Environmental Toxicology and Chemistry—Volume 39, Number 6—pp. 1257-1266, 2020

Received: 6 April 2019 | Revised: 30 April 2019 | Accepted: 12 March 2020

1257

Environmental Toxicology
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Abstract: Silver nanoparticles (AgNPs) from industrial use, discharged via the land application of sewage sludge, are interacting
with soil biota, including earthworms. In affected organisms, excessive production of reactive oxygen species can result in lipid
peroxidation, shifting the balance between oxidants and antioxidants to cause oxidative stress. We determined selected lower-
tier biomarkers such as antioxidant responses and lipid peroxidation in Aporrectodea caliginosa earthworms exposed to soils
spiked with AgNPs or silver nitrate (AgNO3). Aporrectodea caliginosa were exposed to AgNPs at O (control), 0.3, 3, 30, and
300 mgrkg or Ag™ (as AgNO3) at 0, 0.03, 0.3, 3, and 10 mg/kg in soil for 4 wk. At 1, 2, 3, and 4 wk, the activity of the antioxidant
enzymes superoxide dismutase, catalase, glutathione peroxidase, glutathione S-transferase, as well as lipid peroxidation
(malondialdehyde content), increased as a function of concentration, with a much larger response for Ag* than AgNPs. Given the
likelihood of ever-increasing AgNP concentrations in soil, where AgNPs can transform to ionic Ag (Ag™), our findings
of antioxidant response to oxidative stress in a common indicator organism even at an environmentally realistic exposure
concentration of 0.03 mg/kg demonstrate that AgNPs may affect soil fertility and, thus, agricultural production. Evaluating
selected lower-tier biomarkers offers a meaningful assessment of AgNPs and Ag™ effects on terrestrial earthworms. Environ

Toxicol Chem 2020;39:1257-1266. © 2020 SETAC
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INTRODUCTION

Silver nanoparticles (AgNPs) are increasingly used in a variety of
industries (Xiong et al. 2013) and reach the soil from sewage
sludge, waterways, air, volcanic eruption, mining, and from vehicle
exhaust (Tripathi et al. 2017). This implies their increasing presence
in the environment, making exposure of ecologically relevant or-
ganisms and humans possible (Kihnel and Nickei 2014). In the
face of rapid growth in nanotechnology and environmental policy
instruments that have not been designed to regulate the novel
physical or chemical properties of substances like NPs, there is
now an urgent need to understand their environmental impact,
including that of AgNPs (Judy et al. 2011). Silver NPs may be
released into the environment, including into soil, during the
production and disposal of AgNP-containing materials (Stensberg
et al. 2011; Dobias and Berier-Latmani 2013). Many industries
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release wastes into sewerage systems that end in sludge, which is
sometimes spread on the land as fertilizer (Meier et al. 2016). Silver
NPs in sewage sludge when applied on soil may inhibit plant
growth (Lee et al. 2012) and impact on terrestrial organisms and
on aquatic organisms via leaching of land contaminants into wa-
terways. Thus, AgNPs may accumulate in soil and be transmitted
via the food chain to humans.

Earthworms contribute significantly to ecosystem health by
modifying the physical, chemical, and biological properties of
soil; recycling organic material; increasing nutrient availability;
providing food for other soil organisms; and improving the soil
structure profile, all of which improve soil fertility (Lemtiri
et al. 2014). Thus, earthworms are of importance to agriculture
by increasing pastoral productivity (Blouin et al. 2013). Eisenia
fetida is the most common earthworm species used to assess
chemical toxicity (Organisation of Economic Co-operation and
Development 1984). In New Zealand, however, the most
abundant earthworm species in agricultural land is Aporrectodea
caliginosa, and this species has been shown to be equally
suitable for monitoring soil toxicity (Gooneratne et al. 2011) and
genotoxicity (Cataldo et al. 2011).
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The size and surface coating of AgNPs have impacts on
the toxic response (Makama et al. 2016). Soil organic matter
and the thiol compounds therein can reduce the toxicity of
AgNPs to soil microorganisms but nevertheless still affect soil,
plant, and animal enzymes (Levard et al. 2012). Exposure of
earthworms to AgNPs results in increased lipid peroxidation
(LPO) and elevated antioxidant defence enzyme systems such
as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), glutathione S-transferase (GST; Zhang
et al. 2013). However, AgNPs in soil tend to react with ligands
such as sulfide but can also react with fluvic and humic acids
in organic matter, resulting in reduced toxicity (Levard
et al. 2012).

