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T
he volume and diversity of manufac-
tured nanomaterials (NMs) are rapidly
growing. One active area of nano-

science research and commercialization in-
volves the design and fabrication of nano-
wires composed of metals, including silver,
or semiconductors, including zinc oxide and
silicon. Nanowires (NWs) are high-aspect-
ratio NMs, longer in one dimension as a
result of preferential growth during synthe-
sis. NWs will have diverse roles in applica-
tions for which highly anisotropic physical
properties are required, such as solar energy

capture, electrically active fabrics and tis-
sues, and as composite materials.1 Control-
ling the NW diameter can tune physical
properties such as the optical band gap of
semiconductors or the surface plasmon re-
sonance frequency of metals.2 Silver nano-
wires (AgNWs) are of particular interest for
transparent flexible electrodes and heat
shielding.3�5

NMs from commercial products can be
released into the environment during man-
ufacture, use, or disposal,6,7 and con-
sequently, there is considerable effort to
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ABSTRACT Nanowires (NWs), high-aspect-ratio nanomaterials, are increasingly used in

technological materials and consumer products and may have toxicological characteristics

distinct from nanoparticles. We carried out a comprehensive evaluation of the physico-

chemical stability of four silver nanowires (AgNWs) of two sizes and coatings and their

toxicity to Daphnia magna. Inorganic aluminum-doped silica coatings were less effective

than organic poly(vinyl pyrrolidone) coatings at preventing silver oxidation or Agþ release

and underwent a significant morphological transformation within 1 h following addition to

low ionic strength Daphnia growth media. All AgNWs were highly toxic to D. magna but less

toxic than ionic silver. Toxicity varied as a function of AgNW dimension, coating, and solution chemistry. Agþ release in the media could not account for

observed AgNW toxicity. Single-particle inductively coupled plasma mass spectrometry distinguished and quantified dissolved and nanoparticulate silver in

microliter-scale volumes of Daphnia magna hemolymph with a limit of detection of approximately 10 ppb. The silver levels within the hemolymph of

Daphnia exposed to both Agþ and AgNW met or exceeded the initial concentration in the growth medium, indicating effective accumulation during filter

feeding. Silver-rich particles were the predominant form of silver in hemolymph following exposure to both AgNWs and Agþ. Scanning electron microscopy

imaging of dried hemolymph found both AgNWs and silver precipitates that were not present in the AgNW stock or the growth medium. Both organic and

inorganic coatings on the AgNW were transformed during ingestion or absorption. Pathway, gene ontology, and clustering analyses of gene expression

response indicated effects of AgNWs distinct from ionic silver on Daphnia magna.

KEYWORDS: silver . nanowire . ecotoxicology . Daphnia magna . acute toxicity . transcriptomics .
single-particle inductively coupled plasma mass spectrometry
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anticipate the environmental fate and toxicity of a
range of nanomaterials, including AgNMs.8,9 However,
relatively little work focuses on the specific impacts of
NWs versus other nanomaterial types on ecological or
biological toxicology. Decades of research on asbesto-
sis-causing minerals, and more recent studies of car-
bon nanotubes,10,11 demonstrated that high-aspect-
ratio particles can be actively absorbed into cells both
in vitro (cell culture) and in vivo (mouse) and may be
biopersistent, resisting the action of macrophages to
clear them from internal locations.12 Cellular uptake of
large NMs, including NP aggregates,13 CNTs,14,15 and
NWs,16�18 is clearly documented. AgNW19 and ZnO-
NW uptake20 in mammalian cells has also been seen.
CNT (and by extension, NW) uptake is believed to be
caused by physical stimulation of a protein receptor,
which initates membrane wrapping of the NM.10

In studies of Ag nanoparticle toxicity, silver oxidation
and ionic silver (Agþ) release were typically identified
to be at least partly responsible for the toxicity of
AgNPs.21,22 However, it is unknown whether the mo-
lecularmechanisms of Agþ, AgNP, or AgNW toxicity are
the same. To date, five articles have been published on
the toxicity of AgNWs. Schinwald et al. studied AgNW
length effect on immune response inmice and found a
threshold to toxicity, below which shorter particles did
not elicit a response.23,24 Schinwald also looked at
frustrated phagocytosis of AgNW in mice in vivo.25

Verma et al. tested AgNWs and AgNW films on four
mammalian cell lines and found that wires alone were
more toxic than thin film NW constructs and that tox-
icity was time-, dose-, and length-of-wire-dependent.19

They also observed the induction of autophagy by
AgNWs in phagocytic cells. George et al. looked at the
effects of AgNWs, nanospheres and nanoplates on fish
epithelial cells and embryos.26 In this system, AgNWs
were less toxic than nanoplates, and toxicity was not
only caused by Agþ release. None of these contribu-
tions established a AgNW LD or LC50 value for com-
parative analysis of toxicity.
Work on other high-aspect-ratio NMs is also limited.

Nanofibers may be absorbed into lysosomes or endo-
somes in human or mouse cells.16,27,28 The acute
toxicity of R-Fe2O3-NW is low,16 while ZnO-NWs are
as toxic to human monocyte macrophages as ZnNP
and Zn2þ.20 Through the development of libraries of
metal oxide nanomaterials of varying dimensions,
Meng et al. and Ji et al. found aspect ratio an important
factor in uptake and toxicity of silica and CeO2

nanofibers.18,28

Herewe report the toxicity of four types of AgNWs to
Daphnia magna, an aquatic organism and an indicator
of freshwater ecology and toxicity. As summarized in
Table 1, we studied four types of AgNWs (two sizes and
two coatings). Themean dimensions of the AgNWswere
either 2 μm (length) � 30 nm (diameter) or 20 μm �
60 nm, referred to as “short” (S) or “long” (L) NWs,

