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• Silver nitrate induced higher Ag con-
centration in Daphnia magna via water
exposure than Ag from AgNP;

• Exposure of D. magna via dietary Ag
showed no differences in the internal
concentration of Ag regarding Ag-NP
and AgNO3

• Simultaneous water and dietary expo-
sures to Ag-NP induced higher Ag con-
centrations in D. magna compared to
AgNO3

• Biomagnification was not observed for
any of the exposure routes applied in
this study, neither for Ag-NP nor for
AgNO3.
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Silver nanoparticles (Ag-NP) are incorporated into commercial products as antimicrobial agents, which potenti-
ate their emission to the environment. The toxicity of Ag-NP has been associated with the release of Ag ions
(Ag+), which are more toxic to aquatic organisms than Ag-NP. In this study, a toxicokinetics approach was ap-
plied to compare the potential ofDaphniamagna to accumulate Ag from either Ag-NP or AgNO3 throughdifferent
exposure routes: a)water, b) diet and c)water and diet. A one-compartment kinetics model was applied to de-
scribe the development of Ag body concentrations over time and derive uptake (k1w; k1d) and elimination (k2)
rate constants. Under water-only exposure, AgNO3 induced higher Ag uptake rate constants and
bioconcentration factors when compared to Ag-NP. For dietary exposure, no differences in Ag concentrations
in D. magna, along with the kinetics parameters, were found for both Ag forms. Simultaneous water and dietary
exposures to Ag-NP induced higher Ag concentrations in D. magna compared to AgNO3. In this combined expo-
sure, uptake fromwater explainsmost for the increase in Ag body concentration inD.magna for Ag-NP exposure,
whereas uptake from the diet was the major contributor for the increase in Ag concentration in D. magna under
AgNO3 exposure. Biomagnificationwas not observed for any of the exposure routes applied in this study, neither
for Ag-NP nor for AgNO3.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Silver nanoparticles (Ag-NP) are the metal-based nanoparticles
most applied in consumer products nowadays (Vance et al., 2015).
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Because of their inherent properties, such as antimicrobial activity, Ag-
NP can be found in daily care products, clothing, sports gear, food pack-
aging and hospital supplies (Panyala et al., 2008; Fabrega et al., 2011).
The manufacturing process and the extensive use of Ag-NP will lead to
their entrance into the environment, both terrestrial and aquatic com-
partments. Studies have investigated the impact of Ag-NP on key spe-
cies of freshwater environments, such as green algae, cladocerans, and
fish. These studies demonstrated toxicity of Ag-NP through photosyn-
thesis inhibition in algae (Navarro et al., 2008), decreased feeding
rates and brood production in Daphnia magna (Ribeiro et al., 2014)
and generally induction of reactive oxygen species. In zebrafish (Danio
rerio) embryos, exposure to silver nanoparticles resulted in several em-
bryonic abnormalities, such as the formation of cardiac edema and de-
layed hatching (Ribeiro et al., 2014; Powers et al., 2011; Asharani et
al., 2008). A study by Farkas et al. (Farkas et al., 2011) revealed the pres-
ence of Ag-NP in the gill cells of rainbow trout and the occurrence of re-
active oxygen species caused by Ag-NP exposure. The above-mentioned
effects clearly indicate a negative consequence of the exposure to Ag-NP
to these organisms. Supplementary to toxicity assessment is the bio-
availability approach, also crucial when studying metal toxicity. Metal
bioaccumulation can occur through different routes, including sur-
roundingmedia and diet, being a direct measure of what is bioavailable
during exposure.

The study of metal bioaccumulation kinetics uses uptake and elimi-
nation rate constants directly derived from the organisms' internal con-
centrations, time and concentration of exposure. Zhao and Wang
(2010) were the first to quantify the biokinetics of Ag-NP in D. magna,
using radiolabelled Ag-NP (Zhao and Wang, 2010), suggesting that
Ag-NP was more efficiently assimilated by D. magna and more difficult
to be depurated upon dietary exposure, when compared to water only
exposure. Later on, another study reported the presence of
nanoparticulate Ag in D. magna fed for 5 days on Ag-NP contaminated
algae (McTeer et al., 2014). These findings suggest that Ag-NP has the
potential to be transferred within an aquatic trophic chain, although
specific mechanisms of transportation are still unknown. Moreover, it
is recognized that water and food, as isolate routes of exposures, can in-
duce accumulation of Ag in D. magna, however, the combined exposure
to Ag via water and dietary routes has not been determined yet.

