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Abstract

Silver nanoparticles (AgNPs) are present in biosolids from wastewater treatment facilities, a common soil amendment. Ex-
posing earthworms (Eisenia fetida) to AgNP and AgNO; in soil with 0 and 7.5 g biosolids kg~! for 28 days showed AgNO; was
more lethal to earthworms in artificial soil (LC20 < 325 mg Ag kg~!) than natural soil (LC20 > 573 mg Ag kg~'). In contrast,
AgNPs were more lethal in natural soil (LC20 < 425 mg Ag kg~!) than artificial soil (LC20 > 653 mg Ag kg~!). Earthworm
response to silver in artificial soil may not reflect toxicity in biosolids-amended natural soils.
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Introduction

Silver nanoparticles (AgNPs) are antibacterial agents in per-
sonal care products, clothing, and cleaning equipment. Per-
sonal hygiene and washing will transfer AgNP to wastewa-
ter treatment systems. Land-spreading of wastewater-derived
biosolids is a common practice that is likely to add AgNP
to soil. Earthworms such as Eisenia fetida prefer soil contain-
ing biosolids over the same soil without biosolids based on
their movement in Kaushik chambers (Bouldin et al. 2016),
which suggests they will be exposed to AgNP in biosolids
and on soil particles. Dissolution of AgNP produces Ag,S with
low bioavailability and Ag ions (Ag™) that are lethal to earth-
worms (Shoutts-Wilson et al. 2011; Courtois et al. 2019).

Soil physicochemical properties such as pH, organic mat-
ter, and clay content influence the dissolution and sorption
of AgNP in the soil matrix, affecting the AgNP exposure to
earthworms. Earthworm bioassays using artificial soil recom-
mended by the Organization for Economic Co-operation and
Development (OECD) provide a standard response, but it may
not represent the realistic soil physico-chemical environment
of natural soil. The present study compares the effect of AgNP
and Ag" ions (from AgNO3) on E. fetida mortality in artificial
(OECD) and natural soil (Delacour series), with and without
biosolids amendment.
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Materials and methods

Ag reagents and biosolids

Econix AgNPs (6.2 x 10!? particles mL~! in Mill-Q Wa-
ter; NanoComposix, San Diego, CA) were polyvinylpyrroli-
done coated and colloidal with a particle hydrodynamic
diameter of 724 + 0.6 nm in deionized water by dy-
namic light scattering (ZetaSizer Nano ZS), and the ¢ po-
tential was —4.7 + 0.5 mV in a CaCO; buffer. Silver nitrate
(AgNO3; 99.99% purity, Sigma-Aldrich) was prepared in dis-
tilled deionized water and diluted to a working stock with a
nominal concentration of 10 ug mL~! to prevent redox reac-
tions. Silver solutions were kept in the dark until use within
24 h. All reagents and chemicals were obtained from com-
mercial sources and were at least analytical grade purity.

Liquid biosolids were from a municipal wastewater treat-
ment plant in Calgary, Alberta. Biosolids were class A (can be
applied to agricultural fields) with 76.6 g solids kg, pH 5.8,
and total Kjeldahl N of 68.5 g kg~! with 23.4 g NH4-N kg1,
42.9 g P kg7, and 9 mg Ag kg, all on a dry weight (DW)
basis (Linares et al. 2020). Samples were analyzed by induc-
tively coupled plasma mass spectrometry (ICP-MS) for total
Ag content after digestion with 65% HNO;.
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Soil preparation

Natural soil was a Black Chernozem silt loam soil (360 g
sand kg~!, 129 g clay kg~!) of the Delacour series from an
agricultural field within 20 km of the biosolids source in Cal-
gary, Alberta. Land-spreading of biosolids typically occurs on
fields in proximity to the municipality to minimize the logis-
tic and cost of disposing these wet, odorous materials. Nat-
ural soil contained 86 g organic matter kg~!, 68 g organic C
kg1, 6.0 g total N kg~! with a field bulk density of 0.8 g cm 3,
and pH 7.7. Soil was air-dried, sieved (<2 mm mesh), and then
stored at room temperature in closed opaque containers be-
fore the experiment.