respectively. The coatings were either organic poly-
(vinyl pyrrolidone) (PVP) or inorganic, aluminum-
doped silica (SiO2). Silica coatings have been shown
to prevent release of metal ions from nanomate-
rials29,30 and were expected to minimize the contribu-
tion ofmedia-dissolved Agþ to toxicity. Toxicity studies
were performed in one of two simulated freshwater
media, “COMBO” or “EPA”. Abiotic studies of the phy-
sical and chemical stability of the nanowires were
performed to test whether AgNW transformations in
themedia could explain trends in the toxicity data. The
acute toxicity data were complemented by gene ex-
pression analyses.
The hypothesis that AgNWs entered the hemo-

lymph, the major fluid-phase component of the Daph-
nia open circulatory system, was tested with single-
particle inductively coupled plasma mass spectrome-
try (spICPMS) by quantifying the concentration of silver
in hemolymph extracted from daphnids exposed to
∼2 μm long AgNWs. spICPMS can achieve detection of
parts per trillion (ppt) or parts per billion (ppb) con-
centrations of nanoscale particles in complex aqueous
media.31 Recent studies on spICPMS focused on devel-
oping the technique for analysis of a range of nano-
materials such as silver,32,33 ceriumand titaniumoxides,34

and carbon nanotubes.35 Environmental and biological
applications of spICPMS include analysis of waster-
water plant effluent32,33 and quantification of DNA
after attachment to gold nanparticles.36 To the best
of our knowledge, the present work is the first to
quantify NMs inmicroliter volumes of a biological fluid.
Scanning electron microscopy (SEM) provided direct
observation and morphological characterization of
AgNMs with either SiO2 or poly(vinyl pyrrolidone)
(PVP) coatings extracted from the hemolymph. Dark-
field optical microscopy of daphnids exposed to PVP-
coated NWs was used to study routes of AgNW entry
and to investigate bioaccumulation.

RESULTS

Physicochemical Characterization. Characterization of
the four AgNW preparations with transmission elec-
tron microscopy (TEM) imaging found both AgNWs
and silver nanorods (NR) approximately 100 nm �
500 nm (Supporting Information Figure S1) in the
long NW samples, which likely represents incomplete

TABLE 1. Summary of AgNW Samplesa

name dimensions coating % impurity nanorods

L-PVP-NW 65 nm � 20 μm long PVP 1.6
L-SiO2-NW 65 nm � 20 μm long SiO2 0.8
S-PVP-NW 30 nm � 2 μm short PVP <0.1
S-SiO2-NW 30 nm � 2 μm short SiO2 <0.1

a PVP: poly(vinyl pyrrolidone) coating. SiO2: amorphous aluminum-doped silica
coating. Percent impurity: the percent of silver contributed by nanorod contami-
nants to each stock solution.
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synthesis products. No nanorods were detected in
short NW stock suspensions. NR contamination was
1.6% in L-PVP-NW and 0.8% in L-SiO2-NW (Tables 1 and
S1). Assessment of AgNWbehavior in aqueous solution
found all AgNWs dispersed without aggregation in
pure water. PVP-NWs were stable in both Daphnia

growth media, but SiO2-NWs aggregated in both
media, with concomitant increase in settling rates
(Figures S2 and S3). The ζ-potentials for S-PVP-NW and
S-SiO2-NW in ultrapure water were �18 and �32 mV,
respectively, in agreement with prior measurements37,38

Long NWs could not be analyzed. The ζ-potentials in
growthmediawere zero, indicating complete electrolyte
shielding of the surface charge and explaining the
aggregation of the SiO2-NW observed.

SEM imaging did not find any morphological
changes in PVP-NW exposed to any media. Morpholo-
gical changes in SiO2 coatings did not occur in COMBO
media but did occur after a few hours exposure to EPA
media (Figure 1a,b). The most evident change was loss
of the space (void) between coating and metal at the
tips, which were present in the original AgNWs.
Although some porosity may remain (Figure 1c), the
morphology of silica at the SiO2-NW tip for all observed
SiO2-NWs (Figures 1c, 2, and S4) is clearly distinct from

the original (Figure S5). Figures 1c and 2 show TEM and
elemental imaging of a SiO2-NW in EPA media. The
silica distribution shows evidence of a diffuse network
extending out from the surface of the NW. The sodium
distribution shows accumulation of Naþ in a pattern
consistent with diffusion into the silica, indicating that
the surface coating became porous.

Ionic Silver Release into Media. Agþ release was de-
tected only in the following samples: S-SiO2-NW in
water and in COMBO and EPA media and S-PVP-NW in
EPA media (Figure 3). No other AgNW released detect-
able Agþ in any solution. COMBO and EPA media
components are listed in Table S2. Silver speciation
calculations of Agþ complexation by anions, principally
Cl� (Table S3), predicted a greater percentage of free
Agþ in EPA (84%) than COMBO (41%).

Acute Toxicity. The acute 24 h LC50 values for AgNWs
and Agþ in COMBO or EPA media range from 3.6 to
522 μg silver per litermedia (μg/L) (Figure 4 and Table S4).
The LC50 values were significantly different between all
samples except for Agþ in COMBO versus Agþ in EPA
and L-PVP-NW in COMBO versus L-SiO2-NW in EPA,
determined by comparing the log(LC50 and confidence
interval ratio) to 0 for each pair of values.39 The toxicity
of Agþwas greater than toxicity of any AgNWs in either

Figure 1. TEM study of the morphology of the aluminosilicate coating on (a) as-synthesized S-SiO2-NWs, or following a 2 h
exposure to (b) COMBO or (c) EPA media. Other representative micrographs showing morphological changes in the S-SiO2-
NW exposed to EPA media are given in Figure 2 and Figure S4.