In an effort to compare the bioaccumulation pattern of Ag, depen-
dent on the Ag form present (Ag-NP or AgNO3) and on the different ex-
posure routes, in this study we exposed D. magna to Ag-NP and AgNO3

via water, diet and a combination of both water and diet. Assuming
that the latter is the most probable to occur in nature, this study pre-
sents a novel approach compared to the uptake studies mentioned
above, by simultaneous exposure of D. magna to contaminated water
and diet. The accumulation patterns of Ag from Ag-NP and AgNO3

were compared by using a one compartment toxicokinetics model,
which takes the organism as one single compartment, with different
Ag uptake rate constants for the surrounding media and/or the diet,
and a single elimination rate constant.

2. Methods

2.1. Daphnia magna culture

Daphnia magna (Clone K6 - Antwerp, Belgium) has been kept under
controlled conditions in the laboratory for over 8 years. Adult D. magna
were cultured in ASTM (American Society of Testing Materials) moder-
ate hard water (E47 Committee, 2014) with seaweed extract and the
green algae Raphidocelis subcapitata provided for food. Adults were
maintained in 1 L jars (30 individuals/jar) and the media was renewed
3 times a week. The animals used for testing were from the 3rd to 5th
brood, and subsequent broods were used to renew the culture. An
acute test with a reference substance (potassium dichromate) was per-
formed frequently with D. magna cultures, as advised by OECD 202
guideline (OECD, 202) to assure quality and sensitivity of the organisms
in culture.D.magna cultures used for all experimentswere of good qual-
ity, as its sensitivity to the reference substance was within the range of
0.6 to 2.1 mg L−1, as advised by the OECD 202 guideline.

2.2. Chemicals and nanoparticle characterization

Silver nitrate (AgNO3), in this study used as the ionic control, was
purchased fromSigma-Aldrich (St. Louis,MO. USA) as a crystalline pow-
der, 99% purity, CAS 7761-88-8.

The silver nanoparticles (Ag-NP) used in this study were
manufactured by AMEPOX (Jaracza, Poland). The Ag-NP batch was pro-
vided as a colloidal suspension inwater (1000mgAg ∙L−1), without sur-
factant and with an initial particle size in the range of 3–8 nm, coated
with an alkane material, not specified by the manufacturer.

The Z-average, weighted mean hydrodynamic size, determined by
Dynamic Light Scattering (DLS), of the Ag-NP was measured over two
weeks in ultra-pure water at a concentration of 10 mg Ag ∙L−1, using a
Malvern Zetasizer. Up to 18 replicates were taken to gain a robust
value for the mean-Z-average hydrodynamic diameter. The Z-average
diameter of Ag-NP was also measured in D. magna culture media
(ASTMmedia) (Ribeiro et al., 2014) (Ribeiro et al., 2015). For Transmis-
sion Electron Microscopy (TEM) imaging, the initial suspension of Ag-
NP (1000 mg Ag ∙L−1) was diluted to 100 mg Ag ∙L−1 in ASTM media,
and a drop of this suspension was deposited on a carbon-coated Cu
TEM grid and dried at room temperature for several hours before exam-
ination. Imaging was performed on a JEOL 2010 analytical TEM with a
resolution of 0.19 nm, an electron probe size down to 0.5 nmand amax-
imum specimen tilt of ±10° along both axes. The instrument was
equipped with an Oxford Instruments LZ5 windowless energy disper-
sive X-ray spectrometer (EDS) controlled by INCA.

2.3. Uptake and elimination tests

For the uptake and elimination tests, 8 to 10 day-old D. magnawere
exposed to Ag-NP and AgNO3 in ASTM media for 48 h (uptake phase)
and subsequently transferred to clean ASTM media for a 48-h elimina-
tion period. The exposure time was chosen based on prior nanoparticle
toxicokinetics studies with D. magna (Skjolding et al., 2014; Feswick et
al., 2013). Exposure concentrations were selected based on effect con-
centrations determined in previous experiments (Ribeiro et al., 2014).

