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ABSTRACT: Pristine silver nanoparticles (AgNPs) are not chemically stable in the
environment and react strongly with inorganic ligands such as sulfide and chloride once
the silver is oxidized. Understanding the environmental transformations of AgNPs in
the presence of specific inorganic ligands is crucial to determining their fate and toxicity
in the environment. Chloride (Cl−) is a ubiquitous ligand with a strong affinity for
oxidized silver and is often present in natural waters and in bacterial growth media.
Though chloride can strongly affect toxicity results for AgNPs, their interaction is rarely
considered and is challenging to study because of the numerous soluble and solid Ag−
Cl species that can form depending on the Cl/Ag ratio. Consequently, little is known
about the stability and dissolution kinetics of AgNPs in the presence of chloride ions.
Our study focuses on the dissolution behavior of AgNPs in chloride-containing systems
and also investigates the effect of chloride on the growth inhibition of E.coli (ATCC
strain 33876) caused by Ag toxicity. Our results suggest that the kinetics of dissolution
are strongly dependent on the Cl/Ag ratio and can be interpreted using the thermodynamically expected speciation of Ag in the
presence of chloride. We also show that the toxicity of AgNPs to E.coli at various Cl− concentrations is governed by the amount
of dissolved AgClx

(x−1)− species suggesting an ion effect rather than a nanoparticle effect.

■ INTRODUCTION

Silver nanoparticles (AgNPs) are among the most widely used
types of NPs in consumer products and have been shown to be
a potenital threat to the environment.1−6 Because of their
antibacterial, antiviral, and antifungal properties, AgNPs and
released Ag+ ions have been found to be highly toxic to a
variety of organisms.1−6 Regrettably, many of the toxicity
studies that have been conducted with AgNPs are not
environmentally relevant because they do not consider the
transformations these nanoparticles undergo in various environ-
ments.7 After AgNPs have been released into the environment,
their composition, structure, and surface properties are altered,
resulting in a change of their physicochemical properties.8−10

Therefore, the environmental transformations of AgNPs need
to be investigated to determine the changes in their surface
properties and reactivity (e.g., dissolution), which in turn will
affect their transport, reactivity, and toxicity to organisms in
soils and natural waters.7,8,11 On the basis of simple equilibrium
thermodynamic modeling, AgNPs, once oxidized, will mostly
react with reduced sulfur groups and chloride (Cl−) ions. In

nature, the predominant species will depend on the redox state
of the solution and the availability of each ligand.7 It is
important to note that the initial oxidation step of metallic
silver to Ag(I) is a prerequisite before it can react with reduced
sulfur and chloride. When exposed to oxygen, silver reacts to
form a silver oxide (Ag2O) surface layer. The oxidation of silver
is thermodynamically favorable at room temperature.12 In a
reducing environment with available sulfide, Ag2S is the
predominant transformation product.9,13,14 However, the
nature of the oxidant has never been clearly identified in
these cases. An important consequence of sulfidation is that it
strongly decreases further oxidation of the AgNPs10 and ion
release, and therefore their toxicity to Esherichia coli.11 Another
important reaction to consider when assessing the behavior of
AgNPs in the environment, particularly in oxic environments
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where the amount of sulfide is low, is how they react with Cl−

ions. Besides being one of the most prevalent monovalent
anions in natural aqueous systems, Cl− is present in most
growth media used for testing the toxicity of AgNPs to
organisms. Although the interaction between Cl− and Ag+ ions
and the effect of Cl− on Ag+ ion toxicity have been studied
extensively,15−17 the effect of Cl− on the stability of AgNPs has
been explored in only a few studies. In one such study, Li et al.
showed that the stability of AgNPs is strongly affected by the
presence of Cl−, with formation of a AgCl layer on the AgNPs
that inhibits their dissolution at a low Cl/Ag ratio.18 In another
study, Ho et al. showed that at low Cl/Ag ratio, the presence of
Cl− ions in solution can completely inhibit or significantly
decrease the rate of Ag-NPs dissolution in the presence of a
strong oxidant.19 A high Cl/Ag ratio, however, may enhance
dissolution due to the formation of soluble AgClx

