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Silver (Ag) nanomaterials (NMs) are used in many products, eventually reaching the environment at some
life stage and as they can be harmful their impact should be assessed. Although research has focused on
Ag NM toxicity, less focus has been on toxicokinetics. The aim of this study was to assess the kinetics of Ag
nanomaterial (Ag NM300K) and AgNOs in the soil invertebrate Enchytraeus crypticus. Tests followed OECD
guideline 317, with 14 days uptake followed by 14 days elimination in LUFA 2.2 soil. Two sub-lethal
concentrations were selected based on enchytraeid sensitivity in a reproduction test (6 and 60 mg Ag per
kg for Ag NM300K, and 5 and 45 mg Ag per kg for AgNO3), and spiked soil aged for 3 and 14 days after
spiking. Total and 0.01 M CaCl, extractable soil concentrations were evaluated at day O, 1 and 14 for all the
exposures. Overall, enchytraeids showed increasing Ag uptake with time, followed by a decrease when
transferred to clean soil. For the lowest exposure concentrations, the difference in Ag uptake rate constants
between 3 and 14 days aging was larger (10-fold) for AQNOs than for NM300K (uptake rates being highest
for soil aged for 3 days), which was in line with the higher CaCl,-extractable Ag concentrations in AGQNOs
spiked soil. At the higher exposure concentrations, for AQNOs the difference in Ag uptake rate constants
between 3 and 14 days aged soils was 2-fold, with the bioaccumulation factor (BAF) being highest at 3 days
aging. For Ag NM300K, the uptake rate constant was low with virtually no elimination, suggesting that body
Ag concentrations may keep on increasing with time leading to a higher risk of longer-term exposure
compared to the Ag ions. These findings show the importance of understanding the toxicokinetics of ionic
and nano forms of silver and other elements, and the key role of aging in determining NM bioavailability.
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Environmental significance

The wide use of silver (Ag) (due to its properties and applications) leads to an increasing release in the environment and potential adverse effects on soil
organisms. Changes in silver salt and nanoparticle bioavailability and toxicity (in time) are related with processes of aggregation, agglomeration,
dissolution, surface modification, metal speciation and solid phase binding of dissolved ions. For this reason, understanding the toxicokinetics of Ag in
soil organisms is key to assess its risk to the environment, because it covers a series of processes that translate the external into internal concentration and
respective effects. Our findings confirm that toxicokinetics differ between Ag salt and nano forms and also with soil aging.

Introduction refrigerators, water disinfectants, air filters or bone
cement.'™ The total production of silver nanomaterials
(NMs) in the European Union (EU) was estimated to be 50
tons in 2014.° Their wide use leads to an increasing release
in the environment.>”® Soil is a major sink, where sewage
sludge application is one of the largest sources of entry.®° As

a result, soil organisms are likely exposed to increasing levels

Silver (Ag) has a wide range of applications, mostly due to its
antimicrobial activity properties. It is applied in a variety of
products, also in the nano form, e.g. daily care products,
clothing, sports gear, food packaging, hospital supplies,
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of Ag NMs, raising concerns regarding their possible adverse
effects.'”"* Silver is a non-essential trace metal and elevated
concentrations of Ag NMs are known to cause adverse effects
on various soil organisms, e.g. Enchytraeus crypticus,* Eisenia
fetida,”® Eisenia andrei, Folsomia candida,'® Porcellionides
pruinosus® and Lumbricus rubellus."”
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Standard ecotoxicity tests as developed to assess the
hazards to soil organisms, eg, the enchytraeid,"
collembolan™ and earthworm reproduction tests,>* involve
the exposure to soil (freshly) spiked at a range of
concentrations, where endpoints like survival or reproduction
are assessed after a certain fixed time of exposure. Chemicals
interact with the soil leading to a change in their speciation
and bioavailability with time, thus affecting their toxicity."**"
Dissolution kinetics of NMs translate into complex dynamics
of partially dissolved particles, free/complexed ions,
adsorption of released ions on the NM surface, etc.>”> The
importance of considering aging, besides freshly spiked soil,
when performing ecotoxicological testing is well known and
often highlighted for a variety of chemicals, both organic
compounds®** and metals.'*?>2577

Bioavailability of NMs can be determined by measuring
uptake in the organism, and to understand internal toxicity
elimination kinetics can also be studied.®** Toxicokinetics
contains a series of processes that translate the external
concentration to the internal, including absorption,
distribution, metabolism, and excretion (ADME).*
Bioaccumulation studies with AgNO; and Ag NMs have been
performed using E. crypticus,’®*" F. candida,*® E. andrei,*® L.
rubellus,®® P. pruinosus® and T. molitor,*® although with
different NMs and not including aging.

