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S
afe implementation of nanotechnol-
ogy requires an in-depth understand-
ing of the properties of engineered

nanomaterials (ENMs) that could lead to
hazardous effects in humans and the envir-
onment. More than 30% of nanoenabled
consumer products currently include Ag
nanoparticles that could be released from
these materials to generate exposures in
humans and the environment.1�4 This
exposure potential is generating a consider-
able concern about the potential adverse
impact of Ag nanoparticles in humans and
the environment. Thus, while Ag nanoparticles
appear to be relatively toxic to bacteria,1

algae,2 daphnia,5,6 and a variety of fish species,

several studies (including our own) have

shown little toxicity inmammalian systems.7�9

The apparently high level of tolerance in

humans has allowed the implementation of

metallic silver and various silver salts as treat-

mentoptions for infectiousdisease longbefore

the advent of antibiotics.
Ag nanoparticles have been shown to be

a source of ionic silver because of their
dissolution in a biological environment.4,10

Consequently, the shedding of silver ions in
the exposuremedium and possibly in proxi-
mity to the nanobio interface has been
attributed as the primary mechanism of
Ag nanoparticle toxicity in aquatic life-
forms. However, this may not be the only
characteristic that is of importance in Ag
nanoparticle toxicity because the catalyst
industry is introducing alternatively shaped
metallic nanoparticleswith increased surface
reactivity. It has also been demonstrated that
nanoparticle shape may impact biological

outcome as a result of differences in the

cellular uptake, biocompatibility, and organ

retention.11,12 For instance, in a recent study

conducted in zebrafish embryos, dendrimer-

shaped nickel nanoparticles were shown to

exhibit higher toxicity than spherical nano-

particles.13 The shape effect of Ag nanopar-

ticles has been observed in bacteria,1,12 with
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ABSTRACT We investigated and

compared nanosize Ag spheres, plates,

and wires in a fish gill epithelial cell line

(RT-W1) and in zebrafish embryos to

understand the mechanism of toxicity of

an engineered nanomaterial raising con-

siderable environmental concern. While

most of the Ag nanoparticles induced N-acetyl cysteine sensitive oxidative stress effects in RT-W1, Ag

nanoplates were considerably more toxic than other particle shapes. Interestingly, while Ag ion

shedding and bioavailability failed to comprehensively explain the high toxicity of the nanoplates,

cellular injury required direct particle contact, resulting in cell membrane lysis in RT-W1 as well as red

blood cells (RBC). Ag nanoplates were also considerably more toxic in zebrafish embryos in spite of

their lesser ability to shed Ag into the exposure medium. To elucidate the “surface reactivity” of Ag

nanoplates, high-resolution transmission electron microscopy was performed and demonstrated a

high level of crystal defects (stacking faults and point defects) on the nanoplate surfaces. Surface

coating with cysteine was used to passivate the surface defects and demonstrated a reduction of

toxicity in RT-W1 cells, RBC, and zebrafish embryos. This study demonstrates the important role of

crystal defects in contributing to Ag nanoparticle toxicity in addition to the established roles of Ag ion

shedding by Ag nanoparticles. The excellent correlation between the in vitro and in vivo toxicological

assessment illustrates the utility of using a fish cell line in parallel with zebrafish embryos to perform

a predictive environmental toxicological paradigm.

KEYWORDS: silver . nanomaterial . crystal defect . shape . surface reactivity .
nanosphere . nanoplate . nanowire . RT-W1 . zebrafish . predictive toxicology
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Ag nanoplates showing a higher degree of toxicity.

However, to our knowledge, a systematic investigation

into the shape-dependent toxicity of Ag nanoparticles

has not been carried out in eukaryotes to date. More-

over, while alternate mechanisms of Ag nanoparticle

toxicity have been suggested,14 current models of

aquatic toxicology do not include a systematic dissec-

tionof toxicity in anenvironmentally relevant eukaryotic

cell, which would be preferred over the use of mamma-

lian cell lines for elucidating mechanisms of toxicity in

relevance to aquatic lifeforms.
The fish gill is a vital organ for gas exchange, osmotic

regulation, acid�base homeostasis, nitrogenouswaste
excretion, and endocrine regulation.15 The direct ex-
posure of the gill to the external environment estab-
lishes this organ as one of the primary targets for
toxicological injury by heavy metals, pesticides, acidi-
fiers, nitrogenous compounds, etc. Several reports
suggest the ability of ENMs to target16 and to induce
morphological abnormalities in the epithelial layer of
the gill in parallel with pathophysiological changes
that impact osmoregulation.17,18 In fact, the action of
Ag ions on the Naþ/Kþ pump in the gill epithelium
reduces active Naþ and Cl� uptake, leading to dysre-
gulation of osmotic balance, cardiac failure, and death
of the fish.19 Premised on the importance of gill
physiology, primary cultures of fish gill cells have been
used successfully for toxicological testing.20 Such sys-
tems could also be implemented to study ENM toxicity
and to make predictions of what could happen in vivo.
Here, we report the use of a rainbow trout gill

epithelial cell line (RT-W1) to explore the mechanism
of toxicity of different Ag nanoparticle shapes as well
as a comparative toxicological analysis in zebrafish
embryos. We demonstrate that Ag nanoplates show
a higher level of toxicity compared to nanospheres and
nanowires in spite of the lower rates of dissolution and
bioavailability of this material shape. Further investiga-
tion revealed that the higher toxicological potential of
Ag nanoplates- to a considerable extent- is based on
their surface reactivity, which can be mitigated by
surface passivation with cysteine. In addition, we de-
monstrated that the gill epithelial cell line could be
used for in vitro hazard ranking to predict the out-
comes in intact zebrafish embryos.

RESULTS

Physicochemical Characterization of Ag Nanoparticles. We
used a series of polyvinylpyrrolidone- (PVP) coated Ag
nanoparticles that include nanospheres of different
sizes (10, 20, and 40 nm), nanoplates, and nanowires.
Among the Ag nanospheres, those with diameters of
20 and 40 nm showed a homogeneous size distribu-
tion while 10-nm spheres showed a size variation of
7�15 nm (Figure 1a). For Ag nanoplates, the shapes
varied from circular to triangular but exhibiting edges

(Figure 1a). While Ag nanowires showed a consistent
diameter of 60 nm, they varied from 5 to 20 μm in
length (Figure 1a). Other than size and shape, another
distinguishing feature of the individual Ag nanoparti-
cle types was the difference in plasmonic resonance as
a result of the shape differences (Supplementary
Figure S1, Supporting Information). Thus, while spherical
Ag nanoparticles showed a single plasmonic resonance
peak at 390�410 nm, nanoplates showed peaks at 330,
410, and 630 nm, confirming their anisotropy. The X-ray
diffraction (XRD) patterns of the Ag nanoparticles confirm
their crystalline structure, with characteristic diffraction
peaks originating from {111}, {200}, and {311} lattice
planes (Figure 1b). Although the XRD patterns of the Ag
nanospheres and nanoplates were similar, the Ag nano-
plates showed shoulder peaks at {111}, suggesting the
presence of structural defects.21 In contrast, Ag nano-
wires showed predominantly diffraction intensity from
the {111} and {200} lattice planes, with negligible
diffraction from {311}.