(x−1)− species.
Because Ag toxicity is often governed by the amount of
dissolved Ag in solution, it has been proposed that Cl− will have
a strong effect on the toxicity of AgNPs. A good example is a
study by Gupta et al. who looked at the effect of chloride,
bromide, and iodide on the toxicity of AgNO3 to E. coli.17

These authors hypothesized that at low Cl/Ag ratios, Ag+ ions
precipitate with Cl− to form solid AgCl, whereas at higher Cl/
Ag, there is an increase of soluble AgClx

(x−1)− species, resulting
in decreased Ag resistance by E. coli. Although Cl− interactions
with dissolved Ag+ have been studied, little is known about the
kinetics of AgNP dissolution and the resulting toxicity as a
function of Cl/Ag ratio.
The focus of this study is on determining the rates of

dissolution of polyvinylpyrrolidone-coated AgNPs at different
Cl/Ag ratios (total Cl concentration vs total Ag concentration
in suspension) and understanding the toxicity of Ag-NPs at
various concentrations on E. coli (ATCC strain 33876) as a
function of chloride concentrations that mimic natural
conditions (0.5, 0.1, and 0.01 M NaCl and DI water). By
varying the Cl/Ag ratio in solution, we hypothesize that the rate
of dissolution of AgNPs and the resultant toxicity will be
strongly correlated with the speciation of Ag in the presence of
chloride.

■ MATERIALS AND METHODS

PVP-Coated AgNPs Synthesis. AgNPs were synthesized
following a protocol adapted from Kim et al.20 First, 13.5 g of
polyvinylpyrrolidone (PVP, Sigma-Aldrich, Mw(ave) = 10 000
Da, CAS Number 9003-39-8) was dissolved in 50 mL of
ethylene glycol. After heating the solution to 140 °C, 3.15 g of
AgNO3 (Sigma-Aldrich) in deionized (DI) water (3 mL) was
added to the ethylene glycol and reacted for 2 h. The solution
was then cooled to 25 °C, and the AgNPs were separated from
the ethylene glycol using 100% acetone (100 mL) followed by
centrifugation at a relative centrifugal force maximum value
(RCFmax) of 26,040g for 1 h. A final washing procedure was
carried out twice in which the particles were washed with DI
water and centrifuged again for 1 h.
SEM and Zeta Potential Measurements. Size distribu-

tion and shape of the AgNPs were determined by scanning
electron microscopy (SEM). AgNP samples in aqueous
solution were deposited on a silicon wafer and dried in air.
SEM images of the initial AgNPs were collected with a FEI-
XL30 Sirion SEM (accelerating voltage of 5 kV). The
electrophoretic mobility was measured using a Malvern
ZetaSizer NanoSeries at pH 7.2 ± 0.2 in both 0.01 M

NaNO3 and 0.01 M NaCl and converted to ζ potential using
the Henry’s equation.

AgNP Dissolution Rates in the Presence of Chloride.
Experiments to determine the rates of dissolution of the AgNPs
in solutions with different salt concentrations were carried out
in Float-A-Lyzer G2 dialysis devices with a membrane with a
nominal molar mass cutoff of 8−10 kDa. To ensure that Ag+