Hence, the aim of this study was to investigate the
toxicokinetics of Ag NMs (and AgNO; as a reference to
account for Ag" ions released), comparing two aging periods,
3 and 14 days after soil spiking, and 2 exposure
concentrations. Although concentration should not influence
kinetics, two sub-lethal concentrations were included to
further verify the main patterns of Ag uptake in enchytraeids
exposed to NMs. Further, the sub-lethal range can be broad
and the level of changes induced in the animals, even at sub-
lethal exposures, can trigger differences in the process of
bioaccumulation. We used the ecologically relevant standard
soil model E. crypticus,>>® which has a widespread
distribution in different ecosystems, occurring in large
numbers.*® They are representative of the saprophagous
mesofauna of the litter layer and play a crucial role in organic
matter decomposition and bioturbation, improving the
small-scale water and air management of soil, especially
when population density is high.>” Although kinetics is not
studied, effects with Ag NMs are studied in E. crypticus at
various levels, from organism'****° to subcellular, e.g.
transcriptomics,*® comet assay,”’ so there is considerable
level of detail obtained with these particular Ag NM300K. We
hypothesized that Ag uptake kinetics would be faster for
AgNO; than for Ag NMs, would not depend on exposure
concentration and would be affected by aging.

Materials and methods
Test organism

Enchytraeus crypticus (Enchytraeidae, Oligochaeta) was
cultured in agar, consisting of Bacti-Agar medium (Oxoid,
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Agar No. 1) and a sterilized mixture of 4 different salt
solutions at final concentrations of 2 mM CacCl,-2H,0, 1 mM
MgSO,, 0.08 mM KCI, and 0.75 mM NaHCO;. Cultures were
maintained at 20 + 1 °C with a 16:8 h light:dark
photoperiod and fed ground autoclaved oats twice a week.
Adult animals with well-developed clitellum were selected
and used.

Test materials and characterization

Silver nitrate (AgNO;, purity >99%, Sigma-Aldrich) and the
reference silver nanomaterial (NM300K), obtained from the
European Commission Joint Research Centre (JRC), were
used. Ag NM300K is fully characterized.*> In short, Ag
NM300K are spherical, consisting of a colloidal dispersion
with a nominal silver content of 10.2% w/w, dispersed in 4%
polyoxyethylene  glycerol  trioleate  and
polyoxyethylene®®  sorbitan monolaurate (Tween  20).
Approximately >99% of the particles have a nominal size of
15 nm. Transmission electron microscopy (TEM) showed a
size of 17 + 8 nm and smaller nanoparticles of ca. 5 nm were
also present. Further characterization has been done,
including in soil media, and is cited throughout the paper.

w/w of

Test soil and spiking procedures

The natural standard LUFA 2.2 soil (Speyer) was used and
had the following main characteristics: pH (0.01 M CaCl,) =
5.6, organic carbon = 1.73%, cation exchange capacity = 9.8
emol. kg™, maximum water holding capacity (WHCpa) =
45.8%, and grain size distribution of 8.3% clay (<0.002 mm),
14.9% silt (0.002-0.05 mm), and 76.8% sand (0.05-2.0 mm).
The soil was dried at 80 °C for 48 hours before use.

Test concentrations were 5 and 45 mg Ag per kg soil dry
weight (DW) for AgNO; and 6 and 60 mg Ag per kg soil DW
for Ag NM300K. These concentrations were selected based on
the results of reproduction and full life cycle tests with E.
crypticus exposed to freshly spiked soil Bicho et al,'* being
sub-lethal and representing a higher and lower effect, approx.
corresponding to the EC10 and EC50.

Spiking was done by mixing aqueous solutions of both
materials with the pre-moistened soil. For AgNO; an aqueous
stock solution was prepared, serially diluted and added to
soil batches, which were then mixed to obtain a
homogeneous distribution and split into replicates. The same
procedure was applied for the lowest concentration of Ag
NM300K (6 mg Ag per kg). For the higher concentration of Ag
NM300K, spiking was done replicate by replicate. Soil
moisture content was adjusted to 50% of the WHC,,x. Prior
to test start, soils were aged for 3 and 14 days at 20 + 1 °C
with a 16:8 h light:dark photoperiod (same conditions as
used in the test).

