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ABSTRACT: Sulfidation of metallic nanoparticles such as silver nanoparticles (AgNPs)
released to the environment may be an important detoxification mechanism. Two types of
AgNPsan engineered polydisperse and aggregated AgNP powder, and a laboratory-
synthesized, relatively monodisperse AgNP aqueous dispersionwere studied. The particles
were sulfidized to varying degrees and characterized to determine the effect of initial AgNP
polydispersity and aggregation state on AgNP sulfidation, and then exposed to Escherichia coli
to determine if the degree of sulfidation of pristine AgNPs affects growth inhibition of
bacteria. The extent of sulfidation was found to depend on the HS−/Ag ratio. However, for
the same reaction times, the more monodisperse particles were fully transformed to Ag2S, and
the polydisperse, aggregated particles were not fully sulfidized, thus preserving the toxic
potential of Ag0 in the aggregates. A higher Ag2S:Ag

0 ratio in the sulfidized nanoparticles
resulted in less growth inhibition of E. coli over 6 h of exposure. These results suggest that the
initial properties of AgNPs can affect sulfidation products, which in turn affect microbial
growth inhibition, and that these properties should be considered in assessing the environmental impact of AgNPs.

■ INTRODUCTION
Silver nanoparticles (AgNPs), and silver ions, are prized for
their antimicrobial properties and have been incorporated in a
number of consumer products. Releases of Ag+ ions and AgNPs
into the environment are inevitable due to product design and
disposal, which has raised concerns about their potential
impacts.1−3 The largest subclass of products using AgNPs
involves incorporation into cosmetics and healing salves,
leading to dermal exposure and subsequent release during
bathing. The second largest subclass involves impregnation into
textiles, which have been shown to release AgNPs, upon
washing, into the wastewater stream.1,2 The AgNPs in these
products will likely end up in municipal wastewater treatment
plants (WWTPs),3,4 where they can accumulate in activated
sludge or biosolids, be subsequently deposited onto agricultural
soils as fertilizer, and possibly enter the food chain.5 It has been
shown previously that one type of AgNP entering the
wastewater treatment process was mostly sulfidized.4,6 The
application of the partially or fully sulfidized AgNPs to soils and
croplands may affect the microbial population of soils.7 As the
base of the food chain, microbial populations may shift as a

result of exposure to partially or fully sulfidized AgNPs, which,
in turn, could be detrimental to the environment.8−11

Following exposure to the environment, any engineered
nanoparticle may be altered from its original composition and
structure,12 and, as a consequence, the physicochemical
properties of the altered nanomaterial may change. Therefore,
it is important to characterize environmentally altered nano-
particles and understand their toxic effects on organisms. For
metallic nanomaterials such as AgNPs, composition and
structure can be altered through redox reactions,13−16 which
can, in turn, affect aggregation state, surface charge, solubility,
and the coverage of polymeric coatings at the nanoparticle
surface. These properties have been shown to determine, in
part, the toxic effects of nanoparticles for a wide range of cells
and organisms.17−20 Therefore, when conducting risk or
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exposure studies, it is most appropriate to use nanoparticles
that have been aged to more closely mimic the types of
nanoparticles that organisms are most likely to encounter. Far
fewer studies have focused on aged AgNPs under environ-
mental conditions, or conditions related to their
use,4,6,15,16,21−23 compared with those that evaluate the effects
of pristine AgNPs.
Thermodynamic arguments (i.e., the low solubility of Ag2S

(Ksp ≈ 10−51),24 the fact that silver is a class B soft metal and
will preferentially bind to inorganic sulfides and sulfur-
containing organic molecules,25 evidence from the behavior
of Ag NPs in WWTPs4,6 and studies of silver released from the
photographic industry indicate that sulfide will scavenge the
majority of silver ions discharged into the environment and
transform them into Ag2S,

25,26 even at low sulfide concen-
trations. In the case of AgNPs, which are commonly engineered
as Ag0 and have been shown to undergo oxidative dissolution
on relatively short time scales (days to weeks),24,27 the eventual
speciation of silver (especially in WWTPs) is likely to be a
nanoparticle or an aggregate of nanoparticles having some ratio
of Ag0:Ag2S, which is determined by the sulfide concentration
and exposure time to the environment.4,23,28 AgNPs may also
undergo direct oxysulfidation (a mechanism by which silver is
oxidized and sulfidized at the metal without dissolution and
release of Ag+ ions), at high sulfide to AgNP molar ratios,23

which may result in the formation of a passivating layer of Ag2S
around the Ag0 core of AgNPs, thus slowing or preventing
further Ag+ release.28,29 Nanoparticle size and aggregation state
may affect the rate and extent of sulfidation over a specified
time period.
Sulfidation of metals often influences their toxicity in natural

environments due to the low solubility of metal-sulfide
species.27 For example, Choi et al. showed that sulfidation
decreases AgNP toxicity toward nitrifying bacteria,30 but the
mechanism by which sulfidation decreased toxicity was not
reported. Suresh et al. showed that Ag2S NPs were nontoxic to
Gram-negative, Gram-positive, eukaryotic, and macrophage
cells.31 Properties like particle size, zeta potential (and
subsequent effect on aggregation state), polymeric coating
(the potential for physical contact), and dissolution behavior
(potential for release of Ag+ ions) have previously been shown
to determine the effects of AgNPs on cell function,32,33

reproductive inhibition,21 and toxicity34−37 for a range of
organisms and cells. Furthermore, AgNPs with a wide range of
sizes, initial aggregation states, and organic coatings are
available and used for commercial and academic pursuits.
Previous studies have shown that environmental ligands can
induce aggregation,28,38,39 and that sulfidation can affect
toxicity,40 but none (to our best knowledge) have linked a
difference in initial properties of a nanomaterial (aggregation
state), to an environmentally relevant physicochemical behavior
(sulfidation, particle morphology, and dissolved Ag release) and
effect (microbial growth inhibition).
The objectives of this study are to determine (1) how the

initial size distribution and aggregation state of AgNPs affect
the extent of sulfidation and then (2) how the extent of
sulfidation affects the toxicity of AgNPs to E. coli, as measured
by growth inhibition. A commercially available (polydisperse
and aggregated) polyvinylpyrrolidone (PVP)-coated AgNP and
a relatively monodisperse PVP-coated AgNP stabilized against
aggregation were exposed to O2 and sulfide to produce particles
of varying Ag0:Ag2S ratio. The initial and sulfidized nano-

particles were characterized and the effects of sulfidation on E.
coli growth inhibition were determined.

■ MATERIALS AND METHODS
Materials. To determine the effect of aggregation state and

polydispersity on the ability of sulfidation to decrease AgNP
growth inhibition on E. coli, two types of AgNPs were
evaluated. Commercially available engineered AgNPs with a
polyvinylpyrrolidone (PVP) coating comprising 0.2 wt % of the
particles were obtained from Nanostructured & Amorphous
Materials Inc. (Houston, TX) as dry powders. These
nanoparticles were determined to be polydisperse with respect
to particle size and aggregates of the primary nanoparticles.
These nanoparticles are henceforth designated as “AgNP
(agg)”. A second type of AgNP was synthesized with a PVP
coating comprising 3.5 wt % (as C) of the total particles, but
with a controlled, relatively monodisperse size distribution that
was maintained as a dispersion in water and never dried. These
latter particles tended to be more stable against aggregation and
subsequent sedimentation and are designated as “AgNP
(disp)”. The synthesis method of the AgNP (disp) was adapted
from a previous study (additional details in Supporting
Information (SI)).28 All water used in these experiments was
deionized and of nanopure grade. The sulfide solutions were
created using Na2S(s) (>99%) from Fisher Scientific (Hampton,
NH). A model compound library of silver species was compiled
for XAS analysis. The origin and purity of these chemicals are
described in SI.

Sulfide Exposure. To produce AgNPs of varying Ag0:Ag2S
ratios, each AgNP type was exposed to excess dissolved O2 and
different HS−/Ag ratios for 48 h. It should be noted that this
process used higher sulfide concentrations than expected in the
environment, and exposed particles to both O2 and HS−/S2‑

simultaneously. Even though this is not representative of
environmental conditions and some oxidation of sulfur likely
occurred, the procedure provided AgNPs of varying degrees of
sulfidation that have been found in the natural environment
after 18 months.41 Prior to HS− exposure, each AgNP type was
washed to remove excess Ag+ in the stock solution. This was
done by dispersing a 1600 mg/L solution (as mg-Ag/L) in
water with a Branson Sonifier 450 ultrasonicating probe for 20 s
at 100 W delivered power, followed by ultracentrifugation at 51
485g for 20 min to separate the AgNPs from supernatant
containing any Ag+ ions and excess PVP. This washing process
was repeated three times. The centrifugation method was
calculated to theoretically remove 20 nm NPs of either Ag0 or
Ag2S in <11 min (see SI for the calculation). This washing
helped to prevent artifacts from the synthesis/drying method or
storage prior to use. The pH of the washed AgNPs in nanopure
water was circumneutral.
The washed AgNPs were redispersed and aged in sulfide

solutions of 0, 0.1, 0.5, 2, 8, or 15 mM, at a AgNP
concentration of 800 mg/L, thus providing a range of initial
molar ratios of HS−/Ag of 0 to 2.02. Table S1 (Supporting
Information) provides a reference for the conversion between
the concentration of HS− in mM and HS−/Ag ratio in the
reactors. Air was bubbled through each solution using a
hypodermic needle at a rate of ∼130 cm3/min at ambient
temperature and pressure to provide dissolved oxygen (DO) as
an oxidant for AgNP oxidation. The initial pH of the sulfide
solutions was between 11.0 and 11.8. After 48 h of reaction the
sulfide had reacted or been scrubbed from solution by bubbling
and the pH of each solution was ∼8.4. The sulfidized particles
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were washed once via centrifugation and kept in nanopure
water at circumneutral pH, until bacterial toxicity tests, dynamic
light scattering (DLS), electrophoretic mobility (EPM), and
XAS analysis were performed as described next. Particles were
dispersed using ultrasonication according to above prior to any
measurement or test.
Dissolved Ag Release Potential Post-Sulfidation. The

silver ion remaining in solution immediately after sulfidation
was measured as one measure of the particles’ potential to
release dissolved Ag. After the 48 h of reaction with sulfide/O2,
the sulfidized particles were separated by ultracentrifuge, and
the dissolved Ag in the supernatant was measured using an
inductively coupled plasma spectrometer (ICP) (TJA IRIS
Advantage/1000 Radical ICAP Spectrometer) after being
acidified to pH < 2 using concentrated HNO3. Although this
was not a direct measure of Ag ion released during the
exposures to E. coli, it served as an indicator of the accessibility
of the Ag(0) in the particles.
Dissolved Ag in Bacteria Growth Inhibition Media. To

determine the available dissolved Ag during toxicity tests
(described below) the concentration of dissolved Ag was
measured for solutions of 50 mg/L unsulfidized or sulfidized
AgNP in 5 mM HCO3, pH adjusted to 7 by HCl, after 60 and
360 min. As with the growth inhibition tests, the unsulfidized or

sulfidized AgNPs were washed as described above prior to
measuring the release of dissolved Ag. After each time point the
dispersed particles were filtered using Millipore Amicon Ultra-
15 3 kDa centrifugal filter devices. The filtrate was acidified to
pH < 2 using concentrated HNO3, and graphite furnace atomic
absorption was used to determine the Ag concentration using a
GBC 908 atomic absorption spectrometer with GF300 graphite
furnace. The method detection limit was approximately 2 μg/L.

Characterization. The hydrodynamic diameter and EPM
(zeta potential) of each AgNP type, before and after sulfidation,
were measured using a Malvern Zetasizer Nano Series
(Southborough, MA) dynamic light scattering instrument.
DLS and EPM were performed on 0.1 mM NaNO3 solutions
containing 0.1 g/L AgNPs (assumed from the concentration of
the initial AgNP stock suspension, some Ag loss, although likely
minor, could have occurred due to dissolution during storage)
at pH = 7.0 ± 0.2. NaNO3 was used because the instrument
requires a low background electrolyte and nitrate does not react
with the AgNP surface. The DLS data reported are the average
of three measurements taken in succession. The intensity
autocorrelation data were converted to intensity-weighted
hydrodynamic diameter distributions using the non-negative
least-squares method. The procedure for determining EPM was
described previously,28 with the only difference being that the

Figure 1. (A) (top left with inset): TEM images of the initial (unsulfidized) PVP-coated AgNP (agg) from Amorphous Nanomaterials. The inset
within A is a closer view of the aggregates. (B) (bottom): Intensity-weighted size distribution DLS data of engineered AgNP (agg). The average
hydrodynamic diameters for each peak were 265 nm and 64 nm. The data range shown in B represents 96.2% of the total intensity data. (C) TEM
image of the initial (unsulfidized) laboratory-synthesized PVP-coated AgNP (disp) ∼30 nm in diameter. (D) Intensity-weighted size distribution
DLS data of laboratory-synthesized AgNPs. The average hydrodynamic diameters for each peak were 64 nm and 7 nm. The data range shown
represents 96.8% of the total intensity data.
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sulfidized AgNPs were dispersed in a 0.1 mM NaNO3
background electrolyte solution. The low ionic strength
minimized aggregation of the sulfidized particles. A Tecnai
F20 transmission electron microscope (accelerating voltage of
200 kV) was used to image AgNPs before and after
sulfidationduplicate grids were used to confirm particle
morphologies and approximate populations. Synchrotron-based
X-ray absorption spectroscopy (XAS), including X-ray
absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS), was performed at the Ag K-
edge (25.514 keV) at the Stanford Synchrotron Radiation
Lightsource (SSRL) on BL 4-1. Principal component analysis
(PCA) was performed on the EXAFS spectra of one particle
type exposed to a range of sulfide concentrations in order to
determine the number of components needed to accounted for
>90% of the series. In each case two components (Ag0 and
Ag2S) were sufficient to represent >95% of each spectrum.
Linear combination fitting (LCF) using a silver model

compound library was performed on each spectrum individually
to determine and quantify Ag species in the initial and aged
particles. SixPACK software v0.6742,43 was used to perform the
PCA and LCF analyses. The methods used for EXAFS data
collection, refinement, and analysis have been described in
detail elsewhere.14,21

E. coli Growth Inhibition Tests. The effects of particle
morphology and sulfidation on growth inhibition of E. coli
(ATCC strain 33876) were determined by exposing E. coli (1
to 2 × 106 CFU/mL initial populations) to 50 mg/L (as Ag)
pristine or sulfidized AgNPs in 5 mM bicarbonate with the pH
adjusted to 7 using HCl. The AgNPs had been washed prior to
bacterial testing to remove dissolved Ag released during
storage. The source of dissolved Ag is therefore that which is
released during the exposure study, and is presumed to be
correlated with that measured after sulfidation. E. coli was
chosen because of its long-standing use as a probe micro-
organism for nanoparticle effects research and the afforded

Figure 2. (A) EXAFS data (black line) with linear combination fits (gray lines) for the sulfidized series of PVP-coated engineered AgNP (agg). (B)
EXAFS data (black line) with linear combination fits (gray lines) for the PVP-coated laboratory-synthesized AgNP (disp). The initial concentration
of reduced sulfur, percent Ag0, and percent Ag2S are listed above each respective spectrum and fit combination. The number in parentheses
represents the uncertainty in the last digit represented.
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comparison between previous studies. As a result, the results
presented here imply but do not confirm impacts in a complex
environmental system. Culture tubes were placed on an orbital
shaker, rotated at 350 rpm at RT, and samples were taken at 0,
30, 60, 120, and 360 min. Cells were plated on Loria broth agar
plates and incubated for 12 h at 37 °C, and then the colonies
were counted as previously described.44 All experiments were
performed in triplicate. Averages of each of the three plates are
reported in the figure captions. Error bars in the figures
represent the standard deviation of the triplicate measurements.

■ RESULTS AND DISCUSSION
Properties of Unaltered AgNPs. Following sonication,

the AgNPs obtained from a commercial source (AgNP (agg))
were still more aggregated than those synthesized in this study
without sonication (AgNP (disp)). Transmission electron
microscopy (TEM) images (Figure 1A and inset) show that
the individual particles are relatively more polydisperse, ranging
from ∼30 to 80 nm in size, and that most aggregates range
from 75 to 200 nm in diameter. DLS results for AgNP (agg)
after sonication are consistent with the conclusion that the
majority of the nanoparticles are present as aggregates with an
average hydrodynamic radius of 265 nm for the largest peak
and 64 nm for the secondary peak (Figure 1B). In addition, 800
mg/L suspensions of AgNP (agg) readily sediment from
suspension based on the presence of AgNP at the bottom of
the vial, which also suggests that these particles are aggregated.
The AgNP (disp) are relatively monodisperse, as shown by
TEM images of individual particles of approximately 25−30 nm
diameter (Figure 1C), and in general smaller (83 nm for the
largest peak and 7 nm for the secondary peak) than for
AgNP(agg) (Figure 1D). Each AgNP type, regardless of
aggregation state, had similar initial surface charges and zeta
potentials of −30 mV to −40 mV at pH = 7.0 ± 0.2 in a 0.1
mM NaNO3 solution. These values are consistent with
previously published literature for a range of AgNP sizes and
surface modifications.45−48 An 800 mg/L dispersion of AgNP
(disp) was stable against sedimentation for more than 1 month.
Linear combination fitting of the EXAFS spectra of AgNP

(agg) and AgNP (disp) revealed that 85% and 79%,
respectively, of the silver in the initial (unsulfidized) nano-
particles is Ag0, with the balance presumed to be an oxidized
form of Ag (Figure 2A and B, respectively). A statistically
dominant secondary species was not found for either unreacted
nanoparticle type. However, some Ag-species that appeared in
the fits that are statistically relevant (based on lowering of the
goodness of fit parameter, R-factor, of the model compared to
the data included in Table S1 of Supporting Information), but
could not be distinguished from each other were (in decreasing
order) Ag2O, Ag2CO3, Ag2SO4, and Ag2S. The fit results
indicate that the surfaces of the AgNP (agg) are potentially a
mix of species resulting from gas adsorption and absorption of
aqueous species, as these particles were initially dry powders.
The potential species derived from EXAFS-LCF analysis for the
dry AgNP (agg) were all proposed by Graedel et al. for
uncoated Ag surfaces as a result of atmospheric interactions
with the silver surfaces,49

AgNP Properties Following Sulfidation. Changes in
particle color and stability against aggregation were noted upon
sulfidation. For both AgNP (agg) and AgNP (disp), sulfidation
caused pronounced darkening from gray or blueish gray to dark
gray/black, as expected for Ag2S formation. DLS could not be
accurately performed on the particles aged in aqueous solutions

with HS−/Ag = 2.02 because rapid aggregation and
sedimentation left too few particles in suspension for analysis.
The relatively monodisperse AgNP (disp) size population
shifted from the initial (HS−/Ag = 0.00) value of 83 nm to 115
nm upon maximum sulfidation, at HS−/Ag = 2.02, and also
contained a relatively more polydisperse size range including
some micrometer-sized aggregates (Figure S1). The zeta
potential of sulfidized AgNPs is consistent for both particle
types and is lower than that for the unsulfidized material (∼
−20 mV ± 10 mV at pH = 7 in 0.1 mM NaNO3 solution for
HS−/Ag ratios between 0 and 0.27). At HS−/Ag > 0.27, the
surface charge (0 mV ± 10 mV) was near the point of zero
charge (pzc) (pH ∼ 7) and was difficult to measure. This result
is consistent with the pzc of sulfidized AgNPs reported by
Levard et al.28 at near neutral pH. The zeta potential of the
most sulfidized AgNP (agg) could not be determined because
of insufficient particles in solution due to aggregation and rapid
sedimentation.
EXAFS LCF analysis of the AgNP sulfidation series revealed

that the amount of Ag2S formed in the system is, in general,
dependent on the initial concentration of reduced sulfur
(Figure 2). In Figure 2 it can be seen that there is a reduction in
the amplitude of many peaks as the particles form more Ag2S
(moving from top to bottom), and there is the relative increase
in a peak at 5.8 A−1. This analysis also indicates that the
aggregated particles (AgNP (agg)) were not fully sulfidized in
15 mM HS− (HS−/Ag mole ratio of 2.02, so HS− is in 4-fold
excess of the stiochiometric amount) after 48 h (Figure 2A),
whereas the less-aggregated particles (AgNP (disp)) could be
fully sulfidized under the same conditions (Figure 2B). This
difference is likely due to polydispersity and the larger average
particle size of the initial AgNP (agg) dispersion (Figure 1B).
Sulfidation of the larger particles (30−80 nm diameter) and
aggregates (up to several hundred nm) is kinetically limited
compared to the smaller 30 nm diameter particles and therefore
not complete after 48 h. The retention of Ag0 in AgNP (agg),
even after reaction under very favorable conditions for
sulfidation, means that Ag+ could potentially be released if
the Ag2S shells are incomplete, as suggest by Liu et al.,23,50 or
upon disruption or compromise of the Ag2S shells.
TEM images of AgNPs aged at high HS−/Ag ratio show

three distinct morphologies (Figure 3): (1) an apparent core/
shell Ag(0):Ag2S structure (although using TEM this cannot be
proved conclusively); (2) Ag2S bridges between two or more
nanoparticles; and (3) precipitates of separate Ag2S (acanthite)
nanocrystals. For qualitative comparison, the majority of
particles showed bridging, only ∼30% showed core/shell
morphology, and <10% were acanthite nanocrystals. These
populations are approximate, as no quantitative counting
methods were employed, however these results were confirmed
to be similar on duplicate TEM grids. The morphologies of the
AgNPs following sulfidation depend on the aggregation state of
the initial particles. An apparent core/shell structure was
observed for the aggregated and polydisperse AgNP (agg) after
aging in 15 mM HS− for 48 h (Figure 3A). Although TEM
cannot definitively detect a core−shell structure, the light gray
areas between darker, more electron-dense regions suggest such
a structure, and the lighter regions between darker regions were
identified as Ag2S using lattice fringe spacing (Figure S2). Most
particles observed were present as aggregates with Ag2S bridges
between the particles (Figure 3B). We were unable to
determine if sulfidation of the aggregates occurred only via
direct oxysulfidation, as proposed by Liu et al.,23 for HS−/Ag
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molar ratios used in this study or if they formed in part from
release of Ag+ ions followed by precipitation of Ag2S between
the particles. The third morphology seen by TEM produced
individual acanthite nanoparticles (Figure 3C). These nano-
particles appear to be monoclinic, and the lattice fringe spacing
resembles that of Ag2S formed at geologically low temperatures
(Figure S2).51,52 The individual Ag2S nanoparticles differ from
the other forms of Ag2S bridging the particles (Figure 3B)
because they are highly crystalline and not attached to or
bridging between other particles. For these reasons it appears
that the individual Ag2S nanoparticles are formed by
precipitation of dissolved Ag+ and reduced sulfur in solution,
suggesting that both direct oxysulfidation of the AgNPs and
precipitation of Ag2S are occurring. Sulfidation of the AgNP
(disp) was more uniform in behavior. Individual particles were
fused or bridged together to form aggregates of particles
(Figure 3B) as observed in our previous study.28 The apparent
size of the bridged aggregates formed is ∼200 nm, as observed
by TEM, from exposure to HS−/Ag = 2.02. Also, a noticeable
shift in the population can be seen, as well as an increase in
micrometer-sized particles (Figure S1).
The concentration of dissolved Ag in supernatant taken from

the sulfidized AgNPs just post sulfidation is dramatically
decreased compared to the unsulfidized AgNPs, and correlates
directly with HS−/Ag ratio used in each reactor (Figure S3 A
and B). Unsulfidized AgNP (agg) and AgNP (disp) have

dissolved Ag concentrations of 2.7 and 4.7 mg/L (0.3 and 0.6
wt %), respectively. As HS−/Ag increases, the concentration of
dissolved Ag greatly decreases. Following sulfidation, the
concentration of dissolved Ag drops to ≤ 1 mg/L (0.125 wt
%) for all samples and, for both particle types, < 10 ppb (0.001
wt %) in the most sulfidized samples. This suggests that the
potential for Ag release decreased with increasing sulfidation,
and is consistent with previous reports of the effects of
sulfidation on release of dissolved Ag.24,28 Dissolved Ag
concentrations measured in the E. coli growth inhibition
media with AgNP concentrations equal to 50 mg/L were 8−10
μg/L for the unsulfidized and lowest sulfidized AgNP (agg)
samples, and below the 2 μg/L detection limit of the GBC
GFAA for Ag.

Effect of Sulfidation on E. coli Growth Inhibition. E.
coli growth inhibition tests were used to determine the effect of
sulfidation on the toxicity potential of the transformed AgNPs.
Several general trends in the data are apparent for both particle
types. First, sulfidation reduces the ability of AgNPs to inhibit
the growth of E. coli. As the ratio of Ag2S:Ag

0 increases, growth
inhibition decreases (Figure 4a,b). Second, this decrease in
growth inhibition also correlates with the decrease of available
dissolved Ag in the aging solution after sulfidation (Figure S3 A
and B), which is one indicator of the potential to release
dissolved Ag during the exposure to E. coli. Finally, the
observed growth inhibition correlates with the loss of surface
area due to aggregation of the sulfidized nanoparticles.
The concentration of dissolved Ag was measured directly in

the E. coli exposure media (5 mM NaHCO3 at pH = 7) at t =
60 and 360 min to determine if the observed growth inhibition
correlated with the dissolved Ag in solution during exposure of
the AgNPs to E. coli. The concentration of dissolved Ag for the
unsulfidized and lowest sulfidized AgNP (agg) was 8−10 μg/L,
just above the 2 μg/L detection limit. Solutions containing the
more sulfidized AgNPs (agg) and all AgNP (disp) were below
the method detection of 2 μg/L dissolved Ag. The significant
growth inhibition observed for the unsulfidized and the lowest
sulfidized AgNP (disp) despite having very low dissolved Ag,
and the general lack of correlation between dissolved Ag
concentrations and growth inhibition for the AgNP (agg),
suggests a nanoparticle specific effect for the observed growth
inhibition. However, this cannot be confirmed because a trend
in the dissolved Ag may have existed below the detection limit
for dissolved Ag.
A Ag2S shell formed on the particles may also have limited

growth inhibition by decreasing or preventing direct contact of
bacteria with metallic silver. It has been shown that the direct
contact between AgNPs and bacteria can cause toxicity.11,53

Figure 4A shows that unsulfidized AgNP (agg) has >5 log kill
after 120 min of exposure; however, AgNP (agg) aged in 15
mM HS− (HS−/Ag = 2.02) for 48 h has almost no toxicity even
after 360 min despite still containing ∼20% of its toxic
potential, as Ag0 (Figure 2A). AgNP (disp) exhibits similar
general trends in toxicity (Figure 4B). However, neutralization
of AgNP (disp) toxicity can be achieved with lower HS−/Ag
ratios than that required for AgNP (agg) aged identically
because of the higher efficiency of Ag0 to Ag2S conversion for
AgNP (disp). Figure 4B shows that exposure to HS−/Ag ≥ 0.27
causes AgNP (disp) to become nontoxic. These results suggest
that even though significant amounts of Ag0 remain in the 1.08
and 0.27 HS−/Ag exposed AgNPs (disp) (26.1% and 68.2%,
respectively), the better dispersed nanoparticles have been
passivated more than the aggregated nanoparticles with respect

Figure 3. (A) TEM image of AgNP (agg) aged in 15 mM HS−

solution, showing dark Ag0 cores surrounded by lighter Ag2S shells.
Lattice fringe spacing on the light gray material between darker regions
indicates crystalline acanthite (Ag2S), (the white-dashed box indicates
the approximate area of Figure S2 in Supporting Information). (B)
TEM image of a typical AgNP (disp) aggregate after being aged at 2.02
HS−/Ag (15 mM HS−) for 48 h. Significant aggregation compared to
Figure 2B (above) and the formation of acanthite bridges between
particles are apparent. (C) TEM of a Ag2S nanocrystal formed when
AgNPs (agg) were aged with 15 mM HS−.
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to their ability to cause growth inhibition to E. coli. TEM
images revealed no visible clues about the mechanism of
passivation for the different AgNP types; however, this
difference is consistent with a particle-specific effect, i.e., a
surface-dependent mode of toxicity, and may arise because the
discontinuous Ag2S shells on the AgNP aggregates allow
localized Ag+ ion release to E. coli in contact with the particles.
This mechanism has been proposed previously for AgNP
toxicity to plants.12 In contrast, sulfidation of the well-dispersed
AgNP (disp) results in a more continuous and passivating Ag2S
layer that prevents such release.
Implications for Environmental AgNP Behavior and

Impact. Kaegi et al. recently demonstrated that AgNPs are
sulfidized during wastewater treatment;4 however, the proper-
ties and toxic potential of the resulting NPs were not
characterized. The results presented above demonstrate that
the ability of AgNPs to cause E. coli growth inhibition is
dependent on the extent of sulfidation, which is influenced by
the initial sizes (polydispersity) of the AgNPs, and their

aggregation state. There is a strong negative correlation
between transformation from Ag0 to Ag2S and their ability to
inhibit growth of E. coli. Because a likely route of AgNP
exposure to the environment is through municipal wastewater
treatment plants, where the concentration of HS− is much
greater than that of AgNP, we suggest that the toxicity to
microorganisms in such treatment plants resulting from AgNP
dissolution will be low.30,54

The initial size distribution and aggregation state of AgNPs
affect the properties of the resulting sulfidized AgNPs. Larger
particle sizes or aggregates have a slower oxidation/sulfidation
rate, and sulfidation is kinetically limited by sulfide diffusion.
For the same reaction time with sulfide, the relatively well-
dispersed AgNPs used in this study can be completely
sulfidized. The fully sulfidized particles are less toxic at
equivalent sulfide exposures than their more aggregated
counterparts. This observation suggests that polydisperse
AgNPs, having a population of larger particles, or AgNPs that
are already aggregated (e.g., those that have been dried), have
lower rates of sulfidation and higher toxicity potential.
According to Liu et al., direct oxysulfidation rather than

dissolution and precipitation of Ag2S occurs at high sulfide
concentrations.23 This process combined with short residence
times (<15 days) in a WWTP could create conditions favoring
core/shell formation, similar to what is seen in Figure 3A. It is
unclear, however, how environmental sources of sulfide, such as
organic thiol ligands, or oxidants other than dissolved oxygen
may affect the mechanism or kinetics of AgNP sulfidation.
Further investigation is required to understand how other
constituents in water (e.g., presence of thiol-containing
compounds) affect the rate and extent of AgNPs sulfidation,
and the heterogeneity of the sulfide shell formed. The potential
for oxidation of sulfur on the resulting Ag2S under oxic
conditions, and the subsequent release of Ag+ ion must also be
considered. Transformations such as sulfidation of AgNPs
ultimately influence the environmental risks that these materials
present, and such transformations should be carefully
considered in nano EHS evaluations for all types of engineered
NPs.
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Figure 4. Toxicity gradient for (A) AgNP (agg) and (B) AgNP (disp)
aged in different initial concentrations of reduced sulfur over 360 min,
where N is the CFU/mL of an exposed sample and N0 is the initial
CFU/mL of the initial sample, before exposure. In general, increased
sulfide concentration decreases E. coli growth inhibition by AgNPs.
Each example of line style has pertinent particle physical properties
associated with it, including initial HS−/Ag (mol/mol ratio) used to
silfidize the particles, and a pie chart representing the % Ag2S, and Ag

0,
as determined by EXAFS. The gray shaded region of the pie charts
represents Ag0, and the black region represents Ag2S in sulfidized
AgNPs and unspecified Ag-oxide in the starting material. The initial
concentration of E. coli in these experiments was 1 to 2 × 106 CFU/
mL. An AgNP control line is included in (A) but not in (B), because
there are too many lines near the x-axis in B; the control line for both
follows the x-axis closely.
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