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ABSTRACT: The increasing likelihood of silver nanoparticle (AgNP) releases
to the environment highlights the importance of understanding AgNP
interactions with plants, which are cornerstones of most ecosystems. In this
study, poplars (Populus deltoides × nigra) and Arabidopsis thaliana were exposed
hydroponically to nanoparticles of different sizes (PEG-coated 5 and 10 nm
AgNPs, and carbon-coated 25 nm AgNPs) or silver ions (Ag+, added as AgNO3)
at a wide range of concentrations (0.01 to 100 mg/L). Whereas all forms of silver
were phytotoxic above a specific concentration, a stimulatory effect was observed
on root elongation, fresh weight, and evapotranspiration of both plants at a
narrow range of sublethal concentrations (e.g., 1 mg/L of 25 nm AgNPs for poplar). Plants were most susceptible to the toxic
effects of Ag+ (1 mg/L for poplar, 0.05 mg/L for Arabidopsis), but AgNPs also showed some toxicity at higher concentrations
(e.g., 100 mg/L of 25 nm AgNPs for poplar, 1 mg/L of 5 nm AgNPs for Arabidopsis) and this susceptibility increased with
decreasing AgNP size. Both poplars and Arabidopsis accumulated silver, but silver distribution in shoot organs varied between
plant species. Arabidopsis accumulated silver primarily in leaves (at 10-fold higher concentrations than in the stem or flower
tissues), whereas poplars accumulated silver at similar concentrations in leaves and stems. Within the particle subinhibitory
concentration range, silver accumulation in poplar tissues increased with exposure concentration and with smaller AgNP size.
However, compared to larger AgNPs, the faster silver uptake associated with smaller AgNPs was offset by their toxic effect on
evapotranspiration, which was exerted at lower concentrations (e.g., 1 mg/L of 5 nm AgNPs for poplar). Overall, the observed
phytostimulatory effects preclude generalizations about the phytotoxicity of AgNPs and encourage further mechanistic research.

■ INTRODUCTION

Silver nanoparticles (AgNPs) are currently the most widely
commercialized nanomaterial.1 Both coated and uncoated
AgNPs are produced by various companies.2 The low
manufacturing costs and broad-spectrum antimicrobial proper-
ties of AgNPs make their use increasingly common in
household antiseptic sprays, food packaging, clothes, and
antimicrobial coatings of medical devices.3−8 Of the 1317
nanotechnology-enabled consumer products available in 2011,
313 products contained AgNPs compared to 91 products
incorporating the second most popular class, carbon-based
nanomaterials.1 The widespread use of AgNPs has increased
the likelihood of accidental or incidental releases to the
environment underscoring the need to assess their fate and
potential impacts to ecosystem health.
Material flow analysis suggests that the majority of AgNPs

released from consumer products enter sewer systems and
wastewater treatment plants, where they are eventually
incorporated into sewage sludge and remain in the biosolids
that are applied to agricultural fields.9−12 Recent studies of
silver speciation in wastewater treatment plants12,13 and

freshwater mesocosms14 suggest that sulfidation (i.e., Ag2S
formation) is common, which can limit bioavailability and
toxicity. AgNPs are known to be potentially toxic to
bacteria,15,16 algae,17,18 human cells,19,20 and animal cells.21

However, compared to the now hundreds of articles addressing
AgNPs aquatic toxicity, there are many fewer studies that
consider how AgNPs interact with terrestrial plants.17,22−31

This is a critical knowledge gap because plants are cornerstones
of most ecosystems and influence the overall fate and impact of
many environmental pollutants.32 Of particular relevance is the
need for quantitative characterization of silver uptake by plants
as a function of AgNP properties (e.g., nanoparticle size and
Ag+ dissolution kinetics) to enable predictions about environ-
mental consequences of the diverse AgNP forms and to
determine whether AgNPs accumulate in edible portions of the
plant, which could lead to trophic transfer.
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The potential phytotoxicity of AgNPs has been investigated
in a few studies, and negative or inconsequential effects were
reported after short-term exposure. For example, citrate-coated
AgNPs inhibited Arabidopsis thaliana seedling root elongation
with a linear dose response from 67 to 535 μg/L after 2 week
exposure but seed germination was not affected.24 Similar
effects were observed for Lolium multif lorum, with inhibition of
plant growth on agar medium becoming more pronounced as
the concentration of (gum arabic-coated) AgNPs increased
from 1 to 40 mg/L.22 Similar AgNPs at 5 or 10 mg/L also
reduced duckweed biomass after 72 h hydroponic exposure.25

