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With the increase in silver (Ag)-based products in our lives, it is essential to test the
potential toxicity of silver nanoparticles (AgNPs) and silver ions (Ag ions) on living
organisms under various conditions. Here, we investigated the toxicity of AgNPs with Ag
ions to Escherichia coli K-12 strain under various conditions. We observed that both AgNPs
and Ag ions display antibacterial activities, and that Ag ions had higher toxicity to E. coli
K-12 strain than AgNPs under the same concentrations. To understand the toxicity of
AgNPs at a cellular level, reactive oxygen species (ROS) enzymes were detected for use as
antioxidant enzymatic biomarkers. We have also studied the toxicity of AgNPs and Ag ions
under various coexistence conditions including: fixed total concentration, with a varied the
ratio of AgNPs to Ag ions; fixed the AgNPs concentration and then increased the Ag ions
concentration; fixed Ag ions concentration and then increasing the AgNPs concentration.
Exposure to AgNPs and Ag ions clearly had synergistic toxicity; however, decreased toxicity
(for a fixed AgNPs concentration of 5 mg/L, after increasing the Ag ions concentration) to
E. coli K-12 strain. AgNPs and Ag ions in the presence of L-cysteine accelerated the bacterial
cell growth rate, thereby reducing the bioavailability of Ag ions released from AgNPs under
the single and coexistence conditions. Further works are needed to consider this potential
for AgNPs and Ag ions toxicity across a range of environmental conditions.
Environmental Significance Statement: As silver nanoparticles (AgNPs)-based products are
being broadly used in commercial industries, an ecotoxicological understanding of the
AgNPs being released into the environment should be further considered. Here, we
investigate the comparative toxicity of AgNPs and silver ions (Ag ions) to Escherichia coli K-12
strain, a representative ecotoxicological bioreporter. This study showed that toxicities of
AgNPs and Ag ions to E. coli K-12 strain display different relationships when existing
individually or when coexisting, and in the presence of L-cysteine materials. These findings
suggest that the toxicology research of nanomaterials should consider conditions when NPs
coexist with and without their bioavailable ions.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction
Silver nanoparticles (AgNPs) are often used in antimicrobial and
sterile applications such as cosmetics, clothing, and medicines
based on their excellent antibacterial properties (Katz et al.,
2015; Silver et al., 2006; Wei et al., 2015; Zhang et al., 2009). With
the increasing interest and remarkable uses of AgNPs, it is
becoming essential to consider the safety of suchmaterials and
the possible risks they pose to the environment (Handy et al.,
2008; Nel et al., 2006). Undeniably, the toxicity of nanoparticles
(NPs) to various organisms highlights a number of research
issues in the field of environmental science (Kim et al., 2012; Lu
et al., 2017;Wanget al., 2016a), with previous reports focusing on
the toxicity of AgNPs to living organisms such as Pseudomonas
putida, Escherichia coli, Daphnia magna, Chlamydomonas reinhardtii,
Cyprinus carpio, and Euglena gracilis (Gaiser et al., 2012; Kim et al.,
2016; Li et al., 2015; Matzke et al., 2014; Navarro et al., 2008b;
Sondi and Salopek-Sondi, 2004; Wu et al., 2017). Based on this
previous research, three major mechanisms of AgNPs toxic-
ity to microorganisms have been suggested: (1) AgNPs can
directly damage cell membranes, (2) AgNPs and silver
ions (Ag ions) generate reactive oxygen species (ROS), and
(3) AgNPs can release Ag ions (Marambio-Jones and Hoek,
2010).

AgNPs can also attach to the surface of living cells, where they
interrupt the permeability and respiration of microorganisms
(Dasgupta and Ramalingam, 2016; Steven and Fiedler, 2010). In
addition, AgNPs might also act as a Trojan horse (i.e., pass
through cell barriers then release Ag ions inside) that damage
living organisms (Lubick, 2008). Consequently, there are ongo-
ing discussions about the roles of Ag ions that are released from
AgNPs and their toxic effect on microorganisms. Some re-
searchers have suggested that the toxicity of AgNPs is due to
the NPs themselves, whereas others provide evidence that Ag
ions released from AgNPs also play an important function
(Park et al., 2009). When AgNPs release Ag ions, antibacterial
activities are initiated by the Ag ions rather than AgNPs (Yin
et al., 2011).

With regard to AgNPs- and Ag ions-based products, the
major mechanism of toxicity to microorganisms is related to
ROS (He et al., 2012; Hsin et al., 2008). ROS are short-lived
reactive oxidants that include superoxide radicals (O2