To quantify the impact of more than one uptake route on Ag accu-
mulation by D. magna, different exposure regimes were applied: Treat-
ment W contaminated Water, Treatment D contaminated Diet (algae)
and Treatment W + D contaminated Water and Diet. The experimental
design for all three treatments included three replicates for each Ag-
NP and AgNO3 exposure concentration and sampling time. Replicates
were 2 L glass jars containing 120 animals per jar. Animals and water
were sampled at the beginning of the experiment (time 0; control),
and after 3 h, 6 h, 12 h, 24 h, 36 h, 48 h (uptake phase) and 72 h and
96 h (elimination phase). At each sampling time, 15 D. magnawere col-
lected from each jar and rinsedwithMilli-Qwater on a small sieve. Sub-
sequently, organisms were transferred to Eppendorf tubes and dried in
the oven at 50 °C overnight. In addition, 10 mL water were sampled
from each replicate to measure total silver concentration and another
10 mL of water to measure dissolved silver concentration. Water sam-
ples for total silver measurements were acidified for further acid diges-
tion (see methods section regarding sample digestion). For dissolved
silver quantification, water samples were centrifuged at 2862g for
30min using 3 kDa AMICON centrifugal filters (Merck, Millipore, Darm-
stadt, Germany).

2.3.1. Treatment W
The spiking of culture media was done by dilution of the Ag-NP initial

suspension (1000mg ∙L−1) in ASTMmedia, to obtain the desired concen-
trations of 5 and 10 μg Ag ∙L−1. For the AgNO3 treatment, a stock solution
of AgNO3 in ultrapurewater (1mgAg ∙L−1)was diluted inASTMmedia to
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the final concentrations of 0.25 and 0.5 μg Ag ∙L−1. These exposure con-
centrations were chosen based on previous toxicity experiments with
Ag-NP and AgNO3 aiming at no mortality throughout the test. Following
spiking, D. magna were placed in the 2 L jars containing the spiked
media, using a plastic Pasteur pipette. No further dosing was performed
during the course of exposure. Organism andwater sampleswere collect-
ed at each sampling time, as described above. After 48 h of exposure, the
remaining animalswere transferred to un-dosed ASTM culturemedia, for
another 48 h for the elimination phase. No feedingwas provided in Treat-
ment W.

2.3.2. Treatment D
Algae (R. subcapitata)were first dosedwith Ag by exposure for 24 h to

solutions spikedwith Ag-NP and AgNO3 at 15 μg Ag ∙L−1, according to the
method described in (Ribeiro et al., 2015). After 24 h exposure, the algae
were separated from the culture media by centrifugation at 2191g for
3 min. Following centrifugation, the supernatant was discarded and the
pellet, containing the algae cells, was re-suspended in new ASTMmedia.
The resultant algae suspension was used to feed D. magna in the diet
treatment at the beginning of the experiment and was chemically
analyzed to derive the initial exposure concentration of Treatment D. Or-
ganisms were placed in 2 L jars with culture media and fed with the pre-
viously spiked algae to a concentration of 3 × 105 cells ∙mL−1 ∙daphnid−1

at the beginning of the experiment (time zero). Sampling times of organ-
isms and water were the same as employed in Treatment W.No further
feeding was performed during the uptake period. After 48 h of exposure
period, the remaining D. magnawere transferred to clean media and fed
with uncontaminated algae at the beginning of the elimination period.
The elimination phase lasted for 48 h.

2.3.3. Treatment W + D
Nominal concentrations of Ag in the water were 5 μg Ag ∙L−1 for Ag-

NP and 0.25 μg Ag ∙L−1 for AgNO3. Additionally, D. magna was fed with
previously Ag-NP and AgNO3 dosed algae. Dosing of the water and
algae (diet) was performed once, at the beginning of the uptake period.
The sampling of animals and water followed the same method as ap-
plied for treatments W and D. After 48 h of uptake, the remaining
D.magnawere transferred to cleanmedia and fed oncewith uncontam-
inated algae at the beginning of the elimination period. The elimination
period lasted for 48 h.

2.4. Sample digestion

Water samples (for total silver and dissolved silver measurements)
were digested according to the method described by Ribeiro et al.
(Ribeiro et al., 2014). Briefly, samples were evaporated inside a Teflon
beaker, on a hotplate without boiling, until 1 mL of sample remained.
Aqua regia was then added and the samples were heated again until
1 mLwas left. Three samples of ASTMmedia (blank controls), three sam-
ples of a known Ag concentration (recovery controls) and three samples
of the stock solution of Ag-NP were digested along with all the samples
from the three experiments to check for accuracy and recovery of the
method.