Plants in the environment are likely to be exposed to much
lower AgNP concentrations (e.g., the occurrence of AgNPs in
surface waters was estimated at about 0.1 ng/L in the US and
0.8 ng/L in Europe9), but the effect of AgNPs at such lower
concentrations or after long-term exposure has received limited
attention. Furthermore, whereas uptake studies have been
conducted with several types of nanoparticles,33−38 internal-
ization, and translocation by plants as a function of AgNP
properties and exposure concentrations remain poorly under-
stood. AgNPs have been detected inside Arabidopsis root cell
walls and plasmodesmata; however, whether particles were
taken up intact or some formed within the plant from
assimilated Ag+ released by AgNPs is unclear.24,39−42

This study characterizes the effects of AgNPs on two plant
species belonging to different genera − Arabidopsis and Populus
(i.e., poplar trees) − to discern species-specific variability and
commonalities in plant response. Both Arabidopsis and poplar
are common model plants for studies of basic plant biology and
of toxicity, bioaccumulation and translocation of heavy metals
and organic contaminants. To shed light on the effects of
AgNPs on plant physiology over a broad range of exposures,
plants were exposed to AgNPs of various sizes and to a wide
range of concentrations (0.01 to 100 mg/L). Phytotoxicity was
assessed by measuring effects on shoot and root growth,
biomass accumulation, and evapotranspiration relative to
unexposed controls. To assess the role of released Ag+, we
also characterized the dissolution of AgNPs in the hydroponic
exposure medium and included analysis of plant responses to
the presence of Ag+ (added as AgNO3). Through these efforts,
we characterize more broadly dose−response relationships and
total silver bioaccumulation among different plant compart-
ments.

■ MATERIALS AND METHODS
Preparation and Characterization of AgNPs. Amor-

phous-carbon-coated 25 nm AgNPs, which represent commer-
cially available AgNPs with (thus) a higher probability of
release, were bought from Novacentrix (Austin, TX). Poly-
ethylene glycol-thiol (PEG)-coated 10 and 5 nm AgNPs were
synthesized in the lab to obtain a narrow size distribution at
relatively small sizes as described previously.43 The PEG
coating of custom-made AgNPs enhances their stability in
water. Commercial AgNP powder and concentrated (23 mg/L)
custom-made AgNP water suspensions were covered with
aluminum foil and stored in anaerobic chambers (4% H2, 4%
CO2, 92% N2). TEM images showed that the Novacentrix 25
nm (27.3 ± 5.6 nm) AgNPs were nonuniform in size and
aggregated together after 15 day incubation in 1/4 strength
Hoagland solution (pH 6.8),44 whereas the lab-generated 10
nm (10.4 ± 1.7 nm) and 5 nm (5.1 ± 0.3 nm) AgNPs were
uniform and did not significantly aggregate after 1 month
incubation in 1/4 strength Hoagland solution (Figure S1 of the

Supporting Information). The main equilibrium speciation of
dissolved silver in this medium were free Ag+ (94%) and AgCl
(3.8%) at 0.01 to 1 mg/L as determined by Visual MINTEQ
(Table S1 of the Supporting Information).

Arabidopsis Growth and Treatment. Arabidopsis thaliana
(ecotype Col-0) seeds were sterilized, as described previously45

and sown singly in Araponics46 seedholders filled with sterile
0.8% agar (1.01614, EMD Millipore chemicals, Darmstadt,
Germany) in 1/4 strength Hoagland solution (pH 6.8).44 Each
seedholder was placed at the top of a 14 mL polypropylene
tube (352059, Falcon, Franklin Lakes, NJ) containing 13 mL of
sterile 1/4 strength Hoagland solution with or without AgNPs
or AgNO3 (S7276, Sigma-Aldrich, St. Louis, MO) as indicated.
The tubes were covered with foil to minimize light exposure.
Racks holding the seedholders and tubes were placed under a
transparent cover for two days, and the seedlings were allowed
to grow under 16 h photoperiods, with 50 μmol·m−2·s−1 at 22
°C. Under these conditions, seedling roots elongated through
the agar plug and emerged below into the liquid medium within
10 days and the seedlings had developed two pairs of true
leaves. At approximately 6 weeks of hydroponic growth using
this system, flowers developed and seeds were produced. All
plants were grown without silver until indicated ages, and then
seedholders harboring plants were transferred to new tubes
containing Ag+ or AgNPs for the indicated number of days as
described in each figure legend.

