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Abstract: The increasing release of silver (Ag) nanoparticles (NPs) into the environment highlights the importance of exploring
the interactions between Ag NPs and plants, which are the basis of most ecosystems. In this study, two plant species, Cucumis
sativus L. (cucumber) and Triticum aestivum L. (wheat) were exposed to Ag NPs and Ag" (added as AgNO;) at the germination
and vegetative growth stages. Above certain concentrations, Ag NPs and Ag” were toxic to the two plants. However, stimulatory
effects were observed on root elongation for the cucumbers that were exposed to Ag NPs at concentrations below 200 mg/L, and
Ag" at concentrations below 5 mg/L. The two plants were more susceptible to the toxicity of Ag NPs at the vegetative growth stage
than the germination stage. Ag was accumulated in the roots and was subsequently translocated to the shoots after the exposure to
AgNPs. To assess the role of released Ag’, we measured the dissolution of Ag NPs in exposure solutions. About 0.03% and 0.01%
of Ag NPs were dissolved into a hydroponic solution at the germination stage for cucumber and wheat, respectively; while 0.17%
and 0.06% at the vegetative period for cucumber and wheat, respectively. Cysteine, a strong chelating ligand of Ag", could
completely eliminate the effects of Ag NPs on cucumber and wheat, suggesting that the phytotoxicity of Ag NPs was possibly
caused by the release of Ag".
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1 Introduction ered to be one of the most toxic trace metals (Ratte

1999), and the widespread use of Ag NPs has in-

Silver (Ag) nanoparticles (NPs) are increasingly
used for their antimicrobial properties in household
antiseptic sprays, food packaging, and antimicrobial
coatings of medical devices and clothes (Benn and
Westerhoff, 2008; Blaser et al., 2008). Ag is consid-
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creased the likelihood of releases into the environ-
ment, which underscores the need to assess the im-
pacts of Ag NPs on the ecosystem’s health. Ag NPs
are reported to be potentially toxic to bacteria
(Morones et al., 2005), algae (Miao et al., 2010),
human cells (Jiang et al., 2008; AshaRani et al., 2009),
and animal cells (Hussain et al., 2005). Although
much evidence has shown that both Ag NPs and Ag"
are toxic, it is unclear whether the toxicity is specifi-
cally related to NPs or dissolved forms of Ag from Ag
NPs. Choi and Hu (2008) reported that Ag NPs less
than 5 nm were more toxic to nitrifying bacteria than
dissolved Ag or larger Ag NPs at similar mass
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concentrations. Yin et al. (2011) showed that the
growth inhibition of gum arabic-coated Ag NPs on L.
multiflorum was higher compared with the same
concentration of Ag" and Ag NPs which could exert
direct toxic effects without dissolution. However, Ag"
released from Ag NPs was reported to inhibit respir-
atory enzymes and induce oxidative stress through the
generation of reactive oxygen species (ROS) (Kim et
al.,2009). Miao et al. (2009) found that Ag NPs could
inhibit the cell growth, photosynthesis, and chloro-
phyll production of Thalassiosira weissflogii. These
toxic effects were from the released Ag’, which
suggested that toxicity was mainly due to the presence
of dissolved Ag.

Plants are the backbone of all life on earth and
are an essential resource for human well-being. In the
present study, we comparatively investigated the
impacts of uncoated Ag NPs and AgNO; on two ag-
riculturally significant plants, Cucumis sativus L.
(cucumber) and Triticum aestivum L. (wheat), at the
germination and vegetative growth stages to reveal
their phytotoxicities.