Biomarkers such as SOD, CAT, GPx, and GST enzymes as
well as LPO at suborganismal levels have been considered to
be measures of responses to stressors (Huggett et al. 2017).
Several biomarkers have been used at the cellular level as ef-
ficient tools because of their sensitivity, quickness, and accu-
rate relationship between toxicant exposure and respective
biological responses (Connon et al. 2012). Gordon et al. (2010)
reported that Ag ions inactivate enzymes by binding to sulf-
hydryl (thiol) groups in amino acids and promote release of iron
with subsequent free radical formation by a variety of mecha-
nisms, mostly mediated by reactive oxygen species (ROS).
Sources of O,~ and H,0; are functionally and spatially related
to the production and cellular localization of natural antioxidant
enzymes including SOD and CAT (Gobe and Crane 2010).
Superoxide dismutases detoxify O, into H,O», which is then
converted to water and molecular O, by CAT. Glutathione
S-transferase is a phase Il enzyme that catalyzes glutathionylation
of xenobiotics. Glutathione peroxidase enzymes mediate the
reduction of peroxides to alcohols. The balance between
ROS production and the antioxidant system leads to regulated
intracellular steady-state levels of ROS in aerobic organisms
(Sies 1997).

Oxidative stress is a deleterious process caused by an im-
balance between oxidants and antioxidants in steady state,
which plays a role in the pathogenesis of many diseases in-
cluding some caused by environmental agents including metal
ions (Samet and Wages 2018). It can result in damage to pro-
teins and DNA and cause LPO (Wible and Bratten 2018). It is
suggested that the major toxicity pathway for AgNPs in envi-
ronmental organisms is via the impairment of oxidative phos-
phorylation, generation of ROS, and LPO (Terevinto et al. 2010;
Cataldo et al. 2011). The aim of the present study was to
compare time- and dose-related responses of 4 antioxidant
enzymes and LPO in A. caliginosa earthworms chronically
exposed to AgNPs and Ag* (as AgNO3) for 4 wk.

MATERIALS AND METHODS
Chemicals and reagents

Trisodium citrate (99% purity), sucrose, and dipotassium
hydrogen phosphate (98% purity) were purchased from BDH.
Analytical-grade AgNO3 (99% purity) and all other chemicals
(e.g., ferrous sulfate heptahydrate, 98% purity) were from
Sigma-Aldrich.

AgNP synthesis and quantification

On the day of the experiments AgNPs were freshly pre-
pared. We used citrate-coated AgNPs because these are easy
to synthesize, stable, and one of the less toxic AgNPs (Nguyen
et al. 2013). Citrate-coated AgNPs were synthesized from
AgNO;3, reduced by ferrous sulfate heptahydrate, and coated
with trisodium citrate dehydrate, as reported by Lea (1889).
The dissolved Ag (in the supernatant ~0.1 mg/mL) was re-
moved from AgNP pellets by centrifugation at 1865g for
10 min. The pellet was suspended in 10 mL of deionized water
(MilliQ), and the synthesized AgNPs were kept at 4 °C. This
method produced spherical particles, which did not aggregate
because of the electrostatic repulsion of the citrate capping
agent. Silver NPs were diluted from stock colloidal solution
by diluting 0.35(Ag)uL in 50mL deionized water. The Ag
concentration in AgNPs (diluted 1400x) was determined by
flame atomic absorption spectroscopy (FAAS; model AA.6200;
Shimadzu), calibrated with the Merck ICP certiPUR multiele-
ment standard (Sigma-Aldrich).

AgNP charge measurement and particle size

The average mean particle size and zeta potential (a
measure of the magnitude of the electrostatic or charge re-
pulsion or attraction between particles) of the synthesized
AgNPs were determined using a Zetasizer Nano ZS (Malvern
Instruments) at 25°C. The conditions employed were He/Ne
laser (wavelength =633 nm), scattering angle 90°, refractive
index 1.33, and viscosity 0.887 mPa. Prior to the measure-
ments, the concentration of the AgNPs was diluted 200-fold
with deionized water.

The morphology and size of AgNPs were determined using
a Philips CM200 transmission electron microscope (TEM). The
AgNPs were diluted with deionized water to obtain a more
uniform distribution and directly transferred onto a TEM gold-
carbon grid for size characterization, using the high-resolution
TEM fitted with a Gatan digital camera.

Experimental design (soil studies)

Aporrectodea caliginosa earthworms were used in the study
from a colony typed to genus in our laboratory by Bate (2015).
Adult earthworms (n=200; average weight=0.8+0.08g,
range =0.66-1.02 g), 3 to 4 mo old with a well-developed cli-
tellum, were kept in plastic containers (n = 40; with small holes
drilled in caps for air circulation) containing 200 g of test soil
with a 5-g total mixture of ground cow manure and grass
clippings added weekly. Approximately 50 kg of Templeton Silt
Loam soil (see Supplemental Data, Table S1, for soil properties)
were sieved, and the moisture content (22%) was adjusted to
field capacity (41%), as described by Grewal et al. (1990). The
concentration of Ag in the control soil was 0.06 ug/L. Because
this is negligible compared to the exposure concentrations,
throughout present study it is stated as 0 mg/kg.

