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• NM300K Ag NPs driven oxidative stress
was analyzed in vivo in nematodes.

• Contrasting body distributions of oxida-
tive stress were found with AgNO3 and
NM300K.

• Differences in Ag retention and body
distribution governed oxidative stress
patterns.

• AgNO3 caused uniform tissue and cell
redox imbalance.

• ROS damages by NM300K were con-
fined to the luminal tissues.
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The current study provides an in vivo analysis of the production of reactive oxygen species (ROS) and oxidative
stress in the nematode Caenorhabditis elegans following exposure to EU reference silver nanoparticles NM300K
and AgNO3. Induction of antioxidant defenses was measured through the application of a SOD-1 reporter, and
the HyPer and GRX biosensor strains to monitor changes in the cellular redox state. Both forms of Ag resulted
in an increase in sod-1 expression, elevated H2O2 levels and an imbalance in the cellular GSSG/GSH redox status.
Microscopy analysis of the strains revealed that AgNO3 induced ROS-related effects inmultiple tissues, including
the pharynx, intestinal cells and muscle tissues. In contrast, NM300K resulted in localized ROS production and
oxidative stress, specifically in tissues surrounding the intestinal lumen. This indicates that Ag from AgNO3 expo-
surewas readily transported across thewhole body,while Ag or ROS fromNM300K exposurewas predominantly
confined within the luminal tissues. Concentrations resulting in an increase in ROS production and changes in
GSSG/GSH ratio were in line with the levels associated with observed physiological toxic effects. However, sod-
1 was not induced at the lowest Ag concentrations, although reprotoxicity was seen at these levels. While both
forms of Ag caused oxidative stress, impaired development, and reprotoxicity, the results suggest different in-
volvement of ROS production to the toxic effects of AgNO3 versus NM300K.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Due to their wide applications, silver nanoparticles (Ag NPs) are one
of the most intensively studied nanomaterials available (Syafiuddin
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et al., 2017). Characteristics, such as size, surface charge, chemistry, and
dissolution state of the NPs can influence bioavailability, reactivity and
toxicity of the material (Foldbjerg et al., 2009; Zhao and Wang, 2011;
Völker et al., 2015). The EU reference material NM300K has been pro-
vided by the European Commission Joint Research Centre and is one
of the best characterized Ag NPs available (Wasmuth et al., 2016;
Köser et al., 2017). Furthermore, the toxicity of NM300K has been
assessed in a wide range of species, such as bacteria, daphnia, annelids
(Poynton et al., 2012; van der Ploeg et al., 2014; Ribeiro et al., 2015;
Gomes et al., 2017), and the nematode Caenorhabditis elegans (Kleiven
et al., 2018). Results fromKleiven et al. (2018) show distinct differences
in toxicity between AgNO3 and the Ag NP NM300K, with higher reten-
tion of Ag from AgNO3 following the depuration of the nematodes.
These differences have been supported by a follow-up study on multi-
generational effects Ag NPs versus AgNO3, which also suggests a clear
difference in the toxic mode of action between the two forms of Ag
(Rossbach et al., 2019).

Silver nanoparticles have been shown to induce physical damages to
the cuticle of C. elegans (Kim et al., 2012), and negatively affect physio-
logical processes, including reproduction and development. At the mo-
lecular level, Ag NPs interfere withmetabolism by inhibition of enzyme
activities, whichmay damage cellular constituents includingmitochon-
dria and DNA (Nel et al., 2006; Kim et al., 2009; Roh et al., 2009; Piao
et al., 2011). Moreover, one of the most important toxic mechanisms
of Ag NPs is the production of free radicals on the surface of the particle,
which may impact biological molecules and cellular structures, poten-
tially leading to oxidative stress (Kim et al., 2009; Roh et al., 2009;
Lüersen et al., 2013; Ribeiro et al., 2015).

A range of studies highlight differences in toxicmechanism between
ionic Ag and Ag NPs (Hunt et al., 2013; Choi et al., 2018), possibly ex-
plained by differences in reactive oxygen species (ROS) formation and
oxidative stress development between the two forms of Ag (McShan
et al., 2014). Lim et al. (2012) highlight the importance of ROS formation
by Ag NPs in C. elegans and suggest that oxidative stress plays an impor-
tant role in Ag NP reproductive toxicity, whereas AgNO3 exposure did
not result in a significant increase in ROS. A study in the soil organism
Enchytraeus crypticus showed distinct differences in the oxidative stress
defense mechanisms and response patterns between the Ag NPs
NM300K and AgNO3 (Ribeiro et al., 2015). Comparatively, it has been
shown that any oxidative stress measured following the exposure of
Daphnia magna to either Ag NPs or AgNO3, could almost entirely be at-
tributed to ionic releases from the NPs, due to similar response patterns
from the two forms of Ag (Li et al., 2015).