2 Materials and methods
2.1 Characterization of Ag NPs

Uncoated Ag NPs were purchased from Sigma-
Aldrich with the particle size <100 nm and purity of
99.5%. The size and morphology were determined by
a transmission electron microscope (TEM; JEM-
200CX, Japan). For TEM sample preparation, a drop
of Ag NP suspension (diluted by ethanol) was dripped
onto the copper grid after sonication for 30 min. After
drying at room temperature, the sample was placed in
a specimen holder. Hydrodynamic diameters and zeta
potential of Ag NPs were measured by a dynamic
light scattering equipment (ZetaSizer 90, Nano series,
UK). For the sample preparation, Ag NPs were dis-
persed in deionized (DI) water and nutrient solution
(1/4 strength Hoagland’s solution), sonicated for
30 min following by their immediate measurement in
a plastic cuvette (path length 1 cm). The pH values of
Ag NP suspensions dispersed in DI water and nutrient
solution were 6.9 and 5.5, respectively.

2.2 Root elongation assay

Seeds of cucumber and wheat were purchased

from the Chinese Academy of Agricultural Sciences
and kept in a refrigerator (4 °C) until use. The seeds
were pretreated in a 10% (v/v) sodium hypochlorite
solution for 10 min and then rinsed for three times
with DI water to ensure surface sterility. Different
concentrations of Ag NPs were prepared and dis-
persed by ultrasonic treatment in DI water for 30 min
before use. Then the seeds were soaked in Ag NP
suspensions or AgNOjs solutions for 2 h. One piece of
filter paper was put into each Petri dish (100 mmx
15 mm), and 5 ml of the test solution or suspension
was immediately added after ultrasonic treatments.
Then 14 seeds were transferred onto each filter paper,
and Petri dishes were sealed with parafilm, and placed
in the dark under 25 °C in a climate incubator. After
5-d treatment, the germination was halted. Root
lengths were measured with a meter ruler.

2.3 Biomass assay

Seeds of cucumber and wheat were germinated
on filter papers moistened with DI water at 25 °C
after sterilization and water soaking (Lin and Xing
2007). After 3 d, the uniform seedlings were trans-
planted into 250 ml beakers containing 100 ml of 1/4
strength Hoagland’s solution and each seedling was
anchored by plastic foam with a hole in the center.
The growth was conducted in a climate incubator for
10 d at a day/night humidity of 50%/70%, day/night
temperature of 27 °C/18 °C, and a 16 h photoperiod
(light intensity of 1.76x10" lux) before the phytotox-
icity study. Ag NPs with or without cysteine were
then added into the nutrient solution followed by
ultrasonic pretreatment for 30 min. We tested the
effects of Ag NPs alone (1, 5, 20, 50, and 100 mg/L),
100 mg/L Ag NPs+112 mg/L cysteine (molar ratio of
cysteine:Ag=1:1), and cysteine alone (112 mg/L) on
the growth of the cucumber and wheat seedlings. To
maintain a constant volume (100 ml), the solution in
each beaker was replenished with fresh nutrient solu-
tion every other day. There were six replicates for
each treatment. The seedlings were allowed to further
grow for three weeks. At the end of the growth period,
the seedlings of cucumber and wheat were harvested
and washed thoroughly with flowing tap water and DI
water. Tissues were collected and biomasses were
measured after drying to a constant weight at 70 °C
for 48 h.
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2.4 Determination of Ag content

After the above treatments, Ag" concentrations
in Ag NP suspensions were measured by an induc-
tively coupled plasma-mass spectrometer (ICP-MS)
(Thermo X7, USA) after centrifugation (14000g for
10 min) and ultrafiltration (0.22 um, polyethersulfone
resins filter).

The content of Ag in plant tissues was measured
by ICP-MS after HNO3/H,0; (v/v=4:1) digestion on a
heating plate. Indium (100 ng/ml) was used as an
internal standard to compensate for signal drifting and
matrix suppression. The certified reference material
GBWO07602 (bush leaves and branches) was digested
to examine the recovery. The recovery of Ag from
GBW07602 was 98.9% and the spike recovery av-
eraged 103%. The relative standard deviation (SD)
was 2.3%, and the detection limit was 0.01 ng/ml.