Figure 2. STEM studyof S-SiO2-NWs following exposure to EPAmedium. Left panel shows the STEM image; other panels show
corresponding elemental maps depicting the distribution of silver (Ag), silicon (Si), and sodium (Na).
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media. S-SiO2-NW was the most toxic AgNW to
Daphnia in both media. We found three trends related
to toxicity: short wires were more toxic than long; SiO2

coatingwasmore toxic than PVP; and exposures in EPA
media were more toxic than those in COMBO. How-
ever, there is one exception: L-PVP in COMBOwasmore
toxic than L-SiO2 in COMBO, L-PVP in EPA, and S-PVP in
COMBO.

Unique Gene Expression Profiles and Potentially Unique
Modes of Toxicity. A total of 2801 genes were identified
as differentially expressed gene candidates (Table 2).
Gene expression response was not correlated to LC50
(data not shown). Agþ caused the most robust re-
sponse, followed by S-PVP-NW and then SiO2-NW.
L-PVP-NW resulted in fewest candidate genes and
was also the only exposure with more up-regulated
than down-regulated genes. Only seven genes were
common to all conditions (Figure S6). The qPCR results

on seven genes (Table S5, representing 12 qPCR reac-
tions) correlated with microarray results, with one ex-
ception (Table S6). The microarray data are available in
Table S7 and have been deposited in NCBI's Gene Expres-
sion Omnibus (Edgar et al.) and are accessible through
GEO Series accession number GSE47064 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47064).40

We analyzed the differential gene expression (DGE) of
genes encoding sodium�potassium adenosine tripho-
sphatase (Naþ/Kþ ATPase) proteins because Agþ toxi-
city to Daphnia is traditionally attributed to inhibition
of these cellular transport proteins in the gill.41�43 All
1/10 LC50 exposures affected ion transport (Table S8),
but Agþ caused the strongest response. Transporter
expression decreased in all exposures, except L-SiO2-
NW caused an increase in an iron(III) dicitrate transpor-
ter. Agþ significantly suppressed the expression of a
calcium-transporting ATPase (with only 11% expres-
sion relative to control) and an ABC-related transporter
(27%). It is unknown whether these are sodium
transporters.

HOPACH analysis of gene expression data clustered
the silver exposures into three distinct groups (Figure 5).
Similarity of gene expression profile is color-coordinated,
with darker gray most similar and white least similar.
Gene expression profiles for S-PVP-NW, S-SiO2-NW, and
Agþwere similar enough to group in one cluster, evident
by dark coloring in the HOPACH diagram and by the
numbered labeling on the x-axis (cluster 3). The L-NW
each clustered uniquely (clusters 1 and 2).

Figure 4. Acute 24 h LC50 values for AgNW and Agþ on Daphnia magna in (a) COMBO and (b) EPA media. LC50 values are
measured in micrograms silver per liter (μg/L). LC50 values and 95% confidence intervals were determined with probit
analysis. A table of LC50 values is found in Table S4. Statistical analysis of LC50 values showed that the LC50 values for each
AgNW in bothmedia were significantly different. LC50 values for Ag

þwere not significantly different between the twomedia.

Figure 3. Determination of relative rates of release of Agþ

by long (L) and short (S) AgNWs at a silver concentration of
111 μM in water and in Daphnia media. Silver was unde-
tectable for S-PVP-NWs in COMBO and water and for all
L-NW samples. Agþ was defined as the fraction passing
through a 0.2 μm filter. The main source of error is Agþ

retention in the filter. To represent the magnitude of this
uncertainty, the plot contains error bars that are the stan-
dard deviations on individual measurements of the second,
third, and fourth 1 mL portions of the filtrate passed
through the same filter.

TABLE 2. Numbers of Genes Differentially Expressed in

AgNW and Agþ Exposures As Compared to Controla

# DEG L-PVP L-silica S-PVP S-silica silver

up 143 212 121 182 182
down 134 307 502 381 510
total 277 519 623 563 692

a Numbers represent number of statistically significant candidate differentially
expressed genes for each exposure condition.
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Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis found at least one enriched pathway
in each exposure condition except S-SiO2-NW (Table 3).
L-SiO2-NW affected the largest number of pathways
including cytochrome P450 xenobiotic metabolism,
peroxisome, and lysosomal pathways. PVP-NWs and
Agþ affected ribosomal pathways, the only in-common
effect for any exposure, and L-PVP-NW affected spliceo-
somal pathways. Agþ exposure caused the most statis-
tically significant pathway changes in oxidative phos-
phorylation and ribosomal pathways. An increase in
rRNA expression was confirmed for Agþ exposure by
independentqPCRanalysis of the ribosomal 18S subunit.

GO ontology enrichment analysis of gene expres-
sion data using Blast2GO44 (B2G) showed significant

over-representation of molecular function ontologies
for both SiO2-NW exposures and for Agþ (Table 4).
Specifically, L-SiO2-NW showed changes in an un-
named structural component also affected by Agþ;
Agþ also changed ribosomal function and ribosomal
biogenesis, and both SiO2-NWs caused a change in
expression of cuticle (carapace) structure genes. No
significant results were found for PVP-NW. Further
details on B2G results are found in Table S9.

spICPMS Analysis;AgNW Exposures. No dissolved silver
was detected by any method in growth medium or
hemolymph fluid from daphnids in any control experi-
ments. Preliminary abiotic trials of AgNW detection
and quantification by spICPMS were performed by
adding 155 μg Ag/L S-SiO2-NW to COMBO medium
and sampling at three time points (0, 24, and 48 h). The
distribution of AgNW size in the medium calculated
from spICPMS measurements is given in Figure S7.
Over the 48 h period, we observed a drop in particle
number without a change in calculated particle dimen-
sions or in dissolved Agþ. This is in agreement with our
observations that AgNWs settle at a detectable rate in
the growth medium.