Due to extensive knowledge about its biology and physiology, the
nematode C. elegans is an excellent model organism for studying ROS
production, and oxidative stress mechanisms. Studies suggest that
C. elegans possesses a highly complex, but nevertheless specialized,
ROS and redox control system (Braeckman et al., 2016). For instance,
their genomes encode for five superoxide dismutase (SOD) forms,
used for the detoxification of superoxides, with SOD-1, SOD-4 and
SOD-5 being Cu/ZnSOD isoforms, while SOD-2 and SOD-3 are mito-
chondrial MnSOD isoforms (McCord and Fridovich, 1969; Braeckman
et al., 2016). SOD-1, is localized in the cytosol and mitochondrial inter-
membrane space, is evenly expressed and is responsible for ~75% of
total SOD activity in C. elegans (Doonan et al., 2008). C. elegans oxidative
stress defense includes multiple catalase (CTL) and glutathione peroxi-
dase (GPX) enzymes. Under normal conditions, glutathione molecules
aremostly reduced, with only a lowproportion of the oxidized glutathi-
one disulphide (GSSG) present (Lüersen et al., 2013). Elevated ROS thus
leads to expenditure of GSH with the production of GSSG. The NADPH-
dependent GSSG reductase (GSR) recycles of excess GSSG into GSH
(Lüersen et al., 2013). Furthermore, y-glutamylcysteine synthetase
(GCS) and GSH synthetase (GSS) contribute to maintain GSH/GSSG ho-
meostasis (Townsend et al., 2003; Lüersen et al., 2013). Hence, due to
the high intracellular abundance of this redox couple, the quantification
of changes in the GSSG/GSH ratios allows for a reliable indication of the
total redox state of the cell (Schafer and Buettner, 2001; Braeckman
et al., 2016; Braeckman et al., 2017).

Through the use of a reporter strain SOD-1 (GA508 wuls54
[pPD95.77 sod-1::GFP, rol-6(su1006)]) and two biosensors HyPer and
Grx1-roGFP2 (GRX), the current study aimed to elucidate changes in
the intracellular redox state in response to either AgNO3 or NM300K
Ag NP exposure, by the nematode C. elegans, and relate these findings
to standard toxicity test endpoints. It was hypothesized that differences
in the localization of oxidation signals by the strainswould be governed
by differences in retention and distribution of the Ag from the AgNO3

and Ag NPs by C. elegans. Furthermore, building on the results of previ-
ous studies with C. elegans (Lim et al., 2012), it was hypothesized that
ROS production would elicit an antioxidant defense response to coun-
teract oxidative stress and prevent adverse effects to growth, fertility
and/or reproduction.
2. Methods

2.1. Nanoparticle stock preparation and characterization

The OECD representative Ag nanomaterial NM300K (Fraunhofer
IME, Munich, Germany) stocks were prepared according to a Standard
Operating Procedure developed by EU NanoReg (Jensen et al., 2016).
Briefly, a 2.56 g Ag L−1 stock was prepared in ddH2O (15 MΩ·cm)
using a probe sonicator (Branson S-450 D sonicator, disruptor horn
13 mm) for 13 min at 15% amplitude. Fresh stocks were prepared for
each exposure.

For the characterization of the nanoparticles, a range of tools was
employed. Dynamic light scattering (DLS, Malvern PN3702 Zetasizer
Nanoseries) for hydrodynamic diameter and zeta potential, and trans-
mission electron microscopy (TEM, Morgagni 268, FEI) for core diame-
ter were carried out on stock solutions. For the TEM analysis, a 250 mg
Ag L−1 stock was prepared in ddH2O (15 MΩ·cm), before addition to
the grid and subsequent TEM imaging.

Assessment of the size distribution and particle dissolution at T-0
and 72 h of exposure was carried out by ultrafiltration of the expo-
sure media using 3 kDa Millipore Centrifugal filters (Amicon,
Millipore). Triplicate samples of the exposure media were first cen-
trifuged (2000 g for 5 min) to remove E. coli and larger particle ag-
gregates, with subsequent ultrafiltration of the supernatants
following pre-conditioning of the filters. For the dissolved (LMM)
Ag fraction, 400 μL of sample was added, and centrifuged at
14000 g for 30 min, with a subsequent collection of 200 μL of the fil-
trate for analysis.

All samples were analyzed by Inductively Coupled Plasma Optical
Emission Spectrometry (Agilent Technologies 5110 ICP-OES) or Mass
Spectrometry (ICPMSAgilent 8800,Mississauga, Canada), using oxygen
as a collision gas, and tuned using the manufacturer's tuning solution
(#5188-6564, Agilent Technologies, Mississauga, Canada). Measure-
ments were carried out on two Ag isotopes (107 and 109), with detec-
tion limits at 0.007 and 0.005 μg L−1, respectively, and limits of
quantification at 0.02 μg L−1.
2.2. Nematode culture and exposure

All nematodes were exposed to either AgNO3 or the silver nanopar-
ticle NM300K in either 96 h (wild type N2), or 72 h (SOD-1, HyPer and
GRX) standard toxicity tests, according to the International Organiza-
tion for Standardization guideline 10,872 (International Organization
for Standardization, 2010), with some modification. Prior to the start
of the exposure, nematodes, previously kept in liquid cultures, were
treatedwith a hypochlorite solution for egg extraction and synchroniza-
tion of the culture. Eggs were allowed to hatch on agar plates overnight
to obtain synchronous L1-stage larvae.
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2.3. Toxicity test exposure and sampling

All nematodeswere exposed in 24-well culture plates, from L1 stage,
at 20 °C in the dark, with continuous gentle shaking for sufficient oxy-
genation. Each well contained 1 mL of the bacteria Escherichia coli
OP50 re-suspended in moderately hard reconstituted water (MHRW)
(United States Environmental Protection Agency, 2002), and 11 ±
6 L1 stage nematodes. Toxicity tests were carried out using the N2 Bris-
tol strain, while ROS production and oxidative stress effects were
assessed using one reporter and two biosensor strains.

