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A B S T R A C T

Silver nanoparticles (AgNPs) are known to enter the aquatic environment via leachates from landfills or by the
effluent or sludge of sewage treatment plants.

Even if the AgNPs are sulfidized, Ag from these particles was shown to still be available to several species like
the benthic freshwater amphipod Hyalella azteca. However, it is still unknown if the primary uptake of Ag from
these particles occurs mainly by Ag ions, or if the main uptake of Ag is by ingestion of AgNPs and if they can be
found in the animal tissues or just in the gut content without any tissue transfer.

To elucidate the main uptake pathway and localization of AgNPs potentially taken up by H. azteca, we
exposed the amphipods to Ag using AgNP containing sewage sludge or dissolved Ag from AgNO3.

Further, we seperated the exposed animals into two groups. One had direct contact to the AgNPs enriched
sludge, allowing them to feed on it, the second group seperated from the sludge by a strainer allowing only
indirect contact by potentially released AgNPs or ions.

The animals exposed for 7 days were examined for their total and nano particulate Ag content using (single-
particle) inductively coupled plasma mass spectrometry as well as using methods of correlative microscopy. Thus
we were able to show, that low amounts of AgNPs were present exclusively in animals with direct contact to the
AgNP enriched sludge and only in the region of the gut. No transfer of AgNPs from the gut into the animals tissue
was observed by correlative microscopy. However, measurable Ag body burdens in animals from all treatments
and groups indicated that ionic uptake is the main uptake pathway for (bio)accumulation of Ag from AgNPs.

1. Background

There is a growing trend for the use of nanoparticles (NPs) in dif-
ferent sectors like electronic industries, medical devices, clothes and
more (European Commission, 2013; Future Markets Inc, 2017). The
number of products containing NPs increased 25 fold from 2005 to
2010 leading to an increased impact on the environment (Bundschuh
et al., 2018; PEN, 2013). A low amount (≤ 2%) of the manufactured
NPs entering the environment is released during the production or
further processing of the NPs (Gottschalk and Nowack, 2011). The
major proportion of the NPs is entering the environment by waste
management processes. In the case of silver NPs (AgNPs) 50% of the
NPs reach the environment as solid waste like textiles, or packaging

waste (Adam and Nowack, 2017). Once deposited at landfills the solid
waste releases the AgNPs over time and they can reach the environment
via leachates (Bundschuh et al., 2018). The other 50% of AgNPs
reaching the environment are released from sewage treatment plants
(STP) (Adam and Nowack, 2017), even if the main part is adsorbed by
the sewage sludge (Kaegi et al., 2011; Schlich et al., 2013).

As widely described, AgNPs are mainly transformed to silver sul-
phide (Ag2S) while passing through the waste water treatment plant
(Burkhardt et al., 2010; Impellitteri et al., 2013; Kaegi et al., 2011;
Kaegi et al., 2013; Kampe et al., 2018; Kraas et al., 2017; Levard et al.,
2012; Lombi et al., 2013). In this form the Ag is hardly soluble and due
to the reduced release of Ag+ and the decreasing trend to generate
reactive oxygen radicals at the sulfidized and thus passivated AgNPs
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surface, the AgNPs are less toxic than pristine AgNPs or dissolved Ag+

ions (Ag+) (Bianchini and Wood, 2008; Bianchini et al., 2002; Choi and
Hu, 2008; Kim et al., 2009; Liu and Hurt, 2010; Reinsch et al., 2012;
West, 1996). Nevertheless, different studies have shown that sulfidized
AgNPs or Ag from these transformed particles are still bioavailable for
plants (Kraas et al., 2017), nematodes (Starnes et al., 2016), terrestrial
isopods (Kampe et al., 2018) as well as for fresh water amphipods like
Hyalella azteca (Kühr et al., 2018). H. azteca is endemic to North and
Central America and regularly used for ecotoxicity and bioaccumula-
tion testing, primarily on metals (Alves et al., 2009a; Kühr et al., 2018;
Nuutinen et al., 2003; Othman and Pascoe, 2001; Raths et al., 2020;
Schlechtriem et al., 2019). Due to the fact, that sewage treatment plants
(STPs) are the main pathway for NPs to enter the aquatic environment,
chronic exposure studies with H. azteca were carried out on the accu-
mulation of silver from AgNPs in sewage treatment plant effluents
(Kühr et al., 2018). It was shown that accumulation of silver in the body
of test animals is clearly dependent on the pretreatment of the AgNPs.
Accumulation of silver ions (Ag+) released from AgNPs is assumed to
be the major pathway leading to the observed body burden (Kühr et al.,
2018). However, it can only be speculated whether ingested AgNPs are
also bioavailable and how and to what extent they contribute to the
body burden, in contrast to Ag+.

In this study, exposure tests with Hyalella azteca were carried out to
elucidate the main uptake pathway, as well as the form and localization
of Ag present in the animals. The exposure system used in a previous
study (Kühr et al., 2018) was adjusted to allow investigations on the
uptake of Ag by H. azteca either by direct or indirect contact to sewage
sludge from a model STP containing Ag/AgNPs. In addition a com-
parison between animals exposed to AgNO3 at comparable aqueous Ag
concentrations as found in the studies with AgNPs was carried out. The
exposed animals were examined for their total Ag body burden and
accumulation factors were calculated taking account of the Ag con-
centrations in the water. Further animals were examined for the pre-
sence of AgNPs in the animal tissue. Mild methods were used for i)
extraction of AgNPs from the animal tissue to allow investigations by
single particle inductively coupled plasma mass spectroscopy (spICP-
MS) and for ii) embedding of the animals for examinations by corre-
lative microscopy.

