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The use of silver nanoparticles (AgNPs) as an antimicrobial agent has increased significantly over the past
decade which potentiates their release to the environment. The antimicrobial effect of AgNPs is generally
considered to be due to the release of silver ions (Ag*). Here we describe their bioavailability under envi-
ronmental conditions and demonstrate its influence on (eco-)toxicity for the AgQNP NM-300K and a wide
variety of aquatic organisms (green algae, plants and crustaceans), terrestrial organisms (soil bacteria) and
mammalian cells. Since the bioavailability of AgNPs is largely determined by Ag speciation, this paper fo-
cuses on the Ag speciation in the test media for these organisms. We predicted the Ag speciation in aque-
ous test media by equilibrium speciation calculation and validated the results by comparison with experi-
mental speciation using ultracentrifugation and membrane filtration. Silver amounts were quantified using
GF-AAS, ICP-OES/MS and UV-vis. The dissolved Ag concentrations were controlled by the fast initial re-
lease of a limited amount of Ag™. After this initial release, the media components, chloride and proteins,
controlled the available dissolved Ag by precipitation and complexation. Further release of Ag* due to oxi-
dation was not observed in the time frame of our experiments, except for media with very high chloride
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content. Apparently, the stabilisers of these AgNPs prevented any further release accounting for an en-
hanced redox stability. These findings facilitated the prediction of the bioavailability of Ag in the test media
and, based on literature toxicity data, also of its toxic effects (ECsg) on the respective organisms. The toxic
effects of the AgNP NM-300K depended solely on the amount of Ag* that was already present in the stock
dispersion and not from further release due to later oxidation processes.
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Environmental significance

The OECD reference silver nanomaterial NM-300K was in the focus of many European joint research projects. Therefore, we studied its characteristics and
their relation to the bioavailability and ecotoxicity of this particular nanomaterial in a wide variety of environmental media. NM-300K is very stable and be-
haves differently from commonly used silver nanoparticles. In conclusion, the observed toxic effects were only dependent on the amount of silver ions that
was already present in the stock dispersion and not on the dissolution of NM-300K during the test. The presented results support the understanding of the
behavior of NM-300K in various tests and environmental scenarios investigated throughout many European joint projects.

1 Introduction In order to understand the toxicity of particulate silver ma-
terials like AgNPs and hardly soluble silver salts (e.g. AgCl
and Ag,Sy), it is necessary to consider the speciation of silver

in the test media and the amount of Ag" released into

Silver nanoparticles (AgNPs) are currently used in a broad va-
riety of applications," mainly due to their antimicrobial po-

tential. There is a general consensus that the toxicity of
AgNPs is largely determined by the release of Ag*.”
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solution.””

Experimental speciation of silver in dispersions can be
achieved by membrane filtration (MF)®™° or ultracentrifuga-
tion (UC)>**'112 and subsequent silver content measure-
ment of the filtrate or supernatant in comparison with the
untreated samples by e.g. atomic absorption spectroscopy
(AAS),*? inductively coupled plasma optical emission spectro-
scopy (ICP-OES) or mass spectrometry (ICP-MS).”**"'> These
methods separate the sum of the dissolved silver species like
Ag.', [AgCll,, [AgCL],, and complexes with organic

This journal is © The Royal Society of Chemistry 2017
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molecules with low molecular weight (e.g. glutathione
containing thiol groups) from the sum of the particulate sil-
ver species like AgNP, AgCl, Ag,Ss and silver bound to large
organic compounds like proteins and humic acids.

Another experimental speciation method is the measure-
ment of plasmon resonance of AgNPs using ultraviolet and
visible (UV-vis) spectroscopy and the calculation of the parti-
cle concentration via the Lambert-Beer relation, but this
method discerns only the nanoparticulate form of silver from
dissolved and other precipitated forms.**** This method can
also be used to calculate the mean particle size using Mie
theory.>®

Modern approaches for the characterisation of AgNPs in-
clude single particle ICP-MS (spICP-MS) and asymmetrical
flow field flow fractionation (AF4) using e.g. ICP-MS as a
detector.””** These methods allow the determination of par-
ticle size, size distribution and major elemental composition
of aqueous dispersions. The solid phase speciation of Ag for
example in sludge can be done using X-ray absorption
spectroscopy (XAS), specifically X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine struc-
ture analysis.>**

The toxicity of Ag" has been investigated by several re-
search groups for water-based species like Daphnia magna,*
Lemna minor,> several algae species like Pseudokirchneriella
subcapitata or Chlamydomonas reinhardtii>* and the bacte-
rium Vibrio cholerae.”® The toxicity of AgNPs has been dem-
onstrated e.g. for Chlamydomonas reinhardtii,>*® Lemna mi-
nor,”” bacteria®® and cells.>®

Effective toxic concentrations were obtained for diverse
aquatic organisms (Daphnia magna, Lemna minor and Pseudo-
kirchneriella subcapitata) and for terrestrial organisms like
Arthrobacter globiformis and Eisenia andrei.**"

Depending on the test media composition and the sensi-
tivity of the organisms, the effective concentrations of AgNPs
and the most frequently used control AgNO; exhibit consider-
able differences which are shown for bacteria®* and algae.>*®
These results implied that the toxic effects were correlated
with the concentration of Ag’ released from AgNPs into the
medium. In this context, one has to consider the influence of
the changing environmental conditions during the life cycle
on the AgNPs (e.g. in the aquatic environment). Prediction of
the silver speciation should therefore enable the prediction
of the toxic effects on the test organisms.

There have been several attempts to predict the chemical
stability of AgNPs in environmental media and to predict sil-
ver speciation. In those studies, different software programs
like e.g. visual MINTEQ (version 3.0),> MINEQL,** MINEQL+
(ver. 3.01)** and PHREEQC?® were used.

Liu et al®*® used thermodynamic analysis to predict the
stability of AgNPs in water at different pH values and
dissolved oxygen concentrations and found e.g. that the
release rate was decreased with increasing pH or addition
of humic or fulvic acids. The release of Ag" was measured
and discussed for different media compositions®*® in
terms of thermodynamic data of complex formation con-
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stants for silver chloride complexes and the silver cysteine
complex.

Fortin and Campbell’” showed the influence of the chlo-
ride concentration on the speciation of silver. They found
that the silver uptake by green algae Chlamydomonas
reinhardtii was enhanced in the presence of silver chloro-
complexes.