ions were not lost by adsorption to the dialysis membrane, a
control experiment using 1.10−4 and 1.10−5 M AgNO3 in DI
water was performed with recoveries of 97.2% and 96.9%,
respectively. Diffusion of Ag+ ions through the dialysis
membrane was fast relative to the measured Ag NP dissolution
rates and did not significantly affect the dissolution rate
measurements. Aqueous solutions containing 2.10−3, 2.10−4,
2.10−5, and 2.10−6 M of AgNPs were made from the stock
solution by dilution with DI water. Each of these solutions was
divided into four vials, and NaCl was added to provide salt
concentrations of 0, 0.01, 0.1, and 0.5 M in 5 mM HEPES
buffer (to control pH). Each experiment was performed in
duplicate, which resulted in a total of 32 reaction vessels. Eight
milliliters of a AgNP/NaCl suspension was added to each
dialysis tube, and 25.0 ± 0.1 mL of the corresponding DI or
NaCl solutions was added to the outer vial. The solution in the
outer vial was replaced with fresh NaCl solution every 2 h for
36 h to maintain the maximum driving force for dissolution of
the particles. The removed solution was acidified in HNO3
(70%) for 1 h and diluted to 5% HNO3 to measure the
dissolved Ag species with an inductively coupled plasma-atomic
emission spectrometer (ICP-AES) spectrometer (TJA IRIS
Advantage/1000 Radial ICAP spectrometer). The pH of the
Ag-containing solutions was measured prior to and after each
experiment and found to be 7.2 ± 0.2.

AgNP-Aged Solutions for Growth Inhibition Experi-
ments on E. coli. E. coli was exposed to Ag NPs that had been
aged in media with different chloride content for 12 d. So in
parallel, a series of AgNPs were aged for 12 days in solutions
with the same NaCl concentrations as those used in the
dissolution rate studies (detailed above). AgNP solutions were
made by diluting the stock solution in DI water to 2.10−3,
2.10−4, 2.10−5, and 2.10−6 M. To confirm the total Ag
concentrations, aliquots were dissolved in HNO3 (70%) for 1
h and diluted to 5% HNO3 and analyzed using ICP-AES. As in
the dissolution rate study, each suspension was divided into
four aliquots, and NaCl was added to provide a salt
concentration of 0, 0.01, 0.1, or 0.5 M NaCl. These suspensions
were placed on an orbital shaker (100 rpm/min) for 12 days in
the dark in air-saturated solutions (8.6 mg/L DO) at room
temperature. The total soluble Ag species for each NaCl
concentration was measured after 12 days of aging. Particles
were separated from the solution using Amicon ultra centrifugal
filters (NMWL 3 kDa) at 6000g (RCFmax) for 20 min. The 3
kDa nominal molecular weight cutoff was sufficient to separate
AgNPs from Ag+ ions. In control experiments performed as
part of a previous study, it was demonstrated that silver ions
(added as AgNO3 at 0.1 to 1 mg/L) were 100% recovered,
indicating that loss of Ag+ ions to the filters was negligible.21

The amount of soluble Ag species was measured using ICP-
AES. Three replicates of each sample were analyzed.

E. coli Growth Inhibition Tests. The effect of aging
AgNPs in Cl-rich aqueous solutions on the growth rate of E.
coli (ATCC strain 33876) was determined by exposing E. coli to
AgNPs in solutions containing different concentrations of Cl−

and measuring optical densities by UV−vis absorption at λ =
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600 nm (OD600). The growth inhibition was calculated by
converting the OD600 into colony-forming units (CFU) using a
calibration curve created with an E. coli control that did not
have any AgNPs (see the Supporting Information for details).
E. coli were first inoculated in Luria−Bertani (LB) medium

(10 g tryptone, 5 g yeast extract, and 5 g NaCl (0.085 M
chloride) for 1 L of medium) and incubated for 16 h at 37 °C
on an orbital shaker (150 rpm). At the same time, four reaction
vessels were filled with LB media containing 0, 0.01, 0.1, and
0.5 M NaCl, which were the same NaCl concentrations as
those used in the AgNP aging experiments. After 16 h, the E.
coli stock solution was split into four vessels to wash the cells.
Each vessel was centrifuged to form a pellet. The pellet was
resuspended in DI water, then centrifuged again. The
supernatant was discarded, and the resulting pellets were
resuspended in their respective media. The E. coli solutions
were then diluted to ∼1 to 2 × 107 CFU/mL (OD600 of 0.02).
Then, 0.75 mL aliquots of the aged (12 d) particles were added
to 0.75 mL of E. coli resuspended in their respective media. The
resulting solutions were vortexed for 10 s and incubated at 37
°C for 24 h on an orbital shaker (150 rpm). After 24 h, OD600