Because the study of the biological effects of Ag
nanoparticles requires experimentation under expo-
sure conditions that lead to particle agglomeration,

Figure 1. Physicochemical characterization of Ag nanopar-
ticles. (a) TEM images of the Ag nanoparticles used in this
study. The images were taken with a JEOL 1200 EX TEM
microscope with an accelerating voltage of 80 kV. The
images demonstrated that all the nanoparticles exhibit
well-defined single crystalline structures. (b) XRD pattern
of Ag40 nanospheres, Ag nanoplates, and Ag nanowires.
The XRD patterns were collected with a step size of 0.02�
and counting time of 0.5 s per step over a range of 20�80�
2θ. The XRD analyses of the Ag nanospheres, Ag nano-
plates, and Ag nanowires demonstrate high crystallinity. All
peaks could be indexed to the fcc phase of silver, indicating
a single phase in each product.
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we characterized the size, state of agglomeration, and
surface charge of all the materials in water as well as
cell culture (L-15 medium) and Holtfreter's medium
supplemented with alginate (Table 1). Alginate is an
environmentally relevant dispersing agent that helps
to stabilize nanoparticles in aqueous suspension.9

While the dispersal of the Ag nanospheres and nano-
plates were improved by the addition of alginate, the
average hydrodynamic diameters of the Ag nanowires
in Holtfreter's and L-15 media were not changed to
similar degrees (Table 1). The surface charge of these
materials, as determined by measurement of their
zeta-potential, showed that the addition of alginate
increased their negative surface charge, which could
be contributing to the improved dispersion in the
growth media (Table 2).

Comparative Differences in the Toxicity of Ag Nanoparticles in
RT-W1 Cells. A culture of the rainbow trout gill fish cell
line, RT-W1, was established in L-15 medium for the
performance of high-throughput toxicological screen-
ing in our automated screening facility in the California
NanoSystems Institute (CNSI). Following the addition
of the various Ag nanoparticles over a wide dose range
of 0.356�25 μg/mL to 384 well plates at room tem-
perature, a cocktail of fluorescent dyes was used to
assess cell viability and intracellular superoxide pro-
duction. In wells receiving propidium iodide (PI) to

assess cell membrane damage, Ag nanoplates induced
significant cell death even at the lowest dose, while the
nanospheres (Ag10, Ag20, and Ag40) induced cyto-
toxicity at the highest doses and Ag nanowires did not
(Figure 2a). Thus, at the highest dose tested (25 μg/mL),
Ag nanoplates induced the death of ∼70% of cells in
the population while Ag10, Ag20, and Ag40 induced
cytotoxicity of 37, 21, and 10% of cells, respectively.
When cytotoxicity was expressed according to a sur-
face area dose metric, the dominant effect of the Ag
nanoplates was maintained while the differences be-
tween the spherical nanoparticles disappeared as a
result of correcting for the differences in surface area
(Figure 2b).

Our earlier studies in mammalian cells have shown
that diverse types of nanomaterials are capable of
inducing oxidative stress as the mechanism of biolo-
gical injury and therefore potentially useful for ranking
ENM toxicity based on redox potential.9,22,23 Since Ag
nanomaterials are capable of oxygen radical genera-
tion, we studied the possibility that the RT-W1 toxicity
is oxidative stress related. Therefore, we treated RT-W1
cells with N-acetylcysteine (NAC) prior to expos-
ing them to Ag nanoparticles. N-acetylcysteine is a
glutathione precursor as well as a quencher of oxygen
free radicals.24 PreincubationwithNACwasassociatedwith
a 6-fold reduction in the percentage of cells exhibiting

TABLE 1. Hydrodynamic Diameter of Ag Nanoparticles in Water and Exposure Mediaa

medium alone media supplemented with alginate

NPs primary particle size (nm)b number of particles/mgb water Holtfreter's medium L-15 Holtfreter's medium L-15

Ag10 nanospheres 10 4 � 1014 26.4 297.7 1802 174 310.3
Ag20 nanospheres 20 2.1 � 1013 45.9 107.4 1763.3 37 350.3
Ag40 nanospheres 40 2.5 � 1012 61.2 89.5 1943.3 40 211.6
Ag nanoplates 45 � 10 1.13 � 1013 41.7 50.1 1564 45 291.6
Ag nanowires 20000 � 65 2.09 � 1010 548 1256 2134.3 764 833.6

a The average hydrodynamic diameter of Ag nanoparticles suspended in water and exposure media was assessed in the absence and presence of alginate supplementation. The
working concentration of nanoparticle suspensions were prepared by aliquoting 25 μL of the original nanoparticle suspension (stock concentration of 1 mg/mL) to 1 mL of
water or exposure media. These nanoparticle suspensions were sonicated using a probe sonicator (15 min, 30 W) before measuring their hydrodynamic size using DLS (Dynapro,
Wyatt Technologies, Santa Barbara, CA). While the PVP-coated Ag nanoparticles disperse well in water, they tended to undergo agglomeration in the exposure media.
Supplementation of these media with alginate decreased the average size of the agglomerates. The apparent high and somewhat inaccurate hydrodynamic diameter of Ag
nanowires is due to their long aspect ratio. b data from supplier.

TABLE 2. Zeta Potential of Ag Nanoparticles in Water and Exposure Mediaa

medium alone media supplemented with alginate

NPs water Holtfreter's medium L-15 Holtfreter's medium L-15

Ag10 nanospheres �34 ((1.9) �1.6 ((3.43) �12.9 ( 1.22 �11.4 ((1.8) �20 ((1.3)
Ag20 nanospheres �51.7 ((2.4) �5.6 ((2.1) �6.5 ( 2.03 �17.9 ((3.5) �16.9 ((1.9)
Ag40 nanospheres �35.4 ((1.3) �4.8 ((1.19) �11.3 ( 0.69 �16.9 ((1.6) �20 ((3.2)
Ag nanoplates �36.7 ((0.8) �12.8 ((2.3) �17.1 ( 3.54 �19.5 ((2.3) �22.9 ((7.1)
Ag nanowires �27.3 ((1.0) �4.5 ((1.33) �7.8 ( 2.47 �6.3 ((3.2) �17.8 ((4.1)

a The preparations of the nanoparticle suspensions were similar to the details provided in Table 1. Zeta potential was assessed using Zeta potential analyser (ZetaPALS,
Brookhaven Instruments, Holtsville, NY). All of the Ag nanoparticles showed negative surface charge in water, which was decreased in the exposure media prior to the addition
of alginate. The increase in net negative surface charge upon the addition of alginate could play a role in the improved particle dispersion in L-15 and Holtfreter's medium.
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cytotoxicity in response to Ag nanoplates exposure
(Figure 2c). Although, NAC also decreased the toxicity of
Ag40 nanospheres and Ag nanowires, the magnitude of
decline in the level of injurywas not as dramatic as for the
Ag nanoplates, demonstrating the importance of oxida-
tive stress for this material. In order to assess oxygen
radical production at the cellular level more directly, we

also used MitoSox Red to assess superoxide radical
production in RT-W1 cells.9 While the percentage of cells
scoring positive for mitochondrial superoxide production
showed a dose-dependent increase for most Ag nano-
particles, the steep dose�response relationships of the
Ag nanoplates outstripped those of the other materials
and were in agreement with their more robust effect on

