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The toxicity of silver nanoparticles (AgNPs) is widely exploited, but

their hormesis effect has, so far, received little attention. This study

reports the hormesis effect at low AgNPs concentrations of

0.34 mg L−1, with a 29.9% increase in bacterial viability compared

with the control. Cysteine can induce a hormesis effect at a higher

concentration. 12.5 mg L−1 cysteine induced a hormesis effect in

the AgNP concentration range of 1.7–5.1 mg L−1. Results suggest

that this cysteine-induced hormesis effect is concentration-depen-

dent; the concentration that make sulfuration rate (ns/nAg) of 6.15

shows strong excitation to cells.

1. Introduction

As the most widely commercialized nanomaterial, silver nano-
particle (AgNP) is increasingly being used in a variety of consu-
mer products and medical devices.1,2 The widespread use of
AgNPs has increased the likelihood of accidental or incidental
releases to the environment. This raises the need to assess the
potential impact of these nanoparticles on the ecosystem.
Thus far, numerous studies have focused on its toxicity
mechanism.3–8 However, there is an ongoing debate as to
whether the toxicity is specifically related to the nanoparticles
or whether it is due to the effect of dissolved Ag+ released from
nanosilver. Ionic silver (Ag+) released from AgNP inhibits
respiratory enzymes and induces oxidative stress through the
generation of a reactive oxygen species (ROS); this has been
the widely accepted toxicity mechanism.9–12 Although some
research points towards the non-negligible particle-specific
antibacterial activity of AgNP, there is contrasting evidence
demonstrating that Ag+ ions are not toxic to some cell types

such as HepG2 cells (Kawata et al.).13 This suggests that both
nanoparticles and ions are responsible for the toxicity; the
toxic effects of AgNPs on Lolium multiflorum were more than
those of silver ions.14 Ag+ has a pivotal role in AgNP toxicity,
either by itself or in combination with a particle-specific effect.
Xiu et al. demonstrated the negligible particle-specific anti-
bacterial activity of silver nanoparticles and attributed its
toxicity merely to Ag+.15

The presence of low doses of Ag+ can activate the repair
mechanism of cells against the toxicant, and this repair
process may sometimes overcompensate for the exposure.16 It
has been reported that Ag+ concentration of 3–7.9 μg L−1 may
enhance bacterial fitness and hinder antimicrobial appli-
cations.13 Keeping in mind the Ag+ contribution in AgNP toxi-
city, AgNP may produce similar hormesis effects via Ag+. For
example, AgNP at 1.56–6.25 mg L−1 activates human skin carci-
noma cell line A431 and at 0.78–6.25 mg L−1 activates human
fibrosarcoma cell line HT-1080.17 In the present study, we
investigated how cysteine affects AgNP toxicity to varying
extents. We show that cysteine influences the hormesis effect
of AgNP in a concentration-dependent manner; the concen-
tration yielding a sulfuration rate (ns/nAg) of 6.15 can signifi-
cantly influence the toxicity profile of AgNPs and produce the
strongest hormesis effect.

2. Methods
2.1. Preparation and characterization of AgNP suspensions

Polyvinylpyrrolidone (PVP) coated AgNPs (PVP-AgNPs) were
synthesized according to the literature18 with slight modifi-
cations. Briefly, 5 mL of 20 mM silver nitrate was reduced
using 12 mL of 15 mM sodium borohydride (>99% purity,
Sigma Aldrich) for 3 min in the presence of 0.3% PVP10 (MW
10,000, Sigma Aldrich) in an ice bath. The solution was then
stirred continuously at room temperature for 1 h. All particle
suspensions were purified by diafiltration using a 1 kDa
regenerated cellulose membrane to remove excess PVP and
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Ag+. The resulting AgNP solution was stored at 4 °C in the dark
until used.