Poplar Growth and Treatment. Nine-inch cuttings (Segal
Ranch, WA) from male clones of adult imperial Euro-americana
hybrid poplar trees (Populus deltoides × nigra, DN-34) were
fitted into predrilled screw caps. The interface of the cutting
and the cap was sealed with 100% silicone sealant. Cuttings
were grown in 1/4 strength Hoagland solution (pH 6.8)44 at 25
°C with 16 h photoperiods and 85 to 100 μmol·m−2·s−1. Fresh
nutrient solution was supplied twice a week. After 4 weeks of
growth, healthy poplars (trees with similar stem length, root
length, and leaf number, and with healthy roots) were moved
into the hydroponic exposure reactor, a 500 mL screw-top glass
bottle modified with a screw-top side arm as the sampling port.
The reactors were wrapped with aluminum foil to prevent algae
growth. The total volume of 1/4 strength Hoagland solution in
each reactor was 400 mL. The medium contained no additional
supplements (controls), or AgNPs or AgNO3, as indicated in
text. DI water was added daily, except every fifth day, to replace
lost solution. Every fifth day, 1/4 strength Hoagland solution
instead of water was added to compensate for nutrient loss.
Evapotranspiration was determined by monitoring weight

loss of the reactors. Cumulative evapotranspiration for each tree
was determined as the sum of the daily evapotranspiration
during the 11 day exposure, which is a typical exposure period
for phytotoxicity studies.

Silver Concentration Measurements. Solution samples
(12 mL) were taken from poplar hydroponic solutions
amended with 10 nm AgNPs or Ag+ (at 1 mg/L) on day 0,
1, 2, 5, and 11 after thoroughly mixing. Total silver
concentration (both AgNPs and released Ag+) in solution
was analyzed by inductively coupled plasma-mass spectrometry
using an Elan 9000 apparatus (ICP-MS, PerkinElmer, Waltham,
MA) after digestion with 70% HNO3 digestion at 90 °C for 2 h.
To quantify total silver accumulation in the plant, different
plant tissues were separated after exposure without washing and
dried at over 80 °C for at least 2 days prior to grinding with
mortar and pestle at room temperature. For root tissue,
measurements include the total amount of silver adsorbed on
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the root surface plus accumulated within the root. After
weighing, tissue powders were digested with 67−70% Trace-
Metal grade nitric acid (A509, Fisher Scientific, Pittsburgh, PA)
at over 70 °C overnight. After cooling, an equal volume of 30%
hydrogen peroxide was added and the mixture was incubated at
over 70 °C for at least 2 h. The remaining solution was filtered
with 0.2 μm sterile syringe filters (28145, VWR International,
Radnor, PA) after diluting with deionized water and analyzed
with ICP-MS.
Statistical Analysis.Whether differences in plant responses

among treatments were significant was determined by one-way
analysis of variance (ANOVA) followed by a post hoc multiple
comparison test at the 95% significance level.

■ RESULTS AND DISCUSSION

AgNPs Enhanced Poplar and Arabidopsis Growth at
Some Sublethal Concentrations. We first examined the
overt growth effects of commercially available 25 nm AgNPs on
both poplar and Arabidopsis, as the commercial AgNPs are
better candidates for environmental release than our custom-
made AgNPs. Exposure to low concentrations of AgNPs
enhanced poplar evapotranspiration and biomass growth,
whereas high concentrations exerted toxicity. Specifically,
AgNPs at sublethal concentrations (1 mg/L, or about 1/
100th of the inhibitory level) increased poplar evapotranspira-
tion by 42% compared to unexposed controls, whereas high
concentrations (100 mg/L) significantly decreased evapotrans-
piration by 87% (p < 0.05, part A of Figure 1). Compared to
control poplars, root and stem biomass were increased by 63%
and 46% respectively after exposure to these AgNPs at 1 mg/L
for 11 days, but high concentrations (100 mg/L) reduced the
fresh weights of roots, stems, and leaves by 87%, 42%, and 81%,

respectively (p < 0.05, part B of Figure 1). Similarly, although
Arabidopsis growth in agar medium was strongly inhibited at
100 mg/L of 25 nm AgNPs, 1 mg/L enhanced growth,
resulting in plants with more extensively expanded leaves (part
A of Figure S2 of the Supporting Information).
Because this is the first report of a stimulatory effect of