2.5 TEM examination

Fresh roots of cucumber and wheat from the
control and the treatments of 2000 mg/L of Ag NPs
after 3-week exposure were observed by TEM to
detect if Ag NPs could enter the plant cells. Roots
were thoroughly washed with DI water. Samples for
TEM were prepared following standard procedures
(Bozzola and Russell, 1999). The root apexes (4 mm)
were cut and prefixed in 2.5% glutaraldehyde,
washed in a phosphate buffer (0.05 mol/L, pH 7.8),
post-fixed in osmium tetroxide (10 g/L in 0.1 mol/L
sodium phosphate buffer) for 1 h, dehydrated in
graded acetone, and infiltrated and embedded in
Spurr’s resin. The cross sections (90-nm thick) below
root tips were cut for TEM using a UC6i ultramicro-
tome (Leica, Austria) with a diamond knife. TEM was
operated at 80 kV on a JEM-1230. More than 10 sec-
tions cut from different roots were examined.

2.6 Statistical analysis

Data processing was performed on SPSS V17.0.
One-way analysis of variance (ANOVA) followed by
Tukey’s honestly significant difference (HSD) or
Bonferroni test was performed to examine the statis-
tical differences. Data were expressed as mean+SD,
and P<0.05 was considered to be significantly
different.

3 Results and discussion
3.1 Characterization of Ag NPs

The average size of Ag NPs was (13.84£2.5) nm
according to the TEM image (Fig. 1). The Ag NPs
hydrodynamic diameters in the DI water and nutrient
solution were (711.8425.3) and (736.4+32.2) nm,
respectively. Zeta potentials of the Ag NPs in the DI
water and nutrient solution were (4.8+1.0) and
(—9.6+0.5) mV, respectively.

Fig. 1 TEM image of Ag NPs

3.2 Effects of Ag on root elongation during the
seed germination stage

Both Ag NPs and Ag" were toxic to cucumber
and wheat plants at high exposure concentrations
(Fig. 2). At the same concentrations, the plants were
more sensitive to the effects of Ag’™ than Ag NPs.
Interestingly, Ag NPs and Ag" showed stimulatory
effects on root elongation of cucumber at low con-
centrations. Similar results have been reported pre-
viously. Wang et al. (2013) found that all forms of Ag
(NPs and Ag") were toxic to Arabidopsis and Populus
above a specific concentration, but a stimulatory ef-
fect was observed on root elongation, fresh weight,
and evapotranspiration of both plants at sub-lethal
concentrations. They attributed this response to
hormesis, a biphasic dose response in which the
presence of low doses of toxicants can activate repair
mechanisms to overcompensate for the exposure.
However, in this study, it seems that the hormesis
effects of Ag NPs and Ag' were species-specific
because no significant stimulatory effects on the root
elongation of wheat were observed at all the exposure
concentrations.
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Fig. 2 Effects of Ag NPs and Ag* on the root elongation of cucumber and wheat after 5-d exposure at the germi-

nation stage

(a) Ag NPs on cucumber; (b) Ag" on cucumber; (c) Ag NPs on wheat; (d) Ag" on wheat. Data are given as mean+SD.

* P<0.05 vs. control

3.3 Effects of Ag NPs on biomass during the veg-
etative period

The phytotoxicity of Ag NPs on cucumber and
wheat during the vegetative period was evaluated at
concentrations of 1, 5, 20, 50, and 100 mg/L. The dry
biomasses of cucumber roots were remarkably re-
duced by Ag NPs at 50 and 100 mg/L after three
weeks treatment compared with the control (P<0.05)
(Fig. 3a). Cucumber shoots were less sensitive to Ag
NPs than the roots, and no significant inhibitive ef-
fects were observed (P>0.05). As for wheat, Ag NPs
significantly decreased the dry biomass of shoots at
high concentrations (20-100 mg/L) but showed no
significant effects on the dry biomass of roots
(P>0.05) (Fig. 3b). Similar effects were observed for
polar, with the leaf and stem biomass being restrained
by Ag" but having no effect on the root (Wang e al.,
2013). The inhibition thresholds and degrees at this
stage are both different from those at the germination
stage, indicating that the susceptibility to toxic com-
pounds of a plant is growth stage dependent. Longer
time exposure to NP suspensions during the vegeta-
tive period than the germination stage might be an-
other reason, which implied that NPs need a longer

period to affect plant growth. Thus, the impact of NPs
on plant growth may require a relatively long expo-
sure time to determine sublethal effects (Gubbins et
al., 2011).