2.2. Strain culture

Herein, we use E. coli strain ATCC 25922 as the model strain in
the toxicity study. The E. coli purchased from the American
Type Culture Collection (US), was maintained on Luria–Bertani
(LB) agar slants at 4 °C. Prior to each microbiological experi-
ment, all glass-ware was sterilized at 121 °C for 20 min by an
autoclave. A single colony of E. coli grown on LB agar was
inoculated into 200 mL LB broth (tryptone 2 g, yeast extract
1 g, and NaCl 2 g in 200 mL of ultrapure water at pH of 7.2) at
37 °C overnight, on a rotary shaker at approximately 120 rpm.
The resulting bacteria were harvested by centrifugation at
9000g for 5 min, washed three times with sodium bicarbonate
buffer (2 mM), and resuspended in 20 mL of the same buffer
to make a bacteria stock solution.

2.3. Testing of environmental anion effects on AgNP toxicity

Tests of the effects of environmental anions on AgNP toxicity
were performed as described previously.19,20 Briefly, E. coli
stock solution was diluted to a concentration of OD600 = 0.1
with 2 mM sodium bicarbonate buffer, and 1 mL aliquots were
added to test tubes. The AgNP stock solution was diluted with
the same buffer to obtain different concentrations and added
to E. coli and cysteine with various concentrations. Samples
were incubated for 6 h at 25 °C, serially diluted, and seven
10 μL droplets from each dilution were placed onto LB agar
plates. The plates were incubated at 37 °C for 46 h, and colony
forming units (CFU) were counted. For Ag+ toxicity response, a
similar process was performed in the same condition except
for the substitution of AgNP with AgNO3. All AgNP and its
control sample received the same concentration of KNO3 to
control for the addition of NO3

− using AgNO3.
The final viability ratio was calculated as N/N0 × 100%,

where N and N0 are the concentrations of the remaining viable
bacteria (CFU mL−1) and the control values, respectively.

2.4. Statistical analysis

Statistical analysis was performed for each of the assays. Tests
were performed in triplicate, and each sample was performed
in triplicate. A one-way analysis of the variance (one-way
ANOVA) was used to compare the differences between groups,
and the p-values <0.05 were considered significant. All data
plots represent the average from at least three independent
experiments. Error bars represent 95% confidence intervals.

3. Results and discussion
3.1. Particle characterization

AgNP preparations were found to be spherical and non-aggre-
gating in deionized water with an average primary particle dia-
meter of 7.59 ± 2.92 nm based on transmission electron
microscopy observations (TEM, Fig. 1). Zeta-potential measure-
ments showed values of −22.5 ± 2.3 mV. The size distribution

was also confirmed by dynamic light scattering (DLS) analysis
with an average hydrodynamic diameter distribution of 27.1 ±
2.2 nm. Inconsistent size distribution observed using TEM
and DLS resulted from the different measurement principles
of the two technologies.21 The amount of Ag+ remaining in the
filtrate after ultrafiltration centrifugation of AgNP suspensions
was measured by inductively coupled plasma mass spectro-
metry (ICP-MS) and found to be lower than 1% of the lowest
concentration of Ag+ used in this study.

3.2. Cysteine concentration-dependent hormesis effect
of AgNP

Fig. 2 shows the toxicity profile of AgNP in the absence and
presence of cysteine. AgNP was toxic to E. coli cells in 2 mM
NaHCO3 buffer solution, except for the concentration of
0.34 mg L−1. Here, we considered 100% viability of the control
group. The viability ratio at 0.34 mg L−1 was calculated at
about 129.9% using the equation N/N0 × 100%; therefore,
AgNP at a concentration of 0.34 mg L−1 resulted in a 29.9%

Fig. 1 TEM of AgNP.