Reinfelder and Chang®® investigated the bioavailability of
silver for the microalga Thalassiosira weissflogii in relation to
the speciation of silver depending on the chloride concentra-
tion. The highest silver uptake was measured at the calcu-
lated maximum concentration of the species [AgCl],q. Jin
et al.* calculated the theoretical maximum free Ag" concen-
tration in synthetic “fresh water” matrices. Furthermore, they
calculated the ionic strength, due to the fact that this prop-
erty strongly affects the colloidal stability of electrostatically
stabilised nanoparticle dispersions.>® Levard et al*
discussed the environmental transformations of AgNPs and
their impact on stability and toxicity. One major part dealt
with the speciation of silver in environmental scenarios
based on thermodynamic constraints. The authors stated that
thermodynamic simulations represent a tool for the identifi-
cation of potential environmental transformations of AgNPs,
but interactions with complex organic matter and the kinet-
ics can significantly change those predictions. They also iden-
tified the oxidation of metallic AgNPs as the starting point of
any environmental transformation.

An approach to assess the long-term behavior of nano-
particles in test media by implementation of kinetic data into
the model was proposed by Zhang et al.” and Liu et al.*® for
AgNPs in media that contain no chloride.

The goal of this work was to study the influence of the
transformation of the reference nanomaterial NM-300K for
the OECD sponsorship program®' in environmental media
on its ecotoxicity. This nanomaterial was in the focus of
many European joint research projects**** and of the joint
research project UMSICHT.**** For that purpose, we gener-
ated experimental and numerical speciation data of NM-300K
in a large variety of media, compared them and used the out-
come to explain the ecotoxicological effects of these AgNPs,
which were determined in the context of UMSICHT."**>

2 Materials and methods
2.1 Materials

The silver nanomaterial NM-300K (nominal diameter =15
nm, nominal silver content 10.16% (w/w), stabilised with 4%
polyoxyethylene glycerol trioleate and 4% polyoxyethylene
(20) sorbitan monolaurate in water (Tween-20)) was produced
by ras materials (Regensburg, Germany) and provided by the
Joint Research Center (JRC, Ispra, Italy)."' Silver nitrate
(AgNO3, purum p.a.,, =99.0%) was purchased from Fluka
(Buchs, Switzerland). The commercially available citrate stabi-
lized AgNPs (NanoXact, nominal diameter 30 nm) were pur-
chased from nanoComposix (San Diego, CA, USA). Nitric acid
(puriss p.a., =99.0, 65%) was obtained from Sigma-Aldrich
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(Munich, Germany) and hydrochloric acid (p.a., 37%) from
VWR (Darmstadt, Germany). Palladium modifier (¢(Pd) = 10.0
+ 0.2 g L™ as Pd(NO;), in approx. 15% HNO;) for graphite
furnace atomic absorption spectroscopy (GF-AAS) was pur-
chased from Merck (Darmstadt, Germany). Disposable tubes
for sample preparation (15 mL & 50 mL, polypropylene (PP))
were obtained from Sarstedt (Niimbrecht, Germany), and pi-
pette tips (2-200 pL & 50-1000 pL, PP) and tubes 1.5 mL (PP)
for sample storage, digestion and dilution from Eppendorf
(Hamburg, Germany). Sample cups (PP) for the autosampler
were purchased from ThermoFisher Scientific (Dreieich, Ger-
many). Argon (4.6, >99.996%) was obtained from Linde
(Hamburg, Germany). Ultrafiltration devices (Vivaspin 500,
PES, MWCO 3000) were purchased from Sartorius (Gottingen,
Germany).

2.2 Preparation of nanoparticle dispersions

According to the procedures described by Klein et al*' the
NM-300K dispersion (10.16%, w/w) was diluted to 2% (w/w)
using MilliQ water. Immediately before further application,
this stock dispersion was shaken vigorously and agitated
using an ultrasonic bath for 15 min (Ultrasonic cleaner USC
100T, VWR, Darmstadt, Germany). A second stock dispersion
was prepared directly before each set of experiments
containing 1 g Ag L™" in double distilled water (ddH,0).

2.3 Determination of silver content by GF-AAS

Silver content was quantified by graphite furnace atomic ab-
sorption spectrometry (GF-AAS) using a Unicam 989 QZ AA
spectrometer (Unicam, Cambridge, UK) with a GF-90 plus fur-
nace and an FS-90 plus autosampler. Aqua regia digestion
(HC1: HNOs3, 4:1, v:v) according the procedure reported in
ref. 46 was chosen due to the wide range of chloride contents
in the test media. The high excess of chloride prevents the
precipitation of silver chloride (AgCls) and ensured the for-
mation of soluble higher silver chloride complexes ([AgCl].q,

[AgCL]q , etc.).>"

2.4 Determination of silver content by ICP-OES/MS

Samples were digested using open vessel nitric acid diges-
tion derived from the experimental setup of aqua regia di-
gestion following the procedure described in the norm.*® Di-
gestion by nitric acid is an established method for silver
and was earlier applied by Zhang et al’ Likewise
Hagendorfer et al.'' used nitric acid digestion and subse-
quent nitric acid dilution (with HNO; 1%, v/v) and con-
cluded from clear and noncoloured solutions the complete
mineralisation of AgNPs. In our study, the digestion was
done by transferring the sample volume of 10 mL to the di-
gestion vessel and adding 10 mL conc. HNO; (65%, w/w,
Merck, Darmstadt, Germany). After heating to 130 °C, the
sample was digested for 2 h. Subsequently, the samples
were diluted with deionized water using a ratio of 1:5 (sam-
ple:water). Silver contents were then determined using in-
ductively coupled plasma optical emission spectroscopy
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(ICP-OES) (Ciros Vision, Spectro, Kleve, Germany). For silver
concentrations below 500 ug L™, inductively coupled plasma
mass spectroscopy (ICP-MS) (7500 series, Agilent, Boblingen,
Germany) was used.

2.5 Quantification of dissolved silver content by membrane
filtration (MF)

The dissolved silver content was determined by removing par-
ticulate silver (AgNPs or precipitated silver salts) using cen-
trifugal ultrafiltration devices Vivaspin 500 containing PES
membranes with a molecular weight cut off of 3 kDa. The
manufacturer specifications describe the concentration of
aprotinin (M,, = 6512) using Vivaspin 500 devices. Since the
hydrodynamic diameter of aprotinin is =3 nm (ref. 49), the
pore size of the membrane is estimated to be <3 nm. Filtra-
tion of samples was done by placing 500 pL in the ultrafiltra-
tion device prior to centrifugation for 30 min at ~14000 g
using a MiniSpin plus centrifuge (Eppendorf, Hamburg, Ger-
many). The filtrate was then digested and measured by GF-
AAS as described below. No significant difference of direct
measurement to membrane filtered samples was observed in
the range from 10 ug Ag L™ to 1.1 mg Ag L™, as shown in
ESIf Fig. S4. Therefore, no significant sorption of Ag" to the
membrane was assumed.