was measured and converted to CFU/mL using the calibration
curve. Control experiments without AgNPs were performed
under the same conditions. A PVP control experiment has also
been done to test an eventual toxicity of the coating (10 mg/L)
and did not show any effect on growth. The same experiment
was also conducted to determine the effect of Ag+ only (as
AgNO3 in DI water) on E. coli growth inhibition. All
experiments were performed in triplicate under sterile
conditions.

■ RESULTS AND DISCUSSION

Properties of AgNPs. The synthesized nanoparticles were
characterized by SEM before adding chloride and were found to
be relatively monodispersive in size with an average diameter of
32.9 nm ± 4.9 nm (Figure 1). The zeta potential measured at
pH 7.2 ± 0.2 in 0.01 M NaNO3 was found to be −8.8 mV. The
observed negatively charged surface at neutral pH is consistent
with previous zeta potential measurements performed on PVP-
coated AgNPs.10,22,23

Rates of AgNP Dissolution in Presence of Different
Chloride Concentrations. The percentage of soluble Ag
species released over time for different Cl/Ag ratios
(normalized by the total amount of Ag to account for small
variations in the initial Ag NP concentration) are shown in
Figure 2. A small amount of chloride significantly decreases the
rate of release of soluble Ag species compared to the chloride-
free control (labeled DI water in Figure 2). Furthermore, the
initial rate of aqueous Ag release (t ≤ 10 h) into solution
increased as the Cl/Ag molar ratio increased from 5 to 26750
(Figure 2 and Table 1). The differences in release behavior are
discussed later in the paper.
For Cl/Ag ≤ 2675, the rate of dissolution of the AgNPs in

the presence of chloride was slower compared to AgNPs in DI
water, but for a high Cl/Ag ratio (Cl/Ag = 26750), the rate of
AgNP dissolution is greater than the DI water control. The
nature of the soluble Ag species that forms in solution varies as
a function of total Ag and Cl− concentration and include Ag+,
AgClaq, AgCl2

−, AgCl3
2−, and AgCl4

3− as predicted by
thermodynamics (Figure 3), where the experimental conditions
tested in this study are represented as red dots. This
predominance diagram indicates that, generally, as the Cl/Ag
ratio increases, AgClx

(x−1)− soluble species begin to dominate
compared to solid AgCl. This was seen in the Cl/Ag ≥ 26750
reaction vessel in which solid AgCl is predicted to be
thermodynamically unstable. Thermodynamic calculations for
this particular experiment ([AgNPs] = 2.10−5 M, [NaCl] =
0.5M) indicate the following Ag speciation: AgCl2

− (51%),
AgCl3

2− (27%), and AgCl4
3− (22%). For all other experimental

conditions (Cl/Ag ≤ 2675), solid AgCl is expected to be the
dominant phase. These results suggest that the rate of
dissolution is strongly dependent on the solid AgCl/
AgClx