AgNPs on plant growth, we further investigated this
phenomenon using custom-made AgNPs of uniform size,
which are less prone to aggregate and precipitate. Furthermore,
the well-defined coating of the custom-made AgNPs, which is
similar to those used in previous studies,47 enabled experiments
to test for potential effects of the coating itself.
PEG-coated 10 nm AgNPs and Ag+ were tested for

physiological effects on poplars. Exposure to 0.1 mg/L of 10
nm AgNPs significantly enhanced poplar evapotranspiration by
43% (p < 0.05, part A of Figure 2). The final fresh weight of
roots, stems, and leaves was also increased relative to the
control poplars by 48%, 50%, and 39%, respectively (p < 0.05,
part B of Figure 2). None of these stimulatory effects were

Figure 1. Effects of 25 nm AgNPs on poplar cumulative
evapotranspiration (A) and fresh weight (B) of leaf, stem, and root
after 11 day hydroponic exposure. Asterisks (*) denote statistically
significant (p < 0.05) phytostimulation compared to untreated
controls. Hash signs (#) denote statistically significant (p < 0.05)
inhibition. Error bars represent ± one standard deviation from the
mean of 8 replicates.

Figure 2. Effects of 10 nm AgNPs and Ag+ on poplar cumulative
evapotranspiration (A), 10 nm AgNPs on poplar fresh weight (B), and
Ag+ on poplar fresh weight (C) after 11 day hydroponic exposure.
Asterisks (*) denote statistically significant (p < 0.05) phytostimula-
tion compared to untreated controls. Hash signs (#) denote
statistically significant (p < 0.05) inhibition. Error bars represent ±
one standard deviation from the mean of 8 replicates.
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observed at 1 mg/L. Ag+ exerted stronger toxicity on poplar
growth than AgNPs, although it had similar stimulatory effects
on evapotranspiration at sublethal concentrations (part A of
Figure 2). Exposure to PEG alone (at an equivalent
concentration to that present in the stimulatory 0.1 mg/L 10
nm AgNP dose) did not significantly enhance evapotranspira-
tion (Figure S4 of the Supporting Information). Thus, the
stimulatory effects of AgNPs were not due to the PEG coating.
Ag+ significantly decreased poplar leaf (by 78%) and stem (by
37%) fresh weight at 1 mg/L (p < 0.05, part C of Figure 2), and
poplars died after 11 day exposure. But at 0.1 mg/L, cumulative
transpiration significantly increased by 40% (p < 0.05, part A of
Figure 2). Ag+ did not significantly increase the plant fresh
weight (part C of Figure 2).
Growth enhancing and toxic effects (at higher concen-

trations) were also apparent for Arabidopsis exposed to PEG-
coated AgNPs (5 and 10 nm) or Ag+. Moderate increases in
overall rosette size and coloration were seen at 0.01 mg/L Ag+

and 0.05 mg/L AgNPs (5 and 10 nm), whereas the rosette size
became progressively smaller at higher concentrations,
especially at 1 mg/L (part A of Figure 3). Root growth rate
was completely inhibited at 1 mg/L of AgNPs (p < 0.05, part B
of Figure 3); however, 0.01 to 0.05 mg/L of 5 nm AgNPs or
0.01 to 0.02 mg/L of 10 nm AgNPs increased root growth by
38% and 20%, respectively (p < 0.05, part B of Figure 3). Ag+