2.6 Quantification of dissolved silver by ultracentrifugation
(UC)

An Optima L-100 XP from BeckmanCoulter (Krefeld, Ger-
many), equipped with a Type 90 Ti rotor with a fixed angle,
was used for UC. Centrifugation was performed in sealed
tubes (12.5 mL, Polyallomer) at 80000 rpm (=400 000g) for
40 minutes. The calculated size cutoff for AgNPs under these
conditions is approx. 3 nm using Stokes equation for sedi-
mentation velocity and AgNP density (pag = 10.5 g cm °).'b%°
The cutoff for proteins was estimated using density estima-
tion for proteins p ~ 1.36 ¢ cm>.>' The cutoff size for pro-
teins with the mentioned centrifugation conditions is then
M,, =~ 180 kDa (diameter ~ 8 nm assuming a spherical
shape). Samples for measurement of silver content by ICP-
OES/MS were taken from the centre of the centrifugation
tubes with syringes (10 mL, PP, with a steel capillary
attached).

2.7 Release experiments

Ag" release experiments were conducted in closed 15 mL (PP)
tubes in three independent repeats with two replicates. The
silver concentration was ~10 mg L. After placing 9.9 mL of
test medium in each tube, a volume of 100 uL of the freshly
prepared NM-300K stock dispersion with 1 g Ag L™ was
added. NM-300K at the same concentration in ddH,O served
as control. Please note that the media were prepared using
ddH,0 equilibrated with air. The dissolved O, is therefore in
excess to the Ag content (by factor ~10, see section 2.10) en-
suring comparability to the aeration of test media in most
ecotoxicological experiments. After thorough mixing, the

This journal is © The Royal Society of Chemistry 2017
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samples were stored in the dark at room temperature (20 °C).
Samples for total silver content (GF-AAS) and for MF were
taken after slight agitation after 2 h and at the end of the test
period of the media related toxicity tests (2, 3 and 7 days, see
section 2.8). For the UC, the release experiments were
conducted with larger sample volumes of 50 mL to meet the
minimum volume requirement for this method. Samples
were prepared in 3 replicates, each consisting of 0.5 mL stock
dispersion and 49.5 mL medium.

2.8 Test media composition, duration of release experiments
and selected toxicity data

The test media chosen for the release experiments were used
freshly prepared according to the following established test
protocols. The selected test media and corresponding test or-
ganisms were in the focus of the joint research UMSICHT
and were selected due to their environmental relevance and
because they are representative for a variety of aquatic and
terrestrial organisms and cells.***> The corresponding toxic-
ity data taken from the literature were determined in the con-
text of the joint research project UMSICHT*"***>? (see
Table 3). The EC;, values for Pseudok., Scened. and HepG2
(growth inhibition) were calculated as average + standard de-
viation (n = 3).** The toxicity data for Arthrob. (enzyme activ-
ity inhibition) were calculated as median with 95% confi-
dence limits (n = 9). The toxicity data for Daphnia
(immobilisation) were calculated as average + standard devia-
tion for NM-300K (n = 5)*° and for AgNO; as average + 95%
confidence limits (7 = 6).>> The toxicity data for Lemna (yield,
dry weight) were calculated for NM-300K as geometric mean
with 95% confidence intervals (n = 3)*"*® and for AgNO;
(growth rate, dry weight) as average +95% confidence inter-
vals (n = 6).%

Aquatic toxicity test media and experiment durations for
this study were according to the following guidelines:

e Growth inhibition of green algae, Pseudokirchneriella
subcapitata, OECD TG 201 medium,>® duration of 3 days (d).

e Acute immobilisation inhibition of the water flea, Daph-
nia magna, Elendt M7 medium, OECD TG 202,>* duration of
2 d.

e Growth inhibition of duckweed, Lemna minor, Steinberg
medium, OECD TG 221,%* duration 7 d.
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e Growth inhibition of green algae, Scenedesmus
vacuolatus, growth medium according to Matzke et al.>® and
Grimme & Boardman,”” duration according to ref. 56 of 1 d,
here 3 d.

Bacteria and cell toxicity test media and experiment dura-
tions for this study were according to the following
guidelines:

e Solid contact test with soil bacteria, Arthrobacter
globiformis, growth medium B composition for tests without
soil according to Engelke et al.** modified from Neumann-
Hensel & Melbye®® and the standard protocol,>® duration of 2
hours (h).

e Cell viability assay, HepG2 liver cell line, RPMI medium
with 8% fetal calf serum (FCS) according to Arning et al.,*°
duration of 2 d.

The main components of the test media, the chloride and
thiol group concentrations (see also section 2.10) and the
ionic strengths are listed in Table 1. The detailed composi-
tion of the media is given in the ESLj Table S4.

2.9 Determination of colloidal properties

Hydrodynamic diameters (HDD) were determined by dynamic
light scattering (DLS) using a Beckman-Coulter DelsaNanoC
(Beckman Coulter, Krefeld, Germany). The zeta potential was
measured by electrophoretic light scattering (ELS), also using
this device. Additionally, the plasmon resonance of the sam-
ples was recorded using a UV-vis spectral photometer (CADAS
200, Hach Lange, Berlin, Germany). These experimental
methods are described in more detail in the ESL}

2.10 Numerical speciation

The speciation of silver in test media was done numerically
using PHREEQCi (v.3).°" The database file minteq.v4.dat of
the software® was used for the calculations since some
amino acids and other organic components were already in-
cluded in this database. Modifications to the database were
applied to account for the complexation equilibria of cysteine
with silver ions'*®> and with the test media components
magnesium, calcium, manganese, coppet, zinc, iron and co-
balt using the NIST standard database 46.8,° and data of
Berthon et al.®* and Goldberg et al.®® The data for Ag*-cyste-
ine binding were also used to describe the binding of Ag" to

Table 1 Main components of the test media and durations of the tests, important reducing agents are marked in bold and oxidising agents are marked
in italics. lonic strengths were calculated using the software PHREEQCi (v.3).5 The chloride and the thiol groups' contributions to the media are also
given. The thiol group concentration was calculated using the approach with n = 9 available cysteine groups of BSA (see section 2.10). The detailed

composition of the media is given in the ESI, Table S4

Organism Chloride Thiol groups Ionic strength Test duration
(test medium) Main components [mM] [mM] [mM] (d &h)
Lemna (Steinberg) KNO3, potassium phosphate buffer, Ca(NO;), 0.01 — 9.3 7d