(x−1)− ratio, with AgNP dissolution rate increasing as
solid AgCl/AgClx

(x−1)− decreases.
Zeta potential measurements for samples in either 0.01 M

NaNO3 or 0.01 M NaCl electrolyte solutions were measured
and suggest that the AgNPs are covered with AgCl. Because
pure AgCl particles have high negative zeta potentials (−57
mV),23 any significant variation in zeta potential after addition
of chloride to samples with a nonbimodal distribution of zeta
potentials would indicate that the AgNPs are coated with AgCl.
In 0.01 M NaNO3 solutions, the zeta potential was found to be
−8.8 mV with a monomodal distribution of the charge with a
peak width of 9.6 mV. The same measurement performed in a
0.01 M NaCl solution resulted in a zeta potential of −28.4 mV,
again with a monomodal distribution and a peak width of 9.7
mV. The same trend was observed in 0.1 M NaNO3 and NaCl
(data not shown). These zeta potentials are similar to those
measured in previous studies and support the hypothesis that
the AgNPs are coated with AgCl. This AgCl coating can be the
result of direct precipitation of AgCl at the surface of the
oxidized AgNPs forming a more or less uniform layer but can
also be the result of the sorption of small AgCl nucleates that
first form in solution. The growth mechanism of an AgCl
structure on the surface of the AgNPs is difficult to characterize
on nanoparticles; however, such processes have been studied
on silver substrates in a chloride-rich environment. In a recent
study, AgCl particles were found to nucleate on scratches
present on the surface of Ag wires (0.5 mm in diameter), which
are favorable sites for heterogeneous nucleation.25 The nuclei
were found to expand laterally on the substrate until they
formed a continuous film. Ionic transport through the newly
formed continuous AgCl film was via the spaces between the

Figure 1. SEM image of the initial unreacted AgNPs. Size distribution
shown in the inset was obtained by measuring 250 particles in two
different SEM images.

Environmental Science & Technology Article

dx.doi.org/10.1021/es400396f | Environ. Sci. Technol. 2013, 47, 5738−57455740



AgCl grains. As the film thickened, the spaces between the
AgCl grains were closed, and the ionic transport was mainly via
microchannels running through the AgCl grains. The surfaces
of nanoparticles are known to exhibit structural defects that
might be favorable sites for nucleation of AgCl particles than
can expand laterally to form more or less continuous AgCl films
at the surface of the particles, slowing their dissolution rate.
Similarly, Li et al. have shown that AgNPs aggregated in
aqueous solution containing chloride and were encapsulated by
a secondary phase that was attributed to the formation of AgCl
precipitate at the surface of the AgNPs.18

The effects of both a AgCl surface precipitate/sorption and
the formation of soluble AgClx

(x−1)− species on the dissolution
behavior of AgNPs were further investigated by closer
inspection of the dissolution curves (Figure 4). The dissolution
rates after 2 h of reaction time are reported in Table 1 and

depend strongly on the Cl/Ag ratio as discussed previously
(Table 1).
These results indicate that the reaction of AgNP surfaces

with chloride ions (resulting in precipitation of solid AgCl or
formation and diffusion of soluble AgClx

(x−1)− species) occurs
within the first 2 h. After 2 h, one can distinguish different
stages in the dissolution behavior of the AgNPs for different
Cl/Ag ratios (Figure 4). For a low Cl/Ag ratio (Cl/Ag ≤ 535)
for which solid AgCl is expected to form, dissolution rate first
exhibits a logarithmic/polynomial behavior (Figure 4, blue
curves) that can be interpreted as a transient stage during which
deposition of a solid AgCl layer (surface precipitation or
sorption of small AgCl nucleates) on the AgNPs tends to reach
a steady state between precipitation/sorption and dissolution.
The duration of this transient stage decreases as the Cl/Ag ratio
increases. This transient stage is not observed for the highest
Cl/Ag ratio, which is consistent with the fact that solid AgCl is
not expected to precipitate under these conditions. For these
highest ratios, a linear trend (Figure 4, red lines) was observed
and is attributed to the dissolution of the AgNPs. A third stage
was observed only for the highest Cl/Ag ratio (Cl/Ag = 26750)
after 10 h and 8% dissolution where the dissolution rate starts
decreasing over time (Figure 4, green curve). One possible
explanation for the dissolution behavior at a Cl/Ag of 26750 is
that the first linear portion (up to about 8% dissolution) is
driven by the formation of soluble Ag species, which cause the
initial oxidized layer present on the surface of the AgNPs to
dissolve relatively quickly compared to the dissolution rate in
the DI water system. Even though they are hard to detect, thin
layers of Ag2O at the surface of AgNPs are thermodynamically
expected in aerobic system and were detected in numerous
studies using UV−vis spectroscopy.12,26−28 The presence of an
oxidized layer at the surface of the AgNPs synthesized for this
study is indirectly shown by the nanoparticles dissolving in DI
water over time. Studies in which this oxidized layer on the
AgNP surfaces is absent (anaerobic conditions) have shown
that the nanoparticles do not dissolve during the experimental

Figure 2. Percent of nanoparticulate silver dissolved over time for different Cl/Ag ratios compared with that of AgNPs in DI water. Each point
represents the average of two experimental points. Extremities of the vertical bar on each point represent those two experimental points.

Table 1. Initial Dissolution Rates (t ≤ 10 h) of AgNPs as a Function of Cl/Ag Ratio

Cl/Ag molar ratio 5 54 267 535 2675 26750

initial rate (%/hour) ± standard error 0.012 ± 0.001 0.056 ± 0.004 0.068 ± 0.011 0.107 ± 0.020 0.240 ± 0.013 0.850 ± 0.036

Figure 3. Predominance diagram for Ag+ and AgClx
(x−1)− species

calculated using Medusa.24 Experimental conditions with correspond-
ing Cl/Ag molar ratios from this study are represented as red dots.
The underlined ratios were the only ones that resulted in measurable
releases of soluble silver species in the dissolution studies, and for the
other conditions, the amount of soluble Ag species was below the
detection limit of 1.8 × 10−8 mol/L.
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time frame in DI water.29 Once the oxidized surface layer is
dissolved, the rate of dissolution might be partly or completely
controlled by the oxidation reaction of the zerovalent AgNP
surfaces. This oxidation step is most likely the kinetically
limiting step for pure AgNP dissolution and explains the
decrease in the dissolution rate above 8% dissolution. This
process can be seen as an oxidation reaction in series with a
ligand-assisted ion release from the oxide.
The dissolution rates of the AgNPs, determined from the

slopes of the red line sections in Figure 4 are plotted as a
function of the Cl/Ag ratio in Figure 5. The dissolution rate for

Cl/Ag = 5 is 36 times slower than for AgNPs in DI water. As
the Cl/Ag ratio increases, the dissolution rates increase
exponentially as the amount of thermodynamically expected
solid AgCl decreases. For the highest Cl/Ag ratio (Cl/Ag =
26750), for which no solid AgCl is expected to form, the
dissolution rate is 3 times higher than in DI water. This graph
clearly shows the strong correlation between the kinetics of

dissolution of the AgNPs and the expected speciation of Ag in
presence of chloride ions. One could expect that aggregation
will also affect the dissolution rate, especially for the high Cl
concentration. Indeed, fast aggregation was observed for all the
experiments performed in 0.5 M NaCl. In all other cases, the
suspensions were stable over the course of the experiment
(Figure S2, Supporting Information). However, dissolution rate
better correlates with the Cl/Ag ratio (Figure 5) rather than the
aggregation state of the particles (see the Supporting
Information for more details).

Dissolution of AgNPs after 12 days. The amount of
soluble Ag species after 12 days of mixing the AgNPs with
different NaCl concentrations was measured (Figure 6).
Overall, the amount of soluble Ag species present in solution
when chloride is consistent with the thermodynamic prediction
(dashed lines). However, the observed differences suggest that

Figure 4. Dissolution of AgNPs for different Cl/Ag ratios. Experimental data (blue diamonds, red squares, and the green circles) are fit with a
combination of polynomial (blue and green) and linear functions (red). The different colors represent different stages in the dissolution behavior of
the AgNPs discussed in the text. The y-axis is a different scale for the two graphs.

Figure 5. Dissolution rates of AgNPs as a function of Cl/Ag ratio (red
circles) and the proportion of thermodynamically expected solid AgCl
as a function of Cl/Ag ratio (blue squares). The dissolution rate of
AgNPs in DI water is shown by a dashed line for comparison.

Figure 6. Soluble Ag species after 12 days of aging for different AgNPs
initial concentrations (2.10−3, 2.10−4, 2.10−5, and 2.10−6 M) and NaCl
concentrations (0, 0.01, 0.1, and 0.5 M). The experimental data are
represented by different symbols for the different NaCl concentrations
(error bars are smaller than the symbols). The dashed lines represent
the equilibrium thermodynamic predictions for the Ag−Cl systems.
The total amount of Ag (AgNPs + soluble Ag species) for each initial
concentration of AgNPs is also shown.
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equilibrium (solubility) was not achieved after 12 days. Figure 6
shows that Cl− has a strong effect on the solubility of the
AgNPs.
Effect of Chloride on E. coli Growth Rates. The E. coli

toxicity experiments were performed with the Ag nanoparticles
that were aged for 12 days before exposure to the E. coli
bacteria. This was done primarily because the amount of
soluble Ag species, hypothesized to be the main toxic species
(either Ag+ or AgClx

(x−1)− species), is controlled by the
equilibrium thermodynamics of the Ag−Cl system (Figure 6).
Therefore, it was possible to work with identical initial
concentrations of soluble Ag species with different nanoparticle
concentrations. As an example, the amount of dissolved Ag
species for initial particle concentrations of 2 × 10−3, 2 × 10−4,
and 2 × 10−5 M was relatively constant (2 × 10−6 ± 9 × 10−7

M) when aged in 0.1 M NaCl after 12 days (Figure 6). These
systems are ideal to test whether the soluble Ag species or the
AgNPs are responsible for Ag toxicity. This debate has been the
focus of numerous studies that have attempted to determine
the origin of AgNP toxicity.30−35

Figure 7 shows the inhibition in growth of E. coli as a
function of Cl− concentration after 24 h of exposure. The

highest growth inhibition occurred for Ag+ in DI water followed
by AgNPs in DI water, 0.5 M NaCl, 0.1 M NaCl, and 0.01 M
NaCl. The differences in growth rates as a function of Ag
dosing are significant. Batch reactors containing AgNPs with no
Cl− or 0.5 M NaCl completely inhibited growth, whereas
AgNPs aged in 0.01 M NaCl (primarily AgCl(s) expected) had
little effect on growth rates. The effect of the toxicity
experiment with AgNPs aged in a 0.1 M NaCl solution was
between that of the two cases described above. These results
are in good agreement with the dissolution data for the Ag
nanoparticles just before they were introduced to the bacteria
(Figure 6). Almost complete growth inhibition (<5% growth
compared to the control experiment) was observed for all of
the experiments that had a threshold of 3 × 10−6 M soluble Ag
species (the original stock solution containing 6 × 10−6 M
soluble Ag was diluted by a factor of 2 before being added to
the bacteria). This result strongly suggests that Ag toxicity is
due to exposure to soluble species of Ag rather than a Ag
nanoparticle effect, which is consistent with most toxicity

studies using microorganisms that report that dissolved Ag best
explains the observed toxicity of AgNPs to bacteria. Xiu et al.
has clearly shown that toxicity to E. coli is directly correlated
with the amount of Ag+ present in solution.31 Our work
demonstrates that the interactions of AgNPs and released Ag
ions with inorganic ligands such as chloride must be considered
in interpreting toxicity data.
It is also worth noting that the toxicity effects of the AgNPs

in DI and in 0.5 M NaCl are similar. This is because similar
amounts of soluble Ag species (for an initial AgNPs
concentration of 1 × 10−5 to 1 × 10−4 M) were present in
these two experiments (Figure 6). Despite similar soluble Ag
species concentrations, the speciation differs. In the case of
AgNPs aged in DI water, only Ag+ can account for the soluble
species. In contrast, the soluble Ag species predicted by
equilibrium thermodynamics for AgNPs that aged in 0.5 M
NaCl are AgCl2

−, AgCl3
2‑, and AgCl4

3‑. Ligation by chlorine and
differences in the total charge for soluble Ag species therefore
does not appear to affect their toxicity to E. coli. However, this
conclusion cannot be generalized to other organisms because
toxicity can strongly depend on the route of exposure.36

Implications for Toxicity Studies and the Environ-
ment. The reaction of Cl− with AgNPs has significant
implications for the fate and effects of AgNPs in the
environment. First, their reactions under different environ-
mental conditions need to be carefully considered when
assessing the toxicity of AgNPs. Even though the effects of
the morphological and surface properties of AgNPs (i.e., size,37

shape,38 nature of the organic coating, and surface charge39,40)
on toxicity have been studied, very few studies have looked
carefully at the effect of inorganic ligands such as chloride on
dissolution rate and toxicity. This is especially important
because Cl− is most often present in culture media used in
toxicity studies. The amounts of chloride in those media can
vary from almost no chloride to as high as 20−25 wt %41−44.
The amount of chloride in solution will strongly affect the
amount of soluble Ag present and will also potentially affect its
toxicity. Thus, differences in chloride concentration make
comparisons between toxicity studies performed in different
media very difficult. As an example, we have recently shown
that the same toxicity experiments run in two media with
different Cl− concentrations strongly affect the toxicity
results.44 In all cases, toxicity to E. coli was well correlated
with Ag speciation in a chloride medium (i.e., toxicity was lower
when AgCl was expected to precipitate). The effect of chloride
on AgNP dissolution needs to be better characterized prior to
and during bacterial toxicity experiments in order to be able to
compare one study to another. In particular, the effect of the
nature of the coating on the rate of release in presence of
chloride is unknown.
On the basis of thermodynamics, the most probable chemical

transformations that AgNPs will undergo in the environment
once Ag(0) is oxidized to Ag(I) are sulfidation and reactions
with chloride including soluble Ag−Cl complexes.7 Although
sulfidation of the Ag(I) in AgNPs has been observed and is
expected in reducing environments, reactions of Ag(I) in
AgNPs with chloride are likely to be an important chemical
reaction to consider for aerobic systems. In the environment,
the expected concentrations of AgNPs released are lower than
the concentrations used in this study. Blaser et al. estimated
that in the worst case scenarios the predicted environmental
concentrations of AgNPs in rivers would be about 3 nM.45 To
further complicate matters, the relatively high concentrations of

Figure 7. Percentage of bacterial density relative to the undosed
control for the different AgNPs−Cl and Ag+ systems after 24 h of
exposure.
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Cl− in rivers relative to the expected Ag concentrations is
predicted to be high (Cl/Ag ratio in the 105 range) and can go
up to 108 for seawater (considering a typical Cl− concentration
of 0.001 M for rivers and 0.5 M for seawater). Therefore, no
solid AgCl is expected to form under these “natural” conditions.
On the basis of the data presented in Figure 5, it is most likely
that the formation of soluble AgClx

(x−1)− (and therefore
bioavailable) species will increase the dissolution rate of the
oxidized exterior of the AgNPs in any environmental waters,
enabling further oxidation and dissolution such that the lifetime
of AgNPs will be short. However, other processes can affect the
dissolution rate of AgNPs in the presence of Cl. Among the
potential ligands that can strongly affect the behavior of the
AgNPs, natural organic matter and in particular thiols and
reduced sulfur groups present in natural organic matter appear
to strongly bind to AgNPs and will potentially compete with
inorganic ligands such as Cl−.46 The behavior of AgNPs in
complex systems that include both organic and inorganic
ligands needs to be further explored to better estimate the
lifetime and effects of AgNPs in natural waters.
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