To measure tissue concentrations of Ag in D. magna and R.
subcapitata, samples of both organisms were dried, weighed and
transferred to Teflon beakers for digestion. 3 mL of HNO3 (69%,
trace analysis) were added to the samples and heated on a hotplate
for 30 min with their lids on. After this, 1 mL HCl was added and
the beakers were heated on the hotplate for another 30 min.
Subsequently, the lids were removed and the acid was allowed to
evaporate (without boiling) until 1–1.5 mL remained in the beakers.
Samples were then cooled down to room temperature and diluted
with 1% HCl to a final volume of 45 mL for analysis of Ag
concentrations. DOLT-4 Dogfish liver certified reference material
was also digested together with the tissue samples to assess the
recovery of the method. The average recovery of Ag from DOLT-4
was 96.6% (±3.6%, n = 3). Analytical measurements were per-
formed by graphite furnace Atomic Absorption Spectroscopy (AAS;
Perkin Elmer 1100B).

2.5. Toxicokinetics modeling

A one-compartment model was used to describe the toxicokinetics of
Ag-NP and AgNO3 in D. magna. This model relies on measured body con-
centrations over time to describe the kinetics of Ag based onmass balance
equations (Janssen et al., 1991). For exposures throughwater only (Treat-
ment W) and assuming that exposure concentration was constant
throughout the uptake phase, Ag uptake by D. magna was modeled ac-
cording to the equation:

Uptake for tbtcð Þ : Q tð Þ ¼ k1w
k2

� Cw� 1−e −k2�tð Þ
� �

ð1Þ

Where Q(t)=Ag concentration in the organism (μg ∙g−1 ∙dw) at time
t (h), k1w = uptake rate constant from water (L ∙gdaphnia−1 ∙h−1), k2 = the
elimination rate constant (h−1), Cw = Ag concentration in the water
(μg Ag ∙L−1). After 48 h of exposure to Ag, animals were transferred to
clean water and elimination kinetics was described by (eq.2). This
equation was extended with an additional parameter that assumes the
existence of a storage fraction inside the daphnid body to which part of
the Ag is translocated and from which no elimination occurs (Vijver et
al., 2006).

Elimination for tNtcð Þ : Q tð Þ ¼ k1w
k2

� Cw� Fiþ 1−Fið Þ � e −k2� t−tcð Þð Þ
� �

ð2Þ

Where Fi is the fraction (ranging from 0 to 1) that cannot be
eliminated from the body, tc = time at which animals were transferred
from contaminated to clean media (48 h).

To assess the toxicokinetics of Ag in D. magna upon ingestion of
contaminated diet (Treatment D), uptake and elimination were modeled
simultaneously by the equation:

Q tð Þ ¼ k1dxCd
k2

� Fiþ 1−Fið Þ � e −k2� t−tcð Þð Þ
� �

ð3Þ

Where k1d is the constant of uptake from diet (galgae ∙gdaphnia−1 ∙h−1)
and Cd is the concentration of Ag in the diet (R. subcapitata) in
μg Ag ∙g−1 dw.

Kinetics under simultaneously exposure to Ag through water and
diet (Treatment W + D) was modeled by including all parameters in
the equation:

Q tð Þ ¼ k1w� Cwþ k1d� Cd
k2

� Fiþ 1−Fið Þ−e −k2� t−tcð Þð Þ
� �

ð4Þ

For TreatmentW, a Bioconcentration Factor (BCF) was derived as the
ratio between uptake rate constant and elimination rate constant, and
expressed in L ∙g−1 (Waalewijn-Kool et al., 2014)

BCF ¼ k1w=k2 Treatment Wð Þ ð5Þ

For Treatment D, a Biomagnification factor, expressed as g ∙g−1, was
derived as the ratio between the uptake rate constant from diet and
elimination rate constant:

BMF ¼ k1d=k2 ð6Þ

For Treatment W + D, BCF and BMF were calculated as described
above, and the contribution of water and diet to the Ag body
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concentration in D. magna was estimated by the following equation:

Corg ¼ BCF� Cwð Þ þ BMF� Cdð Þ ð7Þ

Where Corg is the concentration in the organism at steady-state,
BCF∗Cw estimates the contribution fromwater uptake and BMF*Cd esti-
mates the contribution from dietary uptake to the total Ag concentra-
tion in D. magna.

