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ABSTRACT: The persistence of silver nanoparticles in aquatic environments [ Water Chemistry (pH, Saits, Do) |

and their subsequent impact on organisms depends on key transformation I ] | | ']

processes, which include aggregation, dissolution, and surface modifications by P .
metal-complexing ligands. Here, we studied how cysteine, an amino acid [ SN

representative of thiol ligands that bind monovalent silver, can alter the surface @ ‘ an b N\

chemistry, aggregation, and dissolution of zero-valent silver nanoparticles. We @ g wsp| ( .:.%::.E:é l =y E_x‘:?.;m
compared nanoparticles synthesized with two coatings, citrate and @ @ S
polyvinylpirrolidone (PVP), and prepared nanoparticle suspensions (approx- ’ifh::s*::n Slsootind

imately 8 M total Ag) containing an excess of cysteine (400 uM). Within 48 Aggregated

h, up to 47% of the silver had dissolved, as indicated by filtration of the L el ;

samples with a 0.025-um filter. Initial dissolution rates were calculated from i 1 1

the increase of dissolved silver concentration when particles were exposed to ( Synthetic Coating ]

cysteine and normalized to the available surface area of nanoparticles in
solution. In general, the rates of dissolution were almost 3 times faster for citrate-coated nanoparticles relative to PVP-coated
nanoparticles. Rates tended to be slower in solutions with higher ionic strength in which the nanoparticles were aggregating. X-
ray absorption spectroscopy analysis of the particles suggested that cysteine adsorbed to silver nanoparticles surfaces through the
formation of Ag(+I)—sulfhydryl bonds. Overall, the results of this study highlight the importance of modifications by sulfhydryl-
containing ligands that can drastically influence the long-term reactivity of silver nanoparticles in the aquatic environment and
their bioavailability to exposed organisms. Our findings demonstrate the need to consider multiple interlinked transformation
processes when assessing the bioavailability, environmental risks, and safety of nanoparticles, particularly in the presence of metal-

binding ligands.

B INTRODUCTION decrease the size of the particles and increase dissolved metal
The wide use of silver nanoparticles (Ag NPs) in commercial concentration in water, which subsequently affects ligand
products has recently gained much attention due to the adsorption and desorption kinetics.

potential toxic effects resulting from their unintended release In natural waters Ag(+I) is expected to form strong bonds
into the environment."” The reactivity and transport of Ag NPs with ligands such as chloride, sulfide, and other forms of
in the aquatic environment will depend on key transformation reduced sulfur (e.g, organic thiols).”'® Ag(+I) is capable of
processes, which include aggregation, dissolution, and surface forming relatively insoluble mineral phases (e.g, Ag,S, AgCl)
modifications by metal-complexing ligands. These processes that can serve as terminal fates for monovalent silver in
work in synergistic or antagonistic ways to influence the lifetime freshwater, wastewater, and seawater.''™'* Recent studies
of nanoparticles in the environment and the bioavailability of showed that Ag NPs dissolve very slowly in water,"> but
silver to exposed organisms. For example, adsorption or oxidative dissolution is faster in sulfide- and chloride-rich

desorption of organic matter or metal-binding ligands will
modify the surface of nanoparticles. Ionic compounds or long-
chain moieties can induce surface charge or steric effects that
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influence particle coagulation and settling kinetics.*~> Aggre- Received: January 15, 2012
gation can lead to changes in reaction rates (such as dissolution Revised: ~ March 16, 2012
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environments.'*™'° In waters rich with organic matter,
sulthydryl-containing organic compounds (thiols) may com-
pete with inorganic ligands and increase dissolved silver
concentration.”® Hence, thiols have the potential to play a
key role for the environmental fate of Ag NPs.

In natural waters thiols tend to be associated with low
molecular weight organic ligands and with humic substances. In
sediments and water, thiols are typically present in nanomolar
to micromolar concentrations, depending on environmental
conditions such as redox potential, the presence of organisms
that actively excrete thiol-containing compounds, and other
metals that may catalyze the oxidation of thiols.* > In
addition, thiol-containing biomolecules are abundant in bio-
logical media such as bacterial plasma, tissues, and blood.2%%’

Hydrophilic thiols of low molecular weight (such as
glutathione, mercaptoacetate, and cysteine) are known to
decrease the aggregation and precipitation rates of metal-sulfide
nanoparticles by adsorbin§ to their surface and changing the
particle surface charge.”®*” Cysteine (CYS) has also been used
in Ag NP toxicity studies to chelate dissolved silver ions.**>*
Some of these studies noted that cysteine increased the
dissolution of silver and slowed aggregation of Ag NPs;
however, these phenomena were not studied in detail.>>*' To
predict and understand Ag NP toxicity to organisms, we need
to identify the physicochemical processes that these particles
undergo in the presence of ligands, and particularly thiol-
containing ligands such as cysteine.>

The goal of this study was to better define the effect of low
molecular weight thiols such as cysteine on Ag NP behavior
and speciation in aquatic settings. Aqueous suspensions of
metallic Ag NPs were exposed to dissolved cysteine, and the
dissolution, aggregation, and surface modifications of the
nanoparticles were monitored. We compared cysteine reactivity
to Ag NPs manufactured with two common types of synthetic
coatings: citrate and polyvinylpirrolidone (PVP), which may
influence the available reactive surface area on the nano-
particles. Cysteine was selected because of this amino acid’s
well-defined structure (relative to humic macromolecules) and
because cysteine is widely used in Ag NPs toxicity experiments
to assess the effects of dissolved Ag*. In addition, we used X-ray
absorption near edge spectroscopy (XANES) to study the
speciation of silver in Ag NPs following exposure to cysteine.

B MATERIALS AND METHODS

Ag NP Synthesis and Characterization. Synthesis of
zero-valent silver nanoparticles with citrate and PVP (55 kDa
molecular weight) coatings (hereafter referred to as Ag-CIT
and Ag-PVP, respectively) followed previously published
methods.>** Particle monomer size was characterized with
transmission electron microscopy (TEM) (Figure S1 in
Supporting Information). Number-based size distributions of
the two nanomaterials were estimated from the TEM images by
counting the number of particles, sorting them into 5-nm or 2-
nm size intervals, and plotting the counts in histograms (Figure
S1). All samples containing the Ag-CIT nanoparticles were
prepared in plastic containers and cuvettes, while Ag-PVP
samples were prepared in glass containers (due to loss of PVP-
coated nanoparticles on the walls of plastic containers).

Ag-CIT primarily consisted of spherical particles with some
oval-shaped particles. The average geometric diameter was 19.1
+ 12.7 nm (n = 188). Ag-PVP consisted of spherical particles
with average geometric diameter of 7.6 + 2.0 nm (n = 106).
The specific surface areas (SSA) of the Ag NPs were estimated
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by summing the surface area of each particle counted for the
size distribution (assuming spherical geometry) and dividing by
the total mass of particles:

Y, (nx d})
px 2 (%5F) W

In eq 1, i refers to each individual particle in the TEM images,
d; is the diameter of particle i, and p the density of metallic
silver (10.50 g/mL>®). The error of the diameter measurements
was calculated based on the resolution of the TEM images (see
Supporting Information). From eq 1, we calculated SSA to be
16.1 + 4.5 mz/g for Ag-CIT and 66.1 + 7.0 mz/g for Ag-PVP.

Exposure of Ag NP to Cysteine. Stock solutions of
approximately 8 mM cysteine were prepared in degassed water,
stored at 4 °C, and utilized within two weeks of preparation. All
nanoparticle dissolution and aggregation experiments were
performed with a buffer solution consisting of 7 mM sodium
bicarbonate (Fisher Scientific, Pittsburgh, PA) adjusted to pH
7.5, 10—500 mM NaNO;, and 400 uM cysteine. Experiments
were initiated by diluting an aliquot of silver nanoparticle stock
suspension in the buffer solution. A selection of control
solutions included Ag NPs suspended in the bicarbonate buffer
without cysteine or with 400 yM serine instead of cysteine. The
samples were stored capped and at room temperature in our
laboratory. No additional precautions were taken to protect
suspensions from laboratory light. Serine and cysteine are
structurally analogous in that serine has a hydroxyl group where
cysteine has a thiol group. Particle concentrations in all
treatments corresponded to 7.6—8 uM total silver.

Quantification of Dissolved Silver and Cysteine. Each
mixture of Ag NPs was produced in 6—14 replicates. Dissolved
silver and cysteine concentrations were measured 20 min to 48
h after preparation. For each time point, two replicates were
“sacrificed” for filtration with 0.025-ym membrane filters
(VSWP Millipore) fitted on a glass vacuum filtration apparatus.
Before filtering the suspensions, the membranes were primed
with 10 mL of a solution containing 7.5 mM NaHCOj; at pH
7.5. This solution was passed through the filter and then
discarded prior to filtering sample suspensions. Dissolved silver
was nominally defined as the silver concentration in the filtrate,
which was quantified with inductively coupled plasma mass
spectroscopy (Agilent Technologies, Santa Clara, CA) after
acidifying the filtered samples with 2% HNO; and 1% HCL

The concentration of cysteine in aliquots of the filtered
samples was quantified using a previously described meth-
od*”?® that employed derivatization of CYS, separation with
reverse-phase high-performance liquid chromatography, and
detection by UV absorbance.

Control experiments were performed to confirm that
dissolved Ag—CYS complexes, Ag", and free CYS were able
to pass through the filters. In these experiments, we prepared
three control solutions: (1) 9.3 uM AgNO; + 400 uM CYS
(pH 7.5, 10 mM NaNO,); (2) 1.9 uM AgNO; (pH 8.3); and
(3) 100 uM CYS alone (pH 7.3, 10 mM NaNOs;). These
mixtures were filtered through the 0.025-ym membrane filters.
The recovery of silver in filtrates of the AgNO; and
AgNO;+CYS mixtures were 94.1% and 92.1%, respectively.
The percentage of total CYS quantified in the filtrate was 92%
in the CYS-only mixture and 90% in the AgNO;+CYS mixture.

The removal efficiency of nanoparticles by the filtration
system was tested by quantifying the retention of silver after

SSA =
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filtration of Ag NP stock solutions. Less than 0.3% (+0.05) and
11% (£0.5) of the total silver were recovered after filtration
from Ag-CIT and Ag-PVP stock suspensions, respectively,
indicating that these filters were capturing most of the
nanoparticles in suspension. Although the monomer diameters
for a portion of the Ag NPs were smaller than the nominal filter
pore size, our measurements of hydrodynamic diameters
suggested that the particles were somewhat aggregated in
their stock suspensions. Moreover the retention of nano-
particles on the filters could have occurred via hydrophobic or
electrostatic interactions between particles and the membrane
filter.

Aggregation of NPs in the Presence of Cysteine. We
performed measurements of hydrodynamic diameter to
determine if cysteine altered the aggregation rate of Ag NPs.
The light intensity-weighted average hydrodynamic diameters
in the Ag NP-cysteine mixtures were determined by dynamic
light scattering (DLS) (Malvern Zetasizer) using incident light
(A = 633 nm) scattered at 173°. Zeta potential was calculated
from the electrophoretic mobility of the silver nanoparticles
measured in triplicate at 25 °C (Malvern Zetasizer). The
average hydrodynamic diameter a, was monitored over time
until it reached twice the initial diameter. In cases where
aggregation was too slow, a, was monitored up to 48 h.
Observed aggregation rates, (da;/dt),_, were calculated in a
manner similar to previously described methodologies®*' in
which early stage aggregation rates were approximated by the
slope of the linear least-squares regression of data plotted as aj,
versus time.

Aggregation experiments were replicated 2—9 times, as
determined by a relative standard deviation less than 25% for
replicate measurements of (da,/dt),_,. Aggregation rates were
quantified in suspensions containing a range of electrolyte
concentration (10—1000 mM NaNO;).

Silver Speciation of Ag NPs. The speciation of silver
particles that collected on the membrane filters was assessed
using silver Ly-edge X-ray absorption near edge spectroscopy
(XANES). The Ag Ly-edge XANES can be used to study the
oxidation state and speciation of silver due to a prominent peak
exhibited by the spectra at the absorption edge.*” For each Ag
NP-CYS mixture, approximately 100 mL of sample was passed
through the 0.025-ym filters. The filter membrane was stored at
—20 °C for 1 hour, freeze-dried, and stored in a desiccator
before analysis.

Reference materials for XANES data analysis included PVP-
and citrate-coated Ag NPs collected on the membrane filters
directly from their stock suspensions. Reference materials for
monovalent forms of silver included Ag(+I)-cysteine powders
formulated with 1:1 and 1:2 silver/cysteine molar ratios
(Ag(CYS) and Ag(CYS),), Ag-citrate, and commercially
purchased powders of AgNOj;,), AgCl, Ag,O, and Ag,S. The
SI contains details regarding the preparation of these reference
samples.

XANES spectra for the samples were collected at room
temperature in fluorescence mode at the Stanford Synchrotron
Radiation Lightsource (SSRL) wiggler beamline 4—3. The
energy was tuned using a liquid N, cooled Si(111) ¢ = 90°,
unfocused, monochromator crystal. Background subtraction
and normalization of spectra were performed using the Athena
software package following previous procedures.*’ Linear
combination fitting (LCF) of XANES data for the Ag NP
+cysteine samples was performed by fitting a binary mixture of
reference spectra in the range 20 eV below and above the Ag
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Lyedge (3351 eV). The relative proportions and the errors
were determined by the software’s least-squares fitting module.
Best fits were considered the ones with the lowest R-factor, 37,
and Ay? which are fitting residual parameters described further
in the SL

B RESULTS AND DISCUSSION

Dissolution of Ag NPs Exposed to Cysteine. In our
batch experiments, the presence of cysteine not only increased
the amount of dissolved silver released from Ag-CIT and Ag-
PVP nanoparticles, but the cysteine also appeared to modify the
surface composition and aggregation rates. In the absence of
CYS, the nominally dissolved silver concentration in the diluted
Ag-CIT and Ag-PVP suspensions was less than 10% of the total
silver. However, in the presence of 400 uM CYS (in Ag NP
mixtures containing 7.6—8 uM total Ag), the amount of silver
passing through the 0.025-ym filter increased within the first 12
h and appeared to reach a maximum concentration in 24—48 h
(Figure 1). At the 48 h time point, the concentration of silver in
the filtered fraction was 36.4 + 2.2% of total silver for Ag-CIT
and 47 + 5.6% for Ag-PVP. When Ag NPs were exposed to
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Figure 1. Concentration of silver passing through a 0.025-um filter in
mixtures of (a) Ag-CIT and (b) Ag-PVP nanoparticles suspended in
solutions containing 7 mM NaHCO;, 10 mM NaNOj;, and either 400
UM cysteine, 400 uM serine, or no amino acid. The Ag NP-cysteine
experiments were also performed in 100 mM NaNO; For all
solutions, the pH was 7.5—8.1. Total silver concentrations measured in
unfiltered samples are indicated by dashed lines.
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Table 1. Initial Dissolution Rates of Ag-PVP and Ag-CIT Solutions Containing 400 #M CYS and 10 mM NaNO; (Stable

Suspension) or 100 mM NaNO, (Fast Aggregating)®

total Ag NaNO; surface area per volume of sample silver dissolution rate surface area-normalized dissolution rate
type of Ag NP (uM) (mM) (m* L") (uM k') (umol m™? h)
Ag-CIT 8.0 10 13.9 (+£3.9) x 1073 0.10 + 0.013 72 +22
8.0 100 13.9 (£3.9) x 1073 0.087 + 0.0073 63+ 18
Ag-PVP 7.6 10 54.3 (+5.7) x 1073 0.15 + 0.013 2.8 + 0.38
7.6 100 543 (£5.7) x 1073 0.13 + 0.011 24 + 032
2.0 10 14.3 (+1.5) x 1073 0.037 + 0.0024 2.6 + 0.32

“Rates were also normalized to the total surface area of particles at the initial time point. The dissolution rates for 100 mM NaNO; demonstrated
statistically significant differences (p < 0.05) relative to the corresponding dissolution rates in 10 mM NaNOj; (for mixtures with 8.0 or 7.6 M total

Ag).
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Figure 2. Average hydrodynamic diameter and electrophoretic mobility: (a) and (b) Ag-CIT nanoparticles (8.0 M total silver); (c) and (d) Ag-PVP
nanoparticles (7.6 uM total silver). The nanoparticles were suspended in mixtures consisting of 7 mM NaHCO3, 10 mM NaNOj, and either 400 yM
CYS or no amino acid. Error bars indicate standard deviations of duplicate diameter measurements and triplicate electrophoretic mobility

measurements.

serine instead of cysteine, the filter-passing silver concentration
was similar to the control without any amino acids (Figure 1),
suggesting that Ag—thiolate interactions were important for Ag
dissolution.

Our results contrast a previous study** in which Liu et al.
reported that thiols, including CYS, inhibited the release of
dissolved Ag from Ag NPs. These contradictory results likely
stem from differences in experimental methodology. For
example, our control experiments indicated that our method
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of filtration separated dissolved silver from particulate, while the
centrifugal ultrafilters (utilized by Liu et al.) have been reported
to retain significant amounts of dissolved silver in certain

In addition, cysteine is capable of forming
25,46

conditions.*
polymers/particles with Ag(+1), particularly at low ratios
of cysteine/silver (e.g., S or less in our mixtures, Figure S2). We
did not observe the formation of particulate silver for

cysteine:silver molar ratio of 50. Therefore, in this study we
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formulated our Ag NP-cysteine mixtures with this ratio to
prevent the formation of Ag-CYS particles.

The silver content in the filtered samples is likely to comprise
mainly of dissolved Ag released from the nanoparticles. A
proportion of this silver could also be small Ag NPs (smaller
than the original NPs) that also passed through the filters;
however, the dynamic light scattering data do not indicate a
predominance of very small particles in solution. Hydro-
dynamic diameters of the suspensions were increasing in most
mixtures with cysteine (discussed in the next section).

Assuming that the filter-passing silver in the first 12 h of data
in Figure 1 represented dissolved Ag, we calculated an observed
initial dissolution rate by estimating the slope of the data using
a linear regression. The error for these rates was estimated as
one standard deviation of the slope. In the presence of cysteine
and 10 mM NaNO;, the initial dissolution rate of Ag-PVP was
0.15 + 0.013 uM/h, which was greater than the corresponding
dissolution rate for Ag-CIT (0.10 + 0.013 uM/h) (Table 1).

Surface area can be a limiting factor for dissolution of sample
constituents.*”*® From the specific surface areas of the original
Ag NPs, we calculated that the surface area-normalized
dissolution rate was 2.8 + 0.38 umol m™ h™' for the Ag-
PVP and 7.2 + 2.2 yumol m™> h™" for the Ag-CIT (both with 10
mM NaNO;) (Table 1). The Ag-PVP dissolution experiment
was repeated with 2.0 uM total Ag, which corresponded to
approximately the same total surface area (14 X 107 m* L™")
as the samples with 8 uM Ag-CIT (Table 1 and Figure S3).
The dissolution rate for Ag-PVP (2.6 + 0.32 ymol m™> h™")
was still less than for Ag-CIT.

Although the surface area-normalized initial dissolution rate
was slower in the case of Ag-PVP, the relative proportion of
silver that was released into solution after 48 h was greater in
the Ag-PVP mixtures than the Ag-CIT mixtures (47 = 5.6%
and 36 + 2.2%, respectively). One possible explanation for this
difference is that the relative “accessibility” of particle surfaces
for cysteine molecules was lower for Ag-PVP particles than for
Ag-CIT, resulting in slower dissolution rates for the Ag-PVP
particles. Although we have no direct evidence to demonstrate
this phenomenon, we observed a similar indication that
reactions at the surface of PVP-coated nanoparticles were
relatively slow in aggregation experiments (Figure S4). Here,
the aggregation of PVP-coated Ag NPs exhibited an initial lag
period ranging from 10 to S50 min, during which the
hydrodynamic diameters of the particles were constant. After
this lag period, the diameters increased linearly with time. No
lag period was observed with the citrate-coated nanoparticles.

Aggregation and Zeta Potential of Ag NPs Exposed
to Cysteine. The presence of cysteine in the Ag NP
suspensions not only increased the dissolution rate of Ag
from the nanomaterials, but also altered the aggregation rate
and electrophoretic mobility of the particles in suspensions
(Figures 2 and 3). In the same Ag NP mixtures corresponding
to our dissolved Ag data (Figure 1), the Ag-CIT and Ag-PVP
nanoparticles aggregated slightly over 48 h in the absence of
CYS (Figure 2a and 2c, respectively).

With the addition of CYS in the Ag-CIT suspensions (with
10 mM NaNO;y), the hydrodynamic diameter did not change
relative to samples without CYS (Figure 2a). In the Ag-PVP
mixtures, the average hydrodynamic diameters at the initial
time point decreased from 67 nm in the absence of CYS to 45
nm in the presence of CYS. The decrease in Ag-PVP diameter
due to CYS exposure was potentially caused by disaggregation
of aggregates in the nanoparticle stock or perhaps by the
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Figure 3. Initial aggregation rate of silver nanoparticles in bicarbonate
solutions (a) Ag-CIT (8.0 uM total silver) and (b) Ag-PVP (7.6 uM
total silver) in suspensions comprising 7 mM NaHCO; and 400 yM
CYS at pH values between 7.5 and 8.1. In some experiments no
cysteine was added. Ionic strength was controlled with the addition of
NaNO; at concentrations ranging from 0.01 to 1 M.

replacement of PVP (a long chain polymer with an average
molecular weight of 55000 Da) with CYS (a small amino acid
with molecular weight 121 Da) on the surface of the
nanoparticles. For the nanoparticles stabilized with citrate (a
low molecular weight coating relative to PVP), the influence of
CYS on hydrodynamic diameter at the initial time point was
not as drastic.

The zeta potential of Ag-CIT particles increased from —37.6
to —29.0 mV (at 24 h) in the presence of 400 uM CYS (Figure
2b). The measurement uncertainty may be up to 15%, but the
net increase in zeta potential could be due to the exchange of
the trivalent citrate anion for the monovalent cysteine anion (at
pH 7.5) on the surface of the Ag-CIT nanoparticles. In
contrast, the zeta potential of Ag-PVP particles without CYS
was —13.8 mV (after 24 h in solution, Figure 2d). This zeta
potential suggests a surface charge that is closer to neutral
compared to the Ag-CIT nanoparticles, yet little aggregation
was observed for the Ag-PVP suspensions (without CYS). This
observation suggests that the PVP coating mainly provides
steric (rather than electrostatic) stabilization for the nano-
particles. When the Ag-PVP nanoparticles were exposed to
CYS, the zeta potential of those particles at 24 h was —38.4 mV
(Figure 2d), possibly due to sorption of cysteine anions. For
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Figure 4. Normalized silver Lj-edge XANES spectra of the original Ag NPs, Ag(+I)-cysteine complexes Ag(CYS),, and silver nanoparticles that
were exposed to cysteine for 2 or 24 h: (a) Ag-CIT; (b) Ag-PVP. The nanoparticles (8.0 uM total silver in Ag-CIT and 7.6 uM in Ag-PVP samples)
were exposed to 400 M CYS in mixtures containing 7 mM NaHCO;, 10 mM NaNOj;, and pH 7.5—8.1. After this exposure period, the particles
were collected on filter membranes for XANES analysis. The data points correspond to linear combination fits for spectra of the original Ag NPs and

Ag(CYS), reference material.

Table 2. Linear Combination Fitting Results of XANES Spectra for Ag-CIT and Ag-PVP Nanoparticles Exposed to Cysteine in
Solutions Containing 7 mM NaHCO; and 10 mM NaNO;, and at pH 7.5-8.1°

sample % Ag NP % Ag(CYS),
Ag-CIT + CYS (2 h) 97.2 (+0.9) 3.7 (+0.8)
Ag-CIT + CYS (24 h) 94.6 (+1.4) 6.8 (+1.2)
Ag-PVP + CYS (2 h) 91.9 (+0.8) 7.2 (x0.7)
Ag-PVP + CYS (24 h) 91.3 (+£0.4) 7.9 (£0.3)

R Ve Ay
53 % 107° 18.1 x 107* 16.0 x 1076
11.7 X 107° 403 x 107* 35.7 x 107¢
38 x107° 127 x 107* 11.3 x 107°
1.0 x 107° 33%x 107 29 % 1076

“Energy range —20 to +20 eV from the Ag L-edge (3351 eV) in the XANES spectra was used for the model fits to reference spectra of the silver
nanoparticles (without modification) and the reference sample of the 1:2 Ag(+I)—cysteine complex. Standard deviations of the model fits are shown

in parentheses.

both types of Ag NPs, the zeta potential data indicated that
CYS was modifying the surface of the nanoparticles, potentially
by sorbing to the surface and by replacing the initial citrate and
PVP coatings.

At a relatively low ionic strength (10 mM NaNO;), the
presence of cysteine had a small effect on aggregation relative to
samples without cysteine (Figure 2). At higher NaNO,
concentrations (up to 1000 mM), the presence of cysteine
appeared to destabilize both Ag-PVP and Ag-CIT suspensions
(Figure 3). For example, the critical coagulation concentrations
(ccc) for the Ag-CIT suspensions decreased from 53 + 5.3 mM
in the absence of CYS to 35 + 2.2 mM in the presence of 400
uM CYS (Figure 3a). The decrease in ccc was consistent with
electrophoretic mobility measurements showing that CYS
induced a net shift toward neutral surface charge for the
particles (Figure 2b).

The Ag-PVP suspensions (without CYS) did not aggregate
appreciably within 48 h in solutions containing a large range of
ionic strength values (from 10 to 1000 mM NaNO,) (Figure
3b). The presence of CYS in the Ag-PVP suspensions caused
the particles to aggregate, particularly at high ionic strength
values (i.e., greater than 20 mM). Based on the observed
aggregation rates, we estimated a ccc value of 33 + 5.3 mM for
Ag-PVP particles in the presence of CYS (Figure 3b). The
observations that CYS induced aggregation (rather than
inhibited aggregation) was inconsistent with observed changes
in zeta potential, which decreased to more negative values when
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CYS was present (Figure 2d). Rather, we hypothesize that the
interaction between CYS and the surface of the PVP-coated
nanoparticles resulted in loss of steric repulsive forces enabled
by the PVP.

Effect of Aggregation on Dissolution. Aggregation of
the nanoparticles is expected to change the amount of available
surface area for surface reactions such as dissolution. Thus, we
compared how initial dissolution rates changed for suspensions
that were relatively stable (10 mM NaNO;) and suspensions of
fast aggregating particles (Figure SS) with an ionic strength
value (100 mM) greater than the ccc for both nanoparticles.
For both Ag-CIT and Ag-PVP, the initial dissolution rates of
the fast aggregating samples appeared to be lower than in stable
suspensions (Table 1, Figure 2). Although the error of the
measurements indicated an overlapping range of rates, the
differences in dissolution rates at low (10 mM) and high ionic
strength (100 mM) were statistically significant (p-values of
<0.001 and 0.022 for the Ag-CIT and Ag-PVP, respectively).
This difference could be caused by a decrease in reactive surface
area as the particles aggregated. The difference in dissolution
rates at low and high ionic strength could also be explained by
smaller nanoparticles that remained unaggregated (in low ionic
strength) and were small enough to pass through the filters.

Speciation of Particulate Silver. XANES analysis was
used to determine the oxidation state and speciation of
particulate silver in samples containing Ag NPs and cysteine
(Figure 4 and Figure S6). Linear combination fitting (LCF) of
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the spectra was performed assuming a binary mixture of the
original nanomaterial (Ag-CIT or Ag-PVP) and one of the
Ag(+]) reference compounds (Table 2 and Tables S1—S4).
LCF attempts using ternary combinations of reference spectra
did not improve the quality of fits; thus, we do not show these
results. The XANES analysis indicated that up to 10% of silver
in the particles was oxidized to Ag(+I) and coordinated to
reduced sulfur, as compared to the original oxidation state of
each respective particle suspension. Fitting with several silver—
sulfur references such as Ag,S, Ag(CYS), and Ag(CYS), yielded
very similar values of R-factor, %, and Ay, indicating that the
nature of the bond between silver and sulfur could be similar to
one or a combination of these references. We selected fits with
Ag(CYS), as the representative silver—sulfur model compound
for further comparisons between the Ag NP-CYS mixtures
(Table 2 and Figure 4).

Ag-PVP particles that were exposed to CYS exhibited a
higher percentage of oxidized silver (7.2% and 7.9% at 2 h and
24 h) than Ag-CIT (3.7% and 6.8%, respectively) (Table 2).
This observation could be explained by our results that the Ag-
PVP particles were smaller than Ag-CIT and would comprise a
greater proportion of silver atoms at the particle surface.”® We
note that relative differences of a few percentages in XANES
modeling must be interpreted carefully. The relatively smaller
errors reported from the fitting software (shown in Table 2) do
suggest a difference in the amount of oxidized silver for the Ag-
CIT and Ag-PVP samples. However, in previous XANES
studies that used LCF for known sample mixtures,* the results
of mixing ratios showed that the error from LCF calculations
can be up to +5%.

Overall, our interpretation of the XANES data suggested that
a portion of the silver atoms (presumably on the surface of the
Ag NPs) were in the monovalent oxidation state and were
coordinated to reduced sulfur (either cysteine or sulfide).

Cysteine Adsorption. Cysteine was also quantified in the
filtered Ag NP+CYS mixtures. The results showed that
dissolved cysteine decreased within 48 h in both nanoparticle
samples (Figure S7a). A larger decrease of dissolved cysteine
was observed in the Ag-PVP suspensions than in the Ag-CIT
suspensions. This difference was potentially due to the larger
specific surface area of the Ag-PVP particles relative to Ag-CIT
particles. To test this hypothesis, we calculated the change in
dissolved cysteine concentration (relative to the initial
concentration) and normalized these values to the total initial
surface area of Ag NPs (Figure S7b). For both types of
nanomaterials, the changes in dissolved cysteine concentrations
were approximately 1—2 mmol per m* of NP after 48 h of
mixing. Based on the errors (propagated from the CYS
measurements), there were no apparent differences between Ag
NPs (Figure S7b).

Although the loss of dissolved cysteine could be interpreted
as adsorption to the Ag NPs, the amount of cysteine lost (31
and 96 yM) was greater than the total Ag silver concentration
in suspensions (~8 uM). Thus, sorption would not fully explain
the loss of dissolved cysteine. Control experiments with
cysteine in the buffer solution without Ag NPs were performed
to determine if cysteine would oxidize under the experimental
conditions. In this experiment, we quantified a loss of
approximately 25 uM dissolved cysteine in a 48 h period
(Figure S7a). This amount of cysteine oxidation is close to the
decrease of dissolved cysteine in the Ag-CIT mixture (31 uM),
but did not fully account for the loss of dissolved cysteine (96
uM) in the Ag-PVP mixture. Other reactions at the surface of
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the PVP-coated Ag NPs, such as the production of reactive
oxygen species from O, (e.g.,, superoxide, hydrogen peroxide,
hydroxyl radicals) as the silver nanoparticles oxidize and
dissolve, may subsequently react with and oxidize cysteine.
Although dissolved O, appears to be a necessary electron
acceptor for oxidative dissolution of silver nanoparticles,'® we
have no knowledge of direct evidence for the production of
reactive oxygen species during this process, and further study is
needed to understand the reaction products of oxidative
dissolution of Ag NPs.

Environmental Significance. This study highlights the
multiple transformations that can occur when silver nano-
particles are exposed to Ag-binding ligands that can modify the
surface composition of the particles and their aggregation and
dissolution rates. In our experiments, cysteine increased the
solubility of the particles; however, the dissolution rate
depended on the aggregation state of the particles and surface
modifications caused by sorption of cysteine. All of these
processes (surface modifications, aggregation, and dissolution)
work in concert to influence the overall persistence and
composition of the silver nanomaterials in aqueous suspension.
Furthermore, these simultaneous transformations could alter
the bioavailability of the nanomaterials to exposed organisms.
For example, the presence of Ag*-binding ligands is expected to
increase the amount of dissolved Ag that can be internalized by
aquatic organisms; however, the rate of dissolution would
depend on the aggregation state of the particles and surface
modifications by the ligand. Furthermore, previous studies have
shown that cysteine and other low molecular weight thiols can
reduce silver toxicity to organisms exposed to silver nanoma-
terials.*® Although complexation of dissolved Ag* by cysteine is
the likely mode of action (due to the relatively strong affinity
between Ag" and cysteine), our results indicated that cysteine
can also induce aggregation of the nanomaterials, leading to a
secondary mechanism by which the presence of cysteine could
decrease Ag NP toxicity.

The transformations discussed in our study appeared to take
place on the surface of particles, which were originally coated
with PVP or citrate. Nanomaterials are typically manufactured
with organic coatings that serve to stabilize the suspension
during production. In this work we demonstrated that the
dissolution rates of PVP-coated particles (when normalized to
the specific surface area) were slower than those of citrate-
coated particles. One possible explanation for this phenomenon
is that diffusion of cysteine molecules at the particle—water
interface of PVP-coated nanoparticles is slower than diffusion at
the interfacial region of citrate-coated nanoparticles. Another
possible explanation is that dissolved citrate (carried over from
the stock solution) is capable of binding Ag*, resulting in
additional free cysteine molecules that are able to associate with
particle surfaces and dissolve the particles. Overall our results
demonstrate the importance of the synthetic coatings for the
reactivity of Ag NPs.

Cysteine was used in this study as an example of thiol-
containing ors%asr}ic ligands that are ubiquitous in the aquatic
environment.” >~ The fact that serine did not cause similar
effects indicated the importance of strong Ag*-binding ligands
(ie., thiols) for interactions with Ag NPs. Cysteine can be
found in nanomolar concentrations in natural waters*' (e.g,
sediment porewater, surface waters, and wastewater) and is also
a component of complex organic structures, such as proteins
and natural organic matter (NOM). In these waters, the
concentration of all thiol-containing ligands (up to micromolar
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quantities) would be higher than the expected concentrations
for Ag NPs.*'™ Such observations have been made in
previous studies investigating wastewater containing silver
contamination derived from the photographic industry.>>

Our study indicated that Ag NPs were altered by cysteine,
but further research is needed to demonstrate whether cysteine
will have the same effects on Ag NPs when the ligand is part of
a more complex structure such as proteins or NOM. Steric
effects are expected to occur with macromolecular structures
and may alter the rates of reactions between thiolate functional
groups and the surface of Ag. Recent studies have indicated that
molecular weight and aromaticity of NOM are more important
properties than reduced sulfur content in determining the
dissolution of HgS cinnabar particles and the precipitation and
aggregation of ZnS nanoparticles.’>>* Future studies could
consider the macromolecular structure of more complex
“ligands” such as humic substances, particularly as they
influence simultaneous transformations of the Ag NPs
(aggregation, dissolution, surface reactivity) and bioavailability
to exposed organisms.
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