Figure 2. Cytotoxicity in RT-W1 cells treated with Ag nanoparticles. (a) RT-W1 cells grown in 384 well plates were exposed to
incremental concentrations (0�25 μg/mL) of Ag nanoparticles at room temperature for 24 h. Eachwell received 25 μL of a dye
cocktail that included Hoechst 33342 (1 μM) and PI (5 μM) to detect the total number of nuclei as well as assess compromised
cell membrane integrity. The numbers of PI-positive cells were scored by automated epifluorescence microscopy and
expressed as a percentage of the total cell number (Hoechst-positive cells). This panel depicts the dose�response
relationship of the different Ag nanoparticles using a mass dose metric. (b) Expression of the same data as shown in a in
terms of surface area dose, in which the specific surface area was calculated according to the number of particles present in
1 mL of medium. As for the mass-dose calculations, Ag nanoplates dominated other Ag nanoparticles in terms of toxicity
while Ag nanowires had the least impact. (c) RT-W1 cells treatedwith 1mMNAC for 24 h before exposure to Ag nanoparticles
(10 μg/mL) and assayed for PI uptake as described above. (d) RT-W1 cells grown in 384 well plates were treated with Ag
nanoparticles as detailed above. Twenty-five microliters of a dye cocktail, including Hoechst 33342 (1 μM) and MitoSox red
(5 μM), was added to each well in themultiwall plate to detect cellular nuclei and to assess mitochondrial superoxide production,
respectively. The percentage of cells positive for mitochondrial superoxide was measured as detailed in materials and
methods. (e) Expression of the same data in d in terms of surface area dose, in which the specific surface area was calculated
according to the number of particles present in 1mLofmedium. The data demonstrate that Agnanoplates dominated in their
ability to generate superoxide, as compared to other shapes. (f) RT-W1 cells prior treated with 1 mM NAC for 24 h were
subsequently treated with a Ag nanoparticle dose of 10 μg/mL and assayed for superoxide production. While NAC
pretreatment significantly reduced superoxide generation by several of nanoparticles, the inhibition was most significant
for Ag nanoplates. All of the above experiments were repeated three times with triplicates in each group. * statistically
different from control (p < 0.05). z The values for Ag nanoplates are statistically significant from other Ag nanoparticle types
(p e 0.05), and # significant decrease in the response due to NAC treatment (p e 0.001). Error bars represent the standard
deviation from average values.

A
RTIC

LE



GEORGE ET AL . VOL. 6 ’ NO. 5 ’ 3745–3759 ’ 2012

www.acsnano.org

3749

cytotoxicity (Figure 2d). Thus, Ag nanoplates triggered
significantly more superoxide production, even at the
lowest dose tested. Evenmore dramatic differences were
seen when theMitoSox Red data were expressed accord-
ing to a surface areadosemetric (Figure 2e). This suggests
the importance of surface reactivity in the toxicological
outcome. NAC also suppressed superoxide production by
Ag40 nanospheres, Ag nanoplates, and Ag nanowires
(Figure 2f). However, the antioxidant protective effectwas
most noticeable for Ag nanoplates, leading to a 5-fold
reduction in superoxide production (Figure 2f).

Dissolution and release of Ag ions have frequently
been reported as the primary mechanism of Ag-nano-
particle toxicity in aquatic life forms.8,9 Therefore, we
used inductively coupled plasma mass spectrometry
(ICP-MS) to quantify Ag metal ion shedding in L-15
medium as well as measuring the total Ag content in
cells treated with different Ag nanoparticles. The data
show that shedding of free Ag is highest for Ag10
nanospheres where the concentration of dissolved Ag
species increased significantly from 290 to 850 ppb
over a 24 h observation period (Figure 3a). In contrast,
Ag release from the other Ag nanoparticles (Ag20,
Ag40, Ag nanoplates, and Ag nanowires) was insignif-
icant compared to Ag10 (Figure 3a). When comparing
total cellular Ag content by ICP-MS, which detects
particle-associated as well as free silver ion, the silver
content in the homogenates was found to be 519, 162,

and 493 μg Ag per mg cellular protein, respectively, for
Ag10, Ag nanoplates, and Ag nanowires (Figure 3b).
This demonstrates that the bioavailability of Ag is
significantly lower in Ag-nanoplate-treated cells com-
pared to cells exposed to Ag10 nanospheres and Ag
nanowires. All considered, these results suggest that
the higher cytotoxicity of Ag nanoplates is not well
correlated to Ag bioavailability and uptake, suggest-
ing that this material may introduce a novel form of
toxicity.

To relate this finding to the cellular uptake and
bioprocessing of Ag nanoparticles as determined by
transmission electron microscopy (TEM), RT-W1 cells
were incubated with the different particle types for
24 h. Visualization of the micrographs showed poor
cellular uptake of intact Ag nanoparticles, with the
exception of nanowires that could be detected intra-
cellularly and protruding from the surface membrane
(Supporting Information, Figure S2). In contrast, Ag
nanoplates and nanospheres were difficult to locate
intracellularly, but were associated with the detection
of electron-dense material at the ruffled surface mem-
brane (Figure S2). However, Ag nanoplates did elicit
prominent morphological changes in the nucleus and
cellular interior that are consistent with cytotoxicity
and cell death, including the formation of large
vacuoles containing concentric layers of damaged lipid
membranes (Figure S2). Taken together, this suggests

Figure 3. ICP-MS analysis to study elemental Ag release from the nanoparticles into L-15 medium or for the assessment of
total Ag content in nanoparticle-treated cells. (a) Five μL of Ag nanoparticle stock solution (1 mg/mL in water) was added to
1mL of L-15medium supplemented with 100 ppm of alginic acid before sonication. One hundredmicroliters of each particle
suspensionwas dispersed into the wells of a 96 well plate and incubated at room temperature. Aliquots were withdrawn at 0,
6, and 24 h, ultracentrifuged, and 50 μL of each supernatant used for acid hydrolysis and ICP-MS analysis. Among the particles
tested, Ag10 showed the highest level of Ag shedding. (b) ICP-MS analysis to assess the total Ag content of RT-W1 cells. The
cells were cultured in 6well plates. Eachwell received 5mLof a 5 μg/mLAg nanoparticles suspension. After 24 h of incubation
at room temperature, the incubation medium was removed, cells were rinsed three times with PBS, scraped from the well
bottoms, and homogenated in PBS. One hundred microliters of each cellular homogenate was taken for acid hydrolysis and
ICP-MS analysis. The average values of three replicates were used to calculate the ppb of Ag per mg of cellular protein. The
total Ag content of Ag-nanoplate-treated cells was significantly lower than cells treated with other Ag nanoparticles.
* Statistically significant difference from untreated cells (pe 0.05). z the values for Ag nanoplates are statistically significant
from other Ag nanoparticle types (p e 0.05).
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that the high Ag nanoplate toxicity is mediated by a
mechanism other than nanoparticle uptake into the
cells or dissolution. One possible explanation is direct
Ag nanoplate contact with the cell membrane, leading
to membranolytic injury.

Direct Physical Contact and Membrane Damage by Ag Nano-
plates as a Mechanistic Explanation for the Differential Cytotoxi-
city of This Material. To test if direct physical contact is a
prerequisite for cellular injury, we exposed RT-W1 cells
to Ag nanoplates introduced directly to themedium or
contained in a semipermeable dialysis membrane im-
mersed in the culture medium. Prior to the test, cells
were exposed to a dye cocktail that included Hoechst
33342, Calcein-AM, and Propidium iodide (PI) to quan-
tify the number of nuclei, cells with surface membrane
damage (Calcein escape), and dying cells, respectively
(Figure 4a). Thus, in healthy nonparticle-exposed cells
(negative control), the fluorescent intracellular calcein
could be seen to leach from the cell during direct
exposure toAgnanoplates, leavingbehindHoechst-stained
nuclei only or occasionally resulting in dead cells with
positive nuclear staining for PI (Figure 4a). Triton X-100
totally disrupted cell morphology and calcein release
(positive control). In contrast, the introduction of the Ag

nanoplates in a dialysis membrane had no effect on
membrane permeability with occasional cells demon-
strating increased PI uptake (Figure 4a). Quantitative
assessment of the data by Image J software further
confirmed that the change in calcein and PI fluores-
cence intensities showed statistically significant differ-
ences between directly and indirectly exposed cells
(Figure 4b). These results demonstrate that direct
cellular access is a prerequisite for the induction of
cytotoxicity and strengthens the notion that the sur-
face reactivity of Ag nanoplates plays a major role in
the membrane damage.