−),
hydroxyl radicals (UOH), and hydrogen peroxide (H2O2) (Apel
and Hirt, 2004). ROS can be generated in cells, and the
oxidative stress results from a cellular defense system that
includes antioxidant enzymes and antioxidants (Sondi and
Salopek-Sondi, 2004). Large amounts of oxidative stress
can subsequently lead to various problems and damage to
proteins, lipids, and deoxyribonucleic acid (DNA) (Rahal et al.,
2014). Antioxidant enzymes that act as ROS scavengers in-
clude superoxide dismutase (SOD), catalase (CAT), and gluta-
thione peroxidase (GPX) (Pham-Huy et al., 2008). Note that
glutathion (GSH) is typically present as a reduced form, where
GSH is converted into its oxidized form glutathione disulfide
(GSSG) via stimulation such as oxidative stress (Aquilano
et al., 2014). In previous research, it was posited that the
presence of AgNPs or Ag ions can lead to the generation of
ROS, which then results in strong antibacterial activity
(Maurer and Meyer, 2016; Wu and Zhou, 2013). However,
there has been no precise quantitative estimate of the effect
of AgNPs on E. coli K-12 strain was carried out. Therefore,
detecting the amount of ROS scavengers is a well-known
suitable method for monitoring the toxicity assessment; thus,
understanding the ROS generated by AgNPs requires detecting
the amount of ROS that was scavenged. Engineered NPs can
be released into the environment by various routes; for
example, during manufacturing, recycling, and disposal of
relevant products (Navarro et al., 2008a; Nowack and Bucheli,
2007). In one analysis of the risk of releasing AgNPs into the
ecosystem, it was predicted that 15% of the total Ag released
into water in the European Union would be from Ag-based
products (Blaser et al., 2008). Therefore, an ecotoxicological
understanding of NPs in the environment should consider
that AgNPs and Ag ions coexist (Nowack et al., 2012). Various
other environmental conditions, affected by anions, cations,
humic acids, and pH may also influence the characteristic
properties of NPs (Gao et al., 2012; Levard et al., 2012).
Therefore, researchers must consider and investigate
the environmental fate and behavior of NPs under diverse
environmental conditions (McGillicuddy et al., 2017; Ren et al.,
2016). A previous report indicated that cysteine is a strong Ag
ion ligand, one that proved helpful for surveying the role of Ag
ions in the general toxicity of AgNPs (Navarro et al., 2008b).
The thiol (−SH) group of cysteine can readily associate with Ag
ions (Levard et al., 2012).

In this paper, we investigate and compare the toxicity of
AgNPs and Ag ions to E. coli K-12 strain. E. coli has been well
studied in-depth knowledge of its biochemistry and genetics,
which makes it the most proficient prokaryote for the
investigation of toxicological assays (Robbens et al., 2010).
First, to determine the toxicity of AgNPs to E. coli K-12 strain,
transmission electron microscopy (TEM) observations are
used to bioaccumulation of AgNPs and detection of ROS was
carried out. Second, we test the toxicity of AgNPs and Ag
individually to E. coli K-12 strain. Third, we consider the
toxicity of coexisting AgNPs and Ag ions to E. coli K-12 strain.
Finally, the toxicity of AgNPs and Ag ions was combined with
L-cysteine to create conditions that reduce the bioavailability
of Ag ions released from AgNPs.
1. Materials and methods

1.1. Preparation and characterization of AgNPs

AgNP suspensionswere purchased fromNanoleader, Korea and
were dispersed ultrasonically (Powersonic 510, Hwasin Tech-
nology Company, Korea), and the physico-chemical properties
of AgNPs were characterized. The core sizes and morphologies
of the AgNPs were observed using TEM (JEOL 2100, Japan) at
200 kV and the hydrodynamic size and zeta potential were
determined using dynamic light scattering (DLS; Zetasizer
nano, Malvern, UK). The surface plasmon resonance was
measured using a Ultraviolet–visible (UV-vis) spectrophotome-
ter (UV-1601PC, Shimadzu, Japan). The mass concentration of
AgNPs and Ag ions in the suspension was analyzed using
ultracentrifugation (Amicon 3 kDa, Millipore, 2000 ×g, 30 min)
and HNO3 digestion, followed by inductively coupled plasma
mass spectrometry (ICP-MS; Agilent 7500ce, USA) analysis; for
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the Ag ion solution, an AgNO3 (Sigma-Aldrich, USA, >99%) stock
solution was prepared in distilled water.

1.2. Bacterial strain and cultivation

The microorganism used in this toxicity study was the bacterial
strain E. coli K-12 (KCTC1116). The bacteria were grown in a
Luria-Bertani (LB) medium (yeast extract 5%, trypton 5%, and
NaCl 10%) at 37°C and 150 r/min, and the optical density (OD) of
the suspension was determined at 600 nm using UV–vis.

1.3. TEM observation

TEM was used to observe the interactions between the AgNPs
with E. coli K-12 strain and the bioaccumulation of AgNPs. The
E. coli K-12 strain was exposed to 1, 5, or 10 mg/L of AgNPs
(37°C with shaking at 150 r/min for 12 hr). For negative
staining, the cells were washed with a phosphate buffered
saline (PBS) solution, and then a 10 μL sample was dripped
onto a TEM copper grid. To provide an intracellular TEM
image, cells were collected after centrifugation at 1500 r/min
for 5 min. The pellets were fixed in a mixture of 4%
paraformaldehyde buffered with PBS (pH 7.4). Post-fixation
was performed using 1% osmium tetroxide in the same buffer,
with the cells being washed in PBS prior to fixation. Dehydration
was accomplished by passage through a series of rising
concentrations of ethanol (50%–100%), after which the samples
were embedded in a Poly/Bed 812-Aralditemedium (Polysciences
Inc., USA) using propylene oxide. The samples were thin
sectioned (less than 100 nm), and then double stained with
uranyl acetate and lead citrate. Finally, the sections were
mounted on TEM copper grids and examined at 120 kV (Tecnai
G2, FEI, the Netherlands) at 120 kV.