Particulate silver consistent with AgNWs was de-
tected by spICPMS analysis of silver in the hemolymph
taken from a daphnid exposed to∼2 μm L-SiO2-NW at
the LC50 concentration (Figure 6). Dissolved silver,
including free Agþ and inorganic and biological com-
plexes of the silver ion, contributes a constant back-
ground signal, while silver-rich particles result in pulses
in the ICPMS response.32 Concentrations of dissolved
and particulate silver are distinguished by selecting an
intensity cut-off in ICPMS response that is depicted by
the blue lines in the raw data (Figure 6a) and in the
ICPMS response histogram (Figure 6b). The cut-off
represents an intensity above which the signal is
determined to be a discrete pulse (i.e., a particle),
whereas intensities below this value represent dis-
solved silver and silver NPs having an equivalent
spherical diameter smaller than about 30 nm. In this
study, a cut-off of >3 standard deviations above an
average of the background intensities was used to

Figure 5. Hierarchical ordered partitioning and collapsing
hybrid (HOPACH) analysis of gene expression data from
AgNW-exposed versusmedia-only control daphnids. HOPACH
clustered data into three groups based on similarity of gene
expression profile. Groups are labeled on the x-axis as
1 (L-PVP-NW), 2 (L-SiO2-NW), or 3 (S-SiO2-NW, Agþ, and
S-PVP-NW).

TABLE3. KEGGPathwayAnalysis of GeneExpressionData

from Daphnia magna Exposed to AgNWs Identified the

Enrichments of Different Biological Pathwaysa

affected biological pathway L-PVP L-SiO2 S-PVP silver

oxidative phosphorylation 5.3 � 10�04

spliceosome 0.02
peroxisome 0.02
lysosome 0.04
ribosome 0.01 0.01 1.8 � 10�4

progesterone-mediated oocyte
maturation

0.01

metabolism of xenobiotics by
cytochrome P450

0.02

drug metabolism - cytochrome P450 0.03
retinol metabolism 0.05

a The p values 0.05 or less were considered significant. KEGG analysis on S-SiO2-NW
data found no statistically significant results.

TABLE 4. Blast2GO Analysis Shows Significant Enrich-

ment of Functional Gene Groups PVP-NW and Agþ

Exposures

enriched molecular functiona exposure condition

structural constituent of cuticle (GO:0042302) L-SiO2, S-SiO2
structural molecule activity (GO:005198) L-SiO2, silver
structural constituent of ribosome (GO:0003735) silver
ribosome biogenesis (GO:0042254) silver
ribosome (GO:0005840) silver
ribonucleoprotein complex biogenesis (GO:0022613) silver
cellular component biogenesis at cellular level (GO:0071843) silver
ribonucleoprotein complex (GO:0030529) silver
cytosolic ribosome (GO:0022626) silver

a GO: term corresponds to the gene ontology identification in Blast2GO.
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make this distinction. The particle size (length) distri-
bution calculated from the particulate signal from the
hemolymph is given in Figure 6c and details a shift to
smaller particles than those found in the medium
(Figure S7).

We further quantified dissolved and particulate
silver in the medium and hemolymph for a range of
experimental conditions using spICPMS (Table 5).
Media were analyzed after exposure to 1/10 LC50 of
S-SiO2-NW (15.5 μg/L). Samples were taken before
a depuration period with or without feeding and after
a depuration period without feeding. Hemolymph
analysis was done at 1/10 LC50 after a depuration
period with and without feeding and at the LC50 with
no depuration period. We detected particulate silver in
the hemolymph of daphnids for all AgNW exposure
conditions and in all samples and replicates. S-SiO2-NW
exposureswere performed at two silver concentrations
(the LC50 and 1/10 LC50), with and without food added
to the AgNW-containing media, and with or without
a 1.5 h depuration period in AgNW-free media in
order to permit gut clearance. These comparisons
indicate that particulate silver was not manually
transferred from the gut into the hemolymph during
extraction. At the 1/10 LC50 exposure, dissolved Agþ

in hemolymph fluid was below the detection limit
(∼10 ppb in the hemolymph, accounting for the
1000� dilution factor required for analysis). How-
ever, at the LC50 exposure, the levels of both Agþ

(479 ppb) and particulate silver (405 ppb) in the
hemolymph exceeded the initial AgNW concentra-
tion in the media (155 ppb).

SEM Imaging of Daphnia Hemolymph. SEM analysis of
dried hemolymph provided independent evidence
that AgNWsmigrated from themedia into the daphnid
interior. Figure 7 shows scanning electron microscopy
images of AgNWs with two types of surface coatings
that were located in dried Daphnia hemolymph. The
SEM images reveal evidence of surface modifications
not observed for AgNWs exposed to COMBO growth
medium alone. PVP-NWs (Figure 7a) appeared to be
coated by a filamentous organic material, indicating
either partial loss of the polymer coating or adhesion of
organic matter. The oxide shell surrounding the silica-
coated AgNWs was completely removed (Figure 7b).
Although restructuring of the silica coating was
observed in lower ionic strength growth medium
(Figures 1c, 2, and S4), it did not occur in COMBO
media. Thus, the surface modifications likely occurred
within the organism.

Figure 6. Single-particle inductively coupled plasma mass spectrometry (spICPMS) quantification of dissolved and particu-
late silver in the hemolymph of a daphnid exposed to ∼2 μm long silica-coated silver nanowires (AgNWs) at the LC50
concentration (155 μg Ag/L). (a) Raw data. (b) Histogram of detector response. (c) Calculated AgNW length distribution. Blue
lines in (a) and (b) represent the cut-off in spICPMS response used to distinguish the signal from dissolved and particulate
silver.