3.4 Ag’ released in solution

Rhizosphere mucilage and root exudates, such as
organic acids and amino acids, could promote the
adsorption of NPs on the root surface and bring about
NPs dissolution, oxidation, or reduction (Cafias et al.,
2008; Lin and Xing, 2008). Toxicity of the dissolved
form might be a possible mechanism for the toxicity
of metal-based NPs, including Ag, Ni, Cu, ZnO, and
La,0; (Limbach et al., 2007; Griffitt et al., 2008;
Miao et al., 2009; Ma et al., 2011). Ag" is known to
alter the perception and/or responses to phytohor-
mones and further to affect plant growth (Zhao et al.,
2002; Binder et al., 2007; Strader et al., 2009). Re-
cently, toxicity of Ag NPs has been frequently at-
tributed, at least in part, to the release of Ag+ at the
surface of NPs (Pal et al., 2007; Navarro et al., 2008;
Miao et al., 2009). To assess the role of released Ag”,
we first measured the dissolution of Ag NPs in ex-
posure solutions, both at the end of the seed germi-
nation stage and vegetative period. After 5-d exposure
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on the dry biomasses of root and shoot of cucumber (a)
and wheat (b) after three weeks exposure during the
vegetative period

Treatment: 1, 5, 20, 50, and 100 are the Ag NPs in mg/L;
100+cys is the 100 mg/L Ag NPs+112 mg/L cysteine; cys is
the 112 mg/L cysteine. Data are given as mean+SD.
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of 1-1000 mg/L of Ag NPs at the germination stage
for cucumber and wheat, the released Ag' into the
hydroponic solution was about 2-167 and 0.7—
60 ug/L, respectively (Figs. 4a and 4b). That is about
0.03% of Ag NPs dissolved into the hydroponic so-

lution of cucumber, two folds more than that of wheat.

The difference in dissolution quantities of the two
plant species may be attributed to the more developed
root systems and the subsequent larger root surface
areas of the cucumber than those of the wheat. It is
worth noting that, Ag" concentrations in the solutions
for vegetative toxic tests were about two times more
than the germination stage, 4-103 pg/L for cucumber
and 2-41 pg/L for wheat (Figs. 4c and 4d), respec-
tively. This is probably because of the larger root
surface, larger quantity of root exudates, and longer
interaction time between the Ag NPs and the root
exudates during the vegetative period compared to the
germination stage, so the more Ag' released seemed
to be inevitable.

The phytotoxicity induced by the released Ag"
after 5-d treatment during the germination stage was
explored. Exposure to Ag NPs at 1000 mg/L (in-
cluding 0.160 mg/L of released Ag" in the hydroponic
solution) significantly decreased the root elongation
of cucumber (Fig. 2a). Yet exposure to Ag" alone at
0.2 mg/L, which is similar to the concentration of Ag"
released by 1000 mg/L. Ag NPs, had a stimulatory
effect (Fig. 2b). Similarly, the root growth of wheat
was dramatically inhibited by the presence of Ag NPs
at 1000 mg/L (60 pug/L released Ag") (Fig. 2¢), but the
measured Ag' in these hydroponic solutions was too
low to account for the observed inhibiting effects.
Similar phenomenon was observed by Wang et al.
(2013). Superficially, some NP-specific effects were
likely to exert. However, an important fact herein
seemed to be ignored that the Ag" ion concentrations
in the rhizosphere solutions might be higher than that
in the exposure solutions. Ag NPs were adsorbed on
the root surface with the aid of mucilage and there is
an imbalance between oxidation and reduction in the
microenvironment named rhizosphere. The concen-
tration of released Ag" we measured in the culture
suspensions (with plants cultured) could be far less
than that on the root surfaces. The nano-bio interface
was the main location of the dissolution. Zhang et al.
(2012) found that concentrations of Yb*" in the rhi-
zosphere solutions were indeed higher than that in the
exposure solutions.