Pseudok. (OECD TG 201) NaHCO;, NH,Cl, CaCl,, MgSO, 0.65 — 1.7 3d

Daphnia (Elendt M7) CaCl,, NaHCO3, MgS0O,, NaNO; 4.08 — 8.3 2d

Scened. (algae growth) NaCl, KNO;, sodium phosphate buffer 8.25 — 25.4 3d

Arthrob. (growth medium B) NacCl, glucose, proteins 11.4 0.26 11.4 2h

HepG2 (RPMI, 8% FCS) NaCl, sodium phosphate buffer, NaHCO;, 109.4 10.81 144.4 2d

glucose, KCI, amino acids, proteins

This journal is © The Royal Society of Chemistry 2017
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thiol groups in proteins.>™® A minor modification was done
by omitting the silver chloride complex [AgCl],q* from the
equilibria calculations according to the study of Wood et al.®®
and Liu et al.™?

Ag" + Cys® = [AgCys] , logyo K¢ = 11.9

Ag" + 2Cys®” = [AgCys,|*", logo Ky = 15.2

The binding of Ag" to proteins was approximated using
the binding data for serum albumin. The binding data of Ag"
with serum albumin reported by Shen et al®” and Zhao
et al.®® were considered in this work. Shen et al.®” determined
the interaction of Ag" with human serum albumin (HSA).
They reported two binding sites (s and w) for the interaction
of Ag" with HSA evaluated by the Scatchard-plot:** a strong
interaction (s) with log,oKs = —5.40 with ng = 14 sites and a
weak interaction (w) with logo K, = —4.62 with n,, = 29 sites
(the selected values were reported for an intermediate HSA
concentration of ~1.4 g L"). Data reported from Zhao et al.®®
for a strong binding site of bovine serum albumin (BSA) to
silver ions with log;o Ky = —3.69 for cpy < 1 X 10~* M was also
evaluated here using a simplified approach with n set to
unity.

Additionally, binding of Ag" with BSA was modelled
using cysteine as a proxy for the available thiol groups of
BSA. The number of exposed and therefore available cyste-
ine groups of BSA was reported by Rombouts et al. (n = 13)
and Alexander and Hamilton (n = 9).”%”" All these different
approaches to describe Ag” binding to proteins were com-
pared to the experimental speciation data and are discussed
in brief in section 3.4.

To account for possible redox reactions with test media
components glucose and acetate, data of Thauer et al.””> and
Ramachandran et al.”® (pK, of gluconic acid = 3.7) were also
included in the database. The dissolved oxygen content of
the media was set to 8.3 mg L™, the solubility of O, in pure
water at 25 °C and standard pressure.®’

acetate” + 2e” + 3H' = acetaldehyde + H,O,

log;o K = 1.3438

gluconate” + 2e” + 3H' = glucose + H,0,

10g10 K=4.5723

The experimental speciation results of the MF of NM-
300K in water (7.9 mg Ag L', Ag,,':0.3 mg L, Ag®:7.6
mg L™, see Fig. 1) were used as the initial conditions for
the speciation calculations in the test media shown in
Fig. 2.
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3 Results & discussion

3.1 Determination of total silver content

A method comparison of GF-AAS, ICP-OES and evaluation of
plasmon resonance was done in this study to ensure the reli-
ability of the measurement of the total silver content. Two
AgNP dispersions (NM-300K and NanoXact as nano material
control) and AgNO; were used for this comparison. A nominal
concentration of 20 mg Ag L' was chosen. The measurement
of the AgNP containing dispersions gave =~25% less than the
nominal content independent of the used methods (ESI+ Table
S2). These results show that the actual silver content of the
stock dispersions of NM-300K used in this study was lower
than the nominal silver content of 10.16% (w/w). A long-term
series of silver content measurements of NM-300K stock dis-
persions (each prepared freshly according section 2.2 from 9
different original vials) using ICP-OES and nitric acid digestion
proved that the actual silver content was 79 + 5% of the nomi-
nal content (ESIT Table S3).

Klein et al. reported ICP-OES results for the silver con-
tent of NM-300K with 9.2 + 0.6% (w/w), which is also
lower than the nominal value of 10.16% (w/w).*' They
discussed the influences of aging, sedimentation, forma-
tion of aggregates and adsorption in the vials as the pos-
sible causes for the silver content results. We confirm
that occasionally the formation of aggregates was observed
inside the vials. Supposing the aging of the sealed vials
would increase the risk of adsorption and aggregate for-
mation, one would expect a decrease of the measured sil-
ver contents. Our results contradict this expectation: we
observed a steady slow increase of the silver content of
the NM-300K vials over two years (ESIf Table S3). We sus-
pect a loss of water in the vials due to slow diffusion
through the fitting of the vials.

We determined the recovery of AgNPs in different media
using the measured silver contents in the NM-300K vials as
reference. The application of the described GF-AAS method
using modified aqua regia revealed a satisfactory average re-
covery of 97 + 4% of Ag for NM-300K for the wide variety of
test media studied here (ESIT Fig. S3), with no significant dif-
ferences between these.

3.2 Colloidal properties of NM-300K

The colloidal properties of the AgNPs in the test media were
checked in the time frame of the tests in separate experi-
ments using dynamic light scattering and electrophoretic
light scattering.** Additionally, UV-vis spectra were recorded
in the same time frame."* Briefly, the NM-300K were colloi-
dally stable in all media investigated here. For most media,
the hydrodynamic diameter was in the range of 30-60 nm.
For some of the media, slight agglomeration was observed,
but that did not lead to sedimentation (Daphnia, Algae
growth and HepG2 medium). The zeta potential of NM-300K
in water (pH 7) was in the range of -15 to —25 mV; in the
other investigated test media, the zeta potential ranged from
approx. 0 to —25 mV (the pH in the test media ranged from

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Dissolved silver fraction in test media determined using ultrafiltration membranes (MF) and ultracentrifugation (UC) after 2 hours (left
column of each group) and at the end of the ecotoxicological tests (2, 3 and 7 days, respectively, see section 2.8 and Table 1) (right column of
each group). The results for aquatic test media are displayed in the center of the plot (coloured blue to yellow). Measurements for medium water
were performed at all time points of the tests (2 hours, 2, 3 and 7 days). Note that media for Arthrobacter (test duration 2 hours) and HepG2
(coloured pink and orange) contain proteins. Data are shown as mean * standard deviation with n > 3 except for 2 h MFpseydok. and MFsceneq. N = 2

(NM-300K AgNP @7.9 mg Ag L.

pH 6 to 8). The results are given in more detail in the ESLf
Fig. S5-S7. The colloidal stability was attributed to the strong
steric stabilisation of the AgNPs with polyoxyethylene glycerol
trioleate and Tween-20.