TABLE 5. spICPMS Analysis of Daphnia Exposure to Silver Nanowiresa

sample

silver concentration used

(LC50 = 155 μg/L)b presence of food sampling timec dissolved Ag (ppb)d,e particulate Ag (ppb)f particle number (mL�1)

growth medium 10% LC50 yes predep 0.071 ( 0.03 0.16 ( 0.005 1.5 � 104 ( 2.3 � 102

growth medium 10% LC50 no predep 0.140 ( 0.04 0.12 ( 0.005 9.9 � 103 ( 3.7 � 102

growth medium 10% LC50 no postdep 0.040 ( 0.02 0.015 ( 0.001 9.7 � 103 ( 1.1 � 103

hemolymph 10% LC50 yes postdep 17.4 ( 0.2 3.6 � 106 ( 1.5 � 105

hemolymph 10% LC50 no postdep 10.8 ( 0.4 2.9 � 106 ( 6.2 � 104

hemolymph LC50 yes predep 479 ( 154 405 ( 102 4.5 � 107 ( 5.7 � 106

a spICPMS analysis of dissolved and particulate silver in Daphnia growth medium and hemolymph following exposure to short (∼2 μm long) silica-coated AgNWs at the
conditions indicated. b LC50 for S-SiO2-NW in COMBO is 155 μg/L (155 ppb). c Samples were collected before or after a 1.5 h depuration period in silver-free medium. d Omitted
values were below the effective detection limit, estimated to be 10 ppb in hemolymph (accounting for dilution from several microliters up to a sufficient volume, 5�10 mL, for
spICPMS analysis). e Errors on dissolved Ag were calculated for each sample from the variation in the dissolved Ag signal throughout the measurement, expressed as( one
standard deviation. f Particulate Ag mass concentration calculations were performed by integrating the masses calculated from all pulse events in a single spICPMS analysis and
dividing by the volume analyzed. Error is ( one standard deviation from duplicate samples.
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SEM imaging also located silver-rich precipitates, in
addition to AgNWs, in the hemolymph (Figures 7b
and S8a). The size and morphology of these precipi-
tates differ from trace silver nanocrystals present in
some stock solutions (Figure S5), indicating that new
nanoparticles had precipitated during the experiment.
Energy-dispersive X-ray (EDX) analysis (Figure S8b)
identified only silver, oxygen, and silicon from the
substrate, suggesting the precipitate to be a silver
oxide. EDX analyses of smaller precipitates and AgNWs
also revealed sodium and chlorine, likely physiological
ions from the hemolymph. SEM analysis located at
least one AgNW in the hemolymph of daphnids ex-
posed to all types of AgNWs at the respective LC50
concentrations. However, AgNW uptake could not be
reliably quantified by SEM. Moreover, AgNWs or parti-
culate silver were not detectable by SEM imaging in
hemolymph from daphnids exposed at the 1/10 LC50

concentration. In constrast, the more sensitive spICPMS
technique readily detected silver nanomaterials in he-
molymph at the 1/10 LC50 dose (Table 5).

spICPMS Analysis;Agþ Exposure. spICPMS analyses of
dissolved and particulate silver in growth medium and
in hemolymph for Agþ exposures at 1/10 LC50 and the
LC50 measured for AgNO3 (0.8( 0.4 μg/L) are reported
in Table 6. At 1/10 LC50, no silver was detectable in the
hemolymph. At the LC50 value, only particulate Ag was
detected in the hemolymph at a level (3.3 ppb) that
exceeded the initial dissolved Ag concentration in the
medium (0.8 ppb). Figure S9 reports the mass distribu-
tion of particulate silver. SEM imaging could not detect
silver-rich precipitate in dried hemolymph in these
samples.

Dark-Field Optical Microscopy. Although the diameter of
all AgNWs used in this study were significantly below
the resolution of optical microscopy, AgNPs45 and
pristine AgNWs (Figure S10a) are detectable as bright
features when imaged by dark-field microscopy. Dark-
field imaging of live daphnids exposed to AgNWs
revealed freely diffusing AgNWs in the rostrum, in
the post-abdominal region by the anus, and in-
side the brood chamber in which eggs are hatched
(Figures S11�S13). AgNWs were also identified adher-
ing to the exterior of the organism including in the
vicinity of the gills. Relatively few individual AgNWs
were identified in the gut. However, the alimentary
canal of daphnids exposed to AgNWs appeared much
brighter than for control animals (Figure S14), suggest-
ing an aggregatedmixture of food and silver materials.

DISCUSSION

The LC50 data in Figure 4 and Table S4 show that all
AgNWs can be classified as highly toxic to aquatic
organisms as they exhibit LC50 values below 1 mg/L.46

Short and SiO2-coated AgNWs and exposures done in
EPAmedia were usually more toxic than long and PVP-
coated wires or exposures in COMBO media. However,
the toxicity of all AgNWs is significantly less than that of
Agþ (AgNO3). AgNWs also appear to exert less toxicity
than Ag nanoparticles. Poynton et al. studied the tox-
icity of 35 nm diameter PVP-coated AgNPs on 10 day

Figure 7. Scanning electronmicroscope images of compar-
ing AgNWs taken from stock suspension and located in
Daphnia hemolymph. (a) PVP-coated AgNW. (b) Silica-
coated AgNW.

TABLE 6. spICPMS Analysis of Daphnia Exposure to Ionic Silvera

sample silver concentrationb presence of food sampling timec dissolved Ag (ppb)d,e particulate Ag (ppb)d,f particle number (mL�1)

growth medium 10% LC50 yes predep 0.019 ( 0.03
hemolymph 10% LC50 yes predep
growth medium LC50 yes predep 0.092 ( 0.02 0.028 ( 0.001 1.9 � 104 ( 1.5 � 102

hemolymph LC50 yes predep 3.13 ( 0.2 1.4 � 107 ( 1.0 � 105

a spICPMS analysis of dissolved and particulate silver in Daphnia growth medium and hemolymph following exposure to ionic silver (as AgNO3) at the exposure conditions
indicated. b LC50 for AgNO3 in COMBO is 0.8 μg/L (0.8 ppb).