1.4. Detection of ROS

To prepare samples, E. coli K-12 strain was exposed to 0 to
10 mg/L of AgNPs for 12 hr. To detect SOD enzymatic activity,
the OxiSelect™ Superoxide Dismutase Activity Assay Kit
was purchased from Cell Biolabs, USA. The absorbance of
96-plate samples was read at 490 nm on a microplate reader
(μQuant, BIO-TEK, USA). To detect CAT enzymatic activity,
the OxiSelect™ Catalase Assay Kit was purchased from Cell
Biolabs, USA. Sample preparation was according to the manual
provided. After sample treatment, we read the 96-plate absor-
bance at 520 nmusing amicroplate reader. Finally, we detected
the total glutathione (GSSG/GSH) activity because glutathione
protects the cells from free radical damage. To detect the total
glutathione (GSSG/GSH) activity, the OxiSelect™ Glutathione
Peroxide Cycle Assay Kit was purchased from Cell Biolabs,
USA.

1.5. Individual toxicity of AgNPs and Ag ions

The test to determine the toxicity of AgNPs and Ag ions to
E. coli K-12 strain, was divided into three conditions. In this
experiment, E. coli K-12 strain not exposed to AgNPs or Ag ions
was used as the control. To examine the inhibition of E. coli
K-12 strain growth by AgNPs and Ag ions, bacterial cells were
exposed to 1, 5, or 10 mg/L of AgNPs and Ag ions in a 100 mL
LB medium. Each flask was inoculated overnight from seed of
the cultured E. coli K-12 strain, and then incubated for 12 hr at
37°C while shaking at 150 r/min.

1.6. Toxicity of coexisting AgNPs and Ag ions

The experiments used to determine the toxicity of coexisting
AgNPs and Ag ions to E. coli K-12 strain, were divided into three
conditions. First, we fixed the total concentration at 5 mg/L, but
varied the ratio of AgNPs to Ag ions (1 mg/L AgNPs + 4 mg/L
Ag ions, 2.5 mg/L AgNPs + 2.5 mg/L Ag ions, and 4 mg/L
AgNPs + 1 mg/L Ag ions). Second, we fixed the AgNPs concentra-
tion of 5 mg/L and then increased the Ag ions concentration
(5 mg/L + 1 mg/L Ag ions, 5 mg/L AgNPs + 2 mg/L Ag ions,
5 mg/L AgNPs + 3 mg/L Ag ions, and 5 mg/L AgNPs + 4 mg/L Ag
ions). Third, we fixed the Ag ions concentration of 5 mg/L
and then increased the AgNPs concentration (5 mg/L Ag ions +
1 mg/L AgNPs, 5 mg/L Ag ions + 2 mg/L AgNPs, 5 mg/L Ag
ions + 3 mg/L AgNPs, and 5 mg/L Ag ions + 4 mg/L AgNPs).
Each flask was inoculated overnight with seed from the
cultured strain and incubated for 12 hr at 37°C while shaking
at 150 r/min.

1.7. Toxicity of AgNPs and Ag ions under L-cysteine

We also investigated the toxicity of AgNPs and Ag ions to E. coli
K-12 strain under various conditions of 10 mmol/L L-cysteine
(≥98%, Sigma-Aldrich, USA). To determine the inhibition of
E. coli K-12 strain growth, the cells were exposed to different
conditions of 10 mmol/L L-cysteine in 100 mL of LB medium.
Each flask was inoculated overnight with a seed of the cultured
E. coli K-12 strain and incubated for 12 hr at 37°C while shaking
at 150 r/min. The experiments used to determine the toxicity of
coexisting AgNPs and Ag ions with L-cysteine to E. coli K-12
strain, were divided into three conditions. First, we fixed total
Ag concentration of 5 mg/L, but varied the ratio of AgNPs to
Ag ions with 10 mmol/L L-cysteine (1 mg/L AgNPs + 4 mg/L Ag
ions, 2.5 mg/L AgNPs + 2.5 mg/L Ag ions, and 4 mg/L AgNPs +
1 mg/L Ag ions). Second, we fixed the AgNPs concentration of
5 mg/L and then increased the Ag ions concentration with
10 mmol/L L-cysteine (5 mg/L AgNPs + 1 mg/L Ag ions, 5 mg/L
AgNPs + 2 mg/L Ag ions, 5 mg/L AgNPs + 3 mg/L Ag ions, and
5 mg/L AgNPs + 4 mg/L Ag ions). Third, we fixed the Ag ions
concentration of 5 mg/L and then increased the AgNPs concen-
tration with 10 mmol/L L-cysteine (5 mg/L Ag ions + 1 mg/L
AgNPs, 5 mg/L Ag ions + 2 mg/L AgNPs, 5 mg/L Ag ions + 3 mg/L
AgNPs, and 5 mg/L Ag ions + 4 mg/L AgNPs). Each flask was
inoculated overnight with seed from the cultured strain and
incubated for 12 hr at 37°C with shaking at 150 r/min.