Artificial soil contained 694 g silica kg~', 200 g kaolin clay
kg~!, 100 g peat kg~! (<2 mm mesh), and 6 g CaCO; kg !.
After preparation, the artificial soil was a sandy loam with
791 g sand kg, 142 g clay kg~! with 85 g organic matter
kg1, 64 g organic C kg~!, pH 6.2, and a bulk density of 1.1 g
cm~3. Additional details of the Delacour and OECD soils are
reported by Linares et al. (2020).

Earthworm toxicity testing

The 28-day earthworm bioassay measured earthworm sur-
vival in an abbreviated standard toxicity test (OECD 2004)
with proportionately less soil due to the cost of AgNP. The
experimental unit was a 500 mL Mason jar containing 150 g
of air-dried soil (natural or artificial). We added 1.12 g of wet
biosolids to the biosolids-amended soil. The reference control
(0 mg Ag kg~! without biosolids) and vehicle control (0 mg Ag
kg~! with biosolids) were moistened with deionized water
to 70% water holding capacity (WHC). Soils (with and with-
out biosolids) were spiked with AgNO; or AgNP by adding
the nominal solution (0, 4, 40, 400, and 800 mg Ag kg~! DW
soil) and mixing with a spatula while adding deionized wa-
ter to reach 70% WHC. Eight positive controls were prepared,
containing 1 g of biosolids mixed with either 6.3 g of boric
acid kg~! DW Delacour soil or 5.0 g of boric acid kg~! DW
OECD soil and moistened to 70% WHC. Preliminary testing
confirmed 100% earthworm mortality with these boric acid
concentrations. All jars were capped with an air-tight lid and
left at 20 °C for 1 week. The experimental design had 2 soil
types x 2 silver sources x 5 concentrations x 2 biosolids
types, replicated 4 times, plus 8 positive controls, for a to-
tal of 168 experimental units (jars) that were arranged in a
completely randomized block design.

Adult E. fetida earthworms with fully developed clitella
were cultured on moist earthworm bedding in dark culture
boxes at 20 + 2 °Cin the laboratory for at least 1 month before
the experiment began and were fed weekly on a grain-based
diet. Ten individuals (each weighing 200-650 mg) were added
per jar, which was then covered with a perforated metal lid,
wrapped in an aluminium foil, and placed in a dark environ-
mental chamber at 20 + 2 °C and approximately 65% ambient
humidity. Food (0.5 g per earthworm) and water (to maintain
70% WHC) were added weekly.

Earthworm survival was determined after 28 days. The va-
lidity of the test was confirmed based on the 100% survival
in the vehicle and reference controls, and 100% mortality in
the positive controls. Living adults were rinsed and placed

on moist filter paper for 48 h to void gut contents and then
counted and frozen at —20 °C. Differences in earthworm sur-
vival between treatments were estimated by non-parametric
probit curve fitting, using the 20% lethal concentration of
AgNP or AgNO;3 (LC20 with 95% confidence interval (95% CI),
expressed as mg Ag kg~! dry soil) as an indicator of the Ag
concentration that allows 80% survival compared to negative
controls.

Results and discussion

Measured Ag concentrations in both soils were within £3%
of the nominal concentrations, and we recovered >95% Ag
added to the soil (Table 1). In natural (Delacour) soil, AgNP
had greater lethality than AgNO3, but the reverse was true
for artificial (OECD) soil, where AgNO3; showed higher lethal-
ity (Fig. 1). Based on the 95% CI, the AgNP (no biosolids) was
more lethal in the Delacour soil (LC20 in mg Ag kg=! DW
soil = 35 =+ 76 (95% CI)) than in the OECD soil (LC20 = 777 + 56
(95% CI); Fig. 1B). In contrast, the lethality of AgNO; (with
biosolids) was lower in the Delacour soil (LC20 = 758 + 74
(95% CI)) than the OECD soil (LC20 was close to zero; Fig.
1C). The toxicity of AgNO; with biosolids in the OECD soil
could be the result of earthworms ingesting more of the soil-
biosolids mixture, and thereby being exposed to Ag* that
was not strongly bound to organo-mineral surfaces. The LC20
values < 35 mg Ag kg~! are more lethal than the LC50 of
144 mg Ag kg~! for E. fetida exposed to AgNP in artificial
soil reported by Garcia-Velasco et al. (2016). Earthworm sur-
vival was similar in Delacour soil and OECD soil in the AgNP
and biosolids treatment, and when exposed to AgNO3; and no
biosolids (Figs. 1A and 1D).