c Samples were collected before or after a 1.5 h depuration period in silver-free medium. d Omitted values were
below the effective detection limit, estimated to be 10 ppb in hemolymph (accounting for dilution from several microliters up to a sufficient volume, 5�10 mL, for ICPMS
analysis). e Errors on dissolved Ag were calculated for each sample from the variation in the dissolved Ag signal throughout the measurement, expressed as( one standard
deviation. f Particulate Ag mass concentration calculations were performed by integrating the masses calculated from all pulse events in a single spICPMS analysis and dividing
by the volume analyzed. Error is ( one standard deviation from duplicate samples.
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old Daphnia in EPA media, finding LC50 values to be
∼10 μg/L.22 No PVP-NW was more toxic than this
AgNP.
Other acute LC50 values for Ag

þ on Daphnia magna

range from 0.39 μg/L for a 48 h exposure on 5 day old
daphnids in purified lake water to 1.2 μg/L for a 48 h
exposure on neonates in an “EPA”-like media.37,47 In
Daphnia magna, toxic effects of silver are traditionally
considered a function of the degree of saturation of
biotic ligands by free Agþ.41 However, in related spe-
cies Ceriodaphnia dubia, small complexes (thiosulfates,
Ag-cysteine, Ag-Glut) are absorbed through amino
acid/peptide transporters and also cause toxicity.48

While there is more free Agþ in the EPA media, the
toxicity is not significantly increased from exposure in
COMBO media, and phenomena contributing to this
observation are unclear. Major conclusions of this work
are presented and discussed below.

Physical Factors Cannot Explain Differences in AgNW Toxicity.
Aggregation and settling can reduce toxicity.49�51

However, S-SiO2-NWs were more toxic than S-PVP-
NW even though S-SiO2-NWs tended to aggregate
and settle more. Further, there was no statistical differ-
ence between LD50 values obtained with the Daphnia

media shaken (to reduce AgNW settling) or still (Sup-
porting Information Methods). Settling and aggrega-
tion therefore may not be dominant determinants in
AgNW toxicity to Daphnia magna. Aggregated AgNWs
could exhibit different uptake and toxicity than dis-
persed AgNWs, but this hypothesis was not tested in
the present study. Settling of AgNWsmay be irrelevant
inDaphnia exposures as the animals move throughout
the entire water column during exposure.

Long NW suspensions contained ∼100 � 500 nm
nanorod (NR) impurities at concentrations of 0.8 and
1.6% silver for L-SiO2-NW and L-PVP-NW, respectively.
Short NW contained <0.1%. While these nanorods may
contribute to toxicity, they would have to be orders of
magnitude more toxic than the AgNWs or 35 nm
diameter NPs22 to account for the observed LD50

values. The S-SiO2-NWs (with no detectable nanorod
contamination) are much more toxic than L-PVP-NWs
(highest NR contamination), although the presence of
NR could contribute to the increased toxicity of L-PVP-
NWs. However, HOPACH analysis shows the long NWs
with NR contamination on each cluster uniquely, in-
dicating unique molecular effects, not an in-common
mechanism. We conclude that the impurity NR repre-
sents aminor contribution to toxicity. This conclusion is
in accord with nanofiber toxicity studies showing a
high-aspect-ratio threshold to toxicity.11,28

Chemical Processes Occurring in the Stock Suspensions or in
the Media Cannot Fully Explain Trends in AgNW Toxicity. The
content of Agþ in stock (Table S1) and the Agþ release
rate between different AgNWs (Figure 3) varied con-
siderably, with SiO2-NWs being more reactive. This
finding was surprising because the Al-doped SiO2

coating was stable in the stock solution and was
expected to completely encapsulate the silver.29,52

Figures 1 and 2 show that sodium ions penetrate into
the SiO2-NW coating when the SiO2-NWs are dispersed
in EPA media. This finding indicates that the coating is
not an impervious barrier to media and could increase
the NW toxicity by allowing Agþ release.

Solution chemistry affected rates of oxidation and
release, shown by the comparison of S-SiO2-NWs in
water, COMBO, and EPA (Figure 3). Precipitation of
AgCl(s) does not explain the differences in measured
silver ion release in these abiotic oxidation experi-
ments because all solutions were undersaturated with
respect to this phase. The data strongly indicate that
there is a relationship between solution composition,
morphological restructuring of the silica coating, and
the rates of silver ion release into solution. However, no
simple relationship could be uncovered. For example,
although biogenic silica dissolution rate is observed to
be enhanced in higher ionic strength solutions,53 coat-
ing restructuring is observed only in the lower salinity
EPA medium. Although the chemical stability of PVP-
coated AgNWs is now well-understood,50 the SiO2�
AgNM system ismore complex, likely because Agþ ions
can sorb upon or within the silica coatings.

Although the trends in Figure 3 could not be fully
explained, these empirical results could be used to
estimate the contribution of Agþ to AgNW toxicity.
Because the release of Agþ in media is proportional to
the concentration of AgNWs, we predicted amounts of
Agþ at the AgNW LD50 concentrations (Table S10). At
the LD50 for S-SiO2-NWs in COMBO (155 μg/L), the
calculated Agþ concentration [Agþ(aq)] = 0.115 μg/L.
This value is the highest amount of calculated Agþ in
media in any AgNW exposure and is only a fraction of
the LD50 for AgNO3 in COMBO (0.8 μg/L). All other
AgNW-released Agþ concentrations are 10�1000
times less than the LD50 for AgNO3 (0.6�0.8 μg/L). This
analysis indicates that AgNW are toxic to Daphnia

through mechanisms other than Agþ release into
media. Although silver can form dissolved complexes
with inorganic aqueous ions such as Cl�, the calculated
speciation of Agþ in different media (Table S3) also
does not explain trends in toxicity.