also enhanced root growth at concentrations below 0.02 mg/L,
but concentrations above 0.05 mg/L dramatically impaired root
growth (p < 0.05, part B of Figure 3); similar effects of silver
salts have been reported previously.48 Plant shoot growth in
response to AgNPs was similar to that seen in root growth
assays (part C of Figure 3). Maximal shoot weight was obtained
when plants were grown in the presence of 0.05 mg/L of 5 nm
AgNPs or 0.01 mg/L of Ag+; toxicity was apparent when plants
were grown in the presence of 1 mg/L 5 nm AgNPs, or >0.1
mg/L Ag+ (p < 0.05, part B of Figure 3). Only when grown in
the presence of 1 mg/L of Ag+ or AgNPs, Arabidopsis leaves
showed signs of chlorosis and chlorophyll content was reduced
to approximately 20% of the chlorophyll level found in
Arabidopsis grown in the absence of silver (p < 0.05, part A
of Figure S5 of the Supporting Information). Anthocyanin
accumulation, an additional sign of stress, was increased more
than 5-fold in Arabidopsis grown with either 1 mg/L of Ag+ or
AgNPs over that present in Arabidopsis grown without silver (p
< 0.05, part B of Figure S5 of the Supporting Information).
Similar growth enhancing and toxic effects were observed when
Arabidopsis seedlings were grown on solid agar medium
supplemented with the various silver additives (p < 0.05,
Figure S3 of the Supporting Information). Overall, Ag+ exerted
similar effects as AgNPs (phytostimulatory at low doses and
toxic at higher doses) at similar or much lower concentrations,
possibly because of more efficient uptake (Figure 5 and 6).
It is unlikely that this stimulatory effect was due to

suppression of potential pathogens because of the relatively
short duration of exposure and because the plants were grown
pest-free for 1 month prior to exposure. Furthermore, although
we cannot rule out a potential stimulatory effect due to the
proprietary coating of the commercial 25 nm AgNPs, no role
for the PEG coating on the custom-made AgNPs was
detectable. Although further studies are required to discern
the specific underlying phytostimulation mechanisms, the
literature provides some insights into possible modes of action.
AgNPs have been reported to stimulate the photosynthetic
system of cyanobacteria (Synechocystis sp. PCC6803) due to

plasmon resonance.49 Other metallic nanopaticles have also
been reported to exert biostimulation through different

Figure 3. Effects of Ag+ and 5 and 10 nm AgNPs on Arabidopsis
overall shoot phenotype (A), root elongation (B), and shoot fresh
weight (C). Photographs (A) show Arabidopsis plants exposed to Ag+

or AgNPs for two weeks. Asterisks (*) denote statistically significant
(p < 0.05) phytostimulation compared to untreated control, and hash
signs (#) denote statistically significant (p < 0.05) inhibition. Error
bars represent ± one standard deviation from the mean of 6 (B) or 3
(C) replicates.

Figure 4. Decrease in total silver concentration remaining in the
poplar hydroponic solution compared to day 0 (C0 =1 mg/L).
Asterisks (*) denote statistically significant (p < 0.05, t test) decrease
of the total silver residual percentage in Ag+ hydroponic solution
compared to that in the 10 nm AgNPs solution on the same day. Error
bars represent ± one standard deviation from the mean of 8 replicates.
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mechanisms. TiO2 nanoparticles stimulated spinach growth
apparently by promoting light energy utilization efficiency
during photosynthesis (5 μM)50 and by enhancing active
carbon fixation through up-regulation of the Rubisco activase
gene (0.25%).51−53 However, the contribution of dissolved
titanium, which also has a phytostimulatory effect,54 was not
considered in these studies. In a separate study, 20 nm Al2O3
NPs increased Lemna minor growth at 1000 mg/L by possibly
enhancing photosynthetic efficiency,55 whereas dissolved Al3+

(added as Al2(SO4)3) inhibited growth at 0.81 mg/L. These
latter studies underscore the importance to consider the effect
of released metal ions.
Released Ag+ from AgNPs may act through known effects of

silver on plants. Silver blocks ethylene receptor function56−58

and enhances efflux of the auxin indole-3-acetic acid from

roots.59 Low levels of silver in growth media have been
reported to enhance Arabidopsis root elongation whereas high
levels inhibit root growth.59 Therefore, released Ag+ may affect
phytohormone levels and function to confer the observed plant
growth effects (Figures 1 and 3). Alternatively, this response
could be related to hormesis, which is a biphasic dose response
in which the presence of low doses of toxicants can activate
repair mechanisms that overcompensate for the exposure.60−62

Accordingly, hormesis is characterized by low-dose stimulation
and high-dose inhibition and has been demonstrated to occur
in various biological models with different chemical agents.63

Whether hormesis is part of a global metabolic response to
stress exerted by AgNPs or other nanomaterials, and the
detailed mode of action, remain to be determined.