Fig. 2 AgNP toxicity to E. coli without cysteine and with 12.5 mg L−1 of
cysteine. A significant stimulatory effect suggestive of hormesis was
observed, as indicated by the asterisk.
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increase in bacterial viability compared with the control. In
the presence of 12.5 mg L−1 cysteine, survival of E. coli was
stimulated by AgNP administered at various concentrations
(1.7, 3.4, 5.1 mg L−1). The concentration that initially stimu-
lated survival (0.34 mg L−1 AgNP without cysteine) eventually
becomes toxic with the addition of cysteine. Based on these
results, we speculate that cysteine may induce hormesis effect
of AgNP in E. coli, although the dose may be toxic initially. The
Ag+ released from AgNPs has been shown to exert toxic effects
in cells.7 To determine the specific contribution of environ-
mental anions to AgNP toxicity, released Ag+ concentrations
were measured based on various quantities of AgNPs, with the
addition of 12.5 mg L−1 cysteine (Fig. 3). Ag+ concentration in
0.34 mg L−1 AgNP solution (the concentration at which the
survival of resting E. coli cells increases is called the stimu-
lation point) without cysteine was 1.42 μg L−1. In the presence
of 12.5 mg L−1 cysteine, concentration of Ag+ was 1.01, 1.56,
and 3.04 μg L−1 corresponding to AgNP concentrations of 1.7,
3.4, and 5.1 mg L−1, respectively. The results indicate that
when the released Ag+ concentration is in the range of
1.01–3.04 μg L−1, E. coli survival is stimulated. Cysteine caused
a hormesis effect by controlling the final Ag+ concentration
released from AgNPs.

To further exploit the toxicity mechanism, the toxic effects
of Ag+ at various concentrations on E. coli survival were evalu-
ated (Fig. 4). Using the viability of E. coli with 0 μg L−1 as the
control, the viability of E. coli at Ag+ concentration 2.0 μg L−1

was higher than the control, whereas it was lower when Ag+

concentrations ≤1.0 μg L−1 and ≥5.0 μg L−1. Hence, Ag+ at a
concentration of 2.0 μg L−1 showed a stimulatory effect,
whereas Ag+ concentrations ≤1.0 μg L−1 and ≥5.0 μg L−1

exhibited toxic effects on E. coli. Fig. 4 indicates that Ag+ in the
solution produced the same results as AgNPs in the presence
of cysteine. These results show that the final concentration
of Ag+ in solution determines the primary toxic effects of
AgNPs in cells. We speculate that the sulfide (2SH) group of

cysteine influences Ag+ release by complexing Ag+ on the
surface of AgNP:22

2AgðsÞ þ
1
2
O2ðaqÞ þ 2Hþ

ðaqÞ Ð 2AgþðaqÞ þ 2H2OðlÞ ð1Þ

AgþðaqÞ þ HS‐cysðaqÞ Ð AgS‐cysðsÞ þHþ
ðaqÞ ð2Þ

The final Ag+ concentration determines the toxic effect of
AgNP.

Various concentrations of cysteine were employed in AgNP
toxicity tests to evaluate E. coli survival (Fig. 5). The result indi-
cates that cysteine does not always trigger the hormesis effect
of AgNP in cells. The effects of cysteine are different at
different concentrations. At 12.5 mg L−1 cysteine, evident
hormesis was observed in a solution with 1.81 mg L−1 AgNP.
The sulfuration rate (ns/nAg) at the stimulation point (AgNP

Fig. 3 Released Ag+ concentrations measured in solution with 12.5 mg L−1

cysteine.

Fig. 4 Ag+ increased E. coli survival. A significant stimulatory effect
suggestive of hormesis was observed, as indicated by the asterisk.

Fig. 5 AgNP toxicity to E. coli in the presence of various concentration
of cysteine. The AgNP concentration was 1.81 mg L−1. Error bars rep-
resent 95% confidence intervals.
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concentration was 1.81 mg L−1) was calculated as 6.15 in the
solution. The other concentrations inhibited E. coli survival,
indicating that this particular concentration of cysteine is
important to the hormesis effect. As shown in Fig. 2, we can
conclude that cysteine and AgNP concentrations simul-
taneously affect toxicity behavior and cysteine at various con-
centrations can induce multidimensional AgNP toxicity at the
same concentration.