1.8. Calculation of the cell number and growth rates

The number of cells was measured using the 12 hr OD600

obtained using a UV–vis spectrophotometer. After each
observation, we calculated that the number of cells based on
OD600 = 0.1 is equal to 108 cells/mL. Moreover, the growth rate
(r, hr−1) of the cells was calculated and then compared to the
trend in toxicity using Eq. (1):

r ¼ dN=dt ð1Þ



Fig. 1 – Characterization of engineered AgNPs. TEM images of (a) engineered AgNPs in distilled water and (b) engineered AgNPs
in LB medium. (c) EDS analysis of AgNPs and (d) UV spectrum of AgNPs. AgNPs: silver nanoparticles; TEM: transmission
electron microscopy; LB: Luria-Bertani; EDS: energy-dispersive X-ray spectroscopy; UV: ultraviolet–visible.
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where, N (×108 cells/mL) is the number of cells; t (hr) is the
time during experiments.

We calculated the growth rate and compared the initial
and final growth rates during 12 hr, under the conditions in
which AgNPs and Ag ions coexisted, in the presence of
L-cysteine. The initial time represents an incubation time of
0 to 4 hr of incubation time, and the final time represents an
incubation time of 8 to 12 hr.

1.9. Statistical analysis

All the experiments were performed at least in triplicate.
The data collected were investigated using the statistical
program SigmaPlot 10.0 (SPSS Inc., USA). The statistical
significances of the differences between the control and test
groups were analyzed using a one-way analysis of variance
(ANOVA) by Duncan's comparison. A 95% significance level
(p < 0.05) was considered to be significant.
Table 1 – Characteristics of engineered AgNPs.

Average size
by TEM

Hydrodynamic size by DLS
(0.1 mmol/L NaNO3)

Zeta
(at

23.6 nm 57.8 nm −

DLS: dynamic light scattering; UV: ultraviolet–visible.
2. Results

2.1. Characterization of AgNPs

To confirm the characteristics of the engineered AgNPs used
in this study, we investigated their size with TEM, hydrody-
namic size (0.1 mmol/L NaNO3) by DLS, zeta potential (at
pH 7.2), UV spectrum, and morphology (Fig. 1 and Table 1).
We observed the morphology and aggregation of AgNPs
in distilled water and in the Luria-Bertani (LB) medium
(Fig. 1a, b). AgNPs are seen to have a round shape and are
well-dispersed in DI water, whereas the AgNPs more fre-
quently aggregated and form particles in the LB medium. The
energy-dispersive X-ray spectroscopy (EDS) analysis indicated
that the main element was Ag after the AgNPs were exposed
to the LB medium (Fig. 1c), and that the AgNPs have a
maximum peak at 414 nm in the UV spectrum (Fig. 1d). From
potential
pH 7.2)

UV 1st peak
position

Dissolved Ag ions
in stock solution

28.3 mV 414 nm 7.1%



Fig. 2 – TEMimageof E. coliK-12 strain exposed to (a) 1 mg/LAgNPs, (b) 10 mg/LAgNPs, and cross sectionedE. coliK-12 strain exposed
to (c) 1 mg/L AgNPs, and (d) 10 mg/L AgNPs for 12 hr.
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the TEM image, the average diameter of the AgNPs is 23.6 nm,
and the hydrodynamic size was 57.8 nm, as indicated by DLS
(Table 1). The zeta potential was −28.3 mV at pH 7.2, because
theAgNPs have a negatively charged surface. Themass fraction
of the dissolved Ag ions in the stock solution was 7.1%.
Fig. 3 – Detection of (a) SOD, (b) CAT, and (c) GSSG/GSH using enz
concentrations for 12 hr. Experiments were conducted in triplica
each enzyme activities followed by different letters (a, b, and c) a
different at p < 0.05. SOD: superoxide dismutase; CAT: catalase;
GSH: glutathione.
2.2. TEM observations of E. coli K-12 strain after AgNPs
treatment

We examined the TEM image of E. coli morphology after
exposure to the cell to AgNPs for 12 hr. When the bacterial
yme activity for E. coli K-12 strain at various AgNP
tes. Error bars indicate Standard Deviation (S.D.). Values of
bove the bars indicate that the data points are significantly
AgNP: silver nanoparticle; GSSG: glutathione disulfide;



55J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 6 6 ( 2 0 1 8 ) 5 0 – 6 0
cells were exposed to 1 mg/L AgNPs, the AgNPs surrounded
the membrane (Fig. 2a); after exposure to 10 mg/L AgNPs
(Fig. 2b), the AgNPs enveloped the cell. From these results, it is
clear that the AgNPs significantly attached to the cell surface
and interacted with the membrane.