Experimental procedure

In total, 8 bioaccumulation tests were performed,
implementing a full factorial design: 2 test materials (Ag
NM300K and AgNO;), 2 concentrations (EC10, EC50) and 2

This journal is © The Royal Society of Chemistry 2021
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aging periods (3 and 14 days). The aging behaviour of NMs
can differ from that of the ionic metal forms and hence it
is important to explore its impacts. The OECD guideline
317 (ref. 43) was followed. In short, 10 adult enchytraeids
with well-developed clitellum and of similar size were
introduced into each test vessel containing 20 g of moist
soil (water control, NM300K dispersant control, spiked Ag
materials) and fed with 15 mg of ground oats. After 14 days
in the spiked soil (uptake phase), the surviving animals
were transferred to clean soil for another 14 days
(elimination phase). Animals were sampled at 7 plus 6 time
points (uptake: 0, 1, 2, 4, 7, 10 and 14 days; elimination:
15, 16, 18, 21, 24, and 28 days). The tests ran at 20 + 1 °C
in a 16:8 h light:dark photoperiod. During the test, food
(15 mg) and water content (based on weight loss) were
replenished weekly. Five replicates were used per treatment/
sampling day. At each sampling day, the animals were
transferred from soil to ISO water* for 10 hours to purge
their guts from soil particles. After this, the animals were
blotted dry on filter paper; five animals were introduced
into cryotubes individually (ie. 1 organism per tube in 5
cryotubes). All animals were frozen at -20 °C until further
analysis. Five replicate soil samples were collected at each
sampling day (10 for the control), dried at 40 °C for 48
hours and stored at —20 °C for further analysis.

Chemical analysis

Animals were freeze-dried for 24 h, weighted individually and
digested with 300 puL of a mixture of HNO; (65%; Mallbaker
Ultrex Ultra-Pure) and HClO, (70%; Mallbaker Ultrex Ultra-
Pure) (7:1 v/v) in a block heater (TCS Metallblock
Thermostat) using a heating ramp ranging from 85 to 180 °C.
After all acid was evaporated, the residue left was dissolved
in 300 pl of 1 M HCI and Ag concentrations in the digests
were measured by graphite furnace atomic absorption
spectrometry (AAS; PinAAcle 900Z, Perkin Elmer, Germany).
For quality control of the analysis, the certified reference
material DOLT 4 was included in the analysis. Mean (+SD; n
= 3) silver concentrations measured in DOLT 4 were 79.8 +
9.4% of the certified values. Limit of detection (LOD) for Ag
was 0.003 mg kg ™.

To determine total Ag concentrations in the test soil, 130
mg samples from days 0, 1 and 14 (3 replicates each) were
digested using 2 ml of a destruction mixture of HNO; (65%,
Sigma-Aldrich) and HCI (37%, Sigma-Aldrich) (1:4 v/v), in
Teflon containers that were closed tightly and heated at 140
°C for 7 hours. Samples from days 15 and 28 of the
elimination phase were also analyzed. After cooling, 8 ml of
deionized water was added, and the metal concentrations
measured by Flame AAS (AAnalyst 100; Perkin Elmer;
Germany). Certified reference material ISE sample 989 was
included in the analysis; mean (+SD; n = 2)
concentrations measured in the reference material were 92.4
+ 7.94% of the certified values, respectively. LOD for Ag
analysis in soil samples was 0.003 mg Ag per kg dry soil.

silver
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For the measurement of the available Ag concentrations,
25 ml of 0.01 M CacCl, solution and 5 g dry soil were shaken
for 2 hours at 200 rpm, using samples from days 0, 1 and 14
(3 replicates each). After sedimentation overnight, pH was
measured, and the supernatant was filtered over 0.45 pm
nylon syringe filters. The Ag concentration in the 0.01 M
CaCl, extract was measured by Flame AAS (AAnalyst 100;
Perkin Elmer; Germany). LOD for Ag analysis in CacCl,
extracts was 0.003 mg Ag per kg dry soil.

Data analysis

Uptake and elimination kinetics of Ag was modelled using a
one-compartment model, assuming constant exposure
concentrations,” fitting data to eqn (1A) and (1B)
simultaneously:
Uptake phase:
Ky

Ci=Cot ot
! ’ (Ke + Kgrowth)

X Cexp X <1 - ¢ (Ketsom) “) (1A)

Elimination phase:

Ky
(K et K growth)

% (e— (KeHK growen JX(tte) _ o™ (Kc+ngh)xt>

Ct = C(] + X Cexp (1B)

where C; is the Ag concentration in the enchytraeids after ¢
days of exposure (mg kg™ dry body), C, is the background
concentration in the enchytraeids (mg kg™ dry body), K, is
the uptake rate constant (kg soil per kg animal per day), K, is
the elimination rate constant (day "), Kgrowtn the growth rate
estimated using an exponential growth model (day '), Cexp
the exposure concentration (mg kg™ soil DW), ¢ the exposure
time (days) and ¢. the time when the animals were
transferred to clean soil.