To compare the membranolytic effect of Ag nano-
plates more directly with other Ag nanoparticles, we
also used a red blood cell (RBC) lysis assay that serves as
a sensitive screening tool to assess the surface reactiv-
ity of toxic particles.25,26 All Ag nanoparticles with the
exception of Ag nanowires induced erythrocyte lysis
(Figure 4c). Compared to the lesser effects of Ag10,
Ag20, and Ag40 nanospheres, direct Ag nanoplate
exposure induced the lysis of ∼80% RBC (Figure 4c).
While nanospheres also induced dose-dependent RBC
lysis, the effect of Ag10 was more robust (Figure S3,
Supporting Information). When introduced in dialysis

Figure 4. Fluorescence microscopy to demonstrate differences in the membranolytic activity of Ag nanoplates during direct
and indirect contact with RT-W1 cells. (a) RT-W1 cells grown in 24-well plates received 10 μL/mL of a Ag-nanoplate suspension
added directly to the well or introduced in a dialysis bag that was immersed in the cell culturemedium. Following incubation
for 24 h, the culture medium was removed and the wells received 500 μL of PBS that contained a dye mixture of Hoechst
33342, Calcein-AM, and Propidium iodide (PI). After incubation for a further 30 min, the cells were imaged under a
fluorescencemicroscope. Healthy unexposed cells demonstrated green fluorescence staining by calcein in the cytosol, which
partially obscures the Hoechst-stained (blue) nuclei. However, following direct contact with Ag nanoplate, disruption of the
surfacemembrane catalyzed calcein escape andPI uptake into a few cells. In contrast, similar changeswere not seenwhen the
Ag nanoplate were introduced in a dialysis bag. Cellular lysis with Triton X-100 served as the positive control, while untreated
cells served as the negative control. (b) Change in fluorescence intensity was analyzed using Image J software to express
quantitatively the number of cells showing decreased calcein content and increased PI uptake in the nucleus. Thus, while
direct addition of Ag nanoplates resulted in ∼100-fold increase in PI uptake and ∼10-fold decrease in calcein fluorescence
intensity, separation of the nanoplate considerably reduced the membranolytic and cytotoxic effects. (c) Measurement of
erythrocyte lysis with Ag nanoparticles and AgNO3 added directly to or physically segregated from the RBC. Heparinized
mouse RBC were treated with 10 μg/mL Ag nanoparticles or AgNO3 (2.5 ppm) for 4 h. The samples were centrifuged and the
hemoglobin absorbance of the supernatants measured at 540 nm in a microplate reader. Triton X-100 (5%), leading to 100%
cell lysis, was used as the positive control to normalize all the values. While direct contact with Ag nanoparticles or AgNO3

induced RBC lysis, the effectwas significantly higher for Agnanoplates. However, when theAgnanoparticleswere introduced
in dialysis tubing, the lytic effect was dramatically reduced. AgNO3 leaching from the dialysis bag could also induce RBC lysis.
Experiments were repeated three times, using triplicates in each group. * Statistically significant from control (p < 0.05).
# statistically significant differences between Ag nanoplates and other nanoparticle types (pe 0.05). Error bars represent the
standard deviations from average values.
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tubing, none of thematerials were capable of inducing
erythrocyte lysis (Figure 4c), confirming the impor-
tance of direct contact with the surface membrane.

High Levels of Crystal Defects on the Ag Nanoplate Surfaces.
Since crystal faces exposed to the environment could
contribute to ENM surface reactivity,25 high-resolution
transmission electron microscopy (HRTEM) was used to
explore crystal defects in Ag nanoplates, with Ag40 nano-
spheres serving as a comparative control (Figure 5). The
TEM imageof a typical flat-lyingAgnanoplate in Figure 5a
demonstrates that this material is comprised of single
crystals with a 6-fold axis of symmetry (lower panel).
The dark spots (red arrow) at the planar surface of the
nanoplate represent point defects that are introduced by
missing atoms in the unitary crystal structure. Figure 5b
shows the HRTEM image of a vertically oriented {110}
plane, which upon more detailed analysis of the internal
structure (lower panel) demonstrates a lattice spacing of
2.32 Å in the top layer and 2.03 Å in the latter. This is

characteristic of a material with {111} and {200} fcc
features, respectively. Most importantly, we observed a
series of intrinsic stacking faults as shown in the schematic
lattice image (Figure5c). These stacking faults,whichwere
present in almost all of the nanoplates, originate from the
irregularity of the stacking planes of the atoms in the
crystal lattice. A representative series of HRTEM images
showing the prevalence of crystal defects is shown in
Figure S4 (Supporting Information). Unlike the structureof
the nanoplates, the Ag40 nanospheres showed mul-
tiple crystal domains (Figure 5d), including the pre-
sence of twin planes that form at the boundaries
between different crystal domains (Figure 5e). How-
ever, the numbers of crystal defects in these spheres
were comparatively lower than observed for the Ag
nanoplates.

Surface Coating with Cysteine Ameliorated the Toxic Poten-
tial of Ag Nanoplates. Crystal defects have been reported
to increase the chemical reactivity of Ag nanoparticles

Figure 5. High-resolution TEMof Ag nanoparticles revealing the crystal defects in Ag nanoplates. (a) TEM imageof a flat-lying
Ag nanoplate. The higher magnification at the bottom left shows the 6-fold symmetry and the 2.53 Å spacing between the
lattice fringes. (b) High-resolution image of a vertically oriented {110} plane (i.e., along the plane of the image) of a Ag
nanoplate to show its structural defects. The image at the lower bottom provides the analysis of the internal plate structure.
The inset at bottom right is a Fourier transform of the entire image. (c) Series of intrinsic stacking fault is evident in the
schematic image of lattice image showing domain boundaries andmicrotwins. (d) HRTEM image of a Ag nanosphere (40 nm)
showing the multiple domains. (e) High magnification showing the twin plane at the boundary of the domains. The crystal
defects seen in Ag nanoplates are absent from Ag nanospheres.
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and surface passivation has been shown to reduce
the electro-catalytic property.27 In order to assess the
contribution of surface reactivity to the toxicity of Ag
nanoplates more directly, we asked whether surface
coating with cysteine could reduce this material's
toxicity. Utilizing the cytotoxicity that is induced by
10 μg/mL Ag nanoplates, we demonstrated that in-
creasing the cysteine concentration from 10 to 1000
μM leads to a progressive reduction and even elimina-
tion of PI uptake (Figure 6a). This observation also held
true with incremental doses of the Ag nanoplates
(Figure 6b). The same protective effects could also be
seen in studying superoxide generation by incremen-
tal doses of the Ag nanoplates (Figure 6c). Cysteine
passivation likewise reversed the membranolytic activity
of Ag nanoplates in RBC (Figure 6d).

To test more directly if the decreased toxicity of
cysteine-coated nanoplates is due to the suppression

of surface reactivity as compared to a change of
bioavailability, ICP-MS was performed with cysteine-
coated as well as original Ag nanoplates as shown in
Figure 3. Thus, while the cysteine coating of Ag10
nanospheres reduced the total cellular Ag content at
least 4-fold, passivation of nanoplate and nanowire
surfaces did not elicit similar effects (Figure 6e). In fact,
coating of the nanoplate surfaces was accompanied by
a slight increase in cellular Ag content (Figure 6e). This
observation suggests different mechanisms of toxicity
of Ag nanoplates versus Ag nanospheres, and is con-
sistent with the reactivity of the Ag nanoplate surfaces,
which leads to cell membrane damage.