Effects of Released Ag+. The extent to which the observed
effects were exerted mainly by Ag+ released from the AgNPs or
to nanoparticle-specific effects is unclear. The continuous
dissolution of AgNPs in the growth medium, as well as the
potential formation of nanoparticles from Ag+ on root
surfaces24,39 and in planta,39,40,42 make it difficult to differ-
entiate ion from particle effects. As mentioned above, Ag+ is
known to affect plant growth by altering perception and/or
responses to phytohormones.56−59,64 However, some nano-
particle-specific effects were likely exerted. For example,
exposure to 5 nm AgNPs at 1 mg/L (including 0.12 mg/L of
released Ag+ in the hydroponic solution) decreased poplar fresh
weight significantly (Figure S8 of the Supporting Information).
Yet, exposure to Ag+ alone at 0.1 mg/L, which is similar to the
amount released in the former treatment, had a stimulatory
effect (part C of Figure 2). Similarly, poplar growth was
enhanced in the presence of 10 nm AgNPs at 0.1 mg/L (1.6
μg/L released Ag+) (part A of Figure 2) or 25 nm AgNPs at 1
mg/L (11 μg/L released Ag+) (part A of Figure 1), but the
measured Ag+ in these hydroponic solutions was too low to
account for the observed stimulatory effects.

Silver Uptake by Plants during Hydroponic Growth.
Both poplar and Arabidopsis removed Ag+ faster than PEG-
coated AgNPs at equivalent concentrations (e.g., 1 mg/L) from
the hydroponic solutions indicating faster uptake of Ag+. Total
silver concentration in poplar hydroponic solution decreased
much faster when present as Ag+ (1 mg/L) than as 10 nm
AgNPs at the same concentration, especially on day 1 and day 2
(p < 0.05) (Figure 4), despite the inhibitory effect of Ag+ on
evapotranspiration at this concentration (part A of Figure 2).
Similarly, Arabidopsis accumulated more silver when present in
the hydroponic solutions at 1 mg/L as Ag+ (70% of the added
silver) than as 5 nm AgNPs (20%) (Figure 5).
Both Ag+- and AgNP-exposed Arabidopsis had the highest

accumulation of silver associated with roots (parts B and C of
Figure 5), similarly to that reported for Lolium multif lorum.22

The darker color of Arabidopsis roots exposed to 1 mg/L 5 nm
AgNPs (which is a sublethal dose) suggests that much of the
NPs were adsorbed to the root surface (Figure S6 of the
Supporting Information).
The mass of silver accumulated in poplar tissues cannot be

explained solely by uptake of Ag+ released in the hydroponic
solution (Table S3 of the Supporting Information), which
suggests specific AgNP effects including possible nanoparticle
uptake as suggested by other studies.24,31 Among shoot organs,
Arabidopsis leaves were the most prominent site for silver
accumulation in plants exposed to Ag+ or 5 nm AgNPs, with
10-fold higher accumulation than in the stem or flower tissues
(part A of Figure 5). In contrast, total silver concentrations in

Figure 5. Silver accumulation in Arabidopsis. Silver concentration in 6
week old plant shoot organs after 3 day hydroponic exposure to 1 mg/
L Ag+ or 5 nm AgNPs (A). Reproductive refers to flower, silique, and
floral bud organs. Error bars represent ± one standard deviation from
the mean of 6 replicates. The distribution of silver in 6 week old plants
after 3 days of exposure to 1 mg/L Ag+ (B) or 5 nm AgNPs (C) is
depicted. Aerial includes the combined amount detected in leaf, stem,
and reproductive organs; n = 3. Differences in distribution percentages
are statistically significant (p < 0.05, t test) (Table S4 of the
Supporting Information).