The uptake and elimination rate constants were calculated
using both the total and available (CaCl,-extractable)
concentrations as the exposure concentration (Cexp)-

Because extractable concentrations showed a decline in
the soil spiked in some of the exposures (see below), the
decrease rate was calculated as Ky, (per day):

(%) @)

Kdeg = 14

where C, and C;, are the 0.01 M CaCl,-extractable Ag
concentrations at days 0 and 14 (mg kg™ dry soil). To correct
for this decrease, the decline rate of the available
concentration in soil (Kqeg) was inserted in the kinetics
equations to yield:

Uptake phase:

K
C;=Co+ 4 XCexp (3A)
(I(e + Kgrowth - Kdeg)

% (edeegxt e (K6+Kgmwm)xt)
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Elimination phase: The bioaccumulation factor (BAF) (kg soil per kg organism),
Ky the ratio between the concentration in the organisms (mg
Ct=0Co+ (Ke + Kgrowtn ~ Kacg) X Cexp (3B)  kg™! body DW) and the concentration in the soil (mg kg™ soil
DW) at steady state, was calculated as the ratio of the uptake
x (e’K“EEX‘ -e (K”I(g'"W‘“)X’“) x @ (KerHHgoman (1=t (K,) and the elimination rate constants (K.):
AgNO3 Ag NM300K
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Fig. 1 Nominal, measured total and 0.01 M CaCl,-extractable silver concentrations in LUFA 2.2 soil spiked with AQNOz and Ag NM 300 K. Tested
concentration shown in mg kg™ soil DW and 3 and 14 days indicate aging periods of 3 and 14 days, respectively. Values are expressed as average
* standard error. *Significant difference between days according to Holm-Sidak post hoc test (p < 0.05).
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K
BAF = —* (4)
Ke

The half-life for Ag elimination from the enchytraeids was
calculated as:

In(2)
K.

DT50 -

)

One-way analysis of variance (ANOVA) followed by Holm-
Sidak method comparison post hoc test (p < 0.05) was used to
assess significance of the differences between total and CaCl,
extractable concentrations measured at days 0, 1 and 14.*°

Results
Material characterization

The measured total Ag concentrations in the test soil were
75-90% of the nominal concentration, except for 60 mg Ag
per kg soil of Ag NM300K after 3 days aging where it was
60% (Fig. 1, Table S17). Ag concentrations in the control soil
as well as in the soil from the elimination phase (days 15 and
28) generally were below the detection limit.

The CaCl,-extractable Ag concentration in the spiked soils
showed an increase with increasing total soil concentration
(R* = 0.93). For AgNO;, the CaCl,-extractable concentrations
decreased with aging time, while for Ag NM300K there was a
significant increase for the lowest exposure concentration
after 14 days of aging of the soil. At 60 mg Ag NM300K per kg
soil DW exposure, the CaCl,-extractable concentrations
decreased with aging time (Fig. 1).

For AgNO; at 5 mg Ag per kg soil DW aged for 3 days, Kgeg
was 0.015 day ', for the 14 days there was no change. For
AgNO; at 45 mg Ag per kg soil DW, aged for 3 and 14 days,
the Kyey values were 0.049 and 0.15 day ', respectively. For Ag
NM300K at 60 mg Ag per kg soil DW aged for 14 days, Kgeg
was 0.036 day ', with no change for the remaining.
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The average survival of the enchytraeids at the end of the 28
day test period is given in Table 1. The validity criteria
(=80% survival) was achieved for nearly all treatments; major
exception was the exposure to 60 mg Ag NM300K aged for 3
days where high mortality was seen.

The enchytraeids gained weight during the 28 day
exposure period. The differences in organism weights were
large enough to justify inclusion of the growth rate in the
kinetics equations, to account for the potential growth
dilution effect on the body silver concentrations (Table 1).

The uptake and elimination kinetics of Ag (Fig. 2) is
shown for all exposures except the 60 mg kg™" soil DW of Ag
NM300K aged for 3 days where high mortality occurred and
too few organisms were available to adequately model Ag
uptake kinetics.