2. Materials and methods

2.1. Handling of AgNP and preparation of the NP stock suspension

NM 300 K, a representative test and reference material from the
European Commission's Joint Research Centre and in the scope of the
OECD Working party on Manufactured Nanomaterials Sponsorship
Program was used for the studies. The material was provided by the
Fraunhofer Institute for Molecular Biology and Applied Ecology IME.
Summarized information on the characterization and physico-chemical
properties can be found in the JRC Report (Klein et al., 2011). The
production of the AgNP working suspension to be applied to the model
STP and to spike control sludge was carried out as described by (Kühr
et al., 2018). The stock suspension was diluted with ultra high quality
water (UHQ water), hand-shaken for 1 min and sonicated for 15 min
(640 W) (Bandelin, Sonorex) to disperse the AgNPs and to carefully
homogenize the suspension. AgNO3 (purity of> 99.9%) was purchased
as a salt from Carl Roth and dissolved and diluted using ultra-high
quality water (UHQ water) to prepare the AgNO3 stock solution.

2.2. Sewage sludge exposure and preparation of feeding filters

For our study we used the same sewage sludge as used by Kampe
et al. (2018) from a lab scale STP simulation according to OECD TG
303A (Organisation for Economic Co-operation and Develpement
(OECD), 2001). The sludge was examined by transmission electron
microscopy (TEM) using energy dispersive x-ray spectroscopy (EDX). It

was shown, that the AgNPs were metallic, still of comparable size as the
pristine AgNPs from the NM 300 K stock suspension, but completely
transformed into Ag2S according to Kampe et al. (2018).

One batch of sludge from an STP run treated with AgNP (SL), and
pure sludge from a control STP run (S0) were suspended in UHQ water
for the preparation of food filters for the exposure tests (for further
information see SI SA.). All sludge suspensions were homogenized using
a disperser (IKA® T25 digital ULTRATURRAX®) and stirred for 3 h be-
fore being filtered through glass microfiber filters (Whatman® GF 6,
50 mm) by using a vacuum pump (Vacobox, KNF) as described by (Kühr
et al., 2018) to achieve a loading of 50 to 80 mg (dry mass). The loaded
filters were frozen and stored at −20 °C before being used.

2.3. Hyalella azteca

The freshwater water amphipod H. azteca was taken from the stock
culture of Fraunhofer IME, Schmallenberg. The strain was originally
obtained from “Freds Haustierzoo “(Cologne, Germany). The culturing
procedure was carried out according to (Kühr et al., 2018) using re-
constituted water containing bromide (Alves et al., 2009b). The stock
culture was kept in 2 L flasks filled with reconstituted water containing
bromide (Alves et al., 2009b), each containing 30 adult animals. Three
times a week, 5 mg of ground fish feed (Tetramin®, Tetra) were added
to each beaker to maintain optimal growth of the test animals. A small
piece of gauze (3 × 3 cm) was added to provide a place of refuge.
Juveniles were separated from the parent animals once a week to be
cultured separately until used in tests. Only healthy amphipods free
from observable diseases and abnormalities were used in these studies.

2.4. First exposure study (7d)

The first exposure study with NM 300 K was carried out with adult
animals (at least 8 weeks old). In this test one Ag-treatment and a
control treatment were compared (Table 1). Every treatment consisted
of 5 test groups with 20 adult H. azteca each kept in 600 mL glass
beakers filled with 500 mL copper reduced tap water (Fig. 1). In each
beaker an additional group of 5 adult animals was separated from the
major group by a stainless steel strainer. The group within the strainer
was fed control sludge (S0), while the major group outside the strainer
was fed with sludge treated with AgNP (SL). Animals were exposed for
7 days without water exchange. The sludge coated filters were added to
the beakers 24 h before the animals were added to allow Ag+ ions to be
released into the media, even if the time was too short to enable the
system to equilibrate. Water samples (n = 3, each 10 mL) for Ag
measurement were taken at the start (before animals were added), at
day 4 and at the end of the test (day 7) from the beaker near the
strainer. The water samples were analysed directly after ultra-
centrifugation (for further information see SI SB). The filtrate was used

Table 1
Ag content in sludge [mg Ag/kg] and TWA concentrations of the test media [μg
Ag/L]. Sludge samples were measured once (n = 5) for all treatments/tests. *
sludge in strainer was S0 sludge, ** AgNO3 solution;

Study Treatment Matrix TWA in
medium [μg
Ag/L]

Concentration in sludge
[mg Ag/kg]

Exposure
study I

S0 Media –
Sludge 1.17 ± 0.05

SL Media 5.11
Sludge 7303 ± 873*

Exposure
study II

S0 Media –
Sludge 1.17 ± 0.05

SL Media 16.74
Sludge 7303 ± 873*

AgNO3 Media 5.41**
Sludge 1.17 ± 0.05
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to measure the concentration of Ag+, while the filter residue was
analysed for its Ag content as an indication of AgNPs in the water
phase. The animals were collected at the end of the exposure phase,
frozen with liquid nitrogen and stored at −80 °C until histological
preparation for correlative microscopy and measurements using in-
ductively coupled plasma mass spectrometry (ICP-MS) as described
below. The measurement of the total Ag content of the water samples
was carried out before and after ultrafiltration. Only the water samples
for the measurement of total Ag content were acidified by adding
200 μL of nitric acid (69%, suprapure grade, Roth).