Different AgNWs Elicit Distinct Gene Expression Profiles in D.
magna. Each AgNW gave a surprisingly distinct pattern
of DGE with limited overlap between AgNWs of the
same size or coating. There also were relatively low
levels of common DGE among the AgNW samples and
between each AgNW and AgNO3. HOPACH cluster
analysis, which visualizes patterns of gene expression
independently of gene annotation, grouped theAgNWs
based on similarity of DGE patterns (Figure 5). Results
showS-PVP-NWand S-SiO2-NWelicited themost similar
response to Agþ but were not completely identical.

KEGG pathway and GO ontology enrichment anal-
ysis found evidence for limited overlap in the effects of
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the nanowires. KEGG pathway analysis revealed that
only genes related to the ribosomal biological pathway
were affected by more than one exposure type: L-PVP-
NW, S- PVP-NW, andAgþ (Table 3). These analyseswere
limited by the large number of unannotated genes on
the Daphniamicroarray. Nevertheless, published stud-
ies corroborate KEGG pathway results: Agþ has been
shown to affect ribosomal subunits in bacteria54 and
oxidative phosphorylation in rat liver.55 While uncoated
40 and 80 nm AgNPs also effect oxidative phosphory-
lation,56 no similar response was seen for any AgNW. In
contrast, B2G ontological enrichment analysis indicated
similar effects between L-SiO2-NW and S-SiO2-NW ex-
posures and between L-SiO2-NW and Agþ. These results
point to a diverse range of biological end-points af-
fected by exposure to different AgNWs. Specific me-
chanisms of toxicity are unclear, but data indicate a
response to both internal Agþ and to the AgNW itself.

Ionic Silver Exposure Leads to Nanoparticulate Silver Pre-
cipitation in the Hemolymph. The observation of internal
nanoparticulate silver following ionic silver exposure is
a novel finding that is not an experimental artifact of
hemolymph extraction. Care was taken to avoid punc-
turing the gut epithelium or transferring AgNWs into
the hemolymph. Animals were washed in fresh COMBO
media before extraction to minimize AgNW contam-
ination of pipet tips. Hemolymph extraction and dilu-
tion would not have caused the precipitation of silver-
rich particles, as dilution in ultrapure water lowers the
saturation state of the solutionwell beneath that of any
common silver phase.50 This finding adds to our knowl-
edge of ionic silver toxicity. Agþ ions that are not com-
plexed to dissolved inorganic (e.g., chloride) or organic
(e.g., cysteine) species can be transferred across cellular
membranes by sodium transporters. Following Agþ

internalization, further reaction within the organism
appears to lead to the formation of new silver-rich
particles, possibly through reduction to form Ag0(s),
salt formation, or complexation with biomolecules.
The hyperaccumulation of Agþ, biological reduction,
and subsequent precipitation as AgNPs has been docu-
mented for two plants, Brassica juncea and Medicago

sativa,57 andmay represent a detoxificationmechanism.
AgNWs Can Be Absorbed fromMedia into Hemolymph and Are

Chemically Modified. DGE profiles showed biological ef-
fects of L-NWs to occur through mechanisms alternate
to and in addition to Agþ. KEGG analysis also sug-
gested exposure to L-SiO2-AgNWs caused lysosomal
activation, a common marker in high-aspect-ratio NM
exposures18,27,58 and in aquatic species.59 This obser-
vation could indicate frustrated phagocytosis or ab-
sorption into the animals and subsequent lysosomal
activation. Regardless of mode of uptake, AgNW trans-
fer into the organism was verified by hemolymph
extraction, spICPMS quantification of nanoparticulate
silver, and SEM observation of individual AgNWs with
dramatically altered surface coatings.

Loss or transformation of surface coating may have
facilitated AgNW oxidation and enhanced Agþ gen-
eration within the organism. The contribution of re-
leased coating material to toxicity is unknown. How-
ever, SiO2 coatings on metallic NMs, including silver
NPs, typically reduce toxicity relative to bare NMs,29,52

and PVP is commonly used in pharmaceutical prepara-
tion and is found ubiquitously in the environment.60

Chemical transformation of AgNW surfaces, such as
exposure to fixative (Figure S10b), can cause loss of
bright signal in dark-fieldmode and likely explains why
dark-field imaging was not able to identify AgNMs
within the hemolymphof daphnids. Dark-field imaging
showed that surface transformations may have not
occurred in the medium, the mouth, post-abdominal
region, or brood hatch but may have occurred in the
gut or following transfer (by any route) into the hemo-
lymph. The pH of the Daphnia gut (pH 6�7.261) is not
high enough to cause the dissolution of the SiO2

coating. However, in the present study, SiO2 dissolu-
tion may be faciliated if absorption into the daphnids
involved transfer to amore basic cellular compartment.
Alternatively, the complex mixture of digestion en-
zymes in thegut could affectboth organic and inorganic
coatings, as was seen when lysophosphatidylcholine
coatings on single-walled carbon nanotubes were che-
mically degraded following ingestion.62 Clearly, intraor-
ganism biologically mediated surface alterations could
significantly affect NM uptake and toxicity and warrant
further study.

Mechanism of AgNW Uptake Is Unclear. It is generally
accepted that the dominant route for NM uptake by
aquatic organisms is via the gastrointestinal tract (gut),
although the factors controlling the specific pathways
and accumulation patterns for NMs are not well-under-
stood. As reviewed by Jovanociv et al.,59 NM exposure
in fish can cause immunological responses in mutiple
cell types throughout an organism. TiO2 NPs fed to
rainbow trout were absorbed from the gut63 and
reached the liver, spleen, and brain.64 In Daphnia,
Rosenkranz et al. used a combination of fluorescence
microscopy and electron microscopy to show that
both 1 μm and 20 nm diameter polymer spheres could
transfer from the gut into internal oil storage
droplets.65 Zhao et al. used radiolabeling to show that
∼20 nm diameter AgNPs mixed with algae were
retained in Daphnia with a lower rate of efflux than
Agþ and concluded that a significant portion of the
silver was assimilated into the organism.66 However,
Loven et al. found no evidence that 20 nm colloidal
gold crossed the daphnid gut epithelium.67 Carbon
nanotubes (CNTs) readily accumulate in the daphnid
gut and are not easily excreted.14,15 In this present
study, imaging and spICPMS showedAgNWs inside the
daphnids. However, dynamic biological imaging studies
will be required to determine specific route(s) of AgNW
internalization.
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Concluding Remarks. Our studies show that AgNWs
are efficiently accumulated from media and are highly
toxic toDaphniamagna. There is significant variation in
biological response to the different AgNWs, possibly
due to different uptake mechanisms or to the genera-
tion of different forms of silver within the organism,
including Agþ, silver-rich nanoparticulates, and chemi-
cally modified internalized AgNWs. Exact pathways for
AgNW absorption into Daphnia require further study.
Short and SiO2-coated AgNWs were usually more toxic