3.3 Experimental silver speciation

We measured the released Ag" in the biological test media,
because the toxicity of AgNPs for organisms is largely deter-
mined by the release of Ag".” In Fig. 1, the silver releases are
shown for NM-300K dispersions (7.9 mg Ag L") in different
biological test media determined by both MF and UC. The re-
leases were less than ~8% and clearly showed significant dif-
ferences between the test media. The results were consistent
for MF and UF except for media containing proteins.

In media without proteins and very little chloride (H,O
and Lemna medium), the initial dissolved silver fraction was
high (MF: both media 4% and UC: both media ~6% each
after 2 hours). For the AgNPs in water samples, the released
silver increased to ~5% (MF) and ~7% (UC) after 2 days. The
measurements after 3 and 7 days showed no further signifi-
cant increase of silver release. These results indicate the
equilibration of both AgNPs and dissolved silver in the sam-
ples. A similar behavior of only partial dissolution of AgNPs
in pure water in the presence of air was reported by Kittler

This journal is © The Royal Society of Chemistry 2017

et al'® and Loza et al”* The released silver in Lemna me-
dium after 7 days was similar to the corresponding results in
water at the same time point. Loza et al.”* ascribed the disso-
lution of AgNPs to the dissolved O, in the media, which also
appears to be the general agreement in the literature. The
rate and extent of dissolution of AgNPs strongly depend on
their size, shape and coating and on the composition of the
medium.”’* In addition to that, complete dissolution of
AgNPs is seldom achieved by molecular O,; in many cases a
stronger oxidation agent like H,O, is necessary for complete
dissolution.”*

Liu et al.’ concluded that O- and N-rich polymer coatings
can both delay and extend ion release by accumulating and
releasing surface-bound Ag’. Considering that high concen-
trations of polyoxyethylene glycerol trioleate and Tween-20
were used as stabilisers for NM-300K, we suggest that some
Ag" was already present in the stock dispersion of NM-300K
bound to these stabilisers. The stabilisers acted probably as a
fast releasing reservoir for Ag" and had the additional effect
of later hindering the access of O, to the AgNP surface. This
would explain the characteristic Ag" release behavior deter-
mined in our release experiments in water and Lemna
medium.

Therefore, we suggest as a realistic approach setting the
initial conditions for speciation calculations to the initial

Environ. Sci.: Nano, 2017, 4, 1470-1483 | 1475
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Fig. 2 Comparison of experimental (by MF) vs. speciation calculated dissolved Ag in the test media for NM-300K AgNPs@7.9 mg Ag L™. a) Com-
parison for media without proteins: the experimental data (MF) are represented by the leftmost column in each group. The speciation calculation
was done without allowing for possible redox reactions (central column in each group) and with allowing for redox reactions (rightmost column in
each group). The controlling medium component is given at the top of the respective bars. b) Protein effect on Ag speciation in test media for
Arthrobacter and HepG2. Experimental data for membrane filtration (MF) are represented by the leftmost column and for ultracentrifugation (UC)
rightmost column. The inner columns represent results for speciation calculation (without allowing for redox reactions) for dissolved silver not
bound to proteins (inner left) and total dissolved silver (dissolved and bound to proteins) (inner right) (with n = 9 available cysteine groups of BSA).

composition of the experiment with water (total Ag 7.9 mg
L™, Agaq 0.3 mg L' and Ag’ 7.6 mg L") and conducting the
speciation calculations as a two-stage process. This would re-
semble the processes that we observed and were similarly
reported by Liu et al.’ for AgNPs pretreated with O; showing
a fast initial release of Ag" already present in the beginning
(for NM-300K as Ag" bound to stabilisers and for the O;
pretreated AgNPs as Ag,O on the AgNP surface) and as a sec-
ond step accounting for the influence of redox reactions like
the later slow increase of dissolved silver by metal-dioxygen
reaction in the test solutions.

In media with higher chloride contents (Pseudok., Scened.
and Daphnia medium), the dissolved silver fractions were in
the range of 0.5% to 2%. No increase of dissolved silver was
obtained over time from 2 hours to 2 or 3 days. A similar re-
lease behavior was reported by Li and Lenhart”® for Tween-80
coated AgNPs in Olentangy river water with 2.2 mM chloride
concentration. They found ~2.5% of released Ag" after 6 h
with no further increase over time (15 days) in the medium.
In contrast, for bare AgNPs and citrate coated AgNPs, they
reported a slow increase of the dissolved silver over time.
This suggests that part of the released Ag" was already pres-
ent in the nanoparticle stock dispersion probably bound to
the coating material Tween-80 and also supports our two-
stage approach for the speciation calculations.

1476 | Environ. Sci.: Nano, 2017, 4, 1470-1483

The dissolved silver fraction determined by MF for
Arthrob. medium was 0.7%. In contrast, the dissolved silver
fraction by UC was, at 4.3%, significantly larger. This differ-
ence of both separation methods was particularly pro-
nounced for the HepG2 medium with ~0.2% by MF and
>6% by UC. The discrepancy can be explained by (a) the
binding of Ag" to the thiol groups of proteins in the media®®
and (b) the differences in cutoff sizes of the methods MF and
UC. The cutoff sizes for the method UC were estimated for
AgNPs to be ~3 nm and for proteins to be ~180 kDa (see sec-
tion 2.6). For the MF method, the cutoff sizes were smaller:
for AgNPs <3 nm estimated and for proteins <3 kDa (see
section 2.5). Ag" bound to proteins were therefore separated
by MF, whereas they stayed in the supernatant with UC and
contributed to the dissolved Ag" fraction.

This behavior was observed for the HepG2 medium with
FCS. A high fraction of the FCS, that consists mainly of bo-
vine serum albumin (BSA) with a molecular weight of 69.3
kDa,”® was separated by MF. Meanwhile, the cutoff of the UC
method was much higher and thus the main part of proteins
was left in the supernatant. For the Arthrob. medium, a simi-
lar behavior was measured. This was expected, because a
high fraction of the protein components casein, peptone and
yeast extract of the medium have molecular weights >1 kDa
(~10-40%, e.g. (ref. 77)).