In the intracellular images, when E. coli K-12 strain was
exposed to 1 mg/L AgNPs for 12 hr, the cell membrane
displayed clear damage (Fig. 2c). Interestingly, the AgNPs
were bioaccumulated and aggregated within the cell after
Fig. 4 – Growth inhibition of E. coli K-12 strain by AgNPs and Ag io
triplicates. Error bars indicate S.D. (a) Growth inhibition of E. coli K
of E. coli K-12 strain by AgNPs and Ag ions at 12 hr, (c) various exp
at 12 hr. Note: Native E. coli K-12 strain as control at 6 hr for A an
10 mg/L AgNPs at 6 hr for C and at 12 hr for C*; 5 mg/L Ag ions at
at 12 hr for E*; 1 mg/L AgNPs + 1 mg/L Ag ions at 6 hr for F and a
and at 12 hr for G*; 4 mg/L AgNPs + 1 mg/L Ag ions at 6 hr for H a
I and at 12 hr for I*; 5 mg/L AgNPs + 2 mg/L Ag ions at 6 hr for J a
and at 12 hr for K*; 5 mg/L AgNPs + 4 mg/L Ag ions at 6 hr for L an
and at 12 hr for M*; 5 mg/L Ag ions + 2 mg/L AgNPs at 6 hr for N a
O and at 12 hr for O*; 5 mg/L Ag ions + 4 mg/L AgNPs at 6 hr for
exposure to 10 mg/L AgNPs (Fig. 2d). The circle in the figure
shows that the AgNPs penetrated through the cell membrane
and that there was an intracellular uptake of AgNPs within
the cells.

2.3. Generation of ROS by AgNPs

To determine the cellular ROS level after exposure to AgNPs for
12 hr, we detected the generation of ROS in the forms of SOD,
ns under various conditions. Experiments were conducted in
-12 strain by AgNPs and Ag ions at 6 hr, (b) growth inhibition
osure conditions at 6 hr, and (d) various exposure conditions
d 12 hr for A*; 5 mg/L AgNPs at 6 hr for B and at 12 hr for B*;
6 hr for D and at 12 hr for D*; 10 mg/L Ag ions at 6 hr for E and
t 12 hr for F*; 2.5 mg/L AgNPs + 2.5 mg/L Ag ions at 6 hr for G
nd at 12 hr for H*; 5 mg/L AgNPs + 1 mg/L Ag ions at 6 hr for
nd at 12 hr for J*; 5 mg/L AgNPs + 3 mg/L Ag ions at 6 hr for K
d at 12 hr for L*; 5 mg/L Ag ions + 1 mg/L AgNPs at 6 hr for M
nd at 12 hr for N*; 5 mg/L Ag ions + 3 mg/L AgNPs at 6 hr for
P and at 12 hr for P*. S.D.: Standard Deviation.



Table 2 – Calculation of initial time (0 to 4 hr) growth rate and final time (8 to 12 hr) growth rate of E. coli K-12 strain with
AgNPs and Ag ions under different exposure conditions.

Conditions AgNPs
(mg/L)

Ag ions
(mg/L)

Initial growth
rate (hr−1)

Final growth
rate (hr−1)

Initial growth rate
with 10 mmol/L
cysteine (hr−1)

Final growth rate
with 10 mmol/L
cysteine (hr−1)

Single exist conditions
E. coli K-12 strain 0 0 0.392 0.314 0.266 0.020
AgNPs 5 0 0.021 0.292 0.245 0.060

10 0 0.021 0.342 0.210 0.029
Ag ions 0 5 0.011 0.023 0.162 0.023

0 10 0.001 0.001 0.169 0.143

Coexist conditions
Fixed total Ag concentration at 5 mg/L 1 4 0.001 0.003 0.260 0.039

2.5 2.5 0.004 0.256 0.251 0.001
4 1 0.001 0.133 0.243 0.060

Fixed AgNPs concentration of 5 mg/L 5 1 0.112 0.390 0.274 0.142
5 2 0.068 0.513 0.277 0.189
5 3 0.020 0.446 0.281 0.168
5 4 0.014 0.490 0.280 0.113

Fixed Ag ions concentration of 5 mg/L 1 5 0.015 0.256 0.368 0.006
2 5 0.008 0.132 0.392 0.005
3 5 0.009 0.099 0.390 0.006
4 5 0.009 0.036 0.405 0.065
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CAT, and GSSG/GSH enzyme activity (Fig. 3). AgNPs at 1 and
5 mg/L AgNPs induced the same SOD activity groups, with both
having a similar SOD activity (Fig. 3a), i.e., the AgNPs induced
oxidative stress in the E. coli K-12 strain and the antioxidant
enzyme SOD was activated. The CAT enzyme activity
dramatically increased with increasing AgNPs concentration
(Fig. 3b), whereas GSSG/GSH enzyme activity showed only
slight differences at different AgNP concentrations (Fig. 3c).
Based on the results, these three different ROS enzymes
showed different activities after E. coli K-12 strain was treated
with the same concentrations of AgNPs. Therefore, AgNPs
induced oxidative stress in E. coli K-12 strain and these three
antioxidant enzymes were activated.