The inconsistent earthworm response to Ag sources in arti-
ficial and natural soils (Fig. 1) contrasts with Shoutts-Wilson
etal. (2011), who found that AgNO; was more toxic to E. fetida
in natural soil versus artificial soil. They postulated that char-
acteristics of the natural sandy loam soil (lower CEC, organic
matter, clay content, and pH than the artificial soil) favored
Ag" uptake in earthworms (Shoutts-Wilson et al. 2011). The
natural soil in our study had a higher pH than the artificial
soil, but similar organic matter content and lower clay con-
tent (Linares et al. 2020). Earthworm uptake of metal ions
tends to be greater in soils with lower pH (Garcia-Velasco et
al. 2016), which may make AgNO; less toxic in natural soil
(pH 7.7) than artificial soil (pH 6.2), possibly contributing to
the low LC20 value in the biosolid-amended OECD soil (Fig.
1C).

Earthworms absorb AgNP through ingestion of AgNP at-
tached to soil colloids as well as dermal exposure, with the
majority likely being through ingestion (Garcia-Velasco et al.
2016). However, it is unclear whether the toxicity of AgNP
arises from its intrinsic properties, from its dissolution and
release of Ag™, or both (Shoutts-Wilson et al. 2011; Garcia-
Velasco et al. 2016). In natural soil, mortality was higher with
increasing concentrations of AgNP (>400 mg Ag kg~!, with
an LC20 of 35 £ 76), but only in the absence of biosolids
(Fig. 1). However, AgNP must dissolve to Ag* before toxic ef-
fects are observed, which can occur in the soil or after earth-
worms have absorbed AgNP into subcutaneous cells or in-
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Table 1. Soil Ag concentration (mg total Ag kg~! dry soil) used for the earthworm bioassay, showing the nominal and mea-
sured concentration in soils that received biosolids (+Biosolids) or had no biosolids (—Biosolids) before spiking with silver

nanoparticles (AgNP) or AgNO; salt.

—Biosolids +Biosolids
Nominal soil Ag (mg Ag AgNP AgNOs3 AgNP AgNO;
kg1 dry soil) Delacour OECD Delacour OECD Delacour OECD Delacour OECD
0 nd* nd nd nd 01400 nd nd nd
4 3.9+ 0.0 4.0+ 0.1 3.9+0.2 41+01 4.0 £0.0 4.0 £0.1 3.9+ 0.0 4.0 £0.0
40 39 +2 40 +1 39 £ 0.5 40+ 1 414+11 41 4+ 0.0 40 + 0.8 41 4+ 3.0
400 395+ 7 398 +9 401 £ 10 389 + 8 408 + 5 412 £ 11 410 £ 12 392 + 12
800 796 + 15 795 + 21 785 + 22 789 + 20 812 + 14 822 + 20 803 + 11 814 + 27

Note: OECD, Organization for Economic Co-operation and Development.
snd indicates not detectable at <1 ng Ag L!, using ICP-MS.
fData are expressed as mean + SE, n = 4.

Fig. 1. Survival of earthworms (Eisenia fetida) incubated in soils with different measured Ag concentrations (mg Ag kg~! DW
soil, given in Table 1) following 28-day exposure to AgNO; (panels (A) and (C)) or silver nanoparticles (AgNP, panels (B) and (D)) in
Delacour natural field soil (red symbols; O, []) and artificial Organization for Economic Co-operation and Development (OECD)
soil (black symbols; e, W). Earthworm survival (n replicates, each containing 10 earthworms) was measured without biosolid
(panels (A) and (B)) or with biosolid amendments (panels (C) and (D)). All data points represent mean =+ the 95% confidence

interval (n = 4 replicates).