Earthworms were exposed to 0, 0.3, 3, 30, and 300 mg/kg
(as AgNPs) or 0, 0.03, 0.3, 3, and 10mg/kg Ag* (as AgNO5)
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soil, with 20 earthworms (4 containers of 5 replicates) per ex-
posure concentration (2 control and 8 Ag treatment groups).
The exposure concentrations were selected based on a pre-
liminary experiment conducted to determine the median lethal
concentrations (LC50s) of A. caliginosa exposed to AgNPs and
Ag*, calculated using probit analysis as 2649.2 and 305 mg/kg,
respectively (Supplemental Data, Figure S1). Because these
LC50 results showed that Ag* was approximately 10-fold more
lethal than AgNPs, relatively much lower concentrations of
AgNO3 were used in the present study. The highest concen-
trations for each Ag form used in the present study were ap-
proximately 10% of the LC50 doses. At each of 1, 2, 3, and 4 wk
of exposure to AgNPs or AgNOj3, 5 worms from each exposure
concentration were removed, rinsed, dried with filter paper,
labeled, and frozen at —20 °C for subsequent analysis of LPO
and antioxidant enzyme activities (SOD, CAT, GPx, and GST).
Earthworm Ag concentration was determined in the week-4
samples.

Because of the negligible soil Ag concentration and analysis
of the spiking solution, we assumed the soil concentration of
Ag to be approximately nominal. We did not analyze the soils
directly.

Earthworm homogenization and measurements

Earthworms were homogenized (FJ 200, Gao Su Fen San
Jun2HI JI Shanghai Specimen and Model Factory homogenizer) at
a ratio of 1:3 (w/v) in 0.15 M phosphate saline buffer (PSB; pH 7.4)
at high speed for 25s in ice. Each 3 mL of PSB contained 175 pL
of a mixture of protease inhibitors (aprotinin, leupeptin, and
pepstatin, 5pug/mL; antipain, 1ug/mL; trypsin inhibitor, 1 mg/mL;
Concetti et al. 1984; Laguerre et al. 2009). The homogenate was
then centrifuged (Beckman J2-MI; GMI Laboratory Solutions) at
30 390 g relative centrifugal field for 20 min at 4 °C to remove cell
debris and most of the cell organelles. Aliquots of the supernatant
for enzyme analysis and Ag and protein concentrations were
transferred to 15-mL capped plastic tubes and kept on ice.
All antioxidant enzymes and LPO were measured using spec-
trophotometric (Shimadzu 1200) methods.

Total protein in earthworm homogenate

Total protein was determined by the method of Bradford
(1976) with bovine serum albumin as the standard. All enzyme
activities are expressed as a function of the protein concen-
tration in the earthworm homogenate supernatant.

Ag concentration in earthworms

Earthworm homogenates were digested using concentrated
nitric acid in a microwave (CEM MARS Xpress operating in
selectable output of 0-1600watts + 15%). The Ag concen-
tration was determined using an inductively coupled plasma
optical emission spectrophotometer (Varian 720 ICP-OES). The
calibration internal standards were prepared by serially diluting
the Merck ICP standard. The recovery of certified reference

material for Ag concentrations ranging from 0.1 to 1000 pg/L
ranged from 86 to 103% (Supplemental Data, Table S2).

SOD

Measurement of SOD activity in earthworm homogenate
was based on the inhibition of pyrogallol autoxidation with the
extinction coefficient of pyrogallol as 2640 M/cm (Terevinto
et al. 2010). Briefly, 2.85 mL of phosphate buffer (pH 8), 75 pL of
10 mM pyrogallol, and 75 pL of homogenate were mixed; and
the kinetics was followed by measuring the increase in ab-
sorbance at 340 nm, every minute for 4 min. The enzyme ac-
tivity is expressed as pmol/min/mg protein. The assay buffer
was used as the blank.

CAT

Measurement of CAT activity was based on determination of
the kinetics of the degradation of H,O, with the extinction
coefficient of H,O, as 43.6 M/cm (Cataldo et al. 2011). Briefly,
72.5 uL of 50 mM phosphate buffer (pH 6.5), 2.5 mL of 300 mM
H,O, (30% w/w), and 0.5 mL of earthworm homogenate were
mixed; and the kinetics was followed by measuring the de-
crease in absorbance at 240 nm, every minute for 4 min. The
blank contained sodium phosphate buffer and H,O,. The en-
zyme activity is expressed as pmol/min/mg protein. The assay
buffer was used as the blank.

GPx

The assay mixture consisted of 1.97mL of assay buffer,
made up of 1mM reduced glutathione (GSH), 50 mM phos-
phate buffer, 0.15mM nicotinamide adenine dinucleotide
phosphate hydrogen (NADPH), 1 mM sodium azide, 1.5U
glutathione reductase (GR), 0.15mM H,0O,, and 0.0073 g eth-
ylenediaminetetraacetic acid (EDTA). To this, 30 uL of earth-
worm homogenate was added and the GPx activity measured
for 4 min at 22 °C based on the oxidation of NADPH monitored
by the decrease in absorbance of the incubation mixture at
340 nm, measured every minute for 4 min. The extinction co-
efficient of NADPH was 6220 M/cm (Terevinto et al. 2010). The
GPx activity is expressed as uymol oxidized NADPH per minute
per mg protein. The assay buffer was used as the blank.