than long or PVP-coated, perhaps because of the
dissolution of the SiO2 coating inside the Daphnia.
However, these trends were not true in all growth
media. Overlapping modes of toxicity include effects
on the carapace and cuticle and disruption of riboso-
mal function. The use of spICPMS in biologically and
toxicologically relevant fluids and tissues represents a
novel application for this technique that will likely have
wide application in studies of metal and nanomaterial
toxicity.

METHODS
Silver Nanowire Characterization. All silver nanowires (AgNWs)

were purchased from nanoComposix (San Diego, CA). Stock
solutions were deoxygenated by bubbling in N2 for 1 h and
were stored in rolled, lightproof bottles in an anaerobic cham-
ber. The silver concentration of each stock solution (reported as
micrograms silver per liter media (μg/L)) was measured in
triplicate using inductively coupled plasma mass spectrometry
(ICP-MS) after acid digestion performed by adding 100 μL of
AgNW aliquots to 1.5 mL of concentrated nitric acid and storing
in the dark for 2 days. Nanorod impurities were detected and
quantified by removing nanowires via filtration and measuring
total silver in filtrate with ICP-MS (Table S1). The ζ-potential
measurements of short PVP- and SiO2-coated NWs dispersed in
ultrapure water were performed using a Malvern ZetaSizer, and
ζ-potential measurements could not be performed for long
NWs because the size was too large nor for short NWs dispersed
in growthmedia for which the higher ionic strength completely
shielded the NW surfaces. Methods for the characterization of
AgNWswith scanning transmission electronmicroscopy (STEM)
and scanning electron microscope (SEM) and for the determi-
nation of settling rates and aggregation are detailed in the
Supporting Information. TEM images of the AgNWs are found in
Figures S4 and S5. Silver nitrate (99.999% trace metal basis) was
obtained from Sigma-Aldrich. Bulk ICP-MS analysis of Daphnia
growth media found no silver above detection limits.

Ionic Silver Release into Media. Agþ release into media and
water was quantified by adding AgNWs to ultrapure water or to
Daphnia media and measuring the dissolved silver concentra-
tion at intervals with ICP-MS. AgNWs were filtered from aliquots
using a 0.02 μm pore size, 25 mm diameter syringe filter
(Whatman Anotop), and the filtrate was acidified and analyzed
for total silver. However, all filters effective at separating all
AgNWs also significantly retained the Agþ ion (Figure S15). This
effect was minimized by discarding the first 1 mL volume
passed through the filter and averaging the Ag concentrations
of three successive 1 mL filtrate volumes.

Daphnia Culture. Genetically homogeneous Daphnia magna
originally obtained fromAquatic Research Organisms (Hampton,
NH) were cultured in a growth chamber (Conviron Adaptis) at
21 �C with 16 h of light and 8 h of dark per day. Daphnids
were grown in nutritive COMBO media68 or in a moder-
ately hard water formulation we refer to as “EPA”.69 Daphnia
were fed Pseudokirchneriella subcapitata (formerly Selenastrum
capricornutum) and yeast cereal-leaf and trout chow mix three
times per week following renewal ofmedia. Mediawere aerated
overnight to increase dissolved oxygen levels. COMBO pH was
maintained at 7.4�7.8; EPA was maintained at 7.80�8.0. Table
S2 summarizes media chemical composition. The Geochemist's
Workbench (Rockware) was used to predict equilibrium specia-
tion of dissolved Agþ in both media, using the default database
of thermodynamic constants (Table S3).

Toxicity Assays. Acute toxicity assays were conducted simi-
larly to the U.S. EPA Whole Effluent Toxicity (WET) protocol.69

Five first instar (<24 h old) D. magna were placed in 35 mL
aliquots of media with different concentrations of a nanowire.
At least 12 replicates of five concentrations and a media-only

control were tested for each AgNW and for Agþ in both media.
Lethality was measured after 24 h. Acute LC50 values were
determined using probit statistical program.69 To determine if
AgNW settling affected LC50, assays were performed with and
without shaking on an orbital shaker. Raw acute data for long
and short PVP-NWs were compared with a t test (detailed in
Supporting Information Methods). There was no statistical
difference in daphnid lethality between still or shaken AgNW
exposures (p=0.824 S-PVP, 0.940 L-PVP). Subsequent exposures
were done without shaking.

Transcriptomic Assays. Exposures were done with 15�20 adult
(14 day old) daphnids per biological replicate at 1/10 LC50 in
800 mL of COMBO media for 24 h. Four biological replicates
were conducted for each AgNW, for Agþ, and for COMBOmedia
control. Animals were removed from exposure media, and RNA
was extracted immediately in Trizol reagent (Invitrogen) with a
hand-held homogenizer (Biospec Products Inc.). RNA was cleaned
up with an RNeasy kit (Qiagen), and quality was assessed via
spectrometry and on an agarose gel. Next, 300 ng of RNA was
reverse-transcribed, amplified, and hybridized onto a custom
Agilent oