Environmental
Science

Nano

Accepted Manuscript

MMMMMMMMM ‘ Jan2013 ‘ Pages 1-100

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Environmental
Science

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/es-nano


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 42

10

11

12

13

14

15
16

17

Environmental Science: Nano

Impact of chemical composition of
ecotoxicological test media on the stability and

aggregation status of silver nanoparticles

George Metreveli', Bianca Frombold', Frank Seitz*, Alexandra Griin®, Allan Philippe’, Ricki

R. Rosenfeldt’, Mirco Bundschuh’", Ralf Schulz', Werner Manz', and Gabriele E.

Schaumann*'

Group of Environmental and Soil Chemistry, Institute for Environmental Sciences,

University of Koblenz-Landau, Fortstrasse 7, D-76829 Landau, Germany

iGroup of Ecotoxicology and Environment, Institute for Environmental Sciences, University

of Koblenz-Landau, Fortstrasse 7, D-76829 Landau, Germany

YDepartment of Biology, Institute of Integrated Natural Sciences, University of Koblenz-

Landau, Universititsstrasse 1, D-56070 Koblenz, Germany

"Department of Aquatic Sciences and Assessment, Swedish University of Agricultural

Sciences, Lennart Hjelms vdg 9, SWE-75007 Uppsala, Sweden

Keywords: aggregation, attachment efficiency, critical coagulation concentration, humic

acid, bridging



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Environmental Science: Nano

Abstract

Understanding of the interplay of generally known colloidal transformations under conditions
of test media (TM) used during cultivation of organisms, biofilms and biological effect
(=ecotoxicological) studies is still limited, although this knowledge is required for an
adequate interpretation of test outcomes and for a comparison among different studies. In this
context, we investigated aggregation and dissolution dynamics of citrate stabilized silver
nanoparticles (Ag NP) by varying the composition of three TM (ASTM, SAM-5S, and R2A
used during bioassays with Daphnia magna, Gammarus fossarum, and bacteria respectively)
in the presence and absence of two types of natural organic matter (NOM), namely Suwanee
River humic acid (SRHA) and seaweed extract (SW). Each original TM induced reaction-
limited aggregation of Ag NP, and aggregation increased from R2A to SAM-5S and ASTM.
In addition to the differences in aggregation dynamics, the concentration and speciation of
Ag(]) differed between the three TM, whereby SAM-5S and ASTM are comparable with
respect to the nature of the aggregation process, but clearly differ from the R2A medium.
Furthermore, CI', mainly present in SAM-5S, induced NP stabilization. The release of silver
ions from Ag NP was controlled by the presence of NOM and organic constituents of TM,
and by interactions with CI" and Br. The degree of aggregation, formation of interparticle
cation-NOM bridges or stabilization was larger for Ca®" than for Mg*" due to the stronger
ability of Ca®" to interact with citrate or NOM compared to Mg*". These observations and the
dependence of aggregation rates on the particle concentration renders interpretation of dose-
response relationships challenging, but they may open perspectives for targeted

ecotoxicological testing by modifications of TM composition.
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Nano Impact

Ecotoxicological studies on engineered nanoparticles (NP) are conducted involving different
test media (TM), whose composition is adapted towards the needs of the respective species.
This composition significantly influences the colloidal state and properties of NP. In this
work, aggregation and dissolution dynamics of Ag NP were characterized in three different
TM by varying their composition. The dissolution of Ag NP was controlled by surface
protection by natural organic matter (NOM) and organic constituents of TM, and by
interactions with CI' and Br’. In general, reaction-limited aggregation was observed.
Aggregation depended predominantly on C212+/Mg2+ ratio, anion composition and NOM
quality. This knowledge will support the interpretation of and comparison among

ecotoxicological studies that may have been performed under differing conditions.

Introduction

Assessing the potential environmental impact of engineered nanoparticles (NP) frequently
involves the use of well-defined test media (TM), their composition has been carefully
adapted towards the specific needs of the test organisms of interest. The different ionic and
molecular backgrounds of the multitude of applied TM necessarily lead to a variety of NP
transformations based on aggregation (in order to cover strongly as well as weakly bound NP
clusters expected in TM, we use only the term “aggregation” regardless of the type of particle
clusters), coating by TM constituents and interactions with organic matter (OM). Such
transformations may affect the ecotoxicological potential of NP' and thus lead to TM-

dependent biological responses. This may — at least partly — explain discrepancies of

3



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85
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ecotoxicological effect thresholds among studies. Despite this relevance, only limited

information is available on potential NP transformations in TM up to now.

It is known that the typically high ionic strength in TM promotes aggregation of silver,””

7,10

gold,’ titanium dioxide," ™ zinc oxide,” '° and cerium dioxide'' NP. Also, general impacts of

12-16 17-20

individual TM constituents and additives (e.g., halides, multivalent cations,

21 22) on NP transformations are well-

suspended minerals,”' natural organic matter (NOM)
known from lab studies in well-defined systems. Also, some studies specifically focused on
the role of individual TM constituents or additives in complex systems: Nur et al.” observed
that titanium dioxide NP aggregated according to the classical Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory despite the complex chemical composition of the test media. The
critical coagulation concentration (CCC) of TM for titanium dioxide NP as determined by
diluting the TM, varied between 18 and 54%,° which indicates that aggregation of these NP
in the original (100%) TM is diffusion-limited. The dilution of TM in order to obtain stable
Ag NP dispersions was also applied in other studies and suggested that dilution by a factor of
10, would reduce aggregation sufficiently for the tests.”* Tejamaya et al.* reported increased
shape and dissolution changes for citrate coated Ag NP after replacement of CI” by SO, and
NO5™. Horst et al.® observed stabilizing effect of humic acid (HA) on titanium dioxide NP in
TM. Besides these findings, it is still largely unknown, which of the generally known
fundamental colloidal processes dominate NP transformation in which TM, to which extent
the NP status varies among TM, and which aggregation mechanisms are relevant under which
conditions. This knowledge is of high importance as the type of aggregation mechanism will
influence among others, how strongly the NP status is governed by NP concentration and

how the type of coating and the tendency for dissolution are expect to affect the

ecotoxicological potential of NPs.
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Environmental Science: Nano

From systems containing a lower variety of constituents than most TM, it is known that
besides the ionic strength, the type of cations and anions is important for the aggregation of
NP. Divalent cations show higher efficiency to induce aggregation than monovalent
cations.'”* Furthermore, aggregation of citrate coated Ag NP is more pronounced in the
presence of Ca®" compared to Mg®", which may be explained by the higher ability of Ca*" to
form complexes with citrate."* '® Thus, not only differences in the total concentration of
divalent cations, but also differences in the molar ratio of Ca*" and Mg*" in TM will result in
different aggregation states and, thus, different ecotoxicological responses. Furthermore, TM
composition differs with respect to presence and absence of halide ions. Chloride, for
example, may either enhance or suppress the aggregation of Ag NP. An Ag NP stabilization
by the formation of negatively charged AgCl(s) precipitates on NP surface was observed in

4,12,13

several studies, whereas Baalousha et al.' reported enhanced aggregation due to inter-

particle bridging by solid phase AgCI(s).

Even more complex is the role of organic substances in the TM. Depending on the needs of
the target organisms, TM contain various organic substances (proteins, enzymes, vitamins,
glucose and other) at variable concentrations. Their role for the NP transformation in TM still
requires investigation. Furthermore, NOM is increasingly used as NP-stabilizing additive to
traditional TM." 8 However, NOM can induce either stabilization or destabilization of NP,
depending on the solution chemistry and the type of NOM used.” Especially, the interplay

between bridging-determined aggregation, which is observed predominantly at high

14, 18, 2325 23, 26, 27

concentration of multivalent cations, and electrosteric stabilization will
depend strongly on the quality of NOM and on the concentration as well as types of
multivalent cations. As reported by Stankus et al.”* Mg®" induced the bridging-determined

aggregation to a lower extent compared to Ca>". As TM normally contain a mixture of salts
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and sometimes various NOM additives, it will be essential to understand the combined effects
of NOM and all cations as well as their individual contributions to the transformation of NP.
Special emphasis has to be put on differences between Mg®" and Ca*" and between NOM
types and their ability to interact with these multivalent cations. Moreover, the suggested

impeding impact of NOM on the Ag NP dissolution®™°

seems to be highly relevant for
ecotoxicological testing.3 ' However, up to date, no study is available in which the TM

composition was varied systematically in order to elucidate the underlying NP transformation

mechanisms and identify dominating effects.

Furthermore, the concentration of NP influences their transformations in TM. For high NP

concentrations (from 50 to 500 mg L) as used in some ecotoxicological studies,” * ' !

aggregation is significantly accelerated.>* Thus, dose-response relationships’ *> *°

may be
further distorted by NP concentration-dependent dynamics in aggregation during the tests.
Moreover, the concentration of NP available for the organisms can be changed by

sedimentation of aggregated NP. This can additionally complicate the interpretation of

ecotoxicological test results.’’

On the example of silver nanoparticles (Ag NP), which are widely used in consumer
products, the central aim of this study was to elucidate how and to which extent individual
TM constituents trigger specific NP transformations and which mechanisms are responsible
for these processes. In particular, we tested the following hypotheses: i) Aggregation of Ag
NP in TM without NOM and other organic compounds is described by classical DLVO
theory and it is predominantly determined by the concentration of Ca". ii) The presence of
halide ions or organic compounds in TM modifies the NP surface, but NP aggregation is still
dominated by the concentration of Ca®". iii) Under the conditions of different TM, NOM

generally suppresses aggregation via electrosteric stabilization and hinders Ag NP

6
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dissolution. iv) NP size does not alter the aggregation mechanism, v) For NOM that interact
strongly with Ca®", there is a threshold value of Ca®" concentration above which electrosteric

stabilization is overlaid by bridging-determined aggregation.

In order to evaluate these hypotheses, aggregation dynamics of citrate stabilized Ag NP was
investigated in three TM: ASTM, SAM-5S, and R2A used during bioassays with Daphnia
magna, Gammarus fossarum, and bacteria, respectively. In order to obtain process-based
understanding, we characterized the influence of NOM, the cations Ca’" and Mg2+, the anions
CI, Br, SO4%, and NOs™ as well as the concentration of NP on the aggregation of Ag NP by
systematic variation of the TM chemical composition. In order to understand the influence of
the particle size on the NP transformations under TM conditions, we used NP in two different
sizes (i.e., 30 nm and 100 nm). Furthermore, the release of silver from Ag NP was

investigated in the presence, as well as in the absence of NOM.

Materials and methods

Deionized water (resistivity: 18.2 MQ-cm, Direct-Q UV, Millipore) was used for sample

preparation in all experiments.
Silver Nanoparticles

Ag NP (30 nm and 100 nm) were synthesized by a citrate reduction method modified from

Turkevich et al.*®

(for details see SI). Hydrodynamic diameter of Ag NP was measured via
dynamic light scattering (DLS) at a scattering angle of 165° and zeta potential was
determined via electrophoretic light scattering technique and was calculated using the

Smoluchowski equation® (both using Delsa Nano C, Beckman Coulter). In the aggregation

experiments the zeta potential was measured 5 min after adding Ag NP to TM. Due to the
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relatively low sensitivity of the electrophoretic light scattering at reduced particle number
concentrations, which is expected in response to the aggregation over time, the zeta potential
was not measured for longer exposure durations. Nanoparticles were additionally
characterized by transmission electron microscopy (TEM; LEO 922 Omega, ZEISS) after
nebulization of the suspensions using an ultrasonic generator onto a 3 mm copper grid

covered with a combined holey and ultrathin (about 3 nm) carbon film (Ted Pella, Inc.).
Preparation of TM

ASTM medium (used during bioassays with Daphnia magna)*®*', SAM-5S medium (used
during bioassays with Gammarus fossarum)*, and R2A medium (used during cultivation of
bacteria and conducting of biofilm bioassays) were prepared as outlined in Table S1, S2 and
S3. ASTM contains vitamins, 0.107 mmol L™ CI’, and in total 1.7 mmol L™ Ca*" plus Mg™",
SAM-5S medium is free of organic compounds and contains 2.051 mmol L™ CI', 0.01 mmol
L" Br, and 1.25 mmol L Ca** plus Mg*, and R2A contains in total 0.2 mmol L™ Mg*",

various OM as well as Tween 80 (Table S4).

The TM were, if needed, amended with NOM as follows: Suwannee River HA (SRHA)
standard II from the International Humic Substance Society (preparation method for SRHA
stock solution see in supporting information SI) was used as model NOM. Additionally,
seaweed extract (SW; Marinure®) from Glenside was used in experiments with ASTM due to
its frequent use in ecotoxicological testing.’” ***** Total organic carbon (TOC) concentration
was adjusted to 9.4 mg L™ SRHA and 8.0 mg L™ SW, respectively, corresponding to total
mass concentration of 20 mg L™ for both NOM. Whereas SRHA contains carboxylic and
phenolic functional groups, SW contains polysaccharides with hydroxyl, carboxylic, and

amino functional groups,® thus the two NOM are expected to have a different affinity to
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multivalent cations. Following the categorization of NOM into NOM of aquatic origin and of
rather terrestrial origin,*® it may be postulated from their composition that SW is likely to
resemble aquatic NOM, while SRHA rather resembles NOM of terrestrial origin, the latter

due to its higher affinity to Ca*".*’

In order to measure the concentration of metals in R2A medium, potentially originating from
Na-Pyruvat, but also from other individual organic compounds, the solutions of each
individual organic compound were prepared at same concentration as used in R2A medium.
Metal concentration was measured in unfiltered and with 3 kDa membrane (Amicon Ultra-15
centrifugal filter device, Merck Millipore) filtered solutions by inductively coupled plasma

optical emission spectrometer (ICP-OES, 720, Agilent Technologies).
Ag’ Release

Due to higher specific surface and expected higher dissolution rate, Ag' release from Ag NP
was investigated in batch experiments exemplary for 30 nm Ag NP in the absence and
presence of the respective NOM. Ag NP stock dispersion, NOM stock solution and medium
were introduced into 50 mL polypropylene centrifuge tubes (VWR). Concentration of Ag NP
was set to 2 mg L', which approximates the mean value of the broad concentration range
used in ecotoxicological studies. All samples were prepared in triplicate. After shaking for 1
and 7 days using a laboratory shaker at 20 rpm (rotation angle: 180°, INTELLI-MIXER,
NeoLab), two 8.5 mL aliquots from each sample were distributed in two ultracentrifuge tubes
(polycarbonate) and centrifuged at 396000 g for 2 h (SORVALL WX 90 Ultra, Thermo
Electron Corporation). This allows separation of Ag NP (cutoff: 2 nm) from the supernatant
(SI), which contains Ag" and - if present - ultra-small Ag NP (<2 nm). This fraction is

abbreviated as Ag<nm in the following. After centrifugation, 5 mL supernatant was removed
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from each tube. Supernatants from two aliquot samples were recombined in one 15 mL
centrifuge tube (Polypropylene, VWR) to obtain a sufficient volume (10 mL) for the
subsequent analysis. Ag concentration in the supernatant was finally determined by
inductively coupled plasma mass spectrometer (ICP-MS, XSeries 2, Thermo Scientific) after
acidification with 100 pL 65% HNO; (sub-boiled). The concentration of Ag<,y in undiluted

Ag NP stock dispersion was also determined.
Model calculations for Ag(I) species

In order to be able to compare our results with information about distribution of
thermodynamically expected Ag(I) species in TM, the speciation calculation was done for
Agonm concentrations detected in Ag' release experiments with 1 d shaking duration using
Visual MINTEQ software version 3.0.” The calculations were performed based on the
assumption that the fraction Ag<,, in ultracentrifuged samples solely represents dissolved
Ag(I) species. Ag(I) speciation was calculated for a CO, equilibrium between air and aqueous

phase. The input parameters used in the model calculations are presented in Table S9.
Long Term Aggregation

Long-term aggregation was investigated for 30 nm and 100 nm Ag NP in all TM in the
absence and presence of the respective NOM. Therefore, Ag NP stock dispersion was added
to the TM directly in the size measurement cuvette (total sample volume: 3 mL; Ag NP
concentration 2 mg L™). The pH values are listed in Table S5 and were not significantly
influenced by NOM and Ag NP. Samples were manually shaken for 2-3 s. Z-average
hydrodynamic diameter was measured for first 60 min every 42 s as well as after 1 d and 7 d
covering the typical duration of some toxicity tests, for example, those performed with
Gammarus fossarum.*"** As a control, particle size of Ag NP was measured in deionized

10
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water at the same particle concentration over the same test duration. All experiments were

performed in duplicates.
Early Stage Aggregation Kinetics

Early stage aggregation kinetics were investigated for 30 nm Ag NP (concentration 2 mg L™)
in the absence and presence of NOM in all TM, but varying Ca** (as CaSOy) or Mg2+ (as
MgSO,) concentration (0.1-12 mmol L'l). For this, stock solutions of salts and organic
compounds (Table S6, S7 and S8) were prepared. The previously calculated volume of
deionized water and stock solutions was added directly into the size measurement cuvette.
The samples prepared for Ca®" and Mg®" addition did not contain Mg®" and Ca®*" ions
respectively. Furthermore, ionic strength-dependent aggregation kinetics of Ag NP were
investigated in mixtures of Ca®" and Mg®" at the Ca®"/Mg*" molar ratios 0.7/1 and 1/0.25 as
used in ASTM and SAM-5S respectively. DLS measurements were conducted for the first 10
min every 30 s, starting 30 s after addition of Ag NP. Resulting pH values are shown in Table

S5. All experiments were duplicated.

In order to elucidate the influence of vitamins on the aggregation of Ag NP in TM, early
stage aggregation experiments were performed for 30 nm Ag NP in the absence and presence
of CaSO, (0.7 mmol L") in modified ASTM medium, which contained vitamins at different
concentrations (B: 0.075, 0.5, 5 mg L'l; B5: 0.00075, 0.005, 0.05 mg L'l; B,: 0.001, 0.01,
0.1 mg L™";). To exclude the influence of Mg®" on the aggregation, the modified ASTM
medium did not contain Mg*" ions. To investigate the role of inorganic anions in the
aggregation of Ag NP, early stage aggregation experiments were done for 30 nm Ag NP in
deionized water and modified ASTM medium in the absence and presence of CaSO4

(manufacturer and purity see in Table S1) CaCl, (manufacturer and purity see in Table S2),

11
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Ca(NO3), (Ca(NOs3),-4H,0, > 99%, p.a., Carl Roth), or CaBr, (99.5%, Alfa Aesar) at the
same Ca®" concentration (0.7 mmol L'l). The modified ASTM medium did not contain Mg2+
ions and vitamins to exclude their influence on the aggregation. In order to test the influence
of monovalent cations on the aggregation of Ag NP in R2A medium, early stage aggregation
experiments were performed in deionized water at the same divalent cation concentration as
detected in R2A medium (0.03 mmol L' Ca®" as Ca(NOs3),, Table S12) and at different
NaNOs; (= 99%, p.a., Carl Roth) concentrations (0 - 60 mmol L™). In order to elucidate the
role of individual organic constituents of R2A on the aggregation of Ag NP (30 nm), early
stage aggregation experiments were done in Mg®-free R2A medium in the absence and
presence of individual organic constituents and their mixtures at the same concentrations as
present in medium. In addition, the influence of NP concentration on the aggregation pattern
was investigated exemplarily in the NOM-free ASTM medium for particle concentration
ranges of 0.1-10 mg L™ (30 nm NP) and 1-10 mg L™ (100 nm NP) as well as in Mg -free

R2A medium for particle concentration range of 0.5-10 mg L' (30 nm NP).
Evaluation of Aggregation Kinetics

The aggregation rate constant, k, is proportional to the initial change in the hydrodynamic

diameter of the nanoparticles, Dyp, with time and inversely proportional to the initial particle

concentration N, in the early aggregation stage:'”'*

OCL d Dy, (1)
). »

(dDnp(2)/dt),—o was determined by linear regression”’ 18 for the first 180 s.

12
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The attachment efficiency, o, was calculated by normalizing the aggregation rate constant of

interest to the aggregation rate constant obtained for the diffusion limited aggregation regime

(kfasz):”’ 18
1 (dDNpmj
a_L_ k _ NO dt t—>0 (2)
W kg 1 (dDNP(t)) ’
(NO )fast dt t—0, fast

W is the stability ratio and kg, is independent of the electrolyte concentration.!” '* The value
of ks was obtained as a mean value of the aggregation rate constants at cation concentrations
where no significant concentration dependency of aggregation rate constants was observed

any more. Thus, for nanoparticles aggregating due to classical DLVO interactions " °'

(e.g.,
in the absence of NOM) a will increase from zero to one. @ < 1 indicates reaction-limited
aggregation, while a = 1 indicates diffusion-limitation. a in the presence of NOM was
calculated by normalizing k in the presence of NOM to ky, in the absence of NOM. a > 1
indicates additional aggregation mechanisms (e.g., interparticle bridging).”> The CCC was

determined from the intersection of linear fitting functions of a under reaction and diffusion

limited regimes in double-logarithmic scale.”

Results and discussion

Ag NP Characteristics

Ag NP were predominantly spherical; 20% (30 nm Ag NP) and 7% (100 nm Ag NP) was
present as rods and triangles (Figure S1). DLS indicated a z-average hydrodynamic diameter
of 31.2 £ 1.2 nm and 107.3 £ 1.9 nm and a polydispersity index of 0.37 + 0.03 and 0.18 +

0.03 (mean + standard deviation, n = 3) for the 30 nm and 100 nm Ag NP, respectively. Since

13
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the number weighting shifts much stronger the particle size distribution to the small particle
sizes than volume weighting,” the volume weighted median particle diameter was calculated
from TEM data in order to validate DLS results. The volume weighted median particle
diameter obtained from TEM images under the assumption that all particles are spherical was
67 nm (30 nm Ag NP) and 95 nm (100 nm Ag NP). The differences of size obtained by DLS
and TEM especially for 30 nm Ag NP is due to size and shape polydispersity which may
have induced a systematic error in the determination of the average hydrodynamic diameter
by DLS.”* >* Also the presence of non-spherically-shaped NPs as observed by TEM may
have introduced some uncertainties during the data evaluation due to assumption of spherical
shape for all particles. More detailed information on the particle size distribution of 30 nm Ag
NP can be found in Metreveli et al..”> The Ag NP revealed zeta potentials of -59.4 £ 1.6 mV
and -58.9 + 0.5 mV (mean + standard deviation, n = 3) for 30 nm and 100 nm Ag NP,
respectively. The highly negative zeta potential underlines the high stability (>1 year) of both

Ag NP dispersions.
Ag’ Release

In all experiments, the concentration of Ag<,m was higher than the initial Ag<mm
concentration (1.1 + 0.5 pug L™; Figure 1) and differed among the TM, which suggests
significant and TM-dependent dissolution of Ag NP. In the absence of NOM, 5.2%, 0.5% and
0.1% of the initially spiked 2 mg L™ total silver was released in ASTM, SAM-5S and R2A,
respectively, resulting in Agyn, concentrations after one day from 3.9 + 2.2 pg L (R2A) to
105.6 = 0.4 g L' (ASTM). One possible explanation for the differences among TM might
be their substantial difference in terms of CI” concentration (107 pmol L™ in ASTM, 2051
pmol L™ in SAM-5S and 0 pmol L™ in R2A). Furthermore, SAM-5S contains Br” (10 pmol

L"), which is not present in ASTM and R2A medium and undergoes even stronger

14

Page 14 of 42



Page 15 of 42

312

313

314
315
316
317
318
319
320
321
322
323
324
325
326
327

328

329
330
331
332
333
334

335

Environmental Science: Nano

interactions with Ag(I), such that an impact of Br” even at this low concentration cannot be

excluded.

As reported in the literature, the dissolution and ecotoxicological impact of Ag NP is strongly
affected by the CI” concentration.'” '® Furthermore, the different conditions in the TM will
lead to TM-dependent Ag speciation and therefore to potentially different impacts on the Ag
NP status. Model calculations for equilibrium speciation of Ag(I) showed that for the Ag<ynm
concentrations determined after one day in supernatant, the solution was undersaturated
regarding solid phase silver chloride AgCI(s) and silver bromide AgBr(s) (Table S10). While
in ASTM and R2A most of Ag was present as Ag', aqueous silver chloride AgCl(aq)
dominated in SAM-5S due to highest CI" concentration. The Ag<,m concentrations measured
after one day in supernatant of ASTM (105.6 + 0.4 ug L) and SAM-5S (11.2+ 0.5 pg L™)
were close to saturation concentrations calculated for ASTM (169 g L' ) regarding AgCI(s)
and for SAM-5S (21 pg L) regarding AgBr(s) (Table S11). This indicates that during
dissolution of Ag NP a part of released Ag' is likely transferred to AgCl(s) or AgBr(s)
leading to the lower dissolved Ag concentration in SAM-5S compared to ASTM due to the
lower solubility constant for AgBr(s).>> 3% In addition, the formation of surface precipitates of

AgCl(s) and AgBr(s) as discussed below can hinder further dissolution of Ag NP.

The low release of silver in the R2A medium, in turn, is likely explainable due to proteins or
protein fragments present in the medium, which can form protein corona on the Ag-NP

surface”” *

and hamper the diffusion and adsorption of oxidants as observed for citrate
coated Ag NP in the presence of bovine serum albumin (BSA)” and luciferase.’’
Furthermore, the removal of potentially formed Ag'-protein complexes by centrifugation,

which cannot be fully excluded under the used centrifugation conditions, can result in

underestimation of Ag’ release. Interestingly, after 7 d exposure time, the concentration of

15
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Ageornm decreased in ASTM (24.9 + 2.2 ug L) and SAM-5S (7.1 + 2.4 ug L), but not in
R2A. This effect may be explained by the interplay of several processes like dissolution of
initial silver oxide layer, oxidation of Ag NP surface, precipitation of AgCl(s), and re-
sorption of released Ag" onto NP surfaces. After complete dissolution of initial Ag,O layer,
the dissolution rate of Ag NP can be decreased since further dissolution is likely controlled
by oxidation reaction of Ag NP surface.'® The simultaneous formation of AgCl(s) precipitates
can lead to decreasing concentration of Ag<y,n, in the solution. Furthermore, the re-sorption of

released Ag™ onto NP surface cannot be excluded,™

which can be mediated by
complexation sites provided by the free terminal carboxylate group of the citrate coating.®’ In
contrast to ASTM and SAM-5S, no decrease in the concentration of Ag<,, was observed in

R2A after 7 d, which can be attributed to the absence of halide ions or to the above-

mentioned protecting effect of sorbed proteins and their fragments.

=}
=3
S

1000 1000

) ASTM without NOM ) SAM-5S without NOM ) R2A without NOM
(a) = ASTM with SRHA (b) = SAM.5S with SRHA = R2A with SRHA
a = ASTM with SW -~ initial Agenm, -~ initial Ag<zum

=}
S

-~ initial Agnm 100 100
ab

Ad<z,m CONcentration (ug L)
3

o

1d 7d 1d 7d 1d 7d

Figure 1. Release of Agoy, from 30 nm Ag NP (2 mg L’l) in ASTM (a), SAM-5S (b), and R2A (c¢) medium
with and without NOM for 1 d and 7 d exposure time. The error bars represent the minimal and maximal values
of three replicates. The bold dashed lines correspond to mean initial concentration of Ag.,, from three
replicates. The fine dash-dot lines correspond to the minimal and maximal values of initial concentration of
Agonm from three replicates. Different letters denote statistically significant differences (p < 0.05, #-test). The

data points with the same letters are not statistically different.

The presence of NOM decreased Ag<ynm concentration in ASTM and SAM-5S. The decrease
in ASTM was stronger for SW than for SRHA. The observed effect of NOM agrees well with

the previously reported decrease in Ag’ release with increasing concentration of HA and
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fulvic acid (FA).28 This effect can be explained by physical protection of the Ag NP surface
by adsorbed NOM?* ?° or by reduction of Ag" by NOM® ® and suggests a stronger
protection by SW than SRHA. Stronger protection effect of SW may be explained by higher
sorption of more hydrophilic64 SW on hydrophilic Ag NP surface compared to SRHA. In
contrast, SRHA increased the Ag<n,, concentration in the R2A TM, which either suggests a
weaker protection by NOM in this medium or a meaningfully larger active Ag NP surface®
than in the other media. The latter is supported by the smallest Ag NP sizes and complete
stabilization found in R2A relative to ASTM and SAM-5S (Figure 2). Thus, dissolution of
Ag NP in TM seems to be controlled by the interplay of protecting mechanisms reducing the
reactivity of the Ag NP surface and stabilizing effects of NOM increasing the specific surface
area of the Ag NP. The higher release of silver from Ag NP in all media by a factor of up to
2-100 compared to the original NP dispersions (Figure 1) underlines the relevance of this
process during ecotoxicological tests, especially in the light of the substantial toxicity
induced by Ag"®’ The interplay between protecting and dissolution-supporting effects of
organic constituents of the TM as well as NOM additives needs, however, more attention to

uncover the underlying chemical processes and mechanisms.
Long Term (<7 d) Aggregation of Ag NP

In the absence of NOM, aggregation was observed in all TM, but not in deionized water
(Figure 2 and Figure S2). Generally, aggregation rates of the 100 nm Ag NP were lower than
those for 30 nm Ag NP. This difference may result from the lower initial particle number
concentration and lower collision probability of 100 nm Ag NP compared to 30 nm Ag NP,
but also differences in specific surfaces and thus NP reactivity towards aggregation cannot be
excluded. This will be discussed on the basis of quantitative assessment of aggregation rates

in the next chapter.
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In the absence of NOM, Ag NP aggregation increased in the order: R2ZA < SAM-5S < ASTM
during the first day, whereas after seven days, Ag NP in SAM-5S showed a slightly higher
hydrodynamic diameter than in ASTM. Nonetheless, these differences should be interpreted
with care, since DLS analyses are biased in the presence of large aggregates. In ASTM and
SAM-5S, the hydrodynamic diameter of both Ag NP increased within the first day to 686-
1025 nm and 460-1089 nm, respectively. In R2A the 30 nm NP aggregated only within the
first minutes to 65 nm and then remained nearly constant, whereas the aggregation of 100 nm
Ag NP was much slower and aggregate size increased slightly up to 185 nm within one day
of exposure time (Figure 2e and 2f, Figure S2e and S2f). This effect can be explained again
by the lower initial particle number concentration and lower collision probability of 100 nm

Ag NP compared to 30 nm Ag NP.
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Figure 2. Mean hydrodynamic diameter of 30 nm (a), (¢), (¢) and 100 nm (b), (d), (f) Ag NP in ASTM (a), (b),

SAM-5S (c), (d), and R2A (e), (f) medium as a function of exposure time and mean zeta potential of 30 nm (g)

and 100 nm (h) Ag NP in deionized water (DW), ASTM, SAM-5S, and R2A medium in the absence, as well as
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in the presence of NOM. Please consider the different y scales of Figures a, c, e with respect to b, d, f. Zeta
potential was measured 5 min after adding Ag NP to TM. The error bars represent minimal and maximal values
of two replicates. Different letters denote statistically significant differences (p < 0.05, #-test). The data points

with the same letters are not statistically different.

Aggregation of Ag NP was consistent with the colloidal stability that can be expected from
the zeta potential, which was most negative in the R2A medium although its absolute value
was substantially reduced in all TM compared to deionized water (Figure 2g and 2h). The
latter is a direct consequence of electrical double layer compression at high ionic strength (>
5mmol L™).°*>! Considering the respective ionic backgrounds in the different TM (Table S4)
and the stability tendencies (Figure 2), it is clear that additional processes are involved in the
stabilization of Ag NP. The medium R2A, which generated the most stable suspensions,
contains among others the surfactant Tween-80. Tween-80 is known to readily adsorb onto
the NP surface and stabilize NP — a process potentially of high relevance for the present
study. Furthermore, the stabilizing effect of the proteins® which are also present in the R2A

medium, cannot be excluded.

NOM generally increased stability of Ag NP in all TM and at all points of time except for
SRHA in ASTM in combination with 100 nm Ag NP after 7 days (Figure 2, Figure S2).
These observations support the general expectation of electrosteric NP stabilization by
NOM.*** For exposure times exceeding one day SW served more efficiently as stabilizing
agent relative to SRHA (Figure 2a and 2b), while for shorter exposure times, the stabilization
by SRHA was slightly stronger or similar to SW. This could be explained by different
adsorption kinetics of SRHA and SW to Ag NP or different aggregation mechanisms, which
are further outlined below. However, neither SRHA nor SW completely prevented the Ag NP
in ASTM and SAM-5S from aggregation as the hydrodynamic diameter continuously

increased during the seven days (Figure 2c and 2d). In contrast to this, the addition of SRHA
20
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to R2A even completely prevented aggregation after one minute (Figure 2e and 2f, Figure

S2e and S2f) likely due to overlay of stabilizing effects of SRHA and surfactant Tween-80.

Another interesting finding is that the zeta potential became slightly more negative after
addition of NOM in ASTM and R2A, but not in SAM-5S (Figure 2g and 2h). Although
small, the differences range between 3-5 mV and are statistically significant. It can, thus, not
be excluded that these differences reflect changes in NP surface charge. Thus, NOM alone
was not able to modify the zeta potential in the presence of inorganic constituents (SAM-5S),
but it may have been able to increase its absolute value in the presence of additional organic
compounds (R2A and ASTM). Although the final explanation requires more detailed
investigations, the results suggest an interplay between NOM and further organic compounds
present in ASTM and R2A or solid phase AgCI(s) precipitates, which were most likely

present on the surface of Ag NP in SAM-5S (see also discussion below).

If verified by further experiments, these findings demonstrate how the interplay between
organic compounds and cations and its time dependence can affect dynamics in Ag NP
stability. Therefore, using Ag NP pre-aged in TM likely results in different ecotoxicological
effects relative to those used immediately after preparation, which was demonstrated for

titanium dioxide NP in ASTM medium.'
Early Stage Aggregation Kinetics of Ag NP

The influence of particle number concentration on the initial aggregation rates of 30 nm and
100 nm Ag NP in ASTM is presented in Figure 3 on the basis of original aggregation data
shown in Figure S3. The initial aggregation rates increased with increasing particle number
concentration from 2.3 nm min™ (100 nm Ag NP) to 38 nm min™' (30 nm Ag NP), and within
the limits of data scattering, this dependence can be described with one linear function,
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suggesting comparable aggregation mechanisms for both particle sizes. Thus, no significant
impacts of additional effects, such as specific surface or surface reactivity of the NP, are
evident from our data. The lower initial aggregation rates of 100 nm NP compared to 30 nm
NP can, thus, be explained by the lower particle number concentration and thus the lower
collision probability. The linear relationship between initial aggregation rate and particle
concentration is also in a good agreement with the classical DLVO theory. A similar linear
increase of the initial aggregation rate with increasing particle number concentration was also

observed for 30 nm Ag NP in Mg*'-free R2A medium (Figure S4).

50

030 nm Ag NP
40 A100 nm Ag NP
— linear fit

30

20
P <0.0001
10

initial aggregation rate (nm min")

0 1 2 3 4 5 6 7
Ag NP number concentration (10'° particle mL-")

Figure 3. Mean initial aggregation rate of 30 nm and 100 nm Ag NP in ASTM medium as a function of particle
number concentration. Mean values and standard deviations (error bars) were calculated from initial aggregation
rates determined for the first 4, 5, and 6 min. Particle number concentration was calculated by the assumption
that all particles are spherical and have the same particle diameter. Solid line represents the linear fit of

combined experimental data for 30 nm and 100 nm Ag NP.

Attachment efficiency profiles obtained for the 30 nm Ag NP in the absence of NOM (Figure
4) showed two aggregation regimes (i.e., reaction and diffusion limited) and are in
compliance with published literature.'” '® The CCC values ranged from 1.6 £ 0.1 mmol L'
(Ca2+ in ASTM) to 2.3 £ 0.1 mmol L' (Mg2+ in SAM-5S) and were by a factor of up to 1.2
higher for Mg®" than for Ca>" and by a factor of 1.2-1.4 higher for SAM-5S than for ASTM

(Table 1).
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The slightly lower CCC and consequently, the higher efficiency of Ca** than Mg*" to induce

aggregation agrees well with the literature

14, 18

and can be explained by stability constants of

citrate complexes formed on the surface of the citrate stabilized Ag NP, which are higher

with calcium (logK = 8.02 for CaHC¢H507, logK = 3.5 for CaC¢Hs07") than with magnesium

(log K =17.66 for MgHC¢Hs07, logK = 3.38 for MgC6H5O7').66
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Figure 4. Mean attachment efficiency profiles of 30 nm Ag NP in cation-modified ASTM (a), (¢), (¢) and SAM-

5S (b), (d), (f) medium in the absence, as well as in the presence of NOM for Ca*" (a), (b), Mg®" (c), (d), and for
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mixture of both, Ca®" and Mg”" cations (e), (f). The samples prepared for Ca®” and Mg®" addition did not contain
Mg and Ca®" respectively. Molar ratio of Ca®" and Mg*" was 0.7/1 for ASTM and 1/0.25 for SAM-5S medium.
Me®" concentration corresponds to the sum of Ca*" and Mg*" concentrations in the mixture. The grey vertical
line shows the sum of Ca*” and Mg”" concentrations in the respective original medium. Horizontal dashed lines
show the attachment efficiency values of 0 and 1. The values of a > 1 indicate aggregation mechanisms not
considered by the classical DLVO theory (e.g., interparticle bridging by cation-NOM complexes). The error

bars represent the minimal and maximal values of two replicates.

On the other hand, the clearly higher CCC of Ca*" and Mg®" for SAM-5S than for ASTM
despite comparable pH and divalent cation concentrations, indicate that in SAM-5S
additional stabilization mechanisms are effective. Different concentrations of monovalent
cations in the media cannot explain the differences in Ag NP stability since reported CCC of

monovalent cations for citrate stabilized Ag NP (48-122 mmol L4 1867

are much higher
than their concentration in the medium (2.43 mmol L™ in ASTM and 1.06 mmol L in SAM-
5S, Table S4). Therefore, other TM constituents, namely vitamins (present in ASTM) or
halide ions (present in higher concentration in SAM-5S than in ASTM), are suspected to

influence Ag NP stability.

Biotin (vitamin B;), present in ASTM, for example, was found to form polymeric complexes
through binding of Ag” to thioether and carbamide groups at concentrations of 2-25 mg L™.>>
36 Although biotin concentration in ASTM is much lower than these values, it cannot be
excluded that such polymeric complexes are also formed on the Ag NP surface and support
particle aggregation in ASTM. In order to test this hypothesis, we measured the initial
aggregation rates of 30 nm Ag NP in modified ASTM medium in the absence and presence of
Ca*’ (0.7 mmol L'l) as well as in the absence and presence of vitamins (B, B7 and By,) at
different concentrations. The initial aggregation rate (ca. 2 nm min™") determined in the
absence of vitamins did not change significantly in their presence even at 67 - 100 fold higher
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vitamin concentrations than present in typical ASTM medium (Figure S5). This indicates that

the vitamins used in ASTM medium do not influence the aggregation of Ag NP.

The concentration of Cl" in SAM-5S medium is approximately 20 fold higher than in ASTM
medium. Furthermore, SAM-5S medium contains Br™ ions, which are not present in ASTM
medium. In order to evaluate the role of inorganic anions in the aggregation of Ag NP, we
performed early stage aggregation experiments for 30 nm Ag NP in deionized water as well
as in modified ASTM medium in the absence and presence of CaSQ,, CaCl,, Ca(NOs),, or
CaBr, at the same Ca®" concentration (0.7 mmol L™). In deionized water as well as in
modified ASTM medium no aggregation occurred in the presence of Cl” or Br™ (Figure 5a). In
contrast to this, aggregation was observed in the presence of SO4* or NO; at the same Ca®"
concentration (Figure 5a). Our results are finally in a good agreement with El Badawy et al.'?,
who reported much higher hydrodynamic diameter (determined by DLS) of Ag NP in the
presence of 10 mmol L' NaNOjs than in the presence of same amount of NaCl. In the
solutions containing NaCl, no aggregation was observed even at low pH value (pH 3). El
Badawy et al."? explained this effect by the high negative charge of AgCl(s) surface
precipitates. The formation of solid phase AgCl(s) or AgBr(s) in our dispersions was
confirmed by model calculations for the ASTM medium when modifying the anion
composition by substitution of the CaSO, by CaCl, or CaBr; at equivalent Ca®>" concentration
(0.7 mmol L™"). The results of these calculations showed that 62.2% and 97.6% of the
released silver was present as solid phase AgCl(s) and AgBr(s) respectively (Table S10).
However, solid AgCl(s) precipitates or the presence of AgCI(s) colloids cannot easily explain
a higher stability of Ag NP in the TM. On the other side, zeta potentials of Ag NP measured
in ASTM medium modified with CaCl, or CaBr, were slightly more negative than in ASTM

medium with Ca(NOs), (Figure 5b). Although these differences range only between 3 and 6
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mV, they are statistically significant and they could support the idea that negatively charged
surface precipitates of AgCl(s) or AgBr(s) may have stabilized nanoparticles in SAM-5S
medium. Furthermore, the stabilization of nanoparticles by adsorption of CI” or Br™ cannot be
excluded. The idea that halide ions stabilize the Ag NP in the TM is further supported by the

observation that the CCC for citrate coated Ag NP determined by Li et al."

was higher for
NaCl (40 mmol L'l) than for NaNOj3 (30 mmol L'l). Furthermore, Tejamaya et al.! reported a
reduction of absorbance and appearance of a shoulder at higher wavelengths in surface
plasmon resonance spectra for citrate coated Ag NP after substitution of CI" by SO4> or NO3”
in 10 fold diluted OECD test medium indicating similar to our results an increasing
aggregation in the presence of SO, and NOs". Partly opposite effects were reported in
another study: Baalousha et al."* determined smaller CCC for citrate coated Ag NP in NaCl
than in Na,SO4 and NaNOs electrolyte by UV-Vis measurements and explained this effect by
increasing aggregation due to the possible bridging mechanisms by solid phase AgCI(s). In
the presence of divalent cations (i.e., Ca*" and Mg®") the influence of anions was less distinct,
especially for the experiments using UV-Vis method for the detection of the CCC of Ca*" and
Mg2+. The CCC determined by DLS was slightly higher for CaCl, than for CaSO,s and
Ca(NOs), which is in compliance with the above discussed results. Most likely, whether or
not the presence of CI” or Br stabilizes the Ag NP depends on the concentrations of these
anions and dissolution degree of Ag NP. In order to clarify to which extent the aggregation

state of Ag NP depends on the concentrations of CI, Br, and released Ag’, further detailed

investigations are needed.

Table 1. Mean CCC (in mmol L") of 30 nm Ag NP in ASTM, SAM-5S, and R2A medium in the absence, as

well as in the presence of NOM for Ca*", Mg®* and for mixture of both, Ca*" and Mg*".

ASTM SAM-58 R2A
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Ca”" (without NOM) 1.6+0.1 22+0.1 nd.”
Ca’" (with SRHA) 6.3+1.4° 42+0.1° nd.”
Ca*" (with SW) 3.5+0.1 n.d.’ nd.”
Mg*" (without NOM) 1.9+0.1 23+0.1 1.7+0.2
Mg*" (with SRHA) 34+0.1 29+0.1 3.6+0.1
Mg (with SW) 2.0+0.1 nd.” nd.”
Ca®" + Mg*" (without NOM) 2.0+0.1 24+0.1 nd.”

“ This concentration does not represent classical CCC, but marks the cation concentration at which o becomes
larger than 1, indicating the concentration range where non-classical DLVO interaction mechanisms like

aggregation by bridging become more important. ” n.d.: not determined.

calcium  calcium  calcium  calcium
calc1um sulfate chloride nitrate bromide
6 0 —
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calcium sulfate chloride nitrate bromide

Figure 5. Mean initial aggregation rates (a) and mean zeta potentials (b) of 30 nm Ag NP in deionized water and
modified ASTM medium in the absence and presence of CaSQ,4, CaCl,, Ca(NOs),, or CaBr, at the same ca*
concentration (0.7 mmol L'l). The modified ASTM medium did not contain Mgz+ and vitamins. The horizontal
dashed line shows the initial aggregation rate when no aggregation occurs. The error bars represent the standard
deviations from three replicates. Different letters denote statistically significant differences (p < 0.05, t-test)
between the data points for deionized water (upper-case letters) and modified ASTM medium (lower-case

letters). The data points with the same letters are not statistically different.

Despite the high long-term stability of Ag NP in R2A (Figure 2), which is most probably due

to the presence of surfactants, it is important to mention that CCC of Mg*"

(1.7+ 0.2 mmol L") in R2A was even lower than in ASTM and SAM-5S in the absence of
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NOM (Table 1), Furthermore, even in the absence of Mg2+, attachment efficiency, a (0.15)
was clearly above zero (Figure 6), whereas aggregation of Ag NP in ASTM and SAM-5S
medium required Ca®" or Mg”" concentrations above 0.5-0.9 mmol L™ (Figure 4). One reason
for these unexpected findings may be that the organic constituents of the R2A medium
contain significant amounts of cations, which had not yet been considered. The total
concentration of divalent (Ca2+ and Mg2+) and monovalent (Na" and K') cations originated
from the organic compounds of the R2A medium was 0.03 and 6.7 mmol L™, respectively
(Table S12). Considering that K" (3.5 mmol LY originated from K,;HPO,, the total
monovalent cation concentration in Mg**-free R2A medium was approximately 10 mmol L™
Additional experiments showed that aggregation of Ag NP in deionized water in the presence
of 0.03 mmol L™ Ca®" started at a Na" concentration of approximately 30 mmol L™ (Figure
S6). Therefore, monovalent and divalent cations available in Mg**-free R2A medium alone
cannot explain the increase in hydrodynamic diameter of Ag NP. Most likely, this effect is
induced by organic compounds present in R2A (amino acids, proteins and protein fragments;
Table S4) despite the high stabilization efficiency of Tween 80. Additional aggregation
experiments showed that in the absence of MgSO, the single organic constituents of R2A
medium alone did not induce aggregation of Ag NP (30 nm). Only the mixtures of individual
organic compounds were able to initialize aggregation (Figure S7). Most effective was the
mixture of casein and yeast extract, which contain amino acids, proteins and protein
fragments. Proteins adsorbing to Ag NP*" > % can form a multilayer protein corona on NP

57, 58
surfaces,””

which could also explain the fast initial increase in hydrodynamic diameter to
65 nm (Figure 2) instead of aggregation. However, additional aggregation experiments in
Mg”*"-free R2A at different Ag NP (30 nm) concentration showed that particle size remained

constant within 10 min, but it increased with increasing NP concentration (Figure S4), such

that even the initial increase in hydrodynamic diameter must be at least partly due to
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aggregation, which is in contrast to the assumption of the sole relevance of the protein
corona. Which mechanisms induce the initial aggregation and whether or not the protein
corona is also effective (or becomes effective only slowly, preventing further aggregation
after some minutes), should be investigated in further detail by assessing the development

and architecture of OM coatings in media with complex composition.
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Figure 6. Mean attachment efficiency profiles of 30 nm Ag NP in cation modified R2A medium as a function of
Mg** concentration. The grey vertical line shows the Mg®" concentration in the original R2A medium.
Horizontal dashed lines show the attachment efficiency values of 0 and 1. The error bars represent the minimal

and maximal values of two replicates.

The attachment efficiency profiles for Me*" used as Ca®’-Mg*" combinations at Ca*"/Mg*"
ratio of the respective media (Figure 4e and 4f) indicated lower CCC of Me*" in ASTM (2.0
+ 0.1 mmol L") than in SAM-5S (2.4 + 0.1 mmol L™). Thus, the media would have to be
concentrated with respect to Me>" concentration by a factor of only 1.2 for ASTM, but of 2.0

for SAM-5S in order to reach the diffusion limited regime.

This is in line with the findings for single cations. The total concentrations of divalent cations
(Ca®" + Mg*" in ASTM and SAM-5S and Mg*" in R2A) in all original TM (grey vertical lines
in Figure 4e and 4f and Figure 6) lie in the reaction-limited regime, which predicts the

formation of reaction-limited aggregates (RLA) in the original TM. It is important to note
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that the Me”" concentration in ASTM, but not in SAM-5S, is already close to the CCC, such
that an overlay between diffusion and reaction control cannot be excluded in ASTM. In
contrast to our observation for Ag NP, the results of Nur et al.” suggest diffusion limited
aggregation for titanium dioxide NP in several original TM. RLA are usually more compact
and stable compared to the diffusion-limited aggregates (DLA).* The difference in
aggregation regime between Ag NP and titanium dioxide NP, thus suggests that organisms
are confronted with different types of aggregates in the same test medium, depending on the

type of NP used.

Addition of NOM reduced a at the cation concentrations below respective CCC in all TM
(Figure 4) confirming the generally assumed stabilizing effect of NOM, which was stronger
in the presence of Ca’" than in the presence of Mg”" (Table 1). This is in contrast to the
strong destabilizing effect of Ca’" on Ag NP in the absence of NOM. Moreover, the
stabilizing effect of SRHA in the presence of Ca®* was dramatically stronger than that of SW,
and the differences between Ca”" and Mg”" in the presence of NOM were lower for SW than
for SRHA (Table 1 and Figure 4). This can be a result of stronger interaction between SRHA
and Ca”" than between SRHA and Mg2+, assuming that the multivalent cations act as bridging
agent between Ag NP and NOM coating. This is in line with the observation that in Ca®'-
dominated systems, where the degree of SRHA-Me®" interactions is higher compared to

Mg "-dominated systems.**

In contrast to this, SRHA, but not SW, resulted in o > 1 at Ca®" concentrations above 6.3 +
1.4 mmol L™ for ASTM and above 4.2 + 0.1 mmol L for SAM-5S. Furthermore, o further
increased with increasing Ca®* concentration up to 2.2 + 0.5 and 3.7 + 0.1 mmol L' in ASTM
and SAM-5S, respectively. Also high Mg®" concentrations resulted in increased o (1.4), but

to a much lower extent than for Ca®*. Such accelerated aggregation by SRHA in the presence
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of Ca®" in high concentrations is in line with observations for Ag NP'*'® and Au NP** in the
presence of FA or HA and has been explained by bridging of NP via Ca’-NOM complexes.
The formation of NP aggregates by cation-NOM bridges is not consistent with classical
DLVO theory. Stankus et al.** reported that Mg*" can enhance NP aggregation in the
presence of SRHA (5 mg L™ TOC), but to a lower extent than Ca®". The difference between
Ca®" and Mg2+ was explained by the larger hydration radius of Mg2+ compared to Ca™,
leading to a lower tendency of Mg”" to form inner sphere complexes with the NOM.** The
fact that no effect was observed for Mg*" in the work of Chen and Elimelech® is most likely
a result of significantly lower HA concentration (1 mg L™ TOC) used in their work relative to
the present study (9.4 mg L' TOC). This demonstrates that, besides the concentration of
divalent cations, the NOM concentration is a key parameter influencing bridging-determined

aggregation.

The lack of aggregation enhancement by SW even in the presence of Ca*" suggests that the
SW constituents tend to undergo insignificant bridging with Ca*" and Mg®", which is most
probably due to differences in molecular weight, multi-functionality and affinity of functional
groups towards Ca®" and Mg2+. While SW contains large fraction of polysaccharides,
phenolic and carboxylic functional groups are relevant in SRHA, suggesting that coordinative
Me**-NOM interactions are more relevant in SRHA than in SW. In the presence of NOM
aggregation enhancement was also not observed in R2A medium, which underlines the
reported strong stabilizing efficiency of Tween 80.°° Furthermore, other organic constituents
(proteins and protein fragments) of R2A may modified the Ag NP surface and by this

reduced the probability to form the Me*"-NOM bridges between NP.

Consequences for aggregation dynamics in test media
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Summarizing the findings of this study, TM-specific changes in Ag NP aging and
aggregation state as well as in the concentration and speciation of Ag(l) are suggested (Table
2). Regarding the nature of the aggregation process, both SAM-5S and ASTM seem to be
similar, but differ in the expression of qualitative characteristics of NOM coating and
aggregate size. In contrast, the R2A results in clearly smaller aggregates and Ag’
concentrations than the other two TM. Thus, although the characteristics of the Ag NP in
R2A are not fully resolved, it seems unquestionable that they differ from those in the other
two TM. Generally, under conditions of the investigated TM, the aggregation state of the Ag
NP is determined by the Ca®*"/Mg*" ratio and concentration of halide ions in the TM (Table

2).

In all TM, reaction-limited aggregates are expected, with the consequence that their
morphology and stability is sensitive to the TM composition and NP concentration. These
aggregates are very small in R2A medium, such that their properties will differ strongly from
those of ASTM and SAM-5S. Aggregate types and dynamics are expected comparable
between ASTM and SAM-5S medium, but zeta potential, aggregate sizes and NP reaction on
the addition of different types of NOM and on the changes in concentration and composition
of multivalent cations differs between these two media. Furthermore, the Me®" concentration
in ASTM is close to its CCC, suggesting starting relevance of diffusion-limitation for
aggregation. These differences are mostly due to different initial molar ratios of Ca®>"/Mg*"
between the two media and the presence or absence of halide ions. In the absence of strong
stabilizing agents like Tween 80, the most prominent differences among all TM are the

concentration of CI” and the dominance of Ca>".

With respect to the inorganic constituents relevant for Ag NP dissolution, surface reaction

and aggregation, the composition of the SAM-5S resembles that of the Rhine water discussed

32

Page 32 of 42



Page 33 of 42

674
675
676
677
678
679

680

681
682

Environmental Science: Nano

by Metreveli et al.” and suggests that Ag NP aggregates are at least partly stabilized in the

presence of CI', but with a distinct speciation of Ag(I) in this water. More generally speaking,

our results suggest that Ag NP may be only incompletely stabilized by NOM and halides in

natural waters, and NOM quality in addition to ion composition will strongly affect the nature

of the aggregates forming. Thus, as long as NOM in the natural water is similar to SW,

bridging-determined aggregates in that water will have low relevance compared to waters

rich in NOM similar to SRHA.

Table 2. Overview on NP characteristics in TM and their dynamics and changes upon modification of TM

composition as suggested from this study.

ASTM SAM-5S R2A
Salt composition
Ca*'/Mg*" “ 0.69/1 1/0.25 0/0.2
CI/Br 0.11/0 2.05/0.01 0/0
Formation of Ag(I) species
Ag" concentration -+ ++ +
predominant Ag(I) Ag' AgCl(aq) Ag’;
species Ag"-protein complexes?
Impact of NOM NOM reduces Ag" SRHA reduces Ag" SRHA increases Ag"
SW>SRHA
Aggregation and colloidal stability
Tendency to aggregate ++++ +++ +
CcCceMgry/cee(cay 1.9/1.6 23/2.2 1.7/nd."
NP stabilization no effect of by halide by Tween 80
vitamins surface precipitates? protein corona?
Impact of NOM electrosteric electrosteric stabilization  electrosteric stabilization
in original TM (at low stabilization
Me*" concentrations) SW < SRHA
(short term)
SW > SRHA
(long term)

Effect of Me®" in the
presence of NOM

Ca®" enhances electrosteric
stabilization compared to Mg*"

SRHA > SW

Me?" induces bridging-determined
aggregation at high concentrations:

Ca*:> 6.3 mmol L Ca*:>42mmol L
Mg*": > 3.4 mmol L Mg*": > 2.9 mmol L™

no bridging-determined
aggregation

General strength of cation
effects

C a2+ > Mg2+
based on Me*~citrate and Me?>"-NOM interactions
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Expected characteristics relevant for ecotoxicological potential of Ag NP

Dissolved species -+ +++ +

(Ag) (Ag"; AgCl(aq)) (Ag")
NP surface Ag-citrate AgClI(s) Ag-protein?
Effectiveness of NOM +++ +++ +
coating
Aggregate size 4+ A+ +
Aggregate type reaction-limited aggregates reaction-limited

overlay with diffusion
limitation

Dynamic aggregation aggregate size increases with time
properties within test

duration concentration and solution chemistry

size and morphology strongly affected by NP

aggregates
small clusters?

aggregate size constant,
but depends on NP
concentration

low relevance
but expected relevance in hard water

NOM-bridged aggregates

Impacts of changes in TM composition

Addition of CI stabilizes NP, enhances aggregation by
AgClI(s) on NP surface AgCl(s)-bridging?

Reduction in Ca*/Mg** reduces aggregate size and

ratio stabilizing effect of SRHA coating

Modifying NOM

composition

AgCI(s) on NP surface?

SW: coating based on NOM-Ag interactions
SRHA: coating based on Ca**-NOM interactions

effects overbalanced by
Tween 80 effect?

“inmmol L'/ mmol L™". ® n.d.: not determined.

Conclusions

In summary, not only the composition of the TM but also the Ag NP concentration and the
duration of the ecotoxicological and biological studies will significantly affect the
aggregation status of Ag NP. This underlines the requirement to carefully interpret dose-
response relationships and differences in toxicity towards the same organisms, which have
been obtained for TM with different composition. In the absence of NOM, the formation of
aggregates is controlled by the molar ratio of multivalent cations and by the type of anions.
Under the conditions of TM, formation of bridging-determined aggregates induced by NOM
is not relevant, but could increase in relevance in natural surface waters with high
concentration of cations. Pre-aging of NP in the TM prior to the biological and

ecotoxicological studies will minimize the time depending transformations and changes in
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colloidal state and concentration of NP during the tests and will allow the investigation of the
effect of different states of aggregation and different coating structures, but also of different
concentrations of metal cations released from NP in the medium under conditions comparable

with the realistic environmental scenarios.

The results of our study do not only show that by using different TM, the same Ag NP will
likely have different ecotoxicological potentials, but they open perspectives for targeted
research on the impact of individual Ag NP species on ecotoxicological potential. For
example, increasing Ca*/Mg>" concentration ratio in the absence of NOM will enhance
aggregation. By modifying the nature of the NOM additive of the TM and the ratio between
Ca’" and Mg®", the effectiveness of the electrosteric stabilization by NOM will be modified
and bridging-determined aggregation may be induced. The use of SW and the dominance of
Mg*" will favor aggregates formed on the basis of extended DLVO interactions. In
ecotoxicological tests, these composition parameters could be adjusted within ranges where
no or low effects on the vitality of test organisms are expected in order to obtain Ag NP with
different coating stability, surface and aggregate characteristics, and concentration of
dissolved Ag(l) species. It is furthermore essential to know how ecotoxicity results obtained
in conventional TM could be transferred to environmental systems, the composition of which
differs often significantly from that of the TM with the consequence of different aggregation
properties.® Taking advantage of the knowledge of NP transformations in TM with modified
chemical composition will, therefore, allow to predict specific NP characteristics and
aggregation states in natural environmental systems, which may help in a second step to

extrapolate ecotoxicological findings to the field.
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Supporting information

Details of the Ag NP synthesis method; Preparation method of SRHA stock Solution;
Calculation of centrifugation duration; Chemical composition of TM; pH values in TM after
addition of NOM and Ag NP; Chemical composition of the stock solutions used for early
stage aggregation experiments; Input parameters used in the model calculations; Speciation
of silver in TM; Metal concentrations in organic compounds used for preparation of R2A;
Particle size distribution (DLS) and TEM images of Ag NP; Hydrodynamic diameter of Ag
NP in TM for first 60 min as a function of exposure time. Hydrodynamic diameter of Ag NP
in ASTM and R2A at different particle concentrations; Initial aggregation rates of 30 nm Ag
NP in modified ASTM medium in the absence and presence of vitamins (B, B; and B,);
Initial aggregation rates of 30 nm Ag NP in deionized water in the presence of 0.03 mmol L™
Ca®" and at different Na* concentrations. Initial aggregation rates of 30 nm Ag NP in
deionized water and in Mg*'-free R2A medium in the absence and presence of individual

organic constituents of R2A and their mixtures.
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