2.4. Toxicity of AgNPs or Ag ions when tested individually

The number of cells and the bacterial growth rates were
measured to investigate the toxicity of AgNPs or Ag ions
tested individually on E. coli K-12 strain (Fig. 4a and Table 2).
The number of cells indicated the toxicity end point after
treatment with AgNPs or Ag ions, each for 6 or 12 hr. When
the cells were exposed to 5or 10 mg/L of AgNPs and Ag ions,
the number of cells decreased as the concentration was
increased (Appendix A Fig. S1). In addition, Ag ions were
seen to be much more toxic to E. coli K-12 strain than the
AgNPs. Cell growth inhibition was observed for E. coli after
each treatment with AgNPs or Ag ions each for 12 hr. After
treatment, only a few cells had grown during the initial
growth period (Table 2 and Appendix A Fig. S2a); however, by
the end of the growth period, the cellular growth rate had
increased more than 10 times (Table 2 and Appendix A Fig.
S2b). Therefore, AgNPs and Ag ions are deemed to be toxic to
E. coli K-12 strain, relative to their increasing concentration
and their ability to inhibit the growth of E. coli K-12 strain.
2.5. Toxicity of AgNPs and Ag ions in coexist conditions

We investigated the difference in toxicity of AgNPs and Ag ions
to E. coli K-12 strain in a solution under different conditions of
coexistence after 12 hr (Fig. 4b, c). First, the toxicity on E. coli
K-12 strain was investigated at different ratios of AgNPs to Ag
ions, at a fixed total Ag concentration of 5 mg/L (Figs. 4b,c and
Appendix A Fig. S3). After 12 hr, the number of cells showed the
same trend for 4 mg/L AgNPs after adding 1 mg/L Ag ions, as for
2.5 mg/L AgNPs after adding 2.5 mg/L Ag ions. However, a
further increase in the proportion of Ag ions in the mixture
increased the toxicity. We also calculated the initial and final
cell growth at a fixed total Ag concentration of 5 mg/L (Table 2
and Appendix A Fig. S4). The initial cell growth represents the
increase in the proportion of Ag ions in the mixture, and over
time the growth rate decreased; under the same conditions, the
final growth rate was significantly less.

We then examined the toxicity effect on E. coli K-12 strain
at a fixed AgNPs concentration of 5 mg/L, after increasing the
Ag ions concentration (Figs. 4b,c and Appendix A Fig. S5). The
numbers of cells grown displayed similar trend as the toxicity,
even after increasing the Ag ions concentration. Interestingly,
the toxicity was less than that for 5 mg/L AgNPs only, and the
final growth rate was dramatically increased (Table 2 and
Appendix A Fig. S6).

Finally, we tested the toxicity effect on E. coli K-12 strain
at fixed Ag ions concentration of 5 mg/L, after increasing
the AgNPs concentration (Figs. 4b,c and Appendix A Fig.
S7). Under this coexistence, the number of cells was
inhibited because of the Ag ions toxicity. The initial growth
rate was slightly decreased with increases in the AgNPs
concentration (Table 2 and Appendix A Fig. S8a), with the
final growth rate being significantly decreased under these
same conditions (Appendix A Fig. S8b).
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2.6. Toxicity of AgNPs and Ag ions with L-cysteine

In this series of tests, we first analyzed the effect of only AgNPs
using L-cysteine, and investigated the toxicity of AgNPs itself
without the effect of releasedAg ions.We then tested the toxicity
Fig. 5 – Growth inhibition of E. coli K-12 strain by AgNPs and Ag i
conditions. Experiments were conducted in triplicates. Error bars
AgNPs and Ag ions with L-cysteine at 6 hr, (b) growth inhibition
12 hr, (c) various exposure conditions with L-cysteine at 6 hr, an
Note: A, B, D and A*, B*, D* are the same as Fig. 4; native E. coli K-12
for A*cys; 5 mg/L AgNPs with 10 mmol/L L-cysteine at 6 hr for Bcy

L-cysteine at 6 hr for Ccys and at 12 hr for C*cys; 5 mg/L Ag ions wi
10 mg/L Ag ions with 10 mmol/L L-cysteine at 6 hr for Ecys and a
10 mmol/L L-cysteine at 6 hr for Fcys and at 12 hr for F*cys; 2.5 mg/
for Gcys and at 12 hr for G*cys; 4 mg/L AgNPs + 1 mg/L Ag ions wi
H*cys;: 5 mg/L AgNPs + 1 mg/L Ag ionswith 10 mmol/L L-cysteine
ions with 10 mmol/L L-cysteine at 6 hr for Jcys and at 12 hr for J*cy

at 6 hr for Kcys and at 12 hr for K*cys; 5 mg/L AgNPs + 4 mg/L Ag ion
5 mg/L Ag ions + 1 mg/L AgNPs with 10 mmol/L L-cysteine at 6 hr
with 10 mmol/L L-cysteine at 6 hr for Ncys and at 12 hr for N*cys; 5 m
for Ocys and at 12 hr for O*cys; 5 mg/L Ag ions + 4 mg/L AgNPs with
effect on E. coli of both AgNPs and Ag ions with L-cysteine, under
various exposure conditions (Figs. 5 and Appendix A Figs. S8–9).
The number of E. coli K-12 strain cells present after being treated
with AgNPs and Ag ions with L-cysteine decreased, though the
initial and final cell growth increased (Figs. 5a and Appendix A
ons with 10 mmol/L L-cysteine after treatment under various
indicate S.D. (a) Growth inhibition of E. coli K-12 strain by