The N2 Bristol strain C. elegans (Caenorhabditis Genetic Centre, Min-
neapolis, USA) was exposed in triplicate to nominal concentrations of
0.125, 0.25, 0.5, 1, 2 and 4 mg Ag L−1 for AgNO3, or 1.25, 2.5, 5, 10, 20
and 40 mg Ag L−1 for NM300K Ag NPs. To terminate toxicity tests,
0.5 mL of Rose Bengal was added and toxicity test plates were kept for
10min at 80 °C. A stereomicroscope (LeicaM205C)was used for assess-
ment of growth, fertility and reproduction (International Organization
for Standardization, 2010), using a hand held tally counter. The raw
data obtained from this toxicity test have also been used as part of a
multigenerational study studying the adaptive tolerance of C. elegans
to NM300K Ag NPs (Rossbach et al., 2019).

Through the measurement of the emitted green fluorescent protein
(GFP) signal, the SOD-1 strain (GA508 wuls54[pPD95.77 sod-1::GFP,
rol-6(su1006)]) allows for a direct in vivomeasurement of the induction
of sod-1 gene expression. The HyPer strain expresses a peroxide-specific
sensor protein, consisting of a redox sensitive yellow fluorescent pro-
tein fused to the H2O2 sensing domain of E. coli OxyR (Back et al.,
2012). The HyPer biosensor strain thus facilitates the in vivo quantita-
tive assessment of H2O2 levels with cell specific resolution. When ex-
posed to peroxide, an intramolecular disulfide bridge is formed which
leads to a conformational change of the protein that results in the shift
of the 420/500 nm excitation to 516 nm emission ratio. Similarly, the
Grx1-roGFP2 (GRX) transgenic strain enables assessment of the ratio
between the oxidized (GSSG) and reduced (GSH) forms of glutathione
(Back et al., 2012). In this manner, changes in the GRX emission ratio
are directly determined by the GSSG/GSH ratio, and reflect the intracel-
lular redox potential in the nematode. Quantification of the changes in
GRX emission ratio thus provides information about the manifestation
of oxidative stress (Back et al., 2012).

Due to slight differences in sensitivity of the reporter and biosensor
strains compared to the wild type, lower concentration ranges were
Fig. 1. Characterization of the exposuremedia from the biosensor strain exposure, at T-0 and 72
either AgNO3 (a) or Ag NPs (b), in moderately hard reconstituted water containing E. coli and
chosen of 0.1, 0.5 and 1 mg Ag L−1 for AgNO3 or 1, 5 and 10 mg Ag
L−1 for Ag NPs, in triplicate (with 10 nematodes per well). For sampling
and analysis, 10 randomly selected nematodes from each exposure con-
centration were immobilized with 30 mM of sodium azide (NaN3) and
imaged using a fluorescent light microscope (LEICA DM6 B), equipped
with a 405 nmexcitation and 535 nmemission filter. For oxidized to re-
duced ratios of the biosensor strains, a second image (Ex 490 nm and
Em 535 nm) was taken. Ratios were calculated as described in Back
et al. (2012). The SOD-1 average intensity was normalized to nematode
total body length, to account for possible variation in signal strength due
to developmental stages (Doonan et al., 2008). All images were quanti-
fied using the LAS X Leica application suit X imaging software for pixel
based average intensity measurements.

To exclude possible interferences or enhancement of fluorescent sig-
nals by Ag NPs in nematodes, N2 nematodes exposed to Ag NPs were
analyzed at both excitation (405 and 490 nm) and emission (525 nm)
wavelengths, and signals were compared to control (unexposed) N2
nematodes (see Supplementary materials, Fig. S3). Moreover, Ag NP
suspensions were analyzed for fluorescence at both wavelengths.

2.4. Statistical analysis

For the statistical analysis of all the data, Minitab® 18 software was
used. A significance level of 0.05 was used in all tests. Differences be-
tween treatments were analyzed using ANOVA, followed by a Tukey's
range test. Alternatively, a Kruskal-Wallis test was donewhen the resid-
uals of the ANOVAwere not normally distributed. For the comparison of
the various nematode strains, a Spearman rank or Pearson product mo-
ment correlation test was used.

Effect concentrations (EC10 and EC50) were calculated with the
open source software RegTox, using the Hill model (Vindimian, 2016)
and are reported as the optimal value for EC10 and EC50 with corre-
sponding 95% confidence intervals.

3. Results

3.1. Nanoparticle characterization

Since the importance of physicochemical characteristics of Ag NPs in
explaining toxic responses has been shown in previous studies (Kleiven
et al., 2018), we conducted detailed characterization of the NM300K Ag
h, showing the aggregated (Agg), suspended (Susp) and dissolved (b3 kDa) Ag fraction of
nematodes.
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NPs, prior and post application to the exposure media, as well as moni-
tored changes over time. TEM analysis of stock suspensions showed an
average size of 23.2 ± 17.2 nm (mean ± SD, throughout the text)
(Fig. S1), which is in good agreement with supplier characteristics.
DLS analysis showed an average diameter of 93.3 ± 1.3 nm and
87.6 ± 1 nm and a PdI of 0.3 and 0.25, for the initial 256 mg Ag L−1

(Fig. S2) and the diluted 100 mg Ag L−1 stocks in ddH2O (15 MΩ·cm),
respectively. The measurement of the electrophoretic mobility of the
Ag NPs in the stocks showed a zeta potential of −8.77 and −14.3 mV
for the 256 and 100 mg Ag L−1 stocks, respectively.