GST

Measurement of GST in earthworm homogenates was
based on the increase in absorbance at 340 nm because of the
conjugation of GST to 1-chloro-2,4-dinitro-benzene (CDNB)
and the extinction coefficient of GSH as 9.6 M/cm (Cataldo
et al. 2011). Briefly, the reaction mixture contained 100 uL of
freshly prepared GSH (40 mM) in phosphate buffer (0.01 M,
pH 7.6), 100puL of CDNB (1 mM), and 500 puL of potassium
phosphate buffer (0.1 M, pH 6.5), which were mixed and in-
cubated for 5 min at 25 °C. The reaction was initiated by adding
30 pL of earthworm homogenate and the increase in absorbance
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at 340 nm followed every minute for 4 min. The enzyme activity
is expressed as mmol/min/mg protein. The assay buffer was used
as the blank.

LPO

The assay of thiobarbituric acid (TBA) reactive substances
measures malondialdehyde (MDA), which is formed by LPO as
described by Cataldo et al. (2011). Initially, the proteins in the
earthworm homogenates were removed by precipitation with
trichloroacetic acid (30%) and centrifuged at 2000 g for 20 min.
To 1mL of the supernatant, TmM EDTA and 1% TBA were
added, and the mixture was heated in a bath of boiling water
(deionized) for 15 min. The sample was cooled on ice and the
absorbance of MDA measured at 532 nm. The concentration
of MDA was calculated using the molar extinction coefficient
of MDA (156 000 M/cm), and the results are expressed as
milligrams of MDA equivalents normalized to total earthworm
homogenate protein.

Statistical analysis

Throughout, the results are reported as the mean=z
standard error of the mean (SEM). The relationship between
mean soil Ag concentration and mean earthworm Ag concen-
tration after 4 wk was analyzed using linear regression. Differ-
ences between the means (n=5) at each concentration were
then analyzed using a one-way analysis of variance (ANOVA).
Repeated-measures ANOVA was used to analyze differences
for the 5 different soil concentrations at 1-wk intervals. The LPO
data (n=5 worms per treatment; Table 1) are expressed on a
weekly basis and comparisons made between the 5 soil con-
centrations at each time point. All comparisons of means used
Fisher's least significant difference post hoc multiple compar-
ison test (@=0.05), with different letters indicating statistical
significance. The data were analyzed using either Minitab®
17 Statistical Software for the repeated-measures ANOVA. The
data were also analyzed using Genstat (2018, 17th ed.; VSN
International) to derive regression (either linear or nonlinear)
fitting curves for the earthworm antioxidant enzyme responses

on exposure to the different concentrations of AgNPs and
Ag" ions. The regression (either linear or nonlinear) fitting
curves are shown in Supplemental Data, Figures S4 to S11.
From the enzyme profiles generated, in general, for each bio-
marker enzyme, there was an obvious increasing trend over
time (the detailed estimate parameters with week in regression
functions are shown in Supplemental Data, Figures S4-S11),
except some at concentration 0. This is what we expected. So
we concluded that the enzyme activities at week 4 > week 3 >
week 2 > week 1.

RESULTS
AgNPs

The concentration of the synthesized AgNPs used in these
earthworm experiments as measured by FAAS ranged from
12 to 13 g/L. The morphology of AgNPs examined by TEM
varied from circular to sometimes oval. The size distribution of
the samples synthesized varied between 10 and 40 nm, but
most ranged from 10 to 30nm, with an average size of ap-
proximately 25+8nm (Supplemental Data, Figure S2). The
AgNP size measured by the zetasizer was 30 +4 nm. The zeta
potential of the synthesized AgNPs was —41 + 6 mV, indicating
good stability of Ag.

Ag accumulation in earthworms

No mortality was observed during the study. Following a
4-wk exposure, the Ag concentration in the earthworms in-
creased in a dose-responsive fashion as a function of exposure
concentration (Figure 1), to a maximum of 0.84 mg/kg in the
300-mg/kg AgNPs soil treatment (R*=0.94, y=0.0023x+
0.1418, p=0.0311) and 0.26 mg/kg in those exposed to the
highest Ag* concentration of 10mg/kg soil (R°=0.96,
y=0.023x+0.0211, p=0.0186).

SOD

A concentration-dependent significant increase (p < 0.05) in
SOD enzyme activity in earthworms exposed to both AgNPs

TABLE 1: Lipid peroxidation measured as malondialdehyde equivalents normalized to earthworm Aporrectodea caliginosa homogenate total protein
(mean + standard error of the mean)? following exposure to different concentrations of Ag nanoparticles (AgNPs) or Ag* (AgNO3) over 4 wk

Week 3

Week 4

Ag (mg/kg soil) Week 1 Week 2
AgNPs
0 25.9 +4.97A 51.21+7.06A
0.3 111.37 £ 8.91AB 155.4£12.2A
3 179.73 £14.39B 212.2+25.498B
30 238.73 £.33.03C 281.5+41.34B
300 587.58 +38.82D 608.4 +22.5B
Ag*t
0 46.51 + 11.26A 36.61 +4.06A
0.03 119.42 +£ 25.38A 234.88 +21.78AB
0.3 174.32 £ 54.6A 303.08 +28.21BC
3 382.24 +.74.19B 454.45 +29.2CD
10 546 +123.86B 710.23 +57.7CD

41.84 +11.94A
222.52 +39.44B

258.4 +36.67BC
325.22 +£50.52C
629.23+7.15D

34.09+£11.94A
366.54 + 62.84AB
563.08 + 83.76AB
600.32 +77.74BC
808.11+7.15C

52.25+10.23A
285.63 +29.21B
407.46 +28.83C
438.6 +26.12C
738.31 +20.46D

52.25+10.23A
485.84 +128.42B
575.88 + 154.88C

951+ 302.8C
1277 +358.34D

“Means with different letters denote significant differences (p < 0.05) between treatments (n=5 worms per treatment) at each time point for each Ag form separately.

© 2020 SETAC

wileyonlinelibrary.com/ETC



Toxicity of AgNPs/Ag™ to the earthworm A. caliginosa—Environmental Toxicology and Chemistry, 2020;39:1257-1266

1261

(A) (AgNOy)

% 0.35
=4 C
Eo 0.3
g ;’ 0.25 1
S o
- 0.2
= =
g = 0.15 4
o
Mmoo
= 0.1 A b
3 b
ap 0.05 4 a
0 -
0 0.3 3 10

Soil Ag concentration (mg/kg)

(B) (AgNPs)

1 T

“ah
=4
] _
g o8
§~§ 0.6 b
g
€2 04
Q
g 0.2 -
o
o0 a
< 0
0 3 30 300

Soil Ag concentration (mg/kg)

FIGURE 1: Silver concentration (mean =+ standard error of the mean) in Aporrectodea caliginosa (n = 5) homogenates exposed to (A) Ag™ as AgNO3
(0, 0.3, 3, and 10 mg/kg), and (B) Ag nanoparticles (NPs; 0, 3, 30, and 300 mgrkg) at week 4. Means with different letters on bars are significantly
different (p < 0.05) from the respective controls (0 exposure) at each time point.

and AgNOj3 was evident at most time points (Figure 2). The
increase in SOD activity in earthworms exposed to AgNOs;
(Ag*) was approximately twice that observed in the worms
exposed to AgNPs.

CAT

The CAT enzyme activity in A. caliginosa exposed to AgNPs
or Ag* over a 4-wk period is shown in Figure 3. A concentration-
dependent significant increase (p<0.05) at most time points
was observed, with the elevated CAT enzyme activities most
marked in the earthworms exposed to the highest concentration
of Ag*.

GPx

The GPx enzyme activity in A. caliginosa exposed to AgNPs
or Ag™ over a 4-wk period is shown in Figure 4. The GPx activity
increased significantly (p < 0.05) in a concentration-dependent
manner, with the values observed on exposure to Ag* not
significantly different from those observed in earthworms ex-
posed to AgNPs.
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GST

The GST enzyme activity was markedly elevated in
earthworms exposed to both AgNPs and Ag* compared to
other enzyme activities. There was a significant (p <0.05)
concentration-dependent GST increase in earthworms
exposed to AgNPs or Ag*, and this was most marked in
those exposed to Ag* (Figure 5).

Antioxidant enzymes (linear or nonlinear fitting
curves)

The regression (either linear or nonlinear) fitting curves de-
rived from either linear or nonlinear fitting curves for the
earthworm antioxidant enzyme responses (SOD, CAT, GPx,
GST) on exposure to the different concentrations of AgNPs and
Ag* ions as analyzed by using Genstat are shown in Supple-
mental Data, Figures S4 to S11. From the enzyme profiles
generated, in general, for each biomarker enzyme, there was
an obvious increasing trend over time (the detailed estimate
parameters with week in regression functions are shown in
Supplemental Data, Figures S4 to S11), except some at con-
centration 0. This is what we expected. Based on this, we
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FIGURE 2: Superoxide dismutase enzyme activity (mean + standard error of the mean) in Aporrectodea caliginosa (n=5) exposed to (A) Ag* as
AgNO; (0, 0.03, 0.3, 3, and 10 mg/kg), and (B) Ag nanoparticles (NPs; 0, 0.3, 3, 30, and 300 mg/kg) for 1, 2, 3, and 4 wk. Means with different letters
on bars are significantly different (p < 0.05) from the respective controls (0 exposure) at each time point. SOD = superoxide dismutase.
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FIGURE 3: Catalase enzyme activity (mean + standard error of the mean) in Aporrectodea caliginosa (n=5) exposed to (A) Ag* as AgNOj3 (0, 0.03,
0.3, 3, and 10 mg/kg), and (B) Ag nanoparticles (NPs; 0, 0.3, 3, 30, and 300 mg/kg) for 1, 2, 3, and 4 wk. Means with different letters on bars are
significantly different (p < 0.05) from the respective controls (0 exposure) at each time point. CAT = catalase.
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FIGURE 4: Glutathione peroxidase enzyme activity (mean + standard error of the mean) in Aporrectodea caliginosa (n=>5) exposed to (A) Ag* as
AgNOs3 (0, 0.03, 0.3, 3, and 10 mg/kg), and (B) Ag nanoparticles (NPs; 0, 0.3, 3, 30, and 300 mg/kg) for 1, 2, 3, and 4 wk. Means with different letters
on bars are significantly different (p < 0.05) from the respective controls (0 exposure) at each time point. GPx = glutathione peroxidase.
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FIGURE 5: Glutathione S-transferase enzyme activity (mean + standard error of the mean) in Aporrectodea caliginosa (n=5) exposed to Ag*
(A) AgNOs3 (0, 0.03, 0.3, 3, and 10 mg/kg), and (B) Ag nanoparticles (NPs; 0, 0.3, 3, 30, and 300 mg/kg) for 1, 2, 3, and 4 wk. Means with different
letters on bars are significantly different (p < 0.05) from the respective controls (O exposure) at each time point. GST = glutathione S-transferase.
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concluded that the enzyme activities at week 4 > week 3 >
week 2 > week 1.

LPO

The LPO activity as measured by MDA adduct formation is
shown in Table 1. There was a concentration- and time-
responsive increase in LPO following exposure to both AgNPs
and Ag®*. The LPO activity was higher in earthworms exposed
to Ag* > AgNPs over 4 wk but not significantly different (p >
0.05; Table 1).

DISCUSSION

With many industries now using AgNPs, potential exists for
increased environmental and human exposure to occur with
deleterious toxicological implications (Martirosyan et al. 2014).
In the present study, both AgNPs and Ag* increased anti-
oxidant enzyme activities and increased LPO. In soil AgNPs
dissociate to Ag* with time, resulting in an increase in toxicity,
but over an extended period will bind with soil ligands to re-
duce Ag bioavailability and toxicity (Diez-Ortiz et al. 2015).
Short-term exposure of the earthworm Eisenia fetida to
AgNPs/Ag™ induced oxidative damage, with a significant in-
crease in the protein carbonyl, and by day 3 upregulated
9 stress response genes including CAT and heat shock protein
70 (Tsyusko et al. 2012). Eisenia fetida earthworms altered their
behavior to avoid soil contaminated with AgNPs/Ag* within
48 h when exposed to AgNPs and immediately on exposure to
AgNOj3 (Shoults-Wilson et al. 2010).

The earthworm A. caliginosa was selected for the present
study because it is widespread throughout New Zealand, which
makes it a good animal model to study the effects of AgNPs in
this country's terrestrial environment. One of the common
mechanisms of toxicity mediated by NPs is the induction of
oxidative stress (Oberdorster et al. 2005). This has been dem-
onstrated with AgNPs, which induce high levels of ROS within
cells (Kawata et al. 2009). The present study has clearly shown
that the antioxidant enzymes (Figures 2-5) that counteract ox-
idative stress and LPO (Table 1) were increased in A. caliginosa
exposed to either Ag* or AgNPs in a concentration-dependent
manner.

Two modes of action of AgNPs have been proposed: 1) the
release of Ag™ ions on long-term incubation in soil and in-
duction of ROS (McShan et al. 2014), and 2) direct induction of
ROS (Wijnhoven et al. 2009). Both modes of action can initiate
oxidative stress, which can irreversibly damage proteins, lipids,
and nucleic acids and stimulate the production of antioxidant
enzymes such as SOD, CAT, and GPx (McShan et al. 2014).
Both mechanisms can also lead to the harmful genotoxic ef-
fects associated with AgNP exposure (Duran et al. 2016; Wang
et al. 2017). Silver NPs can also cause toxicity through surface
oxidation, leading to the release of Ag*, which can interact with
nucleic acids, lipid molecules, and proteins in biological sys-
tems (McShan et al. 2014). One of the most important differ-
ences between our earthworm AgNP study and those reported

by others is that we used a mixture of protease inhibitors—
aprotinin, leupeptin, pepstatin, and antipain—in the homoge-
nizing buffer (Concetti et al. 1984; Laguerre et al. 2009). In a
preliminary study, the protein yield of the earthworm homo-
genate supernatant prepared with the PSB containing protease
inhibitors was approximately 35% higher than with PSB alone
(Supplemental Data, Figure S11). We believe the addition of
antiproteases may have prevented enzyme degradation and
hence contributed to higher enzyme activities even when ex-
pressed as a fraction of the protein concentration. This is an
important finding and may explain the differences in anti-
oxidant enzyme activities and LPO between the present study
and those reported by others (Pan et al. 2010; Aldarraji
et al. 2013; Muthu and Durairaj 2015).

The biomarkers of oxidative stress used in the present study
comprised the antioxidant enzymes SOD, CAT, GPx, and GST
as well as LPO, all of which were in general significantly in-
creased in a concentration-dependent manner on exposure to
both Ag* and AgNPs; and there was a trend for values in week
4 > week 3 > week 2 > week 1 in general but not always
(Figures 2-5). Superoxide dismutase enzymes play a significant
role in protecting cells from oxidative stress by catalyzing the
dismutation of O,~ anions to H,O, and O,, and CAT converts
H,O, to water (Roubalova et al. 2015). The higher antioxidant
enzyme activities in earthworms exposed to Ag* even at con-
centrations 10 times lower than those of AgNPs are probably
due to the high solubility and ready absorption of Ag™ by
A. caliginosa (Zhan 2012), which is similar to what is observed in
rats (Qin et al. 2017). Shoults-Wilson et al. (2011), in their study
on the effect of AgNP surface coating on bioaccumulation and
reproductive toxicity in earthworms, reported that surface
coating with polyvinylpyrrolidone (PVP) and oleic acid pre-
vented excessive oxidation (<15%) and dissolution of NPs.
Based on a study of a 28-d exposure of earthworms to both
PVP- and oleic acid-coated AgNPs in artificial soil, Shoults-
Wilson et al. (2011) suggested that the marked toxicity of
AgNPs was primarily due to the release of Ag*. Also, AgNPs
can react with ligands present in soil, to form sulfides, thus
reducing toxicity (Levard et al. 2012; Doolette et al. 2015).

On a molar basis, Ag™ ions are some 5.6 x 10" times more
concentrated than an equal mass of AgNPs (Supplemental
Data, Table S3). Given this large difference in molarity, it is
likely that the toxicity of AgNPs is due in part to conversion of
the AgNPs into Ag* ions because such a dissociation can occur
in the long term. Thus, the Ag™ released from AgNPs can lead
to LPO in earthworms, either A. caliginosa or E. fetida
(Li et al. 2014). Exposure of the soil invertebrate Enchytraeus
crypticus to AgNPs showed that the oxidative stress mecha-
nism caused by AgNPs may be somewhat different from that of
Ag*, with AgNPs taking a longer time than Ag* to produce
toxic effects (Ribeiro et al. 2015).

Among the antioxidant enzymes, CAT appears to be the
most induced (Ribeiro et al. 2015). This agrees with our present
study, which found a >2-fold increase in CAT activity by Ag*.
Gomes et al. (2015) showed that exposure of E. fetida to Ag™*
mixed in Organisation of Economic Co-operation and Devel-
opment soil spiked with 25 to 200 mg/kg for 28 d resulted in
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increases in GPx, SOD, and GR by 300, 100, and 200%, re-
spectively, but reduced the activities of CAT and GST. These
findings in earthworms exposed to very high concentrations are
somewhat dissimilar to our much lower dose 4-wk study, where
we observed a continued increase of all antioxidant enzymes
up to 4wk. Gomes et al. (2015) used E. fetida (whereas we
used A. caliginosa earthworms) and high doses of Ag* up to
200 mg/kg and uncapped AgNPs up to 1500 mg/kg, which
could be considered unrealistic environmental concentrations.
Such high concentrations can lead to marked irreversible en-
zymatic and metabolic changes. Mendes et al. (2015), in a
similar study but with Folsomia candida (a member of the order
Collembola, a common and widespread arthropod that occurs
in soils throughout the world), found that the increases in
metallothionein and GST > CAT, GR, GSH, and LPO were more
marked in those exposed to Ag* than in those exposed to
AgNPs.

A comparison of the antioxidant enzyme profiles in earth-
worms exposed to the same concentrations (0.3 and 3 mgrkg
soil) of Ag* and AgNPs showed that the activities of anti-
oxidant enzymes were markedly higher in earthworms exposed
to Ag*. There are several reasons Ag™ may be more toxic than
AgNPs: 1) the solubility of Ag* is much higher than that of
AgNPs because Ag™ (from AgNO3) is a salt, although AgNPs
are considered to be a base that forms a colloidal solution in
water; 2) on a molar basis, Ag* ions are some 5.6 x 10" times
more concentrated than an equal mass of AgNPs; 3) Ag from
AgNPs accumulates in the cell membranes, whereas Ag* is
localized in the cytosolic fraction (Li et al. 2014); and 4) the
elimination rate of Ag when exposed to AgNPs is greater than
that of Ag™ (Ribeiro et al. 2015). Schlich et al. (2013) observed
higher accumulation of Ag in the AgNP (sized 15nm) group
than in Eisenia andrei earthworms exposed to Ag™. However,
the induction of antioxidant enzymes and LPO was 2.5- to
3-fold higher in earthworms exposed to 0.3 and 3 mg/kg of
Ag* concentration compared to AgNPs (Table 1). When
E. fetida earthworms were exposed to AgNPs of 2 particle
sizes at doses up to 500 mg/kg for 14d, the smaller 10-nm
particles were more toxic than the 80-nm ones (Li et al. 2012).
Thus, it appears that AgNP size influences uptake and degree
of toxicity. In addition to a greater accumulation rate of Ag™
(Qin et al. 2017), certain toxicokinetic parameters, such as total
body clearance, mean residence, half-life, bioaccumulation
factor, and elimination rate constant (Ramsey et al. 2009;
Waalewijn-Kool et al. 2014; Bednarska et al. 2016; Swiatek
et al. 2017), may have also contributed to the greater toxicity
of Ag* than AgNPs to A. caliginosa, which is in agreement with
Qin et al. (2017).

According to Zhan (2012), the LC50 of Ag™ to A. caliginosa
is 418 mg/kg, which is higher than the LC50 of 305 mg/kg
measured in AgNO; (Ag*) by us (Supplemental Data,
Figure S1). In the present study, AgNPs (LC50 2649 mg/kg;
Supplemental Data, Figure S1) were acutely less toxic than
Ag*, and earthworms exposed to AgNPs took a longer time
than with Ag™ to show toxic effects, which is in agreement with
Ribeiro et al. (2015). Choi and Park (2015) observed no mor-
tality in E. fetida exposed to up to 100mg/kg of AgNPs

(citrate-coated, particle size 11 nm) mixed with artificial soil
and concluded that it was not acutely toxic. In contrast, Brami
et al. (2017) observed that exposure of Allolobophora
chlorotica earthworms to Ag™ or AgNPs mixed in Kettering
loam soil (composed of 24% clay, 18% silt, 58% sand, 6.7%
organic matter, pH 6.8) at 100 mg/kg soil caused 12.5% mor-
tality with AgNPs (uncoated, spherical, 80 nm particle size)
compared to 66.7% with Ag*. The highest concentrations of
Ag* and AgNPs used in the present study were 10 and
300 mgrkg, respectively, mixed in Templeton Silt Loam soil in
a 4-wk exposure period. No deaths occurred. This shows dif-
ferent degrees of toxicity to different earthworm species ex-
posed to Ag in different soil types. Shoults-Wilson et al. (2010)
mixed artificial soil with 10, 100, and 1000 mg/kg AgNPs and
with 10 or 100 mg/kg Ag* and observed that earthworms ex-
posed to Ag* accumulated higher Ag concentrations than
those exposed to AgNPs, which is in agreement with our re-
sults. This is also in agreement with our pharmacokinetic
studies of a higher bioaccumulation in A. caliginosa with Ag™
when exposed to either AgNPs or Ag* at a concentration of
20 mg/kg (N. Saleeb, Lincoln University, Lincoln, Canterbury,
New Zealand, unpublished observation).

Pollution by heavy metals of anthropogenic origin has long
been recognized as a serious threat to terrestrial ecosystems.
And heavy metals, including Ag, accumulate in earthworms by
soil ingestion, via ion exchange of dissolved heavy metals across
the lipophilic outer membrane and/or adsorption on membrane
surfaces. For example, divalent metals such as cadmium (Cd®),
copper (Cu?h), chromium (C?Y), lead (P?%), and zinc (Zn?*)
accumulated in tissues of the earthworm Eudrilus euginiae
exposed to 0.1 and 1.5 g of waste (vermicomposting municipal
solid waste; Kumar et al. 2008). These divalent heavy metals may
also be present in brownfields and public parks (Jennings
et al. 2002). When the earthworm Lampito mauritii was exposed
to different concentrations of Pb and Zn separately for 28 d
(Maity et al. 2008), the activities of GST, GPx, GSH, and GR were
linearly increased after exposure to Pb; but on exposure to Zn,
only GPx and GR activities were increased, and that occurred
only after 14 d and at >300 mg/kg soil. It appears that different
metals accumulate in earthworms at different rates, and such
differences may be attributable to differences in earthworm
species and potentially the exposure concentration and length.

CONCLUSION

Exposure to AgNPs or Ag* resulted in an accumulation of
Ag in A. caliginosa earthworms. Dose-dependent significant
increases in antioxidant enzyme activities (CAT, GPx, SOD, and
GST) and increased LPO were observed in earthworms ex-
posed to Ag” > AgNPs. The increases in antioxidant enzyme
activity tended to be time-dependent, and this trend was more
marked in LPO activity. In general, Ag* was 2.5- to 4-fold more
toxic than AgNPs to A. caliginosa.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at https://doi.org/10.1002/etc.4713.
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