Ag Nanoplates Elicited Higher Toxicity in Zebrafish Embryos
than Other Ag Nanoparticles and the Toxicity Could Be Eliminated
or Diminished by Passivation of the Nanoplate Surface. To
compare the cellular results to in vivo outcome, we
used the zebrafish embryo (Danio rerio) as an organism

Figure 6. Surface passivation of Ag nanoplates by cysteine eliminated their cytotoxic effects. Ag-nanoplate suspensions in
waterwere replenishedwith 1mMcysteine-HCl and stirred overnight. The particleswerewashed inwater and resuspended in
L-15 medium containing alginic acid. (a) Effect of coating with incremental concentrations of cysteine on the induction of
cytotoxicity by 10 μg/mL of Ag-nanoplate suspension. (b) Comparative effects of cysteine coating on the cytotoxic effects of
incremental doses of Ag nanoplates. (c) Comparative effects of cysteine coating on mitochondrial superoxide generation by
incremental doses of the Ag nanoplates. (d) Comparative effect of cysteine coating on the induction of RBC lysis by incremental
doses of the Ag nanoplates. (e) ICP-MS analysis to quantify the Ag content of cells treated with cysteine-coated and original Ag10
nanospheres, Ag nanoplates, and Ag nanowires. While cysteine coating reduced the total Ag content in cells treated with the
nanospheres, similar coating effects were not seen in the Ag-nanoplate- or Ag-nanowire-treated groups. Experiments were
repeated three times, using triplicates in each group. * Statistically significant difference from control (p < 0.05). # statistically
significant difference from untreated (p e 0.001). Error bars represent standard deviation from average value.
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that is increasingly being recognized for its use as
a model for studying chemical and nanomaterial
toxicity.28�31 To avoid the agglomeration of the Ag
nanoparticles in Holtfreter's medium, 100 ppm alginate
was used to stabilize the particles. Table 1 shows the
average hydrodynamic diameters of Ag nanoparticles
suspended in Holtfreter's medium supplemented with
alginic acid. Ag nanoplates showed the best disper-
sion. Zebrafish embryos were exposed to the Ag-
nanoparticle suspensions, starting at 4 h postfertiliza-
tion (hpf) and analyzed every 24 h for up to 120 hpf.
Toxicity was scored as percentage of embryos failing to
hatch or dying. While most of the nanoparticles in-
duced a dose-dependent increase in hatching failure
or embryonic mortality, Ag nanoplates were clearly the

most toxic, leading to 100% mortality rate at a dose
of 10 μg/mL (Figure 7a,b). There were no significant
differences among spherical nanoparticles, while Ag
nanowires elicited the least impact. Ag nanoplates
also induced more morphological defects than other
nanoparticles as outlined in Figure S5 (Supporting
Information). We also used cysteine-coated Ag nano-
plates to determine if surface passivation ameliorates
embryo toxicity. Indeed, cysteine coating prevented
embryonic mortality at a lower Ag nanoplate dose
while also significantly suppressing lethality at higher
Ag nanoplate concentrations (Figure 7c).

ICP-MS Analysis and Rhodamine Isothiocyanate Labeling of
the Nanoparticles to Determine Ag Bioavailability. We used
ICP-MS to determine the kinetics of Ag release in

Figure 7. Zebrafish embryo toxicity induced by Ag nanoparticles. Zebrafish embryos exposed to increasing doses of Ag
nanoparticles in Holtfreter's medium were assessed for: (a) inhibition of embryo hatching at 48 hpf; (b) mortality rate at 120
hpf; and (c) passivating Ag nanoplates with cysteine abolished the zebrafish embryo toxicity. Ag nanoplates reacted with
cysteineHCl (as detailed in Figure 6)were used to treat zebrafish embryos and themortality rateswere compared to uncoated
nanoplates. The average value was calculated for a total of 36 embryos in three experiments, using 12 embryos per group.
Experimentswere repeated three timeswith triplicate samples in eachgroup. * Statistically significant difference fromcontrol
(p < 0.05). # statistically significant difference from untreated Ag nanoplates (p e 0.001). Error bars represent the standard
deviations from the average values.
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Holtfreter's medium as well as to measure total Ag
content in exposed zebrafish embryos (Figure 8). While
all the Ag nanoparticles showed time-dependent Ag
shedding in Holtfreter's, Ag10 nanospheres generated
the highest level of Ag ions in incubation medium and
Ag nanoplates showed the lowest release (Figure 8a).
This demonstrates that, like the cellular studies, the
higher toxicity of the Agnanoplates cannot be ascribed
to particle dissolution and shedding of Ag ions. This
conclusion was further strengthened by measurement
of the total Ag content in the zebrafish embryos, which
demonstrated that while the embryonic metal content
following incubation with Ag nanospheres and Ag
nanowires achieved levels of 400�500 ppb, the mea-
sured metal contents following exposures were sig-
nificantly lower at 328 ppb (Figure 8b).

To visualize the site of nanoparticle association with
zebrafish embryo, we attempted to label Ag nano-
plates, nanospheres, and nanowires with rhodamine
isothiocyanate (RITC), a fluorescent dye. The fluores-
cence spectra of RITC-labeled particles were analyzed
at 640 nm in order to assess the efficiency of labeling.
These measurements demonstrated that while Ag
nanoplates could be labeled effectively, the labeling
efficiencies of Ag nanospheres and Ag nanowires were
low (Figure S6a, Supporting Information). We used a
transgenic zebrafish strain expressing green fluores-
cence protein (GFP) in vascular endothelial cells under
the control of the flk-1 gene that encodes the vascular
endothelial growth factor receptor 2. This leads to the

development of green fluorescent blood vessels as a
result of the expression of Flk-GFP in the developing
zebrafish embryos. The use of the RITC-labeled Ag
nanoplates to perform confocal microscopy in these
transgenic embryos, demonstrated that the RITC-
labeled nanoplates are capable of binding to the chorion
(the membrane surrounding the embryo), but did not
show any particle uptake in embryonic tissues (Figure
S6b). Interestingly, the RITC-labeled nanoplates did not
interfere with embryo hatching nor damage the Flk-1
expression in the vasculature of the larvae, while unla-
beled nanoplates were toxic to the embryos and dis-
rupted vascular development (Figure S6b). A likely
explanation for the reduced toxicological effects of RITC
labeling is that it contains thiol groups similar to cysteine
that could contribute to passivating the plate surfaces
(Figure S7b-c, Supporting Information).

DISCUSSION

In this paper, we demonstrate that crystal defects in
plate-shaped Ag nanoparticles exhibit toxicological
effects that differ from those of Ag nanospheres and
Ag nanowires. These differences apply to both in vitro

assessment of cytotoxicity and superoxide generation
in a fish gill cell line, as well as the in vivo assessment of
zebrafish development and mortality. Cellular assays
showed that Ag nanoplates could induce toxic oxida-
tive stress that was not directly related to Ag shedding
or bioavailability. Coupled with a lack of evidence of
cellular uptake of the nanoplates, we hypothesized

Figure 8. ICP-MS analysis of zebrafish embryos treated with Ag nanoparticles. (a) ICP-MS analysis of Ag release into the
Holtfreter's medium. Ag-nanoparticle suspensions (5 μg/mL) were prepared in Holtfreter's medium containing alginic acid
and assayed for Ag release at incremental time intervals as detailed in Figure 3b. (b) Ten zebrafish embryos, treatedwith 5 μg/
mL Ag nanoparticles for 48 h were washed and homogenized using a probe sonicator. The total Ag content of the
homogenates was determined after acid hydrolysis. ICP-MS results showed comparable amount of total Ag in embryos
treated with Ag nanosphere and Ag nanowire but was slightly lower in Ag-nanoplate-treated embryos. The average amount
of Ag calculated from three replicates (10 embryos in each) is expressed as ppb of Ag per individual embryo. Experiments
were repeated three times with triplicate samples in each group. * Statistically significant difference from media control/
untreated zebrafish embryos (pe0.05).z statistically significant differences frommedia control/untreated zebrafish embryos
and other types of Ag nanoparticles (p e 0.05).
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that the surface membrane damage in the cells results
from particle-mediated surface reactivity. This notion
was strengthened by the finding that the membrano-
lytic effects as well as cellular toxicity were eliminated
when Ag nanoplates were physically segregated from
the cells. Analysis using HRTEM demonstrated the
prevalence of crystal defects in the majority of Ag
nanoplate surfaces while cysteine coating of the
nanoplates diminished their toxicity. Similar observations
were made when comparing the toxicity of Ag nano-
plates with Ag nanospheres and nanowires in the
zebrafish embryo, with the nanoplates inducing a high
rate of hatching interference and lethality that could
be eliminated by cysteine coating. Taken together, this
study demonstrates the contribution of crystal defects
in inducing oxidative stress injury by Ag nanoplates
during direct physical contact with the target system.
Execution of the study in a fish cell line also reflected
higher levels of toxicity of the Ag nanoplates in zebra-
fish embryos, establishing a predictive toxicological
paradigm that enables in vitro observations to be
compared to in vivo biological outcomes.
The potential ecological impact of Ag nanoparticles

has been highlighted by several studies in bacteria,
invertebrates, and vertebrates, including fish models.3,32