The kinetic parameters for Ag uptake in E. crypticus,
calculated applying the one-compartment model to the data,
are shown in Table 2. For AgNO; [5 mg Ag per kg soil DW],
uptake rate constant was approximately 10 fold higher in soil
aged for 3 days compared with 14 days (K, 1.31 vs. 0.11 kg
soil per kg animal per day); the same was observed for AgNO;
[45 mg Ag per kg soil DW] (K, 0.29 vs. 0.15 kg soil per kg
animal per day) although with only 2-fold difference. For
AgNO; [5 mg Ag per kg soil DW], the elimination rate
constant was similarly 10 fold higher for 3-day aged soil (K.
1.8 vs. 0.2 day '). Internal Ag concentration was about 10 fold
higher for the exposure to 45 mg Ag per kg soil DW
compared to 5 mg Ag per kg soil DW. The BAF was similar
for all treatments except for AgNO; [45 mg Ag per kg soil DW,
3 days aged], being up to 3.3 (vs. 0.73).

For Ag NM300K [6 mg Ag per kg soil DW] uptake rate
constant was slightly higher in 3 day aged compared to 14
day aged soil (K, 9.7 vs. 6.6 kg soil per kg animal per day),
with similar elimination rate constants (K. 20.5 vs. 16.8 per
day), showing similar BAF values (0.47 vs. 0.4). For NM300K

Table 1 Survival and growth rate (Kgowtn) (AV * SE) of Enchytraeus crypticus during the 28 day period of uptake/elimination kinetics exposure to AGNO3
and Ag NM300K in LUFA 2.2 soil. Kyowtn is based on dry weight increases, and was calculated for the whole 28 days of exposure, using an exponential

growth model

Concentration

Test material Aging (days) (mg Ag per kg soil) Survival (%) Kgrowen (day )
AgNO; 3 0 84 +5.1 0.0420 + 0.018
3 5 84 +£4.0 0.0914 + 0.009
3 45 60 + 3.2 0.0773 + 0.007
14 0 78 £ 3.7 0.0645 + 0.015
14 5 82 £ 6.3 0.0765 + 0.006
14 45 68 £ 5.8 0.0846 + 0.007
Ag NM300K 3 0 82 £5.8 0.0345 + 0.018
3 Dispersant 74 £13.6 0.0823 + 0.017
3 6 73 £ 8.8 0.0802 + 0.009
3 60 20 £ 20 0.0888 + 0.016
14 0 78 £ 3.7 0.0413 + 0.014

14 Dispersant 80 5.8 —
14 6 88+4.9 0.0783 + 0.007
14 60 88+7.3 0.0621 + 0.011

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Uptake and elimination kinetics of Ag in Enchytraeus crypticus exposed to AgNOs (left) and Ag NM300K (right) in LUFA 2.2 soil. Tested
concentrations in mg kg™ soil DW and 3 and 14 indicate aging periods of 3 and 14 days, respectively. Red lines represent the first-order one-
compartment model (egn (1)) fitted to the data, based on total soil concentrations and corrected for E. crypticus growth rate during the 28 day test
period. Each dot is a measured replicate.

[60 mg Ag per kg soil DW], no comparison is possible  aged soil. For NM300K [60 mg Ag per kg soil DW, 14 days
between soil aging periods given the low survival in 3 days  aged], a very low uptake rate constant was found (K, 0.08 kg

2634 | Environ. Sci.. Nano, 2021, 8, 2629-2640 This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1en00338k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 06 August 2021. Downloaded on 12/4/2025 5:26:19 PM.

(cc)