Figure 6. Total silver concentrations in poplar leaves and stems after 7
day hydroponic exposure. Asterisks (*) denote statistically significant
(p < 0.05, t test) change of accumulated Ag concentration in 1 mg/L
silver treated poplar tissues compared to that in the same silver
treatments at 0.1 mg/L. Error bars represent ± one standard deviation
from the mean of 8 replicates.
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the leaves and stems of poplars exposed to Ag+ or AgNPs (25
and 5 nm) were statistically indistinguishable (Figure 6).
Therefore, the distribution of silver accumulation in plant aerial
parts was species dependent.
Effect of Nanoparticle Size. Particle size has been

reported to affect AgNP toxicity65−67 with smaller particles
typically offering a larger specific surface area that enables more
interaction with cells65 as well as faster Ag+ release due to
enhanced curvature.66 Even though differences in NP coatings
in this study could confound the toxicity comparisons across
the tested particle sizes, the smaller 5 and 10 nm AgNPs (with
higher specific surface area) dissolved faster in 1/4 strength
Hoagland solution (Table S2 of the Supporting Information)
and also exerted higher toxicity to both Arabidopsis and poplar
than the 25 nm AgNPs at the same exposure concentration.
Total silver accumulation by poplars was influenced by both

particle size and hydroponic concentration. Within the
subinhibitory concentration range, Ag+ was likely more easily
taken up than AgNPs, as indicated by significantly (p < 0.05)
higher total silver accumulation in plant tissues at 0.1 mg/L
(Figure 6). Furthermore, smaller particles generally resulted in
higher silver accumulation, although it is not clear whether this
reflects easier direct translocation or faster release (and
subsequent uptake) of Ag+ or both. For poplars exposed to
0.1 mg/L, the highest accumulation of silver occurred for
treatments with Ag+, followed by treatments with 5 nm AgNP,
and the lowest extent of accumulation was observed in trees
exposed to 25 nm AgNPs (Figure 6). This is consistent with
the lower stimulatory concentration of 5 or 10 nm AgNPs (0.1
mg/L) on poplar growth compared to 25 nm AgNPs (1 mg/L)
(Figures 1 and 2), which might be due to the easier silver
accumulation (and/or faster dissolution) with smaller AgNPs.
For a given type of AgNP within their subinhibitory domain,
silver accumulation increased with exposure concentration and
evapotranspiration. For poplars exposed to 25 nm AgNPs, total
silver accumulation in leaves increased significantly (p < 0.05, t
test) from 0.5 ± 0.06 μg/g for the 0.1 mg/L dose to 2.2 ± 0.72
μg/g for the 1 mg/L dose (Figure 6). However, when
evapotranspiration was inhibited at higher silver concentrations,
silver accumulation decreased. For instance, tissue accumu-
lation of silver in plants exposed to 1 mg/L Ag+ was
significantly (p < 0.05, t test) less than that of plants exposed
to 0.1 mg/L Ag+ (Figure 6) likely due to the inhibitory effects
exerted by the higher concentration (part A of Figure 2). The
higher accumulation of silver in poplars exposed to 25 nm
AgNP compared to 5 nm AgNPs (both at 1 mg/L) was likely
due to the stimulatory effect on evapotranspiration by 25 nm
AgNPs (part A of Figure 1) as well as the inhibitory effect of 5
nm AgNPs (Figure S8 of the Supporting Information) at this
concentration. Thus, compared to larger AgNPs, the greater
silver accumulation associated with smaller AgNPs can be offset
by the toxic effect exerted at lower concentrations.
Implication for Environmental Impact of AgNPs.

Previous studies reported the phytotoxicity of AgNPs at
relatively high concentrations, which was corroborated by this
study. Nevertheless, the observed stimulation at sublethal
concentrations precludes generalizations about the phytotox-
icity of NPs. Whether this phenomenon can be exploited to
enhance primary productivity requires better quantitative
understanding of the mechanism underlying potential photo-
synthesis enhancement or hormetic effects. The similar effects
of AgNPs and Ag+ on both poplars and Arabidopsis, and the
difficulty to separate AgNPs from Ag+ that is constantly

released during exposure, preclude us from discerning whether
AgNPs exerted particle-specific toxicity; the main critical
effector could have been Ag+. Similar inferences have been
made in recent studies that demonstrated that the antibacterial
activity of AgNPs was solely due to released Ag+.47 Regardless
of phytotoxicity mechanisms, the accumulation of silver in plant
tissue and the plant-species-dependent distribution in shoot
organs calls for further study to quantify the translocation and
accumulation of AgNPs in edible parts of important food crops.
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