Themajority of these studies ascribed the toxicity of Ag
nanoparticles to the release of Ag ions from their
surfaces.10,29 Although several reports highlight the
influence of exposure conditions and particle size in
determining the release of Ag ions from nano-
materials,10 there has been no experimental evidence
showing the direct contribution of crystal defects in
mediating Ag-nanoparticle toxicity. This could be due
to the fact that most studies to date have focused on
spherical Ag nanoparticles that are relatively free of
crystal defects. However, recent reports have outlined
the importance of stacking faults in contributing to the
higher electrocatalytic activity of Ag nanoplates and
Ag nanodiscs.33 In fact, the superior electrocatalytic
properties of Ag nanoplates make them the preferred
form for industrial catalysis. It is now also recognized
that Ag nanoplates have higher antibacterial activity
than other forms of Ag nanoparticles.1 Thus, the in-
creased interest in plate-shaped Ag nanoparticles for
industrial as well as consumer product applications
should consider the biological hazard potential of
these novel use applications.
Examination of the Ag nanoplates by HRTEM de-

monstrated that alternating {111} and {200} stacking
planes create material defects (Figure 5a�c) that are
enriched for dangling bonds, which could confer high-
er electrocatalytic activity due to the local increase in
electron density. These defects could lead to the
disruption of biomolecules or cellular structures that
make physical contact with the defect sites or the free
oxygen radicals generated at these sites.34 The injury
could result inmembrane disruption and generation of

cellular oxidative stress, as demonstrated by assaying
for calcein release, RBC lysis, and superoxide produc-
tion. Moreover, NAC, a potent antioxidant, significantly
suppressed the cytotoxicity and superoxide produc-
tion in RT-W1 cells (Figure 2b,d). While Ag ions could
induce oxidative stress through glutathione deple-
tion,35 ICP-MS analysis demonstrated a lower dissolu-
tion rate and cellular content of Ag in cells treated with
Ag nanoplates in spite of their dramatic increase in
rates of toxicity. This suggests that the enhanced
toxicity potential of the nanoplates is not only due to
Ag ion shedding. Further evidence that Ag shedding is
not the principal mechanism of Ag nanoplates toxicity
is the reduction in toxicity when the Ag nanoplates are
physically prevented from binding to RT-W1 cells
through partitioning. Although soluble Ag can induce
erythrocyte lysis (Figure S3, Supporting Information),
disruption of the RBC surface membrane is a signature
property of particles with high surface reactivity.25 The
same holds true for Ag nanoplates, which induce
membranolysis upon direct contact with RBC but not
when the nanoplates were sequestered in a dialysis
bag. The notion of surface reactivity is strengthened by
demonstrating that passivation of the surface of Ag
nanoplates by cysteine coating could eliminate their
cytotoxicity andmembranolytic potential (Figure 6a�d).
In addition to the increased surface reactivity, the
lowering of the binding energy by planar surface of
the Ag-nanoplates could play a role in promoting the
toxicological interactions at the nanobio interface. This
includes a possible role for the dangling bonds at the
crystal defect sites, which could contribute to promot-
ing the binding to the cell membrane and free radical
generation, both of which may contribute to cytotoxi-
city. While it would have been satisfying to obtain
quantitative structure�activity analysis that relates the
number of defects to biological outcome, this will
require the development of a carefully constructed
Ag-nanoplate library that systematically varies the
percentage of the surface area covered by crystal
defects. While we have been able to achieve the
synthesis of combinatorial ENM libraries to study the
toxicity of cationic nanoparticles,36 silica nano-
particles,37 ZnO nanoparticles,22 and multiwalled car-
bon nanotubes,38 the synthesis of a combinatorial Ag
nanoplate library falls outside of the scope of the
current study. Nonetheless, the comparative analysis
of crystal defects on different Ag nanoparticle shapes
and the ability to activate the Ag nanoplate surface
suffice to demonstrate the involvement of crystal
defects in cellular as well as embryo toxicity. This result
is important from the perspective of metallic surface
defects in the catalysis of biological injury.
We used zebrafish embryos to validate the cellular

observations of a higher rate of Ag-nanoplate toxicity.
The zebrafish is now recognized as an appropriate animal
model for toxicological assessment of ENMs.9,13,16,29
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This includes the use of this organism for studying
shape-dependent toxicity of nickel nanoparticles, in
which it was demonstrated that dendrimer-shaped
nanoparticles show a higher level of toxicity than
spherical particles premised on the principle of de-
layed clearance from the gut of zebrafish larvae.13 In
agreementwith our cellular observations, themortality
rate in zebrafish embryos was the highest for Ag
nanoplates in spite of a general dose-dependent tox-
icological effect of all the Ag nanoparticles. Other
sublethal effects, such as inhibition of embryo hatching
and morphological defects, were also prominent with
Ag nanoplates. ICP-MS showed that shedding of Ag
ions into Holtfreter's medium as well as bioavailability
of Ag were relatively low in Ag nanoplate-treated
embryos. These results suggest that the induction of
embryo mortality and the sublethal effects of the Ag
nanoplates are mediated by a mechanism other than
Ag shedding or bioavailability. Thus, while increased
organ retention of dendrimer-shaped Ni nanoparticles
may explain the higher level of toxicity in the gut of
zebrafish larvae, neither the total level of Ag bioavail-
ability or tissue retention could explain the increased
toxicity of Ag nanoplates. However, it remains to be
determined at the anatomical level how the surface
reactivity of Ag nanoplates leads to lethality and the
induction of morphological abnormalities in the em-
bryo prior to functioning of the gut. The involvement of
surface reactivity was confirmed by the reduced em-
bryo mortality and hatching interference when the
nanoplates were coated with cysteine (Figure 7c). While
RITC labeling demonstrated that the Ag nanoplates bind
to the chorion, we were not able to observe particle
uptake in the tissues or organ-specific retention in the
embryo (Figure S6b, Supporting Information). Whether
interactions with the chorion are sufficient to explain
nanoplate toxicity is unknownandwarrants further study
of the pathogenesis of injury at the intact organism level,
including the use of newly emerging technology to
perform histopathological analysis that can be related
to ENM injury responses as demonstrated for Ni nano-
particles.13 Since Ag nanospheres have been demon-
strated to be taken up into zebrafish embryos,29 one
possibility is that nanoplate labeling is not efficacious to
yield the resolution necessary for detecting Ag nano-
plates in the embryonic tissues. In addition, RITC labeling
leads to passivation of the Ag nanoplate surface, which
could also interfere with bioavailability.

Toxicity testing in fish has been recognized as a
00gold standard00 for ecotoxicology. However, the high
maintenance cost, ethical considerations, and reduced
ability to obtain mechanistic information, makes cel-
lular models an attractive alternative or precursor to
the performance of fish studies. This is exemplified by
the findings here, inwhichwedemonstrate the use of a
primary fish gill cell line to conductmechanistic studies
implicating the role of surface defects in Ag nanoplate
toxicity, which was subsequently applied to the study
of zebrafish embryos. The utility of in vitro cellular
assays for assessing pathway-based material toxicity
enables the establishment of property-activity analysis
that can be used to speed up ENM assessment, includ-
ing the prioritization of more labor-intensive in vivo

studies. The fish gill cell line is also valuable for
performing comparative analysis with mammalian
cells, including demonstrating species-specific differ-
ences in the sensitivity to Ag nanoparticles. In this
regard, our provisional observations suggest that RT-
W1 cells are more sensitive to the effects of nano-Ag
compared to mammalian cell lines on a per weight
basis and that the cells can be useful for exploring
species-specific differences.