View Article Online

Environmental Science: Nano Paper
g nE < . . e
50 a S soil per kg animal per day) and the elimination rate constant
8 &5 E > )
g0 2 *g‘ ] R SO was close to zero. The observed decrease of the Ag
s O — - = = < — 10 . . . . s .
fvﬁg £ ﬁ@ ¥l 8 8 8 @ QI concentration in the animals during the elimination phase
3 - [ S S S S . . . . .
UEe A E N °c .~ s sl can in part be attributed to animal growth dilution rather
5 o e .
2 o £ than to elimination of the Ag from the body.
285< 2 < e 5 Relating Ag toxicokinetics to CaCl,-extractable Ag
- @ . . .
5© % . é’ ol 8 © = ° S .o concentrations in the test soil generally reduced the
b :§'§ SES| S5 § e % 2 § = ﬁ 2 8 = ,% || difference in K, and BAF values between treatments. Only
ﬁ 2 2 P exception was the lowest Ag NM300K concentration which
[ — o) s . . A
o £ 2 — S S gave an extremely high K, value, but did give a similar BAF
c v 9 " y
=53 & S T 9 1 d h
583 2 T = value compared to the AgNO; treatments.
a Y8 o ® S 2
TL2 - & < s o
5¢3 E=ls £ L L . .
R X = 23 Discussion
C x O v & e} =} =)
NS o SR sl 1 l1sls 111 1o
:\(i 53 g Effect of aging on Ag bioavailability
TN N . I .
2 X § = — Despite the similar concentration range tested for AgNO; and
-5 52 | = & é a2 Ag NM300K, the CaCl,-extractable concentrations increased
s >
S % s g E f‘; = é between days 0 and 14 for Ag NM300K but decreased for
S @ B = ? —~ o~ . . .
g 2 £ g T 2 5 e NN N AgNO;. Diez-Ortiz et al.®® also reported decreasing extractable
< o = — = L =) 1n < © 1 . . . . e
o S o ® 9 < A S S 83 Ag concentrations from AgNO; with time in soil incubated
< £ [ - S S S SIS IR =) . K
TsS for up to 50 weeks, possibly because Ag" binds stronger to
O‘,';'*,?,% 30_5’ < B ;'\: ’f soil. Increasing extractable concentrations upon aging of
=] - ) . i
z5 e g g5 o T 7 i NMs have also been reported previously,'”* suggesting that
© . . . . . . . .
< é E £3 TD; % o @ © the increase in dissolution of Ag ions from Ag NMs may
§ ; = s :‘35 - © o o cause the NMs to serve as a continuous source of Ag' in
I~ N N e} [} . . . . .
% % L KZ s l=rrls = 1T TA media within a longer time period.
= O . .
§ o9 = Nevertheless, the differences in CaCly-extractable Ag
9 < . . .
*5__'§ § © concentrations between AgNO; and Ag NM300K spiked soils
3 Ra: 2 T _m T e do not fully explain the observed toxicity of Ag NM300K at 60
1% = — . ~N e} .
§ g o g :1‘ gr: g § ; = g ¥ $ SI mg Ag per kg soil DW [3 days aged], where survival was
g5 = 5 E Sshrwlnagaq T T8 significantly lower. This result was not expected based on
200 % © ST ST 2 ‘ 4
g€ py| Lierseel Laoloeod Bicho et al.™* who reported an EC50 for effects of Ag NM300K
589 = ™ 4 DO T NO R . . . .
£58 2 8 “¥Z2cgdZg Zgéc-Sg on the reproduction of E. crypticus of 161 mg Ag per kg in soil
g . E 3 also aged for 3 days. The soil measurements refer to Ag
= = =2 v = . .
S28%Q E concentrations and no assessment could be done regarding
[ol 5] = . . s .
s 8 § < 2 the particle size for NM300K, hence it is unknown if the
=% § g 8 measured Ag was present as nanoparticles or ions, or how
(SR = — . . .
E0S® ) much of each fraction was present. There is evidence that Ag
g 8 . § . E; I S I 8 S S NM300K is present as both nanoparticulate and ionic Ag
& f 25 L=l = © o© < s S S from an equivalent soil exposure.”” Given the observed
% S5 E = effects, which differ from AgNO;, it must be considered that
s %] . . . L)
S55 'f.é ﬁg previous observations showed higher toxicity of NMs at a
2 % o o o0 - SR~ B B lower concentration window, with a non-monotonic dose-
‘-HEX m—‘ - OoOInom—=11no no oA o 3
“ug’ o i’“ dﬁg $3434353 434342 related. response pattern. This was e.g,.shown fgr Aﬁ at
5o 2R approximately 20 mg Ag NM300K per kg in E. crypticus, ~ or
3 20 _ S S S 8 o S Qe 17 ;
£ g E = 3 SCTQE0ES E9EQEG at 15 mg Ag NM per k'g for L. rube.llus, anq foile at
& %f, 3 = EOEREUEOEU EOEUEOQ approximately 100 mg Ni NPs per kg in E. crypticus.”® Such
3 ¥ — non-monotonic dose-response relationships have been
S B = ) .
o 845 S further confirmed, e.g. for NM300K, where Rodrigues et al.*®
O ® . -1
) E = ,S 2 studied the effects of 10, 20, 30 and 40 mg L™ in an aqueous
= = s & B o . . -
é 7t o g g exposure to E. crypticus, showing 40 > 20 > 30 > 10 mg L™*
S i § B g ¥ toxicity for time to hatch, a precursor for observed effects on
X [
|>_<§ .% ; g § 2 T S S ¥o o S reproduction (juvenile numbers). Hence, there seems to be
w285 . § an “optimum” lower concentration for maximum dispersion/
= - ..
2 § § o %“ ES % Z toxicity. The observed effect of Ag NM300K at 60 mg Ag per
e85 s PP T o T Fe T2 kg soil could be the result of the fact that in this study a

This journal is © The Royal Society of Chemistry 2021 Environ. Sci.. Nano, 2021, 8, 2629-2640 | 2635


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1en00338k

Open Access Article. Published on 06 August 2021. Downloaded on 12/4/2025 5:26:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

higher mass of soil was used, 20 g soil instead of 10 g per
replicate used by Bicho et al. (2016)."* As a consequence, the
biomass/soil ratio was different in both tests, which perhaps
may have affected speciation or dissolution of the NMs or its
interaction with the enchytraeids. Although this may seem
not very likely, it is the only experimental difference between
the studies (current and ref. 14), and it is clear that the
highest toxicity occurs in this narrow range.