ICP-OES or ICP-MS analysis of stocks and exposure media showed
reasonable agreement with nominal concentrations, with some differ-
ences between AgNO3 and Ag NPs. While AgNO3 exposure stocks
showed recoveries of 100 ± 0.0% and 107 ± 0.9%, for the 80 mg Ag
L−1 and 10 mg Ag L−1, respectively, Ag NP stocks were comparatively
Fig. 2.Growth (a and d), fertility (b and e) and reproduction (c and f) of C. elegans, exposed to e
test. Data is presented as mean ± SD (n = 10). Asterisks indicate significant differences (Tu
nominal values.
lower, with recoveries of 81.2 ± 0.0% and 78.7 ± 22.2%, for the
800mgAg L−1 and 100mgAg L−1, respectively. In the AgNP exposures,
84.9 ± 29.8% and 64.4 ± 22.6% of nominal Ag concentrations were re-
covered at T-0 and after 72 h, respectively, indicating no statistically sig-
nificant reduction in recovery during the exposure period (t-test, p =
0.18).

To monitor changes in the behavior of silver during the exposure, a
fractionation experiment was conducted at the beginning (T-0) and
end (72 h) of the exposure (Fig. 1). This was conducted in both the N2
and biosensor strains exposures. Findings from theN2exposure are pre-
sented in Rossbach et al. (2019), and lay in accordancewith results pre-
sented in the current article (Fig. 1). No dissolved (b3 kDa) Ag fraction
was found at either time point. It is highly probable that the positively
charged Ag ions are associated with the negatively charged surface of
the E. coli, and hence removed in the first centrifugation step, removing
ither AgNO3 or the Ag NPs NM300K, inMHRWcontaining E. coli in a standard 96 h toxicity
key's range test) between exposed nematodes and controls. Concentrations are given as



Table 1
Reproduction, fertility and growth EC10 and EC50 values for C. elegans exposed to either
AgNO3 or Ag NPs in a standard 96 h toxicity test, in MHRW. 95% confidence intervals are
provided in parentheses. All values were calculated using the Hill model.

AgNO3 (mg Ag L−1) Ag NP (mg Ag L−1)

Reproduction EC10 0.04 (0.02–0.06) 0.11 (0.04–0.44)
EC50 0.10 (0.07–0.12) 0.71 (0.41–1.21)

Fertility EC10 0.33 (0.25–0.42) 3.50 (2.78–3.67)
EC50 0.70 (0.59–0.79) 4.30 (3.90–4.45)

Growth EC10 0.34 (0.10–0.89) 4.09 (1.51–8.30)
EC50 2.58 (1.81–3.77) 18.6 (13.9–24.6)
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the aggregated fraction, before ultrafiltration. Overall, both forms of Ag
show a propensity for aggregation and/or association with E. coli over
the course of the exposure, as seen in the aggregated fraction (Fig. 1).
While larger, aggregated Ag particles might reduce the direct exposure
of nematodes, Ag associated with E. colimight facilitate an increased di-
etary exposure. This coincides with the findings from Kleiven et al.
(2018). Assuming that Ag associated with E. coli is still capable of
exerting a toxicological response, all toxicity results in the following sec-
tions are based on nominal concentrations in exposure suspensions.

3.2. Dose-response toxicity test

The toxicity of AgNO3 and Ag NPs was assessed in a standard 96 h
toxicity test, inMHRW, bymeasuring growth, fertility and reproduction.
No mortality was observed at any of the tested concentrations. AgNO3

exposed nematodes displayed a dose dependent decrease in growth
with increasing concentrations (Fig. 2a). All AgNO3 concentrations up
to 4mg Ag L−1 showed statistically significant decrease in growth com-
pared to controls, except for the lowest two concentrations. At 4 mg Ag
L−1 a 56% reduction in growth was found. These findings correspond to
growth EC10 and EC50 estimations for AgNO3 exposed nematodes of
0.34 mg Ag L−1 (95% CI 0.10–0.89) and 2.58 mg Ag L−1 (95% CI
1.82–3.77), respectively (Table 1). The Ag NP exposure on the other
hand, resulted in no decrease in growth up to 5 mg Ag L−1. This was
followed by dose dependent reduction in development up to 40 mg
Ag L−1 (ANOVA, p b 0.05), with a 51.2% reduction in total body length
compared to controls (n = 10). The EC10 and EC50 estimations are
given in Table 1.

Similar to growth, fertility of nematodes exposed to AgNO3

remained unaffected at 0.125 and 0.25 mg Ag L−1 (Fig. 2b). A statisti-
cally significant reduction in fertility to 73% of the control was observed
at 0.5 mg Ag L−1 (ANOVA, p= 0.008), followed by a reduction to 28.1%
Fig. 3. In vivomeasurement of sod-1 expression pattern in the SOD-1 reporter strain GA508 (a)
concentration). Fluorescence average intensity values were normalized to nematode body size
represent 100 μm.
in nematodes exposed to concentrations of 1 mg Ag L−1 and 0% fertility
at 2 and 4mg Ag L−1. The impacts of Ag NP on fertility showed a reduc-
tion down to 83% fertility at 5mg Ag L−1 (Fig. 2e), although thiswas not
statistically significant from controls. Fertility was 0% at concentrations
≥10 mg Ag L−1.