CONCLUSIONS AND PROSPECTS

We report that surface reactivity as a result of crystal
defects increases the toxicity of Ag nanoplates vs other
Ag nanoparticles. We tested a small library of Ag
nanoparticles that included nanospheres of varying
size (10, 20, and 40 nm diameter), nanoplates (32 nm)
and nanowires (65 nm x 20 μm) for their differential
toxicity in RT-W1 cells and zebrafish embryos. Ag shed-
ding by Ag nanoplates and Ag bioavailability were
considerably lower than other Ag nanoparticles. The
enhanced propensity of Ag nanoplates to induce plasma
membranedamagewasdemonstratedby calcein release
in RT-W1 andmembrane lysis in RBC. Moreover, physical
contact was required for this membranolytic activity.
Analysis by HRTEM showed a high prevalence of crystal
defects in Ag nanoplates compared to spherical Ag
nanoparticles. In an effort to suppress the surface reac-
tivity, surface coating with cysteine was used to reduce
Ag nanoplate toxicity. Taken together, we show that the
increased surface reactivity of Agnanoplates is due to the
expression of crystal defects that should be considered as
another important mechanism for Ag nanoparticle toxi-
city, in addition to Ag ion shedding.

MATERIALS AND METHODS
Nanomaterials Sources and Preparation for Biological Experimentation.

A panel of PVP-coated Ag nanoparticles with different shapes
and sizes were obtained from Nanocomposix (4878 Ronson
Court, San Diego, CA). The stock particle suspensions were

further diluted in water (25 μg/mL) and used for size determina-
tion by dynamic light scattering (DLS), XRD, and TEM.

Transmission Electron Microscope Imaging of Ag Nanoparticles. A
drop of each particle sample in deionized water was applied

to a TEM grid and evaporated at room temperature. The particle
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images were taken with a JEOL 1200 EX TEM microscope. High-
resolution transmission electron microscopy images were ob-
tained with a FEI Titan 80/300 microscope equipped with a Cs
corrector for the objective lens, high angle annular dark-field
detector (HAADF), GATAN postcolumn imaging filter, and a cold
field-emission gun operated at an accelerating voltage of 300 kV.

X-Ray Diffraction Measurements. A drop of each particle sample
in deionized water was applied in the sample holder and
evaporated at room temperature. The Ag nanoparticles were
loaded into a PANalytical X'Pert MPD PRO diffracting system,
equipped with Ni-filtered CuKR (λ = 0.154 nm) radiation, 1/4�
fixed divergence, primary and secondary Soller slit with a
0.04 rad aperture, circular sample holder with 16 mm diameter,
and X'Celerator detector. A continuous scan was performed to
cover 20�80� 2θ. The structural andmicrostructural parameters
were extracted through Rietveld refinement using the Brass
program. Background, scale factor, unit cell parameters, and
Gaussian as well as Lorentzian half-widths were simultaneously
refined, followed by crystalline microstrain analysis.

Surface Coating of Ag Nanoplates with Cysteine HCl. Ag nanoplates,
suspended in deionized water, were surface coated with cy-
steine-HCl. Working solutions of the Ag nanoplates suspended
at 10 μg/mL were replenished with incremental amounts of
cysteine-HCl to yield final concentrations of 1, 100, and 1000
μM. These solutions were stirred overnight (16 h) at room
temperature, following which the Ag nanoplates were sepa-
rated by ultracentrifugation at 20000� g for 60 min. These
particles were washed three times using deionized water and
resuspended in Liebovitz's L-15 cell culture or Holtfreter's
medium by sonicating 15 s with a probe-sonicator (VibraCell,
Sonics, CT) at 30 W, for evaluating the cytotoxicity and zebrafish
embryo toxicity, respectively.

Preparation of Ag Nanoparticles in Exposure Media. Freshly pre-
pared working concentrations of the Ag nanoparticles for the
cellular studies were prepared in L-15 medium to provide a
mass-dose concentration range of 0�25 μg/mL. While L-15
medium is supplemented with 10% fetal bovine serum (FBS) to
grow and initially to establish RT-W1 cells in 384 well plates, the
FBS was omitted during the performance of the MitoSox Red
and PI uptake assays because of the interference of serum
proteins with the toxicological assessment. To stabilize the
particle suspensions during this phase of the work, alginic acid
(Sigma Aldrich, St. Louis, MO) was used as an environmentally
relevant and biocompatible dispersant during zebrafish
embryo exposures.9 Alginic acid was introduced to the particle
working solutions at a final of 100 ppm, following which the
suspensions were sonicated for 15 s with a probe sonicator. The
alginate-supplemented particle suspensions were also used for
the physicochemical characterization (agglomeration size, and
zeta potential) as described in Tables 1 and 2. During the
calculation and interpretation of the cellular response data,
the particle mass-dose concentrations were recalculated to
surface area dose as described below. Mass-dose concentra-
tions of 0�25 μg/mL correspond to surface area doses of
0�35 � 10�4 m2, depending upon the shape of the Ag
nanoparticles.

For zebrafish experiments, we used Holtfreter's medium,
which contains 3.5 g NaCl, 0.20 g NaHCO3, 0.05 g KCl, and 0.12 g
CaCl2 dihydrate in 1000mL of deionized water, at pH 6.5�7. The
filtered solution was supplemented with alginic acid at a
concentration of 100 ppm. Aliquoted Ag nanoparticle stock
solutions were added to theHoltfreter'smedium supplemented
with alginate and sonicated for 15 s using a probe sonicator.

Inductively Coupled Plasma-Mass Spectrometry. Inductively coupled
plasma-mass spectrometric analysis was performed to detect
Ag metal release from nanoparticles suspended in exposure
media (L-15 and Holtfreter's media); 10 μg/mL of each of the
Ag nanoparticles were suspended in 1 mL of the respective
media for 0, 3, 6, and 24 h before undissolved particles were spun
down at 100000� g for 4 h and the supernatants collected.
Fifty μL of supernatant solution was added to a Teflon container
and acidified with 5 mL of pure nitric acid and digested on a hot
plate for 6 h. The nitric acidwas evaporated and replenishedwith
3 mL 5% nitric acid. Ag metal concentrations were measured in
the 5% nitric acid solution by a Perkin-Elmer SCIEX Elan DRCII

mass spectrometer. The average values were calculated from
three replicates for each group.

ICP-MSwas also used to assess the total Ag content in RT-W1
cells exposed to Ag nanoparticles. The initial cultures were
started in 6 well plates in the presence of L-15 medium þ10%
FBS to get 80% confluency. The culture medium was replaced
with a suspension of 5 μg/mL Ag nanoparticles made up in L-15
medium supplemented alginic acid, and incubated at room
temperature for 24 h. The culture medium was removed and
cells were rinsed three times in PBS. Following the addition of
500 μL of PBS, the cells were scraped off with a scraper,
transferred to an Eppendorf tube and sonicated for 30 s with
the probe-sonicator at 30W to homogenize the cells. The probe
was washed with 500 μL PBS that was added to the homo-
genate. Fifty microliters of each homogenate was transferred
to a Teflon container and acidified with 5 mL of pure nitric acid.
The rest of the procedure is as described above. The concentra-
tion in each sample was expressed as ppb of Ag/mg of cellular
protein.