Toxicokinetics

For AgNO;, overall results showed a faster uptake and
elimination of Ag in the soil aged for 3 days compared to 14
days, which seems to be in line with the lower CacCl,-
extractable concentrations, i.e. a stronger binding of the Ag
to binding sites in the soil. Whereas the exposure to 45 mg
Ag per kg soil of AgNO; showed a 2-fold decrease in K, values
between 3 and 14 days aged soil, the exposure to 5 mg
showed a 10-fold decrease. This could be due to a depletion
(over time) of the available Ag at the lower exposure
concentrations. Comparing the 5 and 45 mg Ag per kg soil, at
3 days aged soil there was a higher uptake rate constant for
the lower concentration compared to the higher (1.31 and
0.29 kg soil per kg animal per day, respectively) and at 14
days aged soil the uptake rate constants were similar (0.11
and 0.15 kg soil per kg animal per day, respectively). As seen,
at day 14 the uptake rate for the 5 mg kg™’ exposure
decreased to the uptake rate level of 45 mg kg™' exposure.
This is in line with that the depletion and aging effects are
more rapid at lower exposures, as also seen in the CaCl,
concentration i.e. a relatively stronger decrease in the lower
exposure. The uptake rate constant was highest for the lowest
concentration (i.e. for 3 days aging), which is opposite what
was observed in a study with L. rubellus exposed to 20 and
100 mg kg™ of AgNO, for 7 days,>® where the highest
available concentrations and uptake rate constants were
measured in the soils spiked with the highest concentration
of AgNO;. The same trend, as for the L. rubellus, was shown
for F. candida when exposed for 28 days in a soil spiked with
AgNO;: higher spiked concentrations showed higher uptake
rate constant.'”*> The BAF was highest for exposure to
AgNO; [45 mg Ag per kg soil DW, 3 days aged] (BAF = 3.3),
hence this particular combination of higher Ag concentration
and less soil aging induced higher risk.

Through the process of aging, the bioavailability and
toxicity of Ag in the ionic form are reduced.'””*® The current
knowledge for NMs is that equilibrium is not reached,*® and
as a result a continuous change can be expected over time.
We hypothesize that if it would be possible to fully analyze
the exposure media, we would probably find a complex
matrix with NPs in different states of aggregation and
agglomeration, in different states of dissolution, free and
complexed Ag ions and Ag ions adsorbed on the nanoparticle
surfaces.*

For Ag NM300K [6 mg Ag per kg soil DW], no major
differences occurred between 3 and 14 days soil aging, but
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again, uptake rate constant was higher at 3 days aging. The
difference in uptake rate constants for AgNO; between 3 and
14 days aging was in line with the higher CaCl,-extractable
Ag concentrations measured in AgNO; spiked soil.
Nevertheless, the BAF (0.4) was relatively low and similar for
both AgNO; [5 mg Ag per kg soil DW] and NM300K [6 mg Ag
per kg soil DW], suggesting a similar ability to deal with Ag
accumulation by the enchytraeids.

For Ag NM300K [60 mg Ag per kg soil DW], obviously no
comparison between 3 and 14 days aging is possible, but the
Ag NM300K [60 mg Ag per kg soil DW, 14 days aged] showed
a distinct kinetics compared to 6 mg Ag per kg, with very low
uptake rate constant (K, 0.08 kg soil per kg animal per day)
and a very low (almost zero) elimination rate constant. A
study where E. fetida was exposed to Ag NPs* reported a
higher accumulation of Ag from NPs in the exposure to the
lowest concentrations (45 and 112 mg Ag per kg), which is in
agreement with our findings.

