidised) of AgNMs is
likely to be the most environmentally relevant exposure form
and so is important to consider within soil risk
assessments.’® While not conclusive, our evidence points to
aging having a small effect of toxicity, with this most likely
being to reduce NM toxicity.

NM properties driving hazard thresholds

Particle properties such as size and surface coating can alter
the surface area-to-size ratio, surface charge, aggregation state

2480 | Environ. Sci.: Nano, 2025, 12, 2473-2485
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and stability of NMs.>** These characteristics can also affect
transformation processes, such as the rate of ion release,
which will influence bioavailability of NMs and toxicity to
organisms.* Individual toxicity studies have investigated NM
physiochemical property-driven toxicity in soils,*** but
consensus has not been reached on the key driving properties
for NMs more generally. This is the first study we are aware of
to use an SSD approach to investigate how NM properties
influence hazard for soil species. Collecting sufficient
information to construct separate property group SSDs was
constrained by the available data yet we were able to
successfully construct separate SSDs for NM size, shape and
coating from the dataset. For both soil and liquid medium
based assays, there was no effect of NM size or shape on the
SSD outcome and similar HCs, values were obtained,
suggesting that fate and bioavailability is similar across the
different NMs. Size and shape have also been found not to
influence hazard based on comparable SSDs constructed for
aquatic species.>> NM coating on the other hand was found to
influence hazard thresholds for soil and liquid based SSDs. In
the case of soil-based SSD citrate-coated NMs had HC;, values
in a lower range compared with the uncoated NMs or NMs
with other coatings (PVP etc.). However, there was clearly
substantial variance among the different studies collated in
the dataset which means there is overlap of the HCs,
confidence intervals and convergence of the SSD curves. The
liquid media SSDs also showed a significant effect of coating
on the hazard but was more pronounced compared with the
soil-based SSD. Also, in contrast to the soils SSD, citrate-
coated AgNMs were found to be less toxic compared with
other coated or uncoated NMs. Previously constructed aquatic
SSDs for AgNMs have likewise explored the influence of AgNM
properties on SSD curves and similar to our findings from the
liquid media-based SSD, hazard was coating dependent with
coated particles showing higher toxicity compared with
uncoated particles.>>*® Surface coatings generally act as a
means of stabilising but will differ in their potential for
degradation as well as their strength of interaction with the
NM surface which will determine their persistence in the
environment as well as their stability and toxicity.***° 1t has
been proposed that pristine NMs with differing properties that
enter the environment can subsequently converge and may be
grouped into function fate groups based on common
transformations and interactions (e.g. attachment to soil solid
phase, particle heteroaggregation and chemical
transformation including surface coating degradation).'®*°
Dissolution is one of the principal parameters proposed to
allow for NMs of different properties to be grouped in aquatic
toxicity assessment.”’ Several studies have investigated the
role of dissolution in driving Ag NM bioavailability and
toxicity in different soils.’*> While some studies show clear
relationships between dissolution and Ag uptake,”® others
show that there can be uptake and toxicity without dissolution
occurring.”* NM coating has also been shown to govern
toxicity of Ag NM in aquatic studies®® with citrate showing
higher dissolution rates and toxicity compared with PVP

This journal is © The Royal Society of Chemistry 2025
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coated NMs.”*>® However, to conclusively link with dissolution
across the wider dataset there needs to be more
comprehensive measurement and reporting of dissolution in
studies, within the timescales of the of bioassays. Thus,
enhanced reporting of NM properties alongside toxicity data
in studies would improve our ability to interpret the hazard
outcomes for NMs with differing characteristics. It would
elucidate the relative importance of NM coating for driving
NM hazard in soils as well as examine to what extent to which
functional fate groups converge hazard outcomes.