For Ag quantification in zebrafish embryos, 10 zebrafish
embryos were treated with 100 μL of a 5 μg/mL concentration
for each Ag nanoparticle in Holtfreter's medium. After 48 h of
treatment, the embryos were washed thrice in PBS. The washed
embryo pellets were resuspended in 500 μL water and soni-
cated for 30 s with a probe sonicator at 30W. Each homogenate
received an additional 500 μL of water from which 50 μL was
used to perform ICP-MS analysis, as detailed above. The average
value from three replicates was used to express the Ag content
per embryo in ppb Ag.

Cell Culture and Coincubation with Ag Nanoparticles. The RT-W1 fish
cell linewas originally derived from the gill tissue of the rainbow
trout, Oncorhynchus mykiss. RT-W1 is a primary fish cell line that
is frequently used to evaluate chemical toxicity.39 A starting
culture was obtained from American Type Culture Collection
(Manassas, VA) (ATCC #CRL-2523) and grown in a CO2-free
environment in L-15 medium supplemented with 10% FBS,
2 mM L-glutamine, 100 IU/mL penicillin and 100 μg/mL strepto-
mycin. These cells were maintained in 25 cm2 culture flasks, in
which the cells were passaged once every three days at
70�80% confluency. For the purposes of conducting high-
throughput toxicity screening, 5000 cells were transferred into
eachwell of a 384well tissue culture plate (Greiner bio-one, NC),
followed by overnight culture at room temperature (24 �C). At
this point, the FBS-supplemented L-15 medium was removed
and the wells washed twice with PBS before receiving 50 μL of
the various Ag nanoparticle suspensions prepared in L-15
supplementedwith 100 ppmalginic acid. Prior experimentation
confirmed that the alginic acid is biocompatible and that the
slow-growing cells could be maintained in serum-free condi-
tions for at least 24 hwithout a decline in cell viability. Moreover,
there was no decline or exaggeration in the oxidative stress
response of the cells during comparative analysis at 6, 12, and
24 h. The nanoparticle exposures were carried at seven different
particle concentrations that were expressed in both mass and
surface area metrics. Control wells received exposure medium
without nanoparticles.

The high-throughput screening assays involve the use of
epifluorescence microscopy to assess cellular superoxide gen-
eration as well as decrease in cell viability. This was accom-
plished by introducing 25 μL of one of two dye cocktails that
either included MitoSox Red (5 μM) plus Hoechst 33342 (1 μM),
or propidium iodide (PI) (5 μM) plus Hoechst 33342 (1 μM) into
each well by automated robotic equipment. MitoSox Red
assesses mitochondrial superoxide generation, while PI nuclear
uptake reflects increasedmembrane permeability in dying cells.
Cellular fluorescence images were acquired using an auto-
mated Image-Xpressmicro (Molecular Devices, Sunnyvale, CA)
epifluorescence microscope. The images were analyzed by
MetaXpress software (Molecular Devices, Sunnyvale, CA) to
score the percent positive responses for each assessment
parameter. Hoechst 33342 dye was used to count the total cell
number of cell nuclei using the following blue channel settings:
minimum width = 3 μm (∼3 pixels), maximum width = 10 μm
(∼7 pixels), threshold intensity above background = 100 gray
levels. The corresponding red channel settings for PI and
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MitoSox Red were: minimum width = 5 μm (∼6 pixels), max-
imum width = 30 μm (∼22 pixels), threshold intensity above
background = 500 gray levels. Thus, the cells showing increased
fluorescence above the threshold were scored as percent
MitoSox Red or PI-positive cells by using the total number of
Hoechst 33342 stained nuclei. Each experiment was repeated
three times with six replicates in each group. The statistical
significance was calculated using a paired t test.

Approach for Converting Particle Mass Dose into Surface Area Dose
Metrics. Since surface area dose is an appropriate metric for
quantitative assessment of the property-activity relationships of
high surface reactive ENMs,40,41 we also included surface area
dose calculations to compare different Ag nanoparticles. The
surface areas of nanospheres, nanoplates, and nanowires were
calculated based on the mathematical formulas for spheres,
discs, and cylinders. The individual surface areas were then
multiplied with the total number of nanoparticles present in 1
mg of material to get the specific surface area of each type of
nanoparticle. The total number of nanoparticles present in 1mg
sample was provided by the supplier (see Table 1). With knowl-
edge of the specific surface area for each type of Ag nanopar-
ticle in 1 mg of material, the surface area for 0, 1.56, 3.12, 6.25,
12.5, and 25 μg material could be calculated.

Fluorescence Microscopy to Determine Cell Membrane Damage during
Direct and Indirect Exposure to Ag Nanoplates. RT-W1 cells were
grown in 24 well plates (Becton Dickinson Labware, NJ). Each
well received 106 cells suspended in 1mL growthmedium. Cells
were initially grown overnight in L-15 medium containing 10%
FBS, followed by washing in PBS and then replenished with
fresh L-15 medium supplemented with 100 ppm of alginic acid,
as described above. Triplicate wells received the direct addition
of 10 μg/mL Ag nanoplates to the growth media, while an
additional three wells received 500 μL of growth medium plus
the addition of a similar amount of Ag nanoplates included in
500 μL medium in a sealed dialysis tube (Slide-A-Lyzer Mini
dialysis units, Thermo Scientific, Waltham, MA) that has a 3.5 KD
cutoff pore size. The dialysis container wasmounted such that it
was totally immersed in the cell culture medium. The tissue
culture plate was placed on a shaker (Thermo Scientific) at room
temperature for 24 h. The supernatants were removed and a
mixture of Hoechst 33342 (1 μM), Calcein-AM (5 μM) and PI
(5 μM) added to the cells in PBS for another 30 min. The cells
were removed and viewed under a fluorescence microscope
(Observer D1. Carl Zeiss, Germany). The fluorescence images
were analyzed using Image J software (NIH, Bethesda, MD) and
the average fluorescence intensity of at least 30 randomly
selected cells was used to express quantitatively the loss of
green fluorescence intensity (calcein) or the increase in nuclear
PI uptake for each treatment group.

Use of Erythrocyte Lysis to Quantify the Membranolytic Potential of Ag
Nanoparticles. Heparinized mouse blood was collected from
Balb/Cmice and the RBC rinsed in PBS. The RBCwere suspended
at 1 � 109 cells per mL and directly exposed to increasing con-
centrations of Ag nanoparticles for 4 h at 37 �C. PBS-exposed or
0.025% Triton X-100 treated cells served as negative and
positive controls, respectively. The samples were centrifuged
and the hemoglobin absorbance in the supernatants was
measured at 540 nm in a microplate reader (M5e, Molecular
Devices, USA). The values were normalized according to the
positive control, which represents 100% cell lysis. The average
value from 9 independent observations was plotted in a graph.
To compare the direct lysis to the possible effects of Ag
shedding, Ag nanoparticles were also introduced in dialysis
tubing for 4 h and lysis calculated as detailed above.

Zebrafish Embryo Exposure to Ag Nanoparticles. Working Ag nano-
particle solutions were prepared in Holtfreter's medium at
final concentrations of 0, 1.25, 2.5, and 5 μg/mL, as detailed
above. Zebrafish embryos were collected in Holtfreter's med-
ium 2 hpf from mating cages. Embryos were visually assessed
for viability and the healthy specimens transferred into 96-well
plates, including 1 embryo per well. Beginning at 4 hpf, the
spherical stage of the embryo was exposed to 100 μL/well of Ag
nanoparticles in Holtfreter's medium or a control solution with-
out nanoparticles. Three replicate trials that involved 12 em-
bryos per treatment group were performed. The rate of embryo

hatching, survival, and morphological defects were assessed at
24, 48, 72, 96, and 120 hpf. Hatching rate was expressed as the
number of embryos that were completely hatched by 72 hpf,
while the mortality rate was expressed as the total number of
dead embryos at 120 hpf.
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