We also tested the effect of PVP on E. coli and little effect
was observed. In addition, we have tested the effect of cysteine
on AgNPs toxicity to Staphylococcus aureus, and a similar horm-
esis effect in low AgNPs concentrations was observed (Fig. 6).
This study indicates the hormesis effect of AgNPs was not only
suitable for E. coli but also for other bacteria.

3.3. Environmental implications

AgNPs have been extensively reported to act as a toxic agent to
microbes in the environment by releasing Ag+.23–26 This study
indicates that cysteine can induce Ag+ release and induce the
hormesis effect of AgNP. The release of AgNPs to the environ-
ment may cause changes in microbe population density (some
species were stimulated to survive and become a dominant
species) in the presence of cysteine, thereby disturbing the eco-
logical balance. A detailed study should be carried out to
understand the potential effect of cysteine on AgNP toxicity.

In the past, AgNPs have been widely exploited for their
potential antibacterial capacity,27–31 and considered as a suit-
able substitute for antibiotics as they do not exhibit the same
side effects as antibiotics. When using AgNPs for bacterio-
stasis (such as in surgery), harmful germs may be stimulated
instead of inhibited, owing to the hormesis effect. This study
demonstrates that the initial stimulation concentration can
become toxic with the addition of cysteine. In real medical
applications, cysteine could be added to avoid hormesis in
harmful pathogenic bacteria. Therefore, the effect of cysteine

on AgNP toxicity should be determined in order to facilitate
the effective application of AgNPs for bacteriostasis.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

This study was financially supported by the National Natural
Science Foundation of China (51579099, 51521006, and
51508186), the Program for Changjiang Scholars and Innova-
tive Research Team in University (IRT-13R17), the Hunan Pro-
vincial Innovation Foundation For Postgraduate (CX2016B134).

References

1 The project on emerging nanotechnologies. http://www.
nanotechproject.org/inventories/consumer/analysis_draft/.

2 L. Q. Chen, S. J. Xiao, L. Peng, T. Wu, J. Ling, Y. F. Li and
C. Z. Huang, J. Phys. Chem. B, 2010, 114, 3655–3659.

3 B. Zhu, Y. Li, Z. Lin, M. Zhao, T. Xu, C. Wang and N. Deng,
Nanoscale Res. Lett., 2016, 11, 198.

4 L. Q. Chen, L. F. J. Ling, C. Z. Ding, B. Kang and
C. Z. Huang, Chem. Res. Toxicol., 2015, 28, 501–509.

5 Y. Qian, J. Zhang, Q. Hu, M. Xu, Y. Chen, G. Hu, M. Zhao
and S. Liu, Biomaterials, 2015, 70, 12–22.

6 K. Sooklert, S. Chattong, K. Manotham, C. Boonwong,
I. Y. Klaharn, D. Jindatip and A. Sereemaspun,
Int. J. Nanomed., 2016, 11, 597–605.

7 F. Yang, Z. Ren, Q. Chai, G. Cui, L. Jiang, H. Chen, Z. Feng,
X. Chen, J. Ji, L. Zhou, W. Wang and S. Zheng, Sci. Rep.,
2016, 6, 21714.

8 C. C. Li, Y. J. Wang, F. Dang and D. M. Zhou, J. Hazard.
Mater., 2016, 308, 21–28.

9 S. Kim, J. E. Choi, J. Choi, K. H. Chung, K. Park, J. Yi and
D. Y. Ryu, Toxicol. in Vitro, 2009, 23, 1076–1084.

10 M. D. Boudreau, M. S. Imam, A. M. Paredes, M. S. Bryant,
C. K. Cunningham, R. P. Felton, M. Y. Jones, K. J. Davis
and G. R. Olson, Toxicol. Sci., 2016, 150, 131–160.

11 P. Cameron, B. K. Gaiser, B. Bhandari, P. M. Bartley,
F. Katzer and H. Bridle, Appl. Environ. Microbiol., 2015, 82,
431–437.