Soil properties as a driver of AgNM toxicity

Soil properties are known to affect metal and NM
bioavailability in soils.>>>”*® Regression analysis indicated that
multiple soil properties (OC, WHC and CEC) influenced AgNMs
and Ag salt in a similar way in soils. For both the AgNM and Ag
salt, there was a significant positive relationship between
chronic NOECs and % OC. This pattern can be linked to
bioavailability through the adsorption of Ag ions to organic
matter decreasing mobility and bioavailability,>® affecting
biological responses in soil, e.g. AgNM effects on nitrification
and enzyme activity.®” A study showing OC effects on AgNM
toxicity was also able to link moderated toxicity with reduced
NM dissolution in OC amended soil,** with low OC linked to
greater Ag ion bioavailability through altered oxidation rates of
the AgNMs.>*®! Other studies have also highlighted the
importance of grain size on the bioavailability of Ag ions,
reporting increases in AgNM toxicity with higher sand content
and lower clay content in soils.® Clay is a high surface area
sorbent. However, our study found no significant relationship
between chronic NOEC values for AgNM and sand or clay
content. The greater toxicity of both Ag forms seen under high
CEC conditions was unexpected as it would be expected that
higher binding under these conditions would result in lower
bioavailability and so toxicity to soil organisms. However, soil
properties will be interactive and correlate which means it can
be difficult to tease apart the main driving property. For
example, ion release under low pH conditions could contribute
to toxicity although combined in a soil with higher OC can then
counteract this through binding of available ions reducing
toxicity.>® Other studies have also shown that effect values
based on internal concentration in organisms rather than
based on total soil concentrations can improve correlations
between soil properties and effects.>®> Effect concentrations
based on internal concentrations are less commonly reported
in literature but with more data being available and for a
greater diversity of soils we would be better able elucidate what
soil properties dominate NM fate but also how these properties
interact to govern these fate process and consequently toxicity.

Limitations of existing data and developed soil SSDs for
AgNMs

The effects observed in toxicity studies can be driven by NM and
test media characteristics as well as aspects of experimental
design, such as the dispersion status of the NM during testing,

This journal is © The Royal Society of Chemistry 2025
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exposure duration and the endpoint(s) measured. While some
NM, soil and experimental features can have a clear effect on
AgNM hazard individually, it is probable that interactions
between these features also occur that will influence fate and
behaviours, for example aggregation, dissolution,
bioavailability."® Previous work to develop SSD models for
aquatic species have attempted to incorporate NM characteristics
and types (i.e., powder or suspension), test pre-treatments (.e.,
sonication) and test set-up conditions (i.e., pH) into developing
models for ZnO and CuO NMs.®® This modelling indicated that
interacting factors do influence NM stability and fate. Although
our dataset was sufficient to allow SSDs to be constructed for
some particle characteristics (size, shape and coating) groups,
other such groups could not be modelled, indicated further work
on these less well studied AgNM types is needed.

In currently available soil ecotoxicology literature for AgNMs
there is only limited in-exposure measurements (e.g,
hydrodynamic diameter, polydispersity index and zeta
potential) with values for such dynamic properties reported in
<11% of the liquid medium toxicity values and <3% of the soil
studies (Table S91). For most studies (~66%), pre-exposure
measurements of these variables were available, however, these
were generally only made in ultra-pure water, and not the test
exposure medium (Table S97). With more available in situ
measurements (including dissolution) the fate and behaviours
of AgNM characteristics could be explored in more detail. It is
notable that this ecotoxicity dataset for AgNM is one of the
richest available for all NMs, suggesting that studies taking a
similar approach with other commonly produced NMs such as
Al, O3, CeO,, iron oxide (Fe,03), silicon dioxide (SiO,), TiO, and
ZnO would likely be more restricted.

Conclusion

SSDs were generated for AgNM and Ag salt for soil organisms
using existing published ecotoxicological data. The available
data allowed the first SSDs to be constructed that incorporate
toxicity data from 3 soil taxonomic groups (microbes,
invertebrates and plants) for up to 74 species. Microbial-
based endpoints were most sensitive, consistent with the
antibacterial (biocidal) properties of AgNMs. The available
toxicity data allowed us to model multiple SSDs for AgNMs
and Ag salt, including SSDs for specific NM property groups.
Although it would be expected that size and shape would
influence AgNM toxicity to soil species, this was not observed
from our SSDs. It was, however, possible to identify coating
as a driving factor of AgNM toxicity in soils. Grouping of
nanoforms with different properties may be possible when
considering soil hazards, at least within the diversity of
properties that could be tested through distinct SSDs.
However future studies with more in-exposure particle
measurements would improve the relevance of the NM
property data to the assessment of AgNM toxicity in soils. We
found a 3-fold difference in toxicity between pristine and
aged AgNMs, however, high variation in toxicity data meant
that this effect was not significant, although it may warrant
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further study. Effects of coating type on AgNM toxicity were
found, with citrate-coated AgNMs being significantly more
toxic than uncoated NMs in soil exposures, whilst in liquid
medium citrate-coated AgNMs were significantly less toxic
than uncoated or PVP coated NMs. Significant differences
were observed in AgNM toxicity from corresponding SSDs for
CEC and OC as these soil characteristics can influence the
release and bioavailability of Ag ions. Overall, our work
provides a database (see ESIT) of soil Ag toxicity data which
can be built upon with future ecotoxicological studies and
SSDs derived hazard thresholds for AgNMs in soil.
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