of E. coli K-12 strain by AgNPs and Ag ions with L-cysteine at
d (d) various exposure conditions with L-cysteine at 12 hr.
strain with 10 mmol/L L-cysteine at 6 hr for Acys and at 12 hr

s and at 12 hr for B*cys; 10 mg/L AgNPs with 10 mmol/L
th 10 mmol/L L-cysteine at 6 hr for Dcys and at 12 hr for D*cys;
t 12 hr for E*cys;: 1 mg/L AgNPs + 1 mg/L Ag ions with
L AgNPs + 2.5 mg/L Ag ionswith 10 mmol/L L-cysteine at 6 hr
th 10 mmol/L L-cysteine at 6 hr for Hcys and at 12 hr for
at 6 hr for Icys and at 12 hr for I*cys; 5 mg/L AgNPs + 2 mg/L Ag
s; 5 mg/L AgNPs + 3 mg/L Ag ions with 10 mmol/L L-cysteine
s with 10 mmol/L L-cysteine at 6 hr for Lcys and at 12 hr for L*cys;
for Mcys and at 12 hr for M*cys; 5 mg/L Ag ions + 2 mg/L AgNPs
g/L Ag ions + 3 mg/L AgNPswith 10 mmol/L L-cysteine at 6 hr
10 mmol/L L-cysteine at 6 hr for Pcys and at 12 hr for P*cys.
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Figs. S9–10). When 10 mmol/L of L-cysteine was added, the
number of cells was extremely increased during 12 hr, even for a
10 mg/L concentration of Ag ions (Figs. 5a and Appendix A Fig.
S11). Furthermore, the initial growth rate of E. coli K-12 strain
significantly increased when 10 mmol/L L-cysteine was added to
AgNPs or Ag ions in individually (Table 2 and Appendix A Fig.
S12). Overall, the initial growth rate was seen to dramatically
increase, and just only slightly different from the final growth
rate with L-cysteine.

We then confirmed the toxicity on E. coli by AgNPs and Ag
ions under different conditions of coexistence with
L-cysteine. First, with the Ag total concentration fixed at 5
mg/L, and with 10 mmol/L L-cysteine added, the number of
cells was low when the proportion of Ag ions was high (Figs.
5b and Appendix A Fig. S13). There was no difference in the
trend in the growth rate of E. coli K-12 strain in this case, from
that when increasing the proportion of Ag ions in the mixture
(Table 2 and Appendix A Fig. S14).

Next, we fixed the AgNPs concentration of 5 mg/L and
increased both the Ag ions and 10 mmol/L L-cysteine (Figs. 5c
andAppendix A Fig. S15). The results indicate the same trend in
toxicity for 5 mg/L AgNPs alone. The decrease in toxicity for
5 mg/L AgNPs + 4 mg/L Ag ions with L-cysteine was compara-
ble to the results without L-cysteine. Overall, the initial growth
rate of E. coli K-12 strain was greater, even though the
concentration of Ag ions was increased under these conditions
(Table 2 and Appendix A Fig. S16).

We then fixed the concentration of Ag ions of 5 mg/L, and
increased the AgNPs concentration while adding 10 mmol/L
L-cysteine (Fig. 5d). In this case, the number of cells increased,
even though the concentration of Ag ions increased (Appen-
dix A Fig. S17). Ultimately, the effect of L-cysteine was to
increase the initial growth rate of E. coli K-12 strain simulta-
neously treated with AgNPs and Ag ions, as compared to the
growth rate observed under Ag ions with no L-cysteine (Table
2 and Appendix A Fig. S18).
3. Discussion

We investigated and verified here the toxicity mechanism of
AgNPs on E. coli K-12 strain, as well as the bacterial interaction
withAgNPs (Fig. 2) and the generation of ROSwithin the cells (Fig.
3). The negatively charged AgNPs were seen to easily interact
with the positively charged cell surfaces (Frohlich, 2012; Weiss
and Zeigel, 1971). AgNPs were found to attach to the cell surface
and displayed intracellular accumulation after treatment with
10 mg/L AgNPs (Fig. 2d). Based on a molecular-dynamics
simulation, a possible mechanism for this behavior was that a
representative lipid bilayer is permeable to buckyball-sized
nanomolecules (Steven and Fiedler, 2010). It was also shown
that the bioaccumulation of some metals can form uncharged
lipophilic complexes with organic ligands that can pass through
membranes by passive diffusion (Ratte, 1999). Therefore, it is
positedhere thatAgNPsare subject to intracellular accumulation,
making it possible for them to affect the cellular metabolism.