Kinetics parameters of the Ag-NP and AgNO3 exposures were com-
pared by a generalized likelihood ratio test. Differences in themodel pa-
rameters among treatments were detected by overlapping of the 95%
confidence intervals. All calculations were performed by using non-lin-
ear regression in SPSS 20.0 (IBM corporation, Armonk, NY).

3. Results

3.1. Particle characterization

Z-average size of Ag-NP at a concentration of 1 mg Ag ∙L−1 was
followed over a short term (12 min) and a long-term (72 h) period in
ASTM media. Although this concentration is not relevant for the
toxicokinetics experiments, it was the lowest concentration providing
statistically significant results from the DLS measurements. Fig. 1a
shows that in ASTM media the zeta-average diameter of particle ag-
glomerates at day zero was approximately 80 nm, increasing after one
day of experiment to ~200 nm, indicating that large agglomerates/ag-
gregateswere starting to impact the scattered intensity weighted diam-
eter (zeta-average). Agglomerates/aggregates were larger after 3 days,
reaching 350 nm (Figs. 1a and c).

3.2. Analytical measurements

3.2.1. Treatment W
Water concentrations of AgNO3 at 0.25 μgAg ∙L−1were below the in-

strument detection limit (0.14 μg Ag ∙L−1). For the exposure concentra-
tion of 0.5 μg Ag ∙L−1, measured concentrations were within 90% of the
nominal Ag concentration over the 48 h exposure period. The variation
of Ag measurements in the Ag-NP treatments is presented in Fig. 2A. As
shown in the figure, Ag concentrations for both 5 and 10 μg Ag ∙L−1 as
A

B C

Fig. 1. Characterization of Ag-NP by: a) Z-average hydrodynamic diameter (left hand axis)
and derived count rates (right hand axis) of a 1 mg ∙L−1 dispersion in ASTM moderated
hard water, immediately after spiking and after 3 days; b) and c) TEM images of Ag-NP
from the stock solution provided by the manufacturer (in water), and in ASTM media
(1 mg ∙L−1), respectively.
Ag-NP remained generally constant over the uptake phase, except for
the period from 24 h to 36 h, where the concentration was below the
detection limit of the instrument.

3.2.2. Treatment D
Fig. 2B shows the Ag concentrations measured in water during the

uptake period (48 h) in which spiked algae (R. subcapitata) was provid-
ed toD.magna. The Agmeasured inwater is related to the Ag associated
with algae cells, that could be both Ag from algae efflux and Ag bound to
the algae cells. Ag concentration fluctuations over time were similar for
both Ag-NP and AgNO3, with concentrations significantly differing at
3 h, 12 h and 48 h (two-way ANOVA: F = 2.74; p = 0.03).

3.2.3. Treatment W + D
For this treatment, the total Ag concentrationmeasured included the

Ag input from algae plus the Ag added to the water at the beginning of
the experiment. Total Ag concentrations in the Ag-NP exposure media
were approximately 10-fold higher compared to those for AgNO3

(Figs. 2C, D). In case of Ag-NP concentration steadily decreased with
time over the 48-h exposure period, while Ag concentration in AgNO3

dosed media decreased by approximately 50% during the first 12 h
and remained relatively constant afterwards.

3.3. Toxicokinetics modeling

The toxicokinetics model was fed with the measured Ag concentra-
tions in water described above for Treatment W, concentrations in the
diet for treatment D and for treatment W + D, both concentrations in
the water and in the diet were used to model the simultaneous
exposure.