12 S. P. Dhas, S. Anbarasan, A. Mukherjee and
N. Chandrasekaran, Int. J. Nanomed., 2015, 10(Suppl 1),
159–170.

13 K. Kawata, M. Osawa and S. Okabe, Environ. Sci. Technol.,
2009, 43, 6046–6051.

14 L. Y. Yin, Y. W. Cheng, B. Espinasse, B. P. Colman,
M. Auffan, M. Wiesner, J. Rose, J. Liu and E. S. Bernhardt,
Environ. Sci. Technol., 2011, 45, 2360–2367.

15 Z. M. Xiu, Q. B. Zhang, H. L. Puppala, V. L. Colvin and
P. J. Alvarez, Nano Lett., 2012, 12, 4271–4275.

16 E. J. Calabrese, Crit. Rev. Toxicol., 2001, 31, 425–470.

Fig. 6 AgNP toxicity to Staphylococcus aureus without cysteine and
with 12.5 mg L−1 of cysteine. A significant stimulatory effect suggestive
of hormesis was observed, as indicated by the asterisk.

Toxicology Research Communication

This journal is © The Royal Society of Chemistry 2016 Toxicol. Res., 2016, 5, 1268–1272 | 1271



17 S. Arora, J. Jain, J. M. Rajwade and K. M. Paknikar, Toxicol.
Lett., 2008, 179, 93–100.

18 S. D. Solomon, M. Bahadory, A. V. Jeyarajasingam,
S. A. Rutkowsky, C. Boritz and L. Mulfinger, J. Chem. Educ.,
2007, 84, 322–325.

19 Z. Guo, G. Chen, L. Liu, G. Zeng, Z. Huang, A. Chen and
L. Hu, Sci. Rep., 2016, 6, 20813–20818.

20 Z. M. Xiu, J. Ma and P. J. J. Alvarez, Environ. Sci. Technol.,
2011, 45, 9003–9008.

21 Z. Guo, G. Chen, G. Zeng, Z. Li, A. Chen, M. Yan, L. Liu
and D. Huang, RSC Adv., 2014, 4, 59275–59283.

22 Y. Cui, Y. Wang and L. Zhao, Small, 2015, 11, 5118–5125.
23 J. Shi, B. Xu, X. Sun, C. Ma, C. Yu and H. Zhang, Aquat.

Toxicol., 2013, 132, 53–60.
24 Y. Cheng, L. Yin, S. Lin, M. Wiesner, E. Bernhardt and

J. Liu, J. Phys. Chem. C, 2011, 115, 4425–4432.

25 S. Chernousova and M. Epple, Angew. Chem., Int. Ed., 2013,
52, 1636–1653.

26 D. L. Starnes, J. M. Unrine, C. P. Starnes, B. E. Collin,
E. K. Oostveen, R. Ma, G. V. Lowry, P. M. Bertsch and
V. Tsyusko, Environ. Pollut., 2015, 196, 239–246.

27 S. Shrivastava, T. Bera, A. Roy, G. Singh, P. Ramachandrarao
and D. Dash, Nanotechnology, 2007, 18, 225103.

28 L. R. Pokhrel, B. Dubey and P. R. Scheuerman, Environ. Sci.:
Nano, 2014, 1, 45–54.

29 Y. Xu, L. Wang, R. Bai, T. Zhang and C. Chen, Nanoscale,
2015, 7, 16100–16109.

30 O. Choi, K. K. Deng, N. J. Kim, L. Ross, R. Y. Surampalli
and Z. Q. Hu, Water Res., 2008, 42, 3066–3074.

31 C. N. Lok, C. M. Ho, R. Chen, Q. Y. He, W. Y. Yu, H. Sun,
P. K. H. Tam, J. F. Chiu and C. M. Che, J. Biol. Inorg. Chem.,
2007, 12, 527–534.

Communication Toxicology Research

1272 | Toxicol. Res., 2016, 5, 1268–1272 This journal is © The Royal Society of Chemistry 2016


	Button 1: 