2.5. Second exposure study (7d)

A second exposure test was carried out under similar conditions as
described before but including an additional treatment using control
sludge only. In this treatment AgNO3 solution was applied as the aqu-
eous test medium mirroring the time weighted average concentration of
Ag in the water measured during the first exposure test with sludge
containing AgNPs (SL) (nominal Ag concentration: 5.11 μg/L). Animals
and water samples collected during the study were handled as de-
scribed before. Further replicate beakers (n = 3) were used for ex-
amination using single-particle ICP-MS (spICP-MS). Animals were
frozen using liquid nitrogen and stored at −80 °C. Water samples
(10 mL, n = 3 for each treatment and sampling point) for total Ag
measurement were taken at the start (before animals were added), at
day 4 and at the end of the test (day 7) from inside the strainer and from
outside near the bottom of the beaker. The water samples were pre-
pared and measured as described above directly and after ultrafiltra-
tion. Water samples for analysis using spICP-MS (n = 3 for each
treatment and sampling point) were taken at the test start from the
fresh media and at the end of the test from the aged media, and were
measured directly after sampling.

2.6. Determination of total silver concentrations in the aqueous test media,
sewage sludge and Hyalella azteca samples

Collected samples of aqueous test media were prepared and

analysed as described by Kühr et al. (2018), for further information see
SI SB. To meausure the total Ag content of sewage sludge loaded on
glass fiber filters, disposable scalpels (Braun, Cutfix®) were used to re-
move sludge samples from the filter surface (n = 5 for each treatment;
one single filter = one replicate). The analysis of total Ag concentra-
tions in sewage sludge and Hyalella azteca (n = 5 for each treatment;
each replicate contained 15 to 18 pooled animals) collected during the
studies were carried out according to Kühr et al. (2018) and (Wasmuth
et al., 2016) (for further information see SI SC). The analysis of total Ag
concentrations in the sludge was only carried out before exposure.

2.7. Examination of Hyalella tissue and aqueous test media by single
particle ICP-MS

For the examination of Hyalella tissue by single particle ICP-MS (sp-
ICP-MS) a gentle sample preparation method was applied that does not
dissolve the particles and that affects the particle properties as little as
possible. For this, tissue samples (n = 3 for each treatment) were di-
gested using the enzyme proteinase K according to the method de-
scribed by (Loeschner et al., 2013) and (Schmidt et al., 2011). The dried
animals (10 pooled animals per replicate) were transferred to a 50 mL
glass beaker and gently pressed using a glass rod to destroy the carapax
and allowing the enzyme to enter the body and digest the proteins. The
glass rod was rinsed with 10 mL of the digestion solution (45 mg pro-
teinase K in 1 L buffer solution +0.5% SDS + 50 mM NH4HCO3, pH
adjusted to 8.0–8.2) which was obtained from the glass beaker con-
taining the crushed tissue samples to minimize the potential loss of any
silver via glass rod. The samples were incubated in the 10 mL digestion
solution for 3 h at 50 °C and 100 rpm. This process has no or only a
negligible impact on the dissolution and size distribution of the NM
300 K NPs (Kuehr et al., 2020). The incubated digestion solution was
filtered using 0.45 μm syringe filters (Minisart® NML, 0.45 μm) before
analysis. The sp-ICP-MS analysis using an ICP-QQQ-MS (Agilent 8900,
Agilent Technologies, Waldbronn, Germany) were carried out as de-
scribed by (Kuehr et al., 2020) (for further information see SI SD). Due
to poor analytical quality controls and incomplete digestion of the an-
imal tissues, the quantitative values of the particle numbers can only be
seen as a rough assessment, to elucidate the differences in particle
concentrations in the different treatments (e.g AgNO3 vs SL-media or
tissue). After measurement of particle concentrations in the digested
fraction using sp-ICP-MS, the filtered solution was further digested by
aqua regia to allow analysis of total Ag content. For digestion, 2 mL of
aqua regia were added to 5 mL of the filtered solution prior to digestion
in a microwave as described above (turboWave® Inert, MLS; max
temperature 220 °C, max pressure 40 bar). Only half of the collected
animals were processed and analysed as described above. The non-en-
zymatically digested part of the samples (n = 3, each consisting of 10
pooled animals) was also digested using aqua regia (8 mL) using the
same microwave method. Both solutions obtained were measured for
their total Ag content. This allowed comparison of the content of Ag in
the protein fraction of the animals with the whole amount of Ag from
the complete samples (including AgNPs attached to the carapace etc.).
Aqueous media samples collected during the studies were measured
following the same procedure but without enzymatic digestion.

2.8. Imaging of AgNPs in Hyalella azteca by correlative microscopy

Correlative microscopy, combining the power and advantages of
different imaging systems, e.g., light microscopy, electron microscopy,
X-ray, etc., has become an important tool for material and life science
during the last years. Using correlative microscopy additional in-
formation can be obtained at the same sample site because different
complementary information can be spatially assigned and different
orders of magnitude related to resolution and image field can be re-
corded (Caplan et al., 2011; Loussert Fonta and Humbel, 2015). Elec-
tron microscopy provides high resolution but has one central limitation

Fig. 1. Schematic overview of the exposure scenario including two groups of H.
azteca, separated by a strainer to provide direct (bottom) or only indirect (top)
contact to AgNPs present in sewage sludge loaded on glass fiber filter. The
group within the strainer was fed control sludge.
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with a restricted field of view. Light microscopy has the advantage of
having a large field of view which enables identification and localiza-
tion of structures at low magnification (Loussert Fonta and Humbel,
2015). The combination of these two imaging techniques is a valuable
approach to investigate structures at a submicrometer level in biolo-
gical research (Bradley and Withers, 2016; Guérin et al., 2019; Verkade
and Collinson, 2019).

In this study, correlative microscopy was used for morphological
imaging of silver nanoparticles in H. azteca. After appropriate sample
preparation, investigations at the macrometer to nanometer level were
carried out by combining microscopic techniques and X-Ray diffraction
analysis (micro computer tomography). This allowed evaluation of the
state of tissue structures following preparation by different techniques
as well as imaging the morphology of the nanoparticles and to detect
their localization. Additionally, EDX was applied for the elemental
analysis or chemical characterization of the samples. For a schematic
overview of correlative micrcoscopy see SI Fig. S1.

In order to get an impression of the morphology of the nanoparticles
used in this study, SEM investigations were carried out on the raw
material (Fig. S2). For this purpose the Ag nanoparticles were diluted
(100 μg/L), dispersed using ultrasound and applied to a glass slide for
SEM investigations. The diameter of the Ag nanoparticles was de-
termined to be between 18 and 20 nm.

An adapted sample preparation protocol was developed to enable
investigations by correlative microscopy (Mulisch and Sauer, 2015).
The experimental animals were embedded in polymethylmethacrylate
(PMMA). During the embedding process, a staining technique was ap-
plied. Two staining protocols based on either osmium tetroxide or io-
dine were tested.

The embedded samples (n = 10 for each treatment, single animals)
were subsequently examined by using micro computed tomography
(equipment nanome|x 180NF) to assess the embedding quality and the
determined macro- and microstructure. It was found that staining with
osmium tetroxide can cause localized damage such as structural
changes at the micrometer level (Fig. 2, left). However, the iodine
stained samples showed no damage and iodine staining was thus the
preferred procedure used in this study (Fig. 2, right).

For imaging by light and electron microscopy, a further sample
preparation was carried out. Thin sections of the embedded samples
with a thickness of about 80 μmwere prepared according to the cutting-
grinding technique of Karl Donath (Donath, 1995). The sections were
analysed by light (Olympus BX 51) and scanning electron microscopy
(SEM, equipment Quanta 3D FEG, FEI) to identify areas in the mor-
phological structure of the animals where the nanoparticles could be
located. Such areas were subsequently analysed by SEM combined with
EDX to detect and localize silver. Images were produced using back-
scattered electron (BSE) material contrast in the low vacuum mode at
an accelerating voltage of 10 kV after conductive coating with carbon.
An additional sample preparation was conducted to allow further in-
vestigations by transmission electron microscopy (TEM, equipment FEI

Tecnai G2 F20). The identified areas were dissected with an ultra-
microtome [equipment RMC PowerTome PT-PC with CRX cryo-
chamber (RMC, Tucson)] with a diamond knife (DIATOME angle 35°)
to generate ultra-thin sections of 50 nm. Subsequently, TEM in-
vestigations were performed in combination with EDX analysis for the
detection of silver nanoparticles (EDX Nanospot). For each sample at
least 3 images were examined and each region of interest (see below)
was examined at least 3 times.

2.9. Data analysis

The data analysis software Origin (OriginLab Corporation;
OriginPro 2017G) was used for analysis of variance (ANOVA) for the
data obtained in the different studies. All data were subjected to an
outlier test (SQS 2013 Version 1.00 by J. Kleiner and G. Wachter).
Replicates identified as an outlier were excluded from further data
analysis. Time weighted average concentrations (TWA) of Ag in the
aqueous phase of the different treatments were calculated for the ex-
perimental periods. Accumulation factors (AFM) were obtained by di-
viding the total Ag concentrations in the amphipods by the TWA con-
centrations of the test medium AFM. Due to the lack of evidence for
obtaining steady-state conditions during the exposure studies, the cal-
culated AFM values do not necessarily reflect equilibrium conditions.

3. Results

3.1. First exposure tests

In the first exposure test (7d) with SL sludge (7303 ± 873 mg Ag/
kg) a TWA concentration of 5.11 μg Ag/L was measured in the water
(Table 1, Table S1). In comparison, no measurable Ag concentration
was present in the media of the S0 treatment.

Animals collected at the end of the first exposure test (7d) from the
S0 treatment showed a negligible total Ag content (Fig. 8) independent
of whether they were kept in the strainer (0.03 ± 0.03 mg Ag/kg) or at
the bottom of the beaker (0.04 ± 0.03 mg Ag/kg). The animals which
were kept in the strainer of the SL treatment, without direct contact to
the Ag/AgNP containing sludge, showed a low Ag body burden of
1.92 ± 0.82 mg Ag/kg. However, for the animals with direct contact
to the SL sludge, a high body burden of 201.36 ± 33.25 mg Ag/kg was
measured (Fig. 8).

Accumulation factors were calculated as the ratio of tissue con-
centrations to medium (AFM) concentrations for the first exposure test
(Table 2). Due to non-measurable Ag concentrations in the media of the
control group no AFM could be calculated. In contrast, AFM values of
376 and 39,404 were calculated for the strainer group fed control
sludge and the bottom group of the SL treatment, respectively (Table 2).

3.1.1. Histological investigations using correlative microscopy
Two staining protocols based on osmium teroxide or iodine were

Fig. 2. Comparison of OsO4 (left) and iodine (right) staining techniques via CT investigations.
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tested to prepare the embedded experimental animals for correlative
microscopy. Investigating the stained samples by CT showed that the
iodine staining is obviously better suited for the maintenance of the
tissue as described above (Fig. 2). Due to the size of the applied AgNPs
the imaging of the Ag nanoparticles in the iodine stained H. azteca by
CT would only have been possible after agglomerate formation. How-
ever, this could not be confirmed by the CT images which indicated a
good dispersion of potentially ingested AgNPs even after direct ex-
posure to NP enriched sewage sludge (Fig. 3, video material Video S1
and Video S2).

Using correlative microscopy, the morphology of H. azteca from the
macro- to nanometer level of the thin and ultra-thin sections was

investigated. Inspection of the SEM images showed that the nano-
particles were present in the intestine of the animals with direct contact
to AgNP enriched sludge (SL). Thus, this region (intestine and gut
content) (ROI: region of interest) was noted for further investigations
(Fig. 4; A).

The analysis with EDX in SEM showed a peak of Ag in the ROI
(Fig. 4; C). This was confirmed by TEM investigations at a higher re-
solution after cutting the same region with an ultramicrotome. This
nanospot analysis indicated an enormous Ag deflection during EDX
analysis at the nanometer level, which confirmed the results obtained at
the micrometer level in the SEM (Fig. 5).

SEM images of H. azteca (SL treatment) with indirect contact to Ag
during the first exposure test showed particles which are similar to the
raw material of the applied nanoparticles in the intestine of the animals.
However, this was not confirmed by the EDX analyses where no silver
was detected but traces of P and Ca were found (Fig. 6). This was
confirmed by the nanospot analyzes in the TEM (Fig. 7). Only a clear
peak of Cu, potentially originating from the Cu-grid used in the ultra-
microtome work, was observed.

3.2. Second exposure test

Considering the TWA Ag concentration measured in the media of
the SL treatment during the first exposure test (5.11 μg Ag/L; Table S1)
a similar Ag media concentration was established for the AgNO3

treatment with 5.41 μg Ag/L (Table S2). However, the TWA Ag

Table 2
Calculated AFM values for the amphipod groups in the two exposure studies.

Study Treatment Group AFM

Exposure Study I S0 Strainer –
Bottom –

SL Strainer 376
Bottom 39,404

Exposure study II S0 Strainer –
Bottom –

SL Strainer 504
Bottom 21,730

AgNO3 Strainer 363
Bottom 396

Fig. 3. 3D imaging after CT investigations of iodine stained H. azteca. Agglomerates or aggregates of NPs > 400 μm would have been visible as coloured dots. A:
Hyalella from the strainer of SL treatment; B: Hyalella from the bottom of the S0 treatment; C: Hyalella from the bottom of the SL treatment; D: Hyalella from the
strainer of the S0 treatment. Comparable to Video S1.
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concentration of the SL treatment measured in the medium during the
second exposure test was 16.74 μg Ag/L (Table S3) and thus around
three times higher as compared to the first exposure test. Only the
samples from day 7 of the SL treatment showed a significant difference
in media concentrations between bottom and strainer region (Table S4).
There were no significant differences in AgNO3 media concentrations
measured at the bottom or in the strainer (Table S5). In both treat-
ments, most of the particulate Ag or Ag+ in the medium (around 99%)
were supposed to be bound to organic colloids or precipitated as shown
by the media concentrations measured after ultracentrifugation (Table
S2 and S3). In agreement with the first exposure test, no measurable Ag
concentration was present in the media of the S0 control sludge treat-
ment (Fig. 8).

The control animals of the second exposure test (7d) showed very
low Ag tissue concentrations of 0.03 ± 0.02 mg Ag/kg and
0.18 ± 0.00 mg Ag/kg for the animals in the strainer and at the
bottom of the beaker, respectively (Fig. 8). For the animals in the
AgNO3 treatment low Ag tissue concentrations were determined with

2.14 ± 0.27 mg Ag/kg and 1.96 ± 0.46 mg Ag/kg for the animals at
the bottom of the beaker and in the strainer, respectively. The Ag
concentrations in the animal tissue from the SL treatment were higher
than those from the first exposure study with 357.91 ± 77.09 mg Ag/
kg and 8.31 ± 2.72 mg Ag/kg measured in animals with direct and
indirect (strainer group) contact to the SL-sludge, respectively (Fig. 8).

Also during the second exposure test no AFM could be calculated for
the control animals (fed with S0 sludge only) due to the non-measurable
Ag concentrations in the test media.

AFM values of 504 and 21,730 were calculated for the animals
collected from the SL treatment (strainer and bottom, respectively).
Lower AFM values were determined for the two groups in the AgNO3

treatment, with similar values of 363 and 396 for the strainer and
bottom groups, respectively.

3.2.1. Measurement of total Ag in protein extracts of Hyalella after
enzymatic protein digestion

At the end of the second exposure test, a small group of animals was

Fig. 4. SEM image of the intestine region of H. azteca from SL treatment (first exposure test) with direct contact to the AgNPs enriched sludge. Marked ROI (red
square) at A: gut content 150 x magnification and B: 25000 x magnification of the region from the red square of part A and EDX spectrum (C) with Ag peak (red
arrow, bottom). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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collected from each treatment (same replicate beakers) to be en-
zymatically digested as described for the sp-ICP-MS samples. The total
amount of Ag that was extracted with the proteins from the amphipods
body was acid digested and determined using ICP-OES. For the AgNO3

treatment, 57% of the total amount of Ag measured in the whole am-
phipods turned out to be extractable from the protein fraction. The total
amount of silver (100%) was equivalent to the concentration measured
after acid digestion of the whole animals. However, from the animals of
the SL treatment only 17% of the total amount of silver measured in the
whole animals was extractable after enzymatic protein digestion.

3.2.2. Examination of aqueous test media and Hyalella tissue using single
particle ICP-MS

By using sp-ICP-MS the number and mean size of Ag particles in the
medium and animal samples collected during the second study were
determined. Particle concentrations were determined in the media of SL
and AgNO3 treatment. In both treatments the particle concentration
increased during the exposure period. In the animal tissue from all
treatments including the S0 sludge particle concentrations were de-
termined at the end of the test (day 7) with the highest value in the SL
treatment. The calculated mean particle sizes were determined for
medium and tissue samples and are presented in Table 3.

4. Discussion

AgNPs reach the aquatic environment mostly as transformed hardly
soluble silver sulphide (Ag2S) after passing through the STP. It was
recently reported that Ag from AgNPs, which are transformed and be-
lieved to be passivated, is still available for uptake by invertebrates
exposed to STP effluents or sludge (Kampe et al., 2018; Kühr et al.,
2018). This was confirmed in this study which was aimed at elucidating
the pathways leading to the accumulation of silver from STP sludge
containing AgNPs in H. azteca. The dietary uptake of AgNPs from the
sludge as well as bioconcentration following dissolution of Ag+ ions
from the AgNPs was observed. However, no tissue penetration and
accumulation of ingested particles was shown. This is in accordance
with Zeumer et al. (2020) where the dietary uptake of wastewater

borne AgNPs obviously did not lead to significant accumulation of Ag.
The AgNP containing sewage sludge used was obtained from a lab

scale STP simulation unit running with NM 300 K spiked artificial in-
fluent according to OECD TG 303A (Organisation for Economic Co-
operation and Develpement (OECD), 2001). The sludge was examined
by TEM and EDX revealing that the AgNPs which were still present
were sulfidized according to the authors (Kampe et al., 2018). The
sludge used for the control groups (S0) was taken from a control lab
scale STP unit running on unspiked artificial influent. The measured
total Ag content of around 1.2 mg/kg in the S0 sludge should result
from the initial active sludge used to inoculate the STP units obtained
from a municipal STP (Kampe et al., 2018).

In all tests with STP sludge containing AgNPs measurable total Ag
concentrations in the test media were found. With the AgNO3 treatment
an exposure scenario could be established which was comparable to the
media concentrations measured in the STP-sludge treatment (SL) of the
first exposure test. The examination of the test media collected at the
start of the second exposure tests using spICP-MS revealed that Ag
particles were detected in the SL and in the AgNO3 treatments. The
calculated median size of the particles detected in both media (aqueous
phase) was nearly the same. However, a lower particle concentration
was determined for the SL treatment including STP sludge containing
AgNPs. Kuehr et al. 2020 also observed Ag particles in an AgNO3 ex-
posure medium with comparable particle sizes. The observation was
explained by the measurement of pseudo (presumable) particles (Kuehr
et al., 2020) which is the result of two limitations of the spICP-MS
method. First, the method cannot distinguish between the manu-
factured AgNPs and products of Ag+ precipitations processes like e.g.
AgCl or Ag2S, or higher numbers of Ag+ attached to colloids or pro-
teins. Second, due to the small size of the NM 300 K AgNP that is near
the instrumental size detection limit (around 10 nm for Ag, given by the
Agilent MassHunter Software) or the particle detection limit of
16–20 nm as reported by (Lee et al., 2014). Also, the particles detected
in the media collected at the start of the second exposure test were
supposed to be pseudo particles. In the AgNO3 treatment, which was
carried out with control sludge containing no AgNPs, the detected
particles could be Ag+ that was complexed or associated with organic

Fig. 5. A: TEM image of ROI after cutting with ultramicrotom and B: EDX spectrum of nanospot analysis with high Ag deflacltion.
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or inorganic colloids or precipitated Ag species like Ag2S or AgCl
(Degenkolb et al., 2018). Sulfidized AgNPs are still capable of releasing
Ag+ as described by Kampe et al. (2018) and Kühr et al. (2018). Par-
ticles detected in the SL medium at the test start could be explained by
the release of AgNPs from the STP sludge or by Ag+ ions leaching from
the AgNPs and following the same complexation pathway as described
before. In the aged medium collected at the end of the second exposure
test, nearly the same concentration of Ag particles was measured for the
AgNO3 medium. These pseudo particles showed a slightly higher cal-
culated diameter, probably caused by a higher amount of Ag+ asso-
ciated with the colloids present compared to those measured at the test

start. In contrast, the measured particle concentration in the aqueous
media of the SL treatment was three magnitudes higher in the aged
media collected at the test end compared to the concentration in the
fresh medium (after 24 h of aging) from the test start. Also the median
particle size was higher compared to the test start and in comparison to
the particles detected in the AgNO3 medium, but nearly identical to the
size of pristine particles (NM 300 K) and to the sulfidized particles
measured in the SL sludge by Kampe et al. (2018). Thus the particles
which were measured at the test start were assumed to be an artifact
similar to the particles found in the AgNO3 medium.

Measurement of total silver concentrations in exposed animals

Fig. 6. SEM image of embedded H. azteca from SL treatment (first exposure test) without direct contact to the AgNPs enriched sludge (strainer group) with marked
ROIs (red squares, intestine and near region) at 120× (A), 1000× (B) and 5000× magnification (C) with EDX spectrum showing peaks for P and Ca but not for Ag
(D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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showed that the highest tissue concentrations were observed in animals
which were in direct contact with the contaminated sludge. Animals
obviously ingested AgNPs as part of their diet. This was confirmed by
single particle ICP-MS which was carried out to elucidate the presence
of ingested particles in the previously exposed animals. Highest particle
concentrations were measured in the animals which had access to
contaminated sludge. However, particles could also be detected in an-
imals of the AgNO3 treatment and even in control animals. The spICP-
MS method applied in this study is only suitable to prove the presence
of AgNPs with a particle size> 20 nm. In addition, a differentiation
between real AgNPs and measuring artifacts by the spICP-MS caused by
high amounts of ions in the sample background is not possible. Thus, it
cannot be excluded that the measured particles were only the result of
an artifact due to the limitations of the measurement and calculation
process of the spICP-MS. Due to the sample fitration using 0.45 μm
syringe filters, we cannot exclude that particles or agglomerations of
particles with a size higher than 450 nm had not been available for the
spICP-MS measurements. However, such big particles would have been
visible at least by the TEM observation during correlative microscopy.

Correlative microscopy allows the combination of different micro-
scopic methods to bridge the macrostructural analysis like light mi-
croscopy (morphological orientation and information) with the nanos-
tructural analysis like TEM for clear characterisations of special spots
with ultra high resolution within ROIs. Furthermore, the correlative
workflow allows examination of the same sample for all methods of
each step of the workflow.

Correlative microscopy was applied in this study to confirm the
uptake of AgNPs by H. azteca and to further elucidate the potential
tissue penetration and accumulation of the ingested particles. TEM
observations, which are carried out as part of the correlative micro-
scopy workflow, allow detection of particulate Ag without false detec-
tion of Ag that is complexed or associated with organic matter (Kampe
et al., 2018). Thus the risk of detecting artifacts, like the measurement
of pseudoparticles, is not possible. Even though correlative microscopy
provides results which are not quantitative, the methods applied allow
a precise localization and characterization (indication of

Fig. 7. TEM image of conspicuous (Figure 6) of an animal from the SL treatment (first exposure test) without direct contact to the AgNPs enriched sludge (strainer
group) showing high Cu but no Ag peak in the EDX spectrum (B).

Fig. 8. Exposure test I-II. Measured total Ag concentration in sludge [mg/kg],
media [μg/L] and tissues of experimental animals collected from groups ex-
posed outside (bottoms) or inside the strainer (top) (Fig. 1).
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transformation) of the NPs. In this way it was shown that there were
only very low amounts of AgNPs in the gut of the amphipods (SL
treatment) and no AgNPs within the animals tissue. Also, no AgNPs
were found in the animals with no direct contact to AgNP enriched
sludge. From this it can be concluded, that the AgNPs were only taken
up from the sludge, but not incorporated into the organisms tissue or
cells. Furthermore, the correlative microscopy revealed that the quan-
tification of the Ag body burden by ICP-OES and spICP-MS was not
influenced by NPs attached to the carapace. Thus the measured Ag body
burden only represents the AgNPs in the gut content and potentially
other Ag species like Ag+ in non particulate form which were taken up
via bioconcentration processes.

By using the method of spICP-MS high concentrations of measured
particles (< 20 nm) were found in animals collected from control and
all treatments at the end of the second study. However, no Ag particles
could be identified by correlative microscopy in control animals even
though a low level of Ag was detected in the tissue. This was potentially
caused by the ingestion of the control sludge containing a low amount
of silver as background contamination. Animals collected from the SL
strainer group, without direct contact to the STP sludge containing high
Ag concentrations, showed accumulation of silver. However, no Ag
particles could be observed in the animals using correlative microscopy
providing clear evidence that Ag was supposed to be accumulated fol-
lowing uptake of Ag+ ions released from the sludge.

As described for several invertebrates and aquatic species, the
bioaccumulation of Ag, especially after the exposure of Ag ions, occurs
rapidly and often leads to high body burdens, due to effective and ac-
tive uptake mechanisms and binding of Ag to proteins as a detoxifica-
tion strategy (Croteau et al., 2011; Hogstrand et al., 1996; Kuehr et al.,
2020; Waalewijn-Kool et al., 2014). Also in this study, Ag+ accumu-
lated by bioconcentration processes or incorporated after release from
the gut content seems to be associated to proteins like metallothioneins
(Ahearn, 2010). This could explain, why around 57% of the total
amount of the Ag body burden found in the animals collected from the
AgNO3 treatment was detected in the protein solution prepared from
the same sample material. In comparison, only 17% of the total amount
of Ag found in animals from the SL treatment, with direct contact to the
contaminated sludge, was detected in the animals protein fraction
which may be explained by the lower concentration of Ag+ due to the
limited and delayed release of Ag+ from the sulfidized AgNP surface.

Nevertheless, the measured accumulation of Ag in the groups se-
parated in strainers was very limited. This can be explained by the
observation that Ag+ released from the sludge was apparently not
freely dissolved as confirmed by the AgNO3 treatment. The results of Ag
measurements following ultrafiltration of the SL media from the first
and second exposure tests have both shown that around 99% of the
total silver measured in the medium was present in a particulate or
colloidal form that could not pass through 3 kD filter membrane. This
could be explained by precipitates, suspended AgNPs, or Ag+ bound to
humic acids, proteins or other organic colloids (Degenkolb et al., 2018;
Kaegi et al., 2011; Kampe et al., 2018). The assumption that Ag+ is

associated with organic or inorganic colloids is in agreement with the
observation that around 99% of the measured total Ag in the medium of
the AgNO3 treatment were also present in a particulate form or asso-
ciated with colloids bigger than 3 kD as shown by ultrafiltration.

The test design used for this study allowed investigation of the
major pathways involved in the accumulation of Ag from AgNPs in STP
sludge. The calculation of accumulation factors as the ratio of total Ag
concentrations in the aqueous media helped to evaluate the impact of
dietary uptake and bioconcentration processes leading to the Ag accu-
mulation in H. azteca observed in this study.

No significant difference between the AFM values of the top and
bottom group of the AgNO3 treatment was observed (363 vs. 396). Both
groups were kept in contact with control sludge and exposed to the
same test medium. In contrast, AFM values calculated for the SL treat-
ment (second study) reveal that there was a significant difference re-
garding the accumulation of Ag in the top and bottom group (376 vs.
39,404). Groups of both treatments (SL and AgNO3) were exposed to the
same medium concentration, but fed on different types of sludge in the
bottom group underlining the major contribution of dietary uptake to
the measured Ag body burden and the apparent accumulation of Ag in
this exposure scenario.

AFM values observed in the SL treatment from the second exposure
study confirm the significant difference in the calculated AFM values
regarding the accumulation of Ag in the top and bottom group (504 and
21,730). However, AFM values calculated for the animals in the strainer
(top) were higher compared to the first study. During the first and
second study sludge with the same concentration was applied in the SL
treatment but leading to different media concentrations. This may be
explained by the different amount of sludge that was provided to the
vials to guarantee feeding ad libitum of the test animals. Bigger animals
were exposed during the second study. Consequently, the application of
the higher amount of sludge during the second study led to higher total
Ag concentrations in the test media compared to the first test as re-
flected in the AFM values.

Ag+ is well known to induce lethal and sublethal toxicological ef-
fects, especially in aquatic species (Leblanc et al., 1984; Sakamoto et al.,
2015; Wang et al., 2012; Zhao and Wang, 2011). However, no mortality
or significant effects were observed in both exposure studies. The pre-
sumable complexion of Ag+ from the AgNO3 treatment and potentially
released Ag+ from AgNPs of the enriched sludges may explain the lack
of significant effects or mortality in comparison to the S0 control group
in both studies, even if H. azteca is considered to be the most sensitive
benthic species for Ag+ exposure (Blaser et al., 2008). The lack of ob-
served effects is in accordance with the results of Kühr et al. 2018,
where the waste water borne AgNPs did not cause any negative effects
in contrast to water borne pristine AgNPs. Comparable observations
were made by Hartmann et al. (2019) when pristine AgNPs from NM
300 K caused a significant reduction of the reproduction in Daphnia
magna, while wastewater borne NM 300 K AgNPs, which were proved
to be transformed to Ag2S, did not cause any significant differences in
the number of offspring (Hartmann et al., 2019).

Table 3
Particle concentrations (particles/L) in the media samples from day 4 and 7, and animals tissue from day 7. Diameter of particles in the samples were calculated
median diameters in nm.

Treatment Matrix Concentration [particles/L] Diameter [nm]

Day 0 Day 7 Day 0 Day 7

S0 Media – – – –
Animals – 2.2 × 108 ± 1.5 × 107 – 17.2 ± 0.2

SL Media 3.7 × 108 ± 3.0 × 107 1.5 × 1011 ± 2.2 × 109 11.5 ± 0.2 15.0 ± 0.0
Animals – 2.5 × 1012 ± 3.4 × 1011 – 18.5 ± 0.4

AgNO3 Media 5.0 × 109 ± 2.0 × 109 6.0 × 109 ± 4.6 × 109 11.2 ± 0.5 13.5 ± 0.8
Animals – 8.2 × 109 ± 4.6 × 109 – 17.6 ± 1.2
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5. Conclusions

AgNPs such as NM 300K can be ingested by the benthic amphipod
Hyalella azteca by dietary uptake from STP sludge as shown in this
study. However, even though the NPs were shown to be ingested, we
did not find any evidence for an incorporation of the NPs or transfer
from the gut into the animals tissue or cells. However, the bioaccu-
mulation of Ag+ released from the sulfidized AgNPs, was confirmed.
The accumulation of Ag from AgNPs may lead to a higher Ag body
burden in the animals and the amphipods may thus accelerate the
transfer of heavy metals from NPs accumulated in the sediment into the
aquatic food chain (Vogt et al., 2019).

It was shown that investigations on the bioavailability and bioac-
cumulation of NPs in aquatic organisms should be complemented by
the methods of correlative microscopy. The reason for this is that the
established method of spICP-MS often detects artifacts, such as pre-
sumable and/or pseudo particles, but cannot confirm (or conclude) that
they are in fact artifacts. Further investigations utilizing imaging
methods with higher resolution, such like synchrotron radiation x-ray
imaging, are required to gain more information on the distribution of
the metal within the organism to allow a more precise conclusionon the
bioavailability and bioaccumulation of AgNPs.
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