The dissolution of Ag NPs in the culture medium,
as well as the possible formation of NPs from Ag” on
root surfaces makes it difficult to differentiate ionic
effects from NP-specific effects (Gardea-Torresdey et
al., 2003; Geisler-Lee et al., 2013). As a strong Ag"
chelating ligand, cysteine has been proven to be
useful in examining the contribution of Ag™ to the
overall toxicity of Ag NPs (Navarro et al., 2008).
Thus, the role of Ag” in determining the phytotoxicity
of Ag NP suspensions was assessed in the presence of
cysteine. The complete abolishment of the impact on
the root elongation at the germination stage by cys-
teine indicated that the protective effects of cysteine
were due to its chelating with Ag" in the exposure
media, which resulted in a reduced Ag bioavailability
(Fig. 5). Similar phenomenon appeared after three
weeks of exposure at the vegetative period of the
cucumber, when cysteine completely eliminated the
inhibition of 100 mg/L of Ag NPs on the biomass
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(cysteine alone did not show any significant effect)
(Fig. 3b). As for the cucumber, cysteine alone re-
duced the biomass possibly because of the high sen-
sitivity to cysteine (Fig. 3a). However, cysteine still
somewhat alleviated the toxicity of 100 mg/L of Ag
NPs to the biomass of the cucumber. This strongly
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emphasized the fact that Ag NPs contributed to the
toxicity by serving as a source of Ag". He et al. (2012)
discovered that cysteine completely removed the
inhibitory effects of Ag NPs on the metabolic activity
of Chattonella marina, which suggested that the
toxicity of Ag NPs was due to the release of Ag'.
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3.5 Uptake and translocation of Ag NPs in cu-
cumber and wheat

TEM images of the cross sections of cucumber
and wheat roots after 3-week exposure of 100 mg/L
Ag NPs are shown in Fig. 6. In contrast to the control
(Figs. 6a and 6¢), high electron-dense deposits can be
found in the cell wall and cytoplasm in sections of
100 mg/L Ag NPs treated groups (Figs. 6b and 6d).
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Ag contents in cucumber and wheat tissues after
three weeks treatments of Ag NPs are shown in Fig. 7.
Total Ag contents increased with the increasing
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treatments of Ag NPs. It seems that only a little Ag
NPs or Ag" were transported from the roots to shoots
in this study. This might be because most of the Ag
NPs were adsorbed on the root surface, and only a
little Ag could move into the stele and was available
for upward transport. It can be seen that the TF ob-
tained in the cucumber were three times higher than
those in wheat (Figs. 7c and 7d). The better trans-
portation capability in cucumber probably resulted
from the greater blade area and stronger evaporative
power than in wheat.

4 Conclusions

Based on total Ag concentrations, it was ob-
served that Ag' displayed stronger effects on cu-
cumber and wheat than Ag NPs at the germination
stage. Meanwhile, the same concentration of Ag with
different species (Ag NPs or Ag") exerted different
influences between the two stages. Thus, the devel-
opmental period of the plant should also be consid-
ered when assessing the risks posed by NPs in the
environment.

This study revealed the determinant role of dis-
solved Ag” on the toxicity of Ag NPs for cucumber
and wheat, and the protective effect of cysteine was
attributed to its chelation with Ag'. Results of
ICP-MS and TEM indicated that Ag (Ag NPs or other
forms) could be absorbed by the roots and translo-
cated to the shoots. The low translocation factors of
Ag in the two plants suggested that the movement of
Ag from the roots to shoots was difficult.
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