One possible explanation for the differences between the
ionic and nano Ag forms in regard to Ag toxicokinetics
patterns could be related to the agglomeration/aggregation
state of the NMs at higher concentrations. Hence, for the
nanoform such an increased agglomeration/aggregation at
higher concentration would lead to a lower bioavailability
and therefore a lower uptake by the organisms.”® This would
not be the case for the salt. Further, there is likely also a less
homogeneous distribution of the NMs in soil as we did
observe a relatively large variation of Ag content in the
organism's tissue between replicates. So the scenario could
be that for Ag NM300K some animals encounter higher
exposure and hence high uptake while others do not, leading
to greater differences between replicates and possibly also
explaining the increased mortality. As further observed, a
slower elimination occurred from Ag NM300K [60 mg Ag per
kg soil DW, 14 days aged]. This could mean that once taken
up, Ag NM300K are more strongly sequestered inside the
animals and hence are more difficult to excrete. Apparently,
the way the Ag (among other) from the NMs is retained by
the animals differs from that for the ionic Ag form,'****%51
which suggests that also some nanoparticulate Ag was taken
up by the animals exposed to the higher NM concentration.

Diez-Ortiz et al.>® highlighted the need to allow soil aging/
equilibration for long enough for a proper assessment of the
risk of Ag NMs and in which case the observed effects for salt
and Ag NMs become similar: the uptake rate constants for Ag
in E. fetida exposed to the same soil concentration of 15 mg
Ag per kg for Ag NMs and AgNO; were similar after 56 days
aging (K, 0.061 and 0.055 kg soil per kg animal per day,
respectively).”” Nevertheless, even though K, was close to zero
at 60 mg kg™ for AgNM300K aged for 14 days, the
elimination curve did show a decrease of the Ag
concentration in the animals, which could be explained by
growth dilution. The shorter soil aging time used in our
study (14 days) compared to 56 day period used in Baccaro
et al®” can help to explain the differences in the results. In
any case, the results seem to point to the need to pay
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particularly attention to the impact of aging of Ag NMs,
indicating a higher risk of longer term exposure compared to
the Ag ions. The overall recommendation for aging around 2-
3 weeks before testing substances could probably be
increased for testing of NMs, although this will be case
specific and a comparison between aging periods is still of
interest at this stage.

Overall, the uptake rate constants of silver in the
enchytraeids were higher for the Ag NM300K exposure than
for AgNO,. Contrary to our results, Diez-Ortiz et al*
observed higher Ag uptake in earthworms for ionic Ag than
for NMs. A summary of other toxicokinetics studies
performed with different forms of silver is shown in Table
S2,i including different soil organisms: E. crypticus;>*" E.
andrei;®® E. fetida,”” L. rubellus,” F. candida®® and T. molitor,**
in reference and field soils, and with varying exposure
periods. For instance, E. crypticus exposed for 10 days in a
quartz sand media presented higher uptake and elimination
rate constants both for the ionic and nano Ag forms
compared to our results.’” This can be explained by the fact
that, in the inert sand matrix used, sorption of Ag was
expected to be very low or absent, leading to a much higher
bioavailability of both Ag forms. The different results
observed in the literature are obtained using different test
designs, materials and species, making them very hard to
compare.

Changes in silver salt and nanoparticle bioavailability and
toxicity are related with processes of particle aggregation,
agglomeration and dissolution, surface modification, metal
speciation and solid phase binding of dissolved ions.*® All of
the mentioned factors will have an effect on the
accumulation, and consequently on the toxicity of silver to
the organisms. For this reason, understanding of the
toxicokinetics of silver, ionic and NMs, in soil organisms is a
better way to assess their risk to the environment.

Conclusion

The toxicokinetics of AgNO; and Ag NM300K in the soil
invertebrate Enchytraeus crypticus was adequately described
by a one-compartment model at both tested aging periods
and exposure concentrations. For the low exposure
concentrations (AgNO; [5 mg Ag per kg soil DW| and Ag
NM300K [6 mg Ag per kg soil DW]), the difference in Ag
uptake rate constants between 3 and 14 days aging was far
higher (10-fold) for AgNO; than for Ag NM300K, with BAF
values 0.73 and 0.47 respectively. This was in line with the
higher CaCl,-extractable Ag concentrations measured in
AgNO; spiked soil. For the higher exposure concentrations,
the effect of aging was very small (2-fold) for the uptake rate
constants of AgNO; [45 mg Ag per kg soil DW], but he BAF
was highest at 3 days aging (3.3). For Ag NM300K [60 mg Ag
per kg soil DW], the Ag uptake rate constant was quite low
with virtually no elimination. This could mean that upon Ag
NM exposure body Ag concentrations keep increasing for
longer time leading to a higher risk of longer-term exposure
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compared to the Ag ions. It is clear that change (as observed
here) may continue beyond 14 days and will change in other
soil conditions. These findings show the importance of
understanding the toxicokinetics of ionic and nano forms of
silver and other elements, and the key role of aging in
determining NM bioavailability.
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