This journal is © The Royal Society of Chemistry 2017
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The silver releases of the water, Lemna medium and
Pseudok. medium samples were slightly higher for UC than for
MF (see Fig. 1). These findings can also be related to the differ-
ent cutoff sizes of both methods. Small AgNPs near the cutoff
size of the UC method (3 nm) could cause a slightly higher ap-
parent silver release. These results were in accordance with the
results of Klein et al.** Data based on TEM images revealed that
the average particle size was 15 nm, but also a second smaller
particle fraction at 5.4 nm could be observed.

Similar results were obtained by Unrine et al® for the
comparison of UC and MF separation. They reported that MF
gave generally lower dissolved silver contents and that some
of the smaller AgNPs (<4 nm) were probably not removed by
UC, when moderate centrifugation conditions were used.
They also discussed that the humic or fulvic substances from
aquatic sources could be removed by MF (3 kDa) but not by
UC, because they were smaller than the cutoff of the UC
method (7-10 nm) and therefore stayed in the supernatant
after UC. This corresponds to our findings for media
containing proteins. For dispersions with higher solid con-
tent of approx. 10%, Zirkler et al.”® reported differences of
MF and UC and offered pore clogging or the formation of fil-
ter cake as an explanation. This could be excluded consider-
ing the very dilute media used here.

The results for silver release in Daphnia medium differed
from the findings for the other described media. There were
no significant differences between MF and UC. This medium
contains more chloride (4.08 mM) compared to Lemna me-
dium (10 uM), Pseudok. medium (0.65 mM) and pure water.
The slightly higher chloride content could be responsible for
the faster dissolution of small AgNPs in Daphnia medium,
due to the decreased chemical stability of AgNPs.’>”® In me-
dia with low chloride content, these very small AgNPs were
separated by MF, causing the difference with the UC results.

In summary, the most important components for the sil-
ver speciation were chloride and thiol containing proteins
(besides O,) due to their strong binding to Ag’, which was
also reported for other AgNPs by many other groups like Liu
et al."® and Levard et al.*’

3.4 Speciation calculations of AgNPs in test media

Speciation calculations were conducted to discuss the out-
come of our release experiments and to check which ap-

View Article Online
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proach was suitable to predict the silver speciation in toxico-
logical test media. We did speciation calculations for the
theoretical maximum concentrations of dissolved silver,
discussed the influence of reducing and oxidising compo-
nents on silver speciation in the media and the binding of
Ag" to chloride and proteins.

The theoretical maximum concentrations of dissolved
silver ([Ag |ma) in the test media (see in Table 2) were calcu-
lated using PHREEQCi according to Jin et al*® and Loza
et al.”* (see section 2.10). The calculations were done by in-
creasing the Ag" concentration until precipitation started as
indicated by the software. The Pseudok., Daphnia and Sc-
ened. media contain higher amounts of chloride and no pro-
teins. Hence, the [Ag" | values were close to the experimen-
tally determined values with MF. Li and Lenhart’”> also
reported dissolved silver concentrations that are relatively
close to the theoretical maximum concentration of =57 ng
L™ in Olentangy river water, when taking only the inorganic
components of the river water into account. For the Lemna
medium, [Ag']ma was much higher than the experimental
values. This was probably caused by the Ag" release of NM-
300K reaching equilibrium conditions before [Ag" | max

For the Arthrob. medium, the [Ag" | corresponded well
with the UC speciation data because of Ag" binding to thiol
groups of the proteins in the medium (calculated with the
BSA approach with n = 9 available cysteine groups, see sec-
tion 2.10). For HepG2 medium, the [Ag |max is much higher
than the experimental speciation data, which was probably
also caused by the Ag' release of NM-300K reaching equilib-
rium conditions before [Ag" ] ax-

Our first approaches were done to figure out if a simple
equilibrium speciation calculation approach would lead to re-
alistic predictions. We calculated the equilibrium conditions
of the AgNP/medium mixtures without any restrictions, in
this way including redox reactions. These first calculations
considered the nominal Ag concentration of 10 mg Ag L™" as
the reduced form Ag® (corresponding to 93 pmol L™). For the
media without reducing components (NH," and glucose),
these calculations led to total oxidation of Ag® to Ag" because
dissolved O, in the media was present in excess (8.3 mg L™
or 0.26 mM, see also section 2.10). In the presence of NH," or
glucose (Pseudok., Arthrob. and HepG2 media), the calcula-
tions led to almost all silver present in the reduced form Ag”
(see the detailed compositions in the ESL} Table S4). The

Table 2 Comparison of dissolved silver in the media. The predicted maximum dissolved silver concentrations [Ag*].x and the measured concentration
values by MF and UC at day O are given (as mean * standard deviation, n > 3 except for MFpgeudok. aNd MFsceneq. N = 2). Additionally, the chloride content
and the approximated thiol group concentration in the media are listed (using BSA with n = 9 available cysteine groups, see section 2.10)

Organism (test medium) Chloride [mM]

Thiol groups [mM]

[AZ Tmax. [ng L] Agwr’ [ng L] Aguc” [ng LT

H,0 0.0 —
Lemna (Steinberg) 0.01 —
Pseudok. (OECD TG 201) 0.65 —
Daphnia (Elendt M7) 4.08 —
Scened. (algae growth) 8.25 —
Arthrob. (growth medium B) 11.4 0.26
HepG2 (RPMI, 8% FCS) 109.4 10.81

This journal is © The Royal Society of Chemistry 2017

— 291 + 43 434 + 54
2370 317 + 47 465 + 58
74 47 +1 136 £ 50
58 55+9 63 +8
71 65+ 6 —

302 56 +7 342 + 43
1940 15+5 601 + 75
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same outcome was observed when considering 10 mg Ag L™
as the oxidised form of Ag" as the starting conditions, be-
cause the redox active components O,, NH," and glucose
were in excess related to the silver in the media. These first
calculation results giving either total oxidation of Ag to Ag"
or almost total reduction to Ag’ clearly did not represent the
outcome of our release experiments shown in Fig. 1.

Therefore, we decided to conduct the speciation calcula-
tions in two subsequent steps as suggested by our experimen-
tal results following Liu et al® and Li and Lenhart.”> This
was considered by setting the starting conditions of the cal-
culations to the experimentally determined speciation after
the fast initial release of Ag" from the stabilisers. The first
step calculations allowed only for dissolution, precipitation
and complexation equilibria. These were assumed as fast pro-
cesses in the time frame of the studied toxicity tests. The con-
straint in this first step was not allowing for redox reactions.
The second step was relaxing the constraint conditions and
was allowing for redox reactions, which accounted for the
then predominant slow metal-dioxygen reaction.’ Since the
tested dispersions were prepared from NM-300K/H,O stock
dispersions, it was straightforward to estimate the speciation
in test media using the initial experimental speciation in wa-
ter (MF, 2 h) as the initial conditions.

In Fig. 2a the calculation results of these two steps are
shown in comparison with the experimental results for NM-
300K in media without proteins separated by MF (after 2 h).
The first step calculations correctly predicted the available
dissolved silver content in the test media in the time frame
of the tests. The initial speciation in H,O is crucial for the
bioavailability of dissolved silver in the tests.

The results show that the available Ag" was controlled by
the chloride content of the media. For media with higher
chloride content (Pseudok., Scened. and Daphnia medium),
the initial amount of Ag" was reduced by chloride by precipi-
tation of AgCl;. For the media with very low chloride (H,O
and Lemna), the initial amount of Ag" was still available be-
cause no precipitation as AgClg occurred. This was shown by
the good concordance of experimental results and the first
step calculations not allowing for redox reactions hinting that
redox reactions played only a minor role within the time
frame of the tests. This was also supported by the results of
Li and Lenhart for silver release of Tween-80 coated AgNPs.””

Second step calculations allowing for redox reactions esti-
mated the long term behavior and the direction of the pro-
cesses to either oxidative dissolution or stabilisation of
AgNPs. The amount of O, in the calculated systems led to
complete oxidation and total release of Ag'. For the media
(H,O and Lemna) this was clearly shown in Fig. 2a in the
rightmost bars for H,O and Lemna medium with values for
dissolved silver above 90%. This extreme increase was in the
same direction of the trend of experimental data for MF in
Fig. 1 for H,O and Lemna medium. The second step calcula-
tions for Scened. and Daphnia medium (containing 8.25 mM
and 4.08 mM chloride, respectively) led to complete oxidation
with dissolved O, of all the initial Ag® to Ag" as explained ear-
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lier in this section. However, the higher chloride content led
to precipitation of the additional released Ag" from oxidation
as AgClg and thus still controlled the available dissolved
silver.

Reducing components such as ammonium (Pseudok. me-
dium) and glucose (Arthrob. and HepG2 medium) were in
excess to dissolved O, and the initial amount of Ag" and
led to almost complete reduction of Ag" to silver metal Ag®.
This was not in agreement with the experimental findings,
which was probably related to the restriction to the moder-
ate temperature of 25 °C in this study and the usually very
slow reduction reactions involving NH,". The silver mirror
reaction (Tollens' reagent for the aldehyde test) for example
needs elevated temperatures to work (e.g. heating over Bun-
sen burner flame). Data reported by Khan et al.®® showed a
decrease in the rate of Ag' reduction in the presence of
ammonia (cng, <3 mM) due to formation of silver ammonia
complexes, indicating its more important role as a
complexing agent with a similar effect reported for chlo-
ride.*® Dissolution experiments of AgNPs in the presence of
glucose reported by Loza et al.”* show only a decelerating
effect of glucose on the Ag" release. Nevertheless, the final
release was similar to the AgNPs in water without glucose.
This also supports the minor role of glucose as a reducing
agent in the discussed media.

In Fig. 2b experimental and speciation calculation results
are compared for the media containing proteins. For these
media, the experimental results for MF corresponded to the
results of the speciation calculation for dissolved Ag" not
bound to proteins. The experimental results for UC also
matched the results of the speciation calculations for
dissolved Ag" including the Ag' bound to proteins. For
HepG2 medium, the experimental outcome for UC was
higher than the numerical result for Ag" bound to proteins
and amino acids, probably because the very high chloride
content (109 mM) caused further release of Ag" by accelerat-
ing the oxidative dissolution of AgNPs as reported in ref. 40.
Speciation calculation results with allowing for redox-
reactions are not shown in this figure.

The numerical approach supports that the differences be-
tween the results for MF and UC for media containing pro-
teins were caused by the binding of Ag" to proteins that were
not separated by UC (<180 kDa), but were separated by MF
(>3 kDa). Considering the good concordance of the experi-
mental and numerical results, the binding of Ag" to proteins
was modeled nicely following Liu et al. using the data for Ag"
binding to cysteine and the number of exposed cysteine
groups of BSA reported by Rombouts et al. (n = 13) and Alex-
ander and Hamilton (n = 9)**7%"* considering only first step
calculations without allowing for redox reactions. The num-
ber of available cysteine groups of BSA n = 9 was used for the
data represented in Fig. 2b. The different approaches to
model Ag" to protein binding given in section 2.10 were com-
pared regarding the absolute of the log;, of the relative devia-
tion of the calculated from the experimental Ag" concentra-
tion. The experimental speciation data was well represented

This journal is © The Royal Society of Chemistry 2017
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Table 3 Experimental ECsq values (* standard deviation) for NM-300K and AgNOs from the literature for the test organisms related to the here investi-
gated test media; data in ()-parentheses represent the confidence limits (95%) of the ECs determination. Details on the selection and the calculation of
the cited ECsq values are given in section 2.8. Additionally, the predicted dissolved Ag concentrations from speciation calculations at NM-300K ECsg in

the test media are given

Test organism ECs0,nm-300k (Mg AZ L]

Calc. Agaiss™ at ECso npa00x [1g Ag L]

ECso,agn0, [Hg AZ 1]

Pseudok. 617 + 367 (ref. 44) 22.7 +13.5 16.1 + 4.9 (ref. 44)
Scened. 1399 + 540 (ref. 44) 51.4 £19.9 8.4 + 3.2 (ref. 44)
Daphnia m. 41 + 14 (ref. 45) 1.5£0.5 2.3 £ 0.3 (ref. 52)
Lemna m. 496 (192 1105)*" 18.2 (7.1 41) 31 (26 37)*
Arthrob. 33380 (29940 38370)*° 233 (233 233) 1430 (12101710)*°
HepG2 350000 (ref. 44) 1839 7080 + 2410 (ref. 44)

by the BSA approach with n = 9 and n = 13 available cysteine
groups (see also ESIf Table S6).

3.5 Prediction of AgNP toxicity (ECs,) based on silver
speciation

Considering the consensus that AgNP toxicity is largely deter-
mined by the released Ag',” it is straightforward to base a
prediction of AgNP toxicity on the speciation of the released
Ag" within the tests. In Table 3 toxicity data from the litera-
ture as ECsq-values (+ standard deviation or with confidence
limits (95%) given in ()-brackets) were listed for the organ-
isms, which correspond to the investigated test media, for
AgNPs (NM-300K) and AgNO;. The corresponding toxicity
data taken from the literature were determined in the context
of the joint research project UMSICHT*"*"*>*> (see also
Table 3 and EC;, calculation details in section 2.8).

Experimental NM-300K ECs, in the second column were
used as total Ag concentrations (initial composition Ag’
fraction 96.3% and Ag' fraction 3.7% as described in sec-
tion 2.10) present in the media for calculating the dissolved
Ag concentrations (third column) without allowing for
redox-reactions (first step speciation calculations according
to our approach, see section 2.10). The results of these spe-
ciation calculations are shown in the ESIf in Fig. S8-S12 ex-
cept for HepG2. The figures show also the change of specia-
tion of Ag with the change of dosage of NM-300K to the
media resembling the typical toxicological effect-concentra-
tion plots. Additionally, speciation calculations were
conducted to visualise the change of speciation of Ag with
the addition of AgNO; to the media for Arthrobacter and
HepG2 (in Fig. 4 and in the ESIf in Fig. S13 & S14). For all
media, the Ag'-concentrations at the ECs, were below the
maximum dissolved Ag-concentration (Table 2) and no pre-
cipitation was predicted except for the Arthrobacter me-
dium. Here the speciation calculations predicted precipita-
tion of most of the Ag" as AgCl,.

Surprisingly, the comparison of these calculated data with
experimental AgNO; ECs, (fourth column) shows good agree-
ment. This suggests that it is possible to reversely predict
NM-300K ECs, when using AgNO; ECs, as estimated
dissolved Ag concentration values. The experimental AgNO;
ECs;, values were then used as initial Ag" concentrations for
the prediction of NM-300K EC;,. As a result, the predicted

This journal is © The Royal Society of Chemistry 2017

NM-300K ECs, shows excellent agreement with the experi-
mentally determined values (see Fig. 3). In this figure, the
toxicity data for Desmodesmus subspicatus, Danio rerio and
Mpyriophyllum spicatum are also shown and were used to test
our prediction approach® (listed in ESIt Table S4). In all but
one case, the deviation is in the range of the experimental
standard deviation (or the confidence interval). This is even
the case for Arthrobacter when considering the contribution
of colloidal AgCl, to the toxic effect. The change of Ag specia-
tion with the dosage of AgNO; in the Arthrobacter medium
with the inhibition data of Engelke et al.>® is shown in Fig. 4.
The experimental ECs, of 1.43 mg Ag L' is in the concentra-
tion range ca, > 2 x 10> ug Ag L™'. In this range the specia-
tion calculation predicted no increase of total dissolved Ag"
and only the amount of precipitated AgCl; increased. There-
fore, it was very clear that bioavailable AgClg contributed to
the toxic effect in this test. We suppose that the precipitated
AgCl; is bioavailable because of colloidal stabilisation due to
the proteins present in the test medium. A similar behavior
was described by Loza et al. for Ag" in test media for bacteria
and cells.>
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Fig. 3 Comparison of experimental ECsq values with predicted ECsg
for NM-300K. For *Arthrobacter the prediction also considers the
colloidal species AgCls (see Fig. 4). In the case of HepG2 only the
lower limit of the ECsq could be determined experimentally (dotted
rectangular, see text).
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Fig. 5 Graphical representation of our conclusions (inspired by Loza et al.”%).

For Scenedesmus we see an exception, the predicted value
is in the twofold standard deviation of the experimental ECs,.
This underestimation cannot be explained by water chemistry
and is probably attributed to the test organisms.

4 Conclusions

Here we report for the first time the effect of test media com-
position on speciation of the OECD reference silver nano-
material NM-300K for a wide variety of media and its influ-
ence on (eco)toxicological effects. This material was used in
many studies on nanosafety due to its unique stability proper-
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ties. For this purpose we determined the silver release of this
material in toxicological test media containing different li-
gands such as chloride, amino acids and proteins. The media
were chosen to cover organisms in the aquatic and terrestrial
environments (algae, crustaceans, aquatic plants and bacte-
ria). Additionally, a cell growth medium was also part of the
study to account for direct exposure to higher organisms. The
release of Ag" was numerically predicted and validated by ex-
perimental speciation methods, in particular MF and UC.

Since the release of Ag* from AgNPs in the toxicological tests
is one important factor determining the bioavailability for the
tested organisms, release experiments were conducted in the
time frame of the tests. The results show the controlling role of
chloride and silver binding proteins in the behavior of all
AgNPs in biological media, which was reported for other AgNPs
by several groups, Liu et al. among others.”"***%> Qur conclu-
sions are graphically summarised in Fig. 5.

The presented data for NM-300K nanoparticles suggest the
important role of their coating, which causes high dispersion
stability and also high redox stability. The initial release of
Ag" is most likely due to Ag" already present in the stock dis-
persion within the coating layer on the NP surface.

Dissolved oxygen initiates only long-term release of Ag'.
Hence, the influence of redox reactions plays a minor role in the
course of short-term toxicological tests. As a realistic approach
for the prediction of Ag speciation in ecotoxicological media, it
has been proven correct to use the initial chemical conditions of
the AgNP stock dispersion determined by experimental specia-
tion as a starting point. Using this origin pattern for the specia-
tion calculations predicted correctly the experimental findings
for NM-300K by UC or MF, when not allowing for possible redox
processes in the calculations. Allowing for redox-reactions in our
speciation calculations strongly overestimated the influence of
the media components (dissolved oxygen) or the reductive com-
ponents (glucose and ammonium).

The use of both methods MF and UC for the experimental
speciation of e.g. silver proved to be complementary. This com-
plementary approach served here as an experimental starting
point to verify equilibrium data for ion binding to macromole-
cules to model the fate of nanoparticles and ions in complex me-
dia. However, in order to allow for a more reliable hazard assess-
ment and predictions of the long-term dissolution behavior of
AgNPs, additional studies are required in a several month time-
scale, especially when investigating the aging effects in the soil
like Hoppe et al.®* Comparing the toxic effects of the AgNP NM-
300K and AgNO; in the here studied test systems led to the con-
clusion that in the relatively short time frame of the tests, the ob-
served toxic effects of AgNPs were caused by a proportion of Ag”
that was already present in the stock dispersion before the be-
ginning of the tests and not from further release due to later oxi-
dation processes. In the case of bacteria Arthrobacter g. solubility
equilibrium is reached in the range of ECs, and colloidal precipi-
tates contribute to the toxic effect. This realistic approach could
prove to be a powerful tool for the evaluation of toxicity tests of
nanoparticles and for the prediction of the speciation and bio-
availability of nanoparticles in toxicological test media.

This journal is © The Royal Society of Chemistry 2017
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