AgNO;
120
A Delacour

— 100 {=zooo@ooioooo . §
Ll Ty T
2 go A . b
+
Fe) 60 - OECD ‘\\
— AY
4‘;—:’ \
S 401 ]
O \
S 20 q Delac LC20=573+292 mg/kg B
R g |ERL0Tssanmele
o 1 10 100 1000
= 120
E C Delac LC20 = 758+74 mg/kg
2 100 | L
= gl Delacour
-
S e T T
E OECD %
t 40 - ‘\
© \
L OECD LC20 S

20 T \

=0.004+0.03 mg/kg '
0 T T T LB R | T ""i
1 10 100 1000

AgNPs
120
B OECD
100 -':::::é': ------------- $----- Y 6
= \\\ _O
80 i
| % 8
i N [ea)
- Delacour Al 5
40 =
=
20 - OECDLC20=777+56 mg/ke =
Delac LC20 = 35+76 mg/kg
0 T T rTrrrry T T rrrrm T T T T T1rTIT
1 10 100 1000
120
D Delacour
[0 JE EESEE,  ES—— g, ”
_____________ - e o
80 T W o
OECD Va2
o
4 1 B
60 q‘\ foal
40 1 1 £
20 Delac LC20=426+75mg/kg g
OECD LC20 = 653+579 mg/kg
0 —rrrT— T ——
1 10 100 1000

Measured total Ag (mg kgt dry soil)

gested AgNP (Shoutts-Wilson et al. 2011). Courtois et al. (2021)
found that Ag accumulation was similar in earthworms ex-
posed to AgNP versus AgNO3, but AgNO; (via Ag™) was more
toxic and more readily absorbed through dermal routes. As
we do not know the Ag speciation in the soil or earthworm
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tissue, it is not possible to know how much Ag* was released
into soil pore water through AgNP dissolution, nor how much
dermal exposure occurred. Still, it is reassuring that mea-
sured LC20 values for earthworm mortality were generally in
the 10! to 10° mg Ag kg~! range, which are up to five orders
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of magnitude greater than the no-hazard level of 0.05 mg Ag
kg? soil (Kulikova 2021). It seems unlikely that earthworms
will be impacted by AgNP accumulation in natural soils, given
that measured values are from 0.01 to 7.4 ug AgNP kg~! soil
and the projected input of AgNP from wastewater, biosolids,
agrochemicals, and other sources is 1.2 x 107 to 9.7 ug AgNP
kg~! year~!, according to a global analysis (Kulikova 2021).

Our findings are affected by the test procedure because
earthworms were crowded in jars due to limited soil mass
(150 g in this study vs. 500 g in the OECD bioassay). This could
increase earthworm competition for food, causing them to
ingest more soil containing AgNP or Ag, particularly when
biosolids were added. Still, AgNP toxicity to earthworms is
probably underestimated in the bioassay. For example, over
a full year (52 weeks) of aging, earthworm toxicity in AgNP-
spiked soils was up to 40 times greater than the toxicity re-
sponse after 1 week of exposure (Diez-Ortiz et al. 2015). The
toxicity of ionic Ag* decreased while the toxicity of AgNP in-
creased with aging, suggesting a “convergence” of Agt and
AgNP toxicity based on equilibrium in the ionic and ex-
changeable Ag™ pools, relative to the reduced, sorbed, and
precipitated Ag forms (Diez-Ortiz et al. 2015). Aging the soil-
biosolids mixture for up to 1 year after AgNP spiking may be
a more rational method of evaluating AgNP toxicity to earth-
worms in biosolids-amended soil.

Conclusions

AgNO; lethality in earthworms tended to be higher in
artificial OECD soil than in natural soil, with and without
biosolids. The opposite was true for AgNP, which was more
lethal in natural soil than in artificial soil, although only in
the absence of biosolids. These discrepancies indicate that we
must consider the variable properties of artificial versus nat-
ural soils (organic matter, cation exchange, soil colloids-clay,
humic acid, texture, pH, etc.) and the multiple reactions that
alter AgNP and Ag" bioavailability in short-term soil ecotox-
icology experiments. Using artificial soil to test the poten-
tial toxicity to earthworms of Ag-containing biosolids may
lead to inaccurate conclusions that affect guidelines related
to amending agricultural soils with biosolids from wastewa-
ter treatment facilities.
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