Reproduction data for both AgNO3 and Ag NP represents the most
sensitive endpoint measured in the toxicity test. This was further con-
firmed by the EC10 and EC50 estimates (Table 1). At the lowest
(0.125 mg Ag L−1) AgNO3 concentration a statistically significant
(ANOVA, p = 0.005) decrease in reproduction, to below 35% of that in
controls, was measured (Fig. 2c). At 0.5 mg Ag L−1 reproduction was
b4% of that in controls (ANOVA, p = 0.001), followed by no reproduc-
tion at 1 mg Ag L−1 or higher. An impairment in reproduction was ob-
served in the Ag NP exposure, with a dose dependent reduction down
to 12.6% compared to controls at 5 mg Ag L−1 and a total absence of re-
production at concentrations ≥10 mg Ag L−1 (Fig. 2f).

3.3. ROS production and oxidative stress effects by AgNO3 and Ag NPs

To investigate the potential role of free radicals in the toxic response
observed in the N2 Bristol strain, three parallel tests were set up to ob-
tain in vivomeasurements of the effects of AgNO3 and Ag NPs exposure
on sod-1 gene expression and redox status, using the SOD-1 reporter
strain, and the two biosensors HyPer and GRX.

3.3.1. Concentration dependent increase in sod-1 expression
For the investigation of sod-1 gene expression in C. elegans in re-

sponse to AgNO3 or Ag NP exposure, the GFP labelled reporter strain
GA508 provides an accurate tool for the in vivo measurement of sod-
1 gene expression (Doonan et al., 2008). Superoxide is an intrinsic
product of metabolism, and physiological sod-1 expression in-
creases, with increasing developmental stages (Doonan et al.,
2008). In this study, the NM300K Ag NPs caused a dose dependent
inhibition of development in the SOD-1 strain (Figs. 3b and S4),
which could potentially have an impact on sod-1 response. There-
fore, average intensity was normalized to the size of the nematodes
in each exposure condition, to account for the decreased signal
strength related to earlier developmental stages (Doonan et al.,
2008).

The AgNO3 exposed nematodes showed no statistically significant
differences from controls at the lowest (0.1 mg Ag L−1) exposure con-
centrations (ANOVA, p = 0.7), indicating no increase in Ag induced
sod-1 expression (Fig. 3). However, a significant increase in sod-1 ex-
pression for 0.5 and 1 mg Ag L−1 (ANOVA, p = 0.01 and p b 0.001)
in response to either AgNO3 or Ag NP exposure with corresponding images (b) (n = 10/
. Different letters indicate statistically significant differences among exposure groups. Bars



Fig. 4. In vivomeasurement (a) of the hydrogen peroxide biosensor HyPer in response to either AgNO3 or Ag NP exposure with corresponding images (b) (n = 10 per concentration).
Different letters indicate statistically significant differences among exposure groups. Bars represent 100 μm.
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exposed nematodes, compared to controls was found. Similarly for the
Ag NP exposed nematodes, no differences were found between controls
and 1 mg Ag L−1 exposure (ANOVA, p = 0.4), however a statistically
significant increasewas seen for the 5 and10mgAg L−1 AgNP exposure
(ANOVA, p = 0.003 and p b 0.001) (Fig. 3a). Visual image analysis
showed minor differences in the expression pattern of the intestine,
pharynx and muscle tissue, between nematodes exposed to AgNO3 or
Ag NPs.

3.3.2. Exposure to Ag results in tissue specific cellular H2O2 production
The dismutation of O2

– and 2H+ by superoxide dismutase antiox-
idant enzymes is the main source of H2O2 in the nematode (Back
et al., 2012). Therefore, to quantify potential effects of this increase,
the HyPer biosensor was employed in the current experiment. The
dose response of HyPer was non-monotonous, unlike that observed
from SOD-1. However, an overall significant increase compared to
controls was seen from all Ag NP exposure concentrations
(p b 0.001), while only the 1 mg Ag L−1 AgNO3 exposure resulted
in a significant increase (p b 0.001) (Fig. 4a).

Controls expressed evenly low levels of H2O2 across the whole
body, including the pharynx, intestine and tail, but no signal was
seen in the gonads (Fig. 4b). Notably, all Ag NP exposures appeared
Fig. 5. Oxidized to reduced ratios of the biosensor Grx1-roGFP2 (a) with corresponding images
concentration). Different letters indicate statistically significant differences among exposure gr
to cause pronounced increased H2O2 levels in the intestine, while
AgNO3 exposures increased H2O2 levels across the whole body, in-
cluding the intestine, particularly at 1 mg Ag L−1 (Fig. 4b). At
10 mg Ag L−1 Ag NP exposure, elevated H2O2 levels were also visible
outside the intestine.