Furthermore, to understand the toxicity of AgNPs to E. coli
K-12 strain at the intracellular level, ROS substances were
generated (e.g., SOD, CAT, and GSSG/GSH) as antioxidant
enzymes were detected after cells were exposed to various
concentrations of AgNPs. The results of this study suggest
that the toxicity mechanism to E. coli K-12 strain of AgNPs
is related to oxidative damage. The activities of these three
enzymes increased with increases in the AgNPs concentra-
tion, with the scavenging enzyme activities providing infor-
mation about the stimulation of oxidative stress in E. coli
K-12 strain. In this research, the CAT enzyme was the most
sensitive for detecting E. coli K-12 strain exposed AgNPs
(Fig. 3b); therefore, the CAT enzyme is seen to be a useful
antioxidant enzyme that defends against oxidative stress,
and a major biomarker for highlighting E. coli K-12 strain
exposure to AgNPs. It could thus be confirmed that the
toxicity mechanism of AgNPs in E. coli K-12 strain is related
to oxidative damage from chemical species such as O2

− and
H2O2. Previous researchers reported that SOD, CAT, and GSSG/
GSH correspond to increases in apoptotic cell death (Buffet
et al., 2013; Xu et al., 2012). Overall, the increasing and
decreasing activity of antioxidant enzymes was reported to
depend on themicrobial species, NP characteristics such as size
and crystallite, and exposure conditions (Lu et al., 2017).

In previous research, the toxicity of NPs is fully dependent
on the water chemistry, and several exposure conditions have
to be considered in order to identify the toxicity of AgNPs to
microorganisms (Peng et al., 2017; Wang et al., 2016b; Zhang
et al., 2015). Here, a comparative study was carried out to
investigate the toxicity of AgNPs and Ag ions to E. coli K-12
strain under different conditions. AgNPs and Ag ions display a
significant antibacterial activity toward E. coli K-12 strain
when tested independently (Fig. 4a). After E. coli K-12 strain
was exposed, it became clear that Ag ions showed greater
toxicity, and inhibited bacterial cell growthmore, than AgNPs.
The calculation of growth rates revealed that Ag ions induced
a slow initial growth rate (Table 2), i.e., therefore, AgNPs and
Ag ions inhibited the initial growth, and that the bacterial
cells needed time, at first, for detoxification.

Ag ions were also the dominant toxicity factor for E. coli K-12
strain under the condition of AgNPs and Ag ions coexisting
(Fig. 4b–d). Based on these results, the initial inhibition of E. coli
K-12 strain growth by Ag ions was observed, though the growth
becamemuchmore active later (Table 2). Therefore, Ag ions can
inhibit the cell growth rate,when the concentration of Ag ions is
higher under the condition of coexisting AgNPs and Ag ions.
Interestingly, in the comparative toxicity test inwhich theAgNPs
concentration was fixed at 5 mg/L and Ag ions were increased,
the toxicity was lower than when bacteria were exposed to
AgNPs andAg ions independently (Fig. 4c). However, bioavailable
Ag ions released from AgNPs promoted a higher and different
toxicity to E. coli K-12 strain during the tests when the Ag
concentration was fixed and the AgNPs concentration was
increased, compared to when the toxicity to AgNPs and Ag ions
was tested independently (Fig. 4d). Therefore, it became evident
that AgNPs and Ag ions have unique relationships that affect
their toxicity to E. coli K-12 strain under diverse coexistence
conditions, and this must be considered a different toxicity
parameter than purely a sum of their independent effects.

We subsequently investigated the toxicity of AgNPs and Ag
ions to E. coli K-12 strain in conjunction with L-cysteine under
different exposure conditions (Fig. 5). When AgNPs and Ag ions
were combinedwith L-cysteine, the bioavailable Ag ions released
from AgNPs were reduced. The thiol (−SH) group binding sites of
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L-cysteine can associate with Ag ions, and have been shown to
begin connecting immediately on contact (Kimet al., 2008; Levard
et al., 2012). Therefore, L-cysteine can effectively bindAg ions, not
only when Ag ions exist alone, but also when AgNPs and Ag ions
coexist. When E. coli K-12 strain is simultaneously treated with
AgNPs andAg ions, they growmore activelywith L-cysteine than
without it. Moreover, L-cysteine can help the cells to initially
adapt and thereby accelerate the growth rate. Therefore,
L-cysteine bound the Ag ions when AgNPs and Ag ions coexisted
and reduced their toxicity to E. coli K-12 strain.
4. Conclusions

Overall, this investigation provides a useful understanding of
the toxicity of AgNPs and how they compare with the toxicity
of Ag ions to E. coli K-12 strain, both when the AgNPs and Ag
ions occur independently and when they coexist. Different
conditions of coexistence of AgNPs and Ag ions displayed the
decreased toxicity to E. coli K-12 strain, even when Ag ions
were added. This toxicity condition represents a tendency
different from that from AgNPs and Ag ions when existing
independently. Therefore, AgNPs and Ag ions were seen to
have a different toxicity relationship when they coexist and
may thus be subject to a new chemical process affecting the
release of Ag ions from AgNPs. Here, the release of bioavail-
able Ag ions from AgNPs promoted a higher toxicity, with the
addition of L-cysteine then reducing the bioavailable Ag ions
released from the AgNPs. A future work needs to evaluate and
monitor the toxicity of AgNPs to various other organisms and
to consider additional environmental factors such as pH, ionic
strength, and natural organicmatter (NOM). Finally, this study
also may represent a new horizon for producing of NPs having
less toxicity and greater stability in the environment by using
environmental friendly synthesis methods.
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