3.3.1. Treatment W
After 48 h of exposure to 5 and 10 μg Ag ∙L−1 as Ag-NP, the organisms

reached body concentrations of 21.9 ± 6.3 μg Ag ∙g−1 dw (n = 3)
and 34.8 ± 9.1 μg Ag ∙g−1 dw (n = 3), respectively. No equilibrium
(steady state) was reached during the 48 h uptake period (Fig. 3A).
Under AgNO3 exposure, the organisms seemed to reach equilibri-
um already in the first hours of uptake (Fig. 3B), reaching a peak
in body concentration at 24 h of 10.2 ± 3.6 (n = 3) and 19.1 ±
3.3 (n = 3) μg Ag ∙g−1 dw at exposure concentrations of 0.25 and
0.5 μg Ag ∙L−1, respectively. The kinetics parameters differed sig-
nificantly between Ag-NP and AgNO3 with the k1w being 100
times higher for AgNO3 than for Ag-NP, at the lower exposure concen-
trations of both Ag forms (X2

(1) = 8.67, p b 0.005 for k1w, and X2
(1) =

19.98, p b 0.001 for k2) (Table 1). The Bioconcentration Factor (BCF)
was 4 and 3 for 5 and 10 μg Ag ∙L−1 as Ag-NP, respectively and 34 and
23 for AgNO3 at 0.25 and 0.5 μg Ag ∙L−1, respectively (Table 1).

3.3.2. Treatment D
The Ag concentrations in D. magna diet (R. subcapitata) were

27.7 ± 6.6 μg Ag ∙g−1 dw (n = 3) in the Ag-NP treatment and
23.7 ± 2.0 μg Ag ∙g−1 dw (n = 3) in the AgNO3 treatment. Kinetics
curveswere similar for Ag-NP and AgNO3 exposures (Fig. 4A) and the ki-
netics parameters did not differ (Table 1). Exposed D. magna reached
similarAgbodyconcentrationsof15.6±1.2and20.1±5.1μgAg ∙g−1dw
(n = 3) upon exposure to Ag-NP and AgNO3, respectively. In these two
cases, Ag was not completely depurated from the body after the 48 h
elimination period. The remaining Ag fraction in the body (Fi) was
similar for both Ag-NP and AgNO3 exposures (Table 1) correspond-
ing to body concentrations of approximately 5 μg Ag ∙g−1 dw. The
biomagnification factor (BMF)was 0.5 g ∙g−1 for Ag-NP dietary expo-
sure and 0.7 g ∙g−1 for AgNO3 dietary exposure.

3.3.3. Treatment W + D
In the Ag-NP treatment,D. magna reached amaximumAg body con-

centration of 55.0 ± 28.2 μg Ag ∙g−1 dw (n = 3) at 48 h of exposure

Image of Fig. 1
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Fig. 2. Total Ag concentrations, measured over time, in ASTM media in different experiments on the toxicokinetics of Ag in Daphnia magna upon exposure to Ag-NP or AgNO3 via water
(W), diet (D) or water+ diet (W+D): treatment W, only Ag-NP concentrations are shown (A), treatment D (Ag provided in diet) (B), treatment W+D for Ag-NP (C) and for AgNO3 (D).
The lines indicate visually whether Ag concentrations fluctuate or showed a typical declining pattern over time. Error bars represent the standard error of the averages of 3 data points for
each measurement.
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whereas for AgNO3 treatment, the maximum Ag body concentration of
30.0 ± 3.3 μg Ag.g−1 dw (n = 3) was reached after 12 h of exposure
(Fig. 4B). The uptake rate constant fromwater (k1w) in the AgNO3 expo-
sure was significantly higher than the k1w for the Ag-NP exposure
(X2(1) = 13.7, p b 0.001). Similar to what was observed for the isolated
exposure routes (Treatment W and Treatment D), the bioconcentration
factor (BCF) was higher for the AgNO3 than for the Ag-NP exposure,
and the biomagnification factor was similar for both Ag forms (Table
1). Using eq. 7 it was estimated that under the Ag-NP treatment the
Ag concentration in D. magna was for 62.5% from water exposure and
37.5% from the diet, whereas for the AgNO3 treatment water and diet
contributed for 42.8% and 57.2%, respectively to the Ag measured in
the daphnids.

4. Discussion

Silver nanoparticle toxicity to Daphnia magna has been well investi-
gated at acute and chronic levels, but few data on the uptake and
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Fig. 3. Uptake and elimination kinetics of Ag in Daphnia magna exposed for 48 h to Ag-NP (A) a
measured in D. magna and the lines represent the fit of the toxicokinetics model.
bioaccumulation of Ag-NP has been reported so far. This study
aimed at understanding the toxicokinetics of silver in D. magna under
varying exposure routes (e.g. water, diet and simultaneous water and
dietary exposure) and using different Ag forms (dissolved and
nanoparticulate).

Silver exposure concentration applied in water was 20-fold higher for
Ag-NP than for AgNO3, as ionic silver ismore toxic toD.magna than silver
nanoparticles (Ribeiro et al., 2014; Asghari et al., 2012). In Treatment W
the lowest exposure concentration (0.25 μg ∙L−1) of AgNO3 induced sig-
nificantly higher uptake and elimination rate constants, and a 10-fold
higher BCF when compared to Ag-NP exposures. This may be explained
by the mechanisms of Ag uptake in D. magna. Upon AgNO3 exposure, D.
magna takes up dissolved Ag from solution by passive diffusion and co-
transport. Bianchini and Wood (Bianchini and Wood, 2003) argued that
Ag+ ions could enter the branchial epithelial cells of D. magna through
Na+ channels. Due to the high affinity of Ag+ formembrane transporters,
the process of Ag uptake into the cell is relatively fast, which explains the
higher k1w found for AgNO3 compared to Ag-NP exposure.
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Table 1
Kinetics parameters for the uptake of Ag in Daphnia magna estimated by eqs. 2, 3 and 4 according to the route of exposure to Ag-NP or AgNO3. k1w is the uptake rate constant fromwater
(g∙L−1 ∙h−1), k1d the uptake rate constant from diet (g ∙g−1 ∙h−1), k2 the elimination rate constant (h−1), Cw the Ag concentration in water (μg ∙Ag∙L−1), Cdiet the concentration of Ag in
the diet (μg ∙Ag∙g−1 dw), Fi the inert fraction (varying from 0 to 1), and Corg the Ag concentration in D. magna at steady state (μg ∙Ag∙g−1 dw). The values in between brackets represent
95% confidence intervals for the kinetic parameters, and standard deviation for Cdiet. Asterisks represent significantly different values, p b 0.005.

Treatment
Ag-NP

k1w k1d k2 Cw Cdiet Fi BCF BMF Corg (steady state)

W 0.3 (0.2–0.5)* − 0.08 (0.03–0.13)* 5.0 − 0.5 (0.3–0.7) 4 − 20
0.4 (0.2–0.6) − 0.1 (0.05–0.2) 10.0 − 0.6 (0.4–0.8) 3 − 30

D − 0.1 (0.03–0.15) 0.2 (0.04–0.3) − 27.7 (6.57) 0.6 (0.4–0.8) − 0.5 14
W + D 0.6 (0.3–0.1)* 0.05 (0.02–0.07) 0.1 (0.05–0.2) 5.0 37.9 (4.85) 0.3 (0.1–0.5) 5 0.4 40

Treatment
AgNO3

k1w k1d k2 Cw Cdiet Fi BCF BMF Corg (steady state)

W 29.2 (0–131.8)* − 0.9 (0–4.0)* 0.25 − 0.2 (0–0.7) 34 − 12
13.2 (0–39.7) − 0.6 (0–1.8) 0.50 − 0.3 (0–0.7) 23 − 11

D − 0.1 (0.1–0.2) 0.2 (0.1–0.3) − 23.7 (2.09) 0.3 (0.1–0.4) − 0.7 17
W + D 32.2 (0–77.3)* 0.3 (0–0.7) 0.9 (0–2.2) 0.25 41.2 (22.34) 0.3 (0.2–0.5) 36 0.3 21
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Alternatively, the uptake of metal nanoparticles might be governed
by endocytosis processes (pinocytosis and phagocytosis) (Pan and
Wang, 2004), which depend on the size of the nanoparticles and the
chemical reactivity of the media that will ultimately influence the size
of agglomerates/aggregates (Baalousha, 2009). This result is congruent
with the findings of Zhao and Wang (Zhao and Wang, 2010) who also
observed higher uptake rate constants for AgNO3 (exposed through
water only) in D. magna, when compared to Ag-NP. They reported a
k1w of 0.06 L−1 ∙g−1 ∙h−1 for Ag uptake at Ag-NP concentrations in
water ranging from 2 to 40 μg ∙L−1, and claimed that uptake rate con-
stant was proportional to exposure concentration. The k1w for Ag-NP
of 0.31 L−1 ∙g−1 ∙h−1 found in the present study at 5 μg ∙L−1 is in agree-
ment with this finding. The elimination rate constant (k2) was lower at
the 5 μg ∙L−1 Ag-NP exposure compared to the 0.25 μg ∙L−1 AgNO3 expo-
sure (k2 Ag-NP = 0.08 h−1; k2 AgNO3 = 0.87 h−1). Zhao and Wang
(Farkas et al., 2011) observed a similar k2 for Ag-NP exposure at
5 μg ∙L−1, which was 0.06 h−1 (1.52 day−1). A lower elimination rate
for Ag-NP compared to AgNO3 indicates that Ag from Ag-NP exposure
was harder to be depurated from the body than Ag from AgNO3,
which is confirmed by the larger size of the inert fraction for Ag-NP
(i.e. the chemical fraction that is stored in the organism and from
whichno elimination occurs). After exposingD.magna to titaniumdiox-
ide nanoparticles (TiO2-NP), Zhu et al. (Zhu et al., 2010) also observed
that after 72 h of depuration, TiO2-NP were still present in the organ-
isms. The retention of nanoparticles in D. magna seems to be dependent
on particle size. Rosenkranz et al. (Rosenkranz et al., 2009) used fluores-
cent carboxylated polystyrene beads of 20 and 1000 nm to study their
uptake and depuration in D. magna. They observed that the 1000 nm
particles were cleared relatively quickly from the organism, reaching
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Fig. 4.Uptake and elimination kinetics of Ag inDaphniamagna exposed for 48h toAg-NP andAg
and Treatment W + D, respectively. The data points represent Ag concentrations measured in
12.5% of the original particle burden, while the 20 nm particles reached
67% of the original particle burden after 4 h of depuration. One of the
consequences of the slow elimination of NP from D. magna is that the
nanoparticles remaining in the organism and not depurated will poten-
tially be transferred to higher trophic levels within an aquatic food
chain. In the present study we also observed that when D. magna was
fed on Ag-contaminated algae (Treatment D), there was no significant
difference between Ag uptake and elimination rates based on the Ag
form. Likewise, the concentration of Ag in the diet (R. subcapitata) was
similar between Ag-NP and AgNO3 treated algae. When feeding D.
magnawith Ag-previously exposed Chlamydomonas reinhardtii,McTeer
et al. (McTeer et al., 2014) found no differences in Ag concentrations in
the algae nor in the internal Ag concentrations in D. magna for Ag-NP or
AgNO3. Previous studies demonstrated that Ag-NP are not internalized
by R. subcapitata (Ribeiro et al., 2015) and C. reinhardtii (Piccapietra et
al., 2012) and that the Ag concentration measured in the algae was de-
rived from ionic or dissolved Ag complexes. This explains the similari-
ties between internal concentrations in D. magna and in kinetics
parameters for dietary exposure to Ag-NP and AgNO3. Considering
that in natural environments, aquatic organisms such asD.magna are si-
multaneously exposed to contaminants through water and dietary
routes, in this study we also examined the joint exposure to water and
dietary silver in D. magna (Treatment W + D). The kinetics parameters
presented in Table 1 for Treatment W + D were obtained by feeding
the toxicokinetics model with the parameters obtained in single expo-
sures (Treatment W and Treatment D). The resulting parameter values
for Treatment W + D suggest an analogous pattern of uptake from
water and from diet when compared to their individual exposures, for
both Ag forms. Accordingly, under simultaneous water and dietary
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exposure, AgNO3 induced a higher BCF in D. magna than Ag-NP. The es-
timated contribution from each route of exposure revealed that in the
case of the Ag-NP water was predominantly accounting for the Ag con-
centration in the organisms whereas for AgNO3 both water and diet
contributed equally to the uptake of Ag by D. magna. Considering that
internal Ag concentrations in the algae used to feed D. magna were
equal for Ag-NP and AgNO3, in Treatment W + D water concentration
was the main factor leading to different Ag body concentrations in the
daphnids for both Ag forms. To conclude, we demonstrated that Ag
could be transferred along a simplified aquatic food chain, such as
algae – Daphnia. However, the algae species applied in this study ap-
peared not able to internalize Ag as nanoparticles (Ribeiro et al.,
2015), making it impossible to observe whether Ag (as nanoparticle
form) is transferred from algae to D. magna. Further research including
different relevant species is needed in order to detect the possible trans-
fer of Ag-NP in an aquatic food chain as well as their potential for
biomagnification.
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