3.3.3. Nanoparticle exposure influences the GSSG/GSH redox status and ox-
idative stress in the intestine of C. elegans

One of the reducing agents of H2O2 in nematodes is glutathione
(GSH) (Back et al., 2012). The GRX strain enables the measurement
of the cellular GSSG/GSH redox balance in the nematode, and may
thus serve as a proxy for in vivo measurement of oxidative stress
(Back et al., 2012; Braeckman et al., 2016). In the current experi-
ment, both AgNO3 and Ag NPs resulted in statistically significant in-
creases in oxidized to reduced GSSG/GSH ratios, compared to
controls (Fig. 5). Increases were significantly different from controls
at 0.5 and 1 mg Ag L−1 AgNO3 exposure (p b 0.05). Similarly, all
three Ag NP exposure concentrations resulted in higher GSSG/GSH
ratios compared to controls (p b 0.001). A visibly increased oxida-
tion was seen in nematodes exposed to the higher AgNO3 (0.5 and
1 mg Ag L−1) and Ag NP (5 and 10 mg Ag L−1) concentrations, com-
pared to controls (Fig. 5b). In all Ag concentrations, Ag NP showed a
(b), measured in vivo, in response to the exposure to either AgNO3 or Ag NPs (n= 10 per
oups. Bars represent 100 μm.
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consistent pattern with increased oxidation primarily within the in-
testinal lining of the nematodes, similar to the pattern observed
from the HyPer strain (Fig. 4b). Notably, a significant concentration
dependent growth effect and considerable variation between indi-
vidual nematode GSSG/GSH ratios within exposure groups was ob-
served (Fig. 5).

Due to observable increases in oxidation in tissues connected to
the lumen in both the GRX and HyPer strains, samples of the
lumen, pharynx and tail were analyzed in detail for GSSG/GSH ra-
tios, to identify variations in organ and tissue specific establishment
of Ag induced oxidative stress (Fig. 6a and b). Due to higher quality
of the images, the quantification of tissue specific patterns was fo-
cused on the GRX strain. Compared to controls, all exposure concen-
trations resulted in increased GSSG/GSH ratios in the pharynx,
intestinal lining, and the tail (p b 0.05) (Fig. 6a). Both 1 mg Ag L−1

AgNO3 (Fig. 6c middle) and 10 mg Ag L−1 Ag NP (Fig. 6c right) re-
sulted in a comparable increase in oxidized to reduced ratios in
the pharynx, compared to controls (Fig. 6c left). A significantly
higher effect on redox status was measured in the luminal tissues
from nematodes exposed to 1 and 10 mg Ag L−1 Ag NP (Fig. 6d
right), compared to controls (Fig. 6d left) and 1 mg Ag L−1 AgNO3

(Fig. 6d middle). In other parts of the body, there were no significant
differences between the AgNO3 and Ag NP exposures. However, dur-
ing image analysis, it was noted that several nematodes exposed to
either 0.5 or 1 mg Ag L−1 AgNO3 had regions of elevated oxidized ra-
tios, specifically in the head or the tail (Fig. S4). This was not ob-
served after Ag NP exposure.
Fig. 6. Spatial patterns of GSSG/GSH ratios within the nematode C. elegans taken from either co
the pharynx, a representative sample of the lumen, and the tail (b, 0.1 mg Ag L−1 Ag NP). Incre
compared to controls, most significantly in the pharynx (c, from left to right: control, 1 mg Ag L
L−1 AgNO3 and 10mg Ag L−1 Ag NPs). Arrows indicate areas of interest with high levels of oxid
50 μm in length.
4. Discussion

Although there is a consensus that ROS production and oxidative
stress constitute important modes of action of NP induced toxicity, the
mechanisms underlying cellular ROS generation are less well under-
stood. There are twomainways bywhichNPs generate free radicals: ei-
ther by acting as catalysts or indirectly via interference with metabolic
processes (enzymes), which in turn leads to ROS formation (Huang
et al., 2010). Moreover, ion release can contribute to the ROS mediated
toxicity of certain NPs (Fabrega et al., 2011). Furthermore, there is little
information on howNPs affect in vivoROSproduction in the exposed or-
ganisms. In the current study, we capitalized on recent advances in
Fluorescent Protein Sensors tagged C. elegans to investigate the effects
of Ag NPs on redox biology in relation to toxic effects on development
and reproduction, as measured in the N2 nematode strain.

4.1. NM300K Ag NPs and AgNO3 affect cytosolic superoxide dismutase ex-
pression, hydrogen peroxide levels, and cellular redox balance

A number of studies have shown that NPs may affect cellular super-
oxide levels, particularly if mitochondrial function is compromised
(Masoud et al., 2015; Abdal Dayem et al., 2017; Grzelak et al., 2018).
By employing the GA508 SOD-1 reporter strain we were able to firmly
demonstrate that NM300K Ag NPs induced sod-1 superoxide antioxi-
dant defense in a dose dependentmanner (Fig. 3), which unequivocally
is a response to elevated cytosolic superoxide (Doonan et al., 2008). This
suggests that either NM300K particles, released ions, or superoxide
ntrol, AgNO3 or Ag NP treatments (mean ± SEM, n= 5) (a). Measurements were made of
ased GSSG/GSH ratios were observed in all nematodes exposed to either AgNO3 or Ag NPs,
−1 AgNO3 and 10mg Ag L−1 AgNPs), and the lumen (d, from left to right: control, 1 mg Ag
ation. Different letters indicate significant differences (ANOVA, p b 0.05). All scale bars are



8 L.M. Rossbach et al. / Science of the Total Environment 721 (2020) 137665
have been translocated from the lumen to the intracellular compart-
ment. In previous studies, Ag ions on the particle surface, or their re-
leases following dissolution, have been related to the increased ROS in
response to Ag NP exposure (Carlson et al., 2008; Foldbjerg et al.,
2009; Kim et al., 2009).

The observable differences in expression patterns in both intestine,
pharynx and muscle tissues, suggest that AgNO3 might be taken up
more efficiently from the gastrointestinal tract and thereby cause higher
superoxide production in tissues outside the intestine. The observation
that bothNM300KAgNPs andAgNO3 exposure generated excess super-
oxide demonstrates a significant potential to cause disturbance to phys-
iological processes regulated by ROS signaling, and to cellular redox
homeostasis. In line with these observations, we hypothesized that Ag
generated superoxide would cause a downstream effect on ROSmetab-
olism in C. elegans.

In normal physiological situation, sequestering of superoxide is the
main source of H2O2 (Back et al., 2012; Braeckman et al., 2017). We
therefore hypothesized that Ag induced sod-1 expression would result
in corresponding elevated cytosolic H2O2 as measured by the HyPer
ratiometric biosensor. In this respect, the two exposure agents elicited
different responses, where the NM300K NPs caused a much stronger
production of H2O2 (Fig. 4). The observation that H2O2 levels were, al-
though not statistically significantly, lower in NM300K exposure at
5 mg Ag L−1, compared to other exposure concentrations, could hint
at the mobilization of antioxidant defenses, which successfully seques-
tered ROS to partially restore the redox homeostasis. However, antioxi-
dant defenses seemed unable to counteract the total ROS burden at
higher NM300K concentration, as evidenced by the increase in H2O2

at 10 mg Ag L−1. Interestingly, the images suggested a gradient of
H2O2 within the intestinal cells, with highest levels in tissues closest
to the lumen (Fig. 5b), which indicates tissue specific oxidative stress.

To test the hypothesis that increases in ROS, including H2O2, would
influence the redox balance and produce oxidative stress in the nema-
todes, changes in the GSSG/GSH ratios were measured using the GRX
biosensor strain. The results from the current study showed that the cel-
lular redox potential was significantly impacted by the exposure to ei-
ther form of Ag (Fig. 5). This is in line with previous studies where Ag
NPs were shown to increase ROS levels and deplete glutathione in rat
liver cells and the fruit fly Drosophila melanogaster (Hussain et al.,
2005; Ahamed et al., 2010). Moreover, Piao et al. (2011) showed that
Ag NP may increase cellular ROS levels by directly inhibiting GSH syn-
thesizing enzymes.

The compiled HyPer and GRX analysis indicates significant expendi-
ture of glutathione to maintain cellular redox homeostasis, which en-
ables the elimination of ROS, including H2O2. The significant oxidation
measured by the GRX strain at the highest exposure concentrations
demonstrates a depletion of the glutathione pool, which strongly sug-
gests that the antioxidant defense systems are overloaded.

4.2. Tissue specific oxidative stress effects in response to NM300K Ag NP
exposure

Detailed analysis of specific tissues demonstrated distinct anatomi-
cal patterns of GSSG/GSH ratios, in a concentration dependent manner.
This signifies a concentration dependent increased potential for oxida-
tive stress damage. Results confirmed that the NM300KAg NP exposure
resulted in increased ROS generation, with high levels of oxidative
stress, predominantly localized to the intestinal lumen (Fig. 6). The sub-
stantially increased expression in tissues surrounding the lumen are in
accordance with findings by Yang et al. (2014), who found Ag NP toxic-
ity to act primarily in the intestine of the nematodes, while dissolved Ag
was taken up by the intestinal cells, allowing for interferences with en-
zymes or organelles. Furthermore, Hunt et al. (2013) found Ag NPs
(10 nm) to be primarily associated with the pharynx, lumen tissues
and the intestine, where increases in exposure concentration did not
significantly alter Ag NP localization.
The toxicity of nanoparticles is highly dependent on uptake and re-
tention of the particles by the organism (Meyer et al., 2010). These pa-
rameters, however, are influenced by surface chemistry and hence
reactivity, as well as by the size of the Ag NPs. Kleiven et al. (2018)
showed high intake, but low retention of ~0.6 to 2% of the NM300K Ag
NPs by C. elegans after depuration, indicating negligible levels of cellular
internalization of the NM300K Ag NPs. Differences in the uptake and in-
ternal distribution of the AgNO3 compared to Ag NPs by the nematodes
were also observed in the current study.

Potentially, ionic releases from the particles could result in intracel-
lular uptake of Ag and cause toxic effects. Studies on the dissolution of
uncoated NM300K Ag NPs showed time andmedia composition depen-
dent ionic releases, varying between 0.07 and 29% (Wasmuth et al.,
2016; Köser et al., 2017). Nevertheless, the fractionation in the current
study showed only low or no ionic fraction in either the beginning or
following 72 h exposure, independent of the added form of Ag (Fig. 1).
In addition, the dissolution of NM300K NPs in the gut is kinetically not
likely, given the very short passage time of the unretained particles in
the gut of nematodes (b2 min) (McGhee and Ghafouri, 2007; Kleiven
et al., 2018). It should be noted, however, that any dissolved Ag fraction
released during the exposure in themedia,maybe subject to rapid sorp-
tion to the bacterial cells, and hence may therefore contribute to toxic-
ity. In the current study, NM300K NPs induced oxidative stress in cells
directly surrounding the gastrointestinal tract, indicating that, neither
translocated NPs, nor the dissolved Ag fraction in the Ag NP exposure,
produced any significant oxidative stress outside the intestine. Only at
the highest exposure concentrations (10 mg Ag L−1 NM300K) was a
slight oxidation visible in the anterior part of the nematode, surround-
ing the pharynx, as well as along the body outside the intestinal
lumen (Fig. 6d). Here, the observed increased oxidation may be attrib-
uted to either the cellular uptake of ROS, like O2

−· and H2O2 produced
on the surface of the particles, or translocation of the particles them-
selves (Goldstein et al., 2005; Choi et al., 2018).

In contrast, the results show that AgNO3 exposure producedmeasur-
able levels of oxidation more evenly throughout the whole body of the
nematodes (Figs. 5 and 6). Although a low LMMAg fraction and anover-
all increase in aggregated Ag fraction is observed in the AgNO3 exposure
media, internal dissolution of such aggregatesmay still be possible. Fur-
ther, the lack of ionic fraction in the AgNO3 exposure illustrates that any
dissolved ions are likely to be removed by either sorption or precipita-
tion, e.g. on the nematode's feed, E. coli (Kleiven et al., 2018). The fact
that AgNO3 is capable of inflicting oxidative damage (GRX strain) to
most tissues in the entire nematode, however, could be indicative of
Ag uptake into these cells (Connell et al., 1991; Ratte, 1999).

4.3. Ag induced redox effects in relation to toxic effects on development and
reproduction

It has been suggested that organisms exposed to external ROS pro-
ducers are able to reduce other biological processes, such as reproduc-
tion or biosynthesis, and instead increase antioxidant defense
mechanisms (Lushchak, 2014). In the current study, both forms of Ag
showa similar dose dependent response pattern in termsof growth, fer-
tility and reproduction, however, NM300K Ag NP concentrations 5–10
fold higher than AgNO3 were needed to produce similar levels of effect
(Table 1, Fig. 2). Regarding the genotypic response and cellular redox
status, both AgNO3 and NM300K produced a dose-dependent increase
in ROS and oxidative stress. Notably, reproductive toxicitywas observed
at concentrations equal to or lower than those that induced the sod-1
antioxidant defense (Figs. 2 and 3). At similar total Ag concentration
(1 mg Ag L−1), nematodes exposed to NM300K exhibited a higher per-
oxide accumulation (i.e. larger imbalance of the cellular redox potential)
than those exposed to AgNO3.

This could suggest that nematodes fight ROS production by AgNO3

more effectively than ROS produced by Ag NPs. In accordance with
this, Mendes et al. (2015) found that AgNO3 and NM300K Ag NPs
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induced different oxidative stress defense mechanisms in the springtail
Folsomia candida, where both CAT and GST showed a clear particle spe-
cific effect. Their results also suggested a delayed reaction to the Ag NP
exposure compared to AgNO3, and a significantly reduced reproductive
capacity for both forms of Ag. Similarly, results from the current study,
suggest a relationship between oxidative stress development and re-
productive toxicity from the Ag NP exposure, where increases in perox-
ide levels, as well as oxidative stress manifestation occur at Ag NP
concentrations similar to those reducing reproduction. This is in con-
trast to the results from AgNO3 exposure, where reproductive toxicity
occurs at lower concentrations than those eliciting oxidative stress.
Thus, results from the current study indicate differences in the toxic
mode of action related to the reproductive toxicity of C. elegans, from
the two forms of Ag, and a nano-specific tissue effect.

5. Conclusion

In the current study we addressed the toxicity of the NM300K Ag
NPs compared to that of AgNO3 and, through the application of the re-
porter strain SOD-1 and two biosensors HyPer and GRX, investigated
changes in intracellular redox state in the nematode C. elegans. To the
best of our knowledge, this is the first study to demonstrate
nanoparticle-induced ROS production, induction of antioxidant defense
and evidence of oxidative stress in vivo in live organisms. Results
showed that low concentrations of NM300K Ag NPs resulted in an im-
balance in cellular redox potential, suggesting the manifestation of oxi-
dative stress. It was also evident that NM300K Ag NPs induced
superoxide production and triggered the expression of cytosolic sod-1.
Furthermore, the Ag NP exposure increased cellular peroxide levels,
and significantly changed the cellular redox balance. The stress patterns
showed different distributions of oxidative stress within the organism,
suggesting that in contrast to AgNO3, Ag NPs predominantly act from
within the lumen, presumably by interacting with the epithelium of in-
testinal cells. The compiled results on uptake, retention, toxic effects
and oxidative stress patterns, consistently point to differences in
modes of action between the two forms of Ag. Silver from AgNO3 expo-
suresmay enter cells, inhibit enzymes, and perturbmetabolic functions,
which in turn leads to ROS production as a secondary effect, contribut-
ing to toxicity. For Ag NPs, and their transformation products, majorly
confined to the lumen, ROSproduction and associated damage to the in-
testine and surrounding tissues appear to constitute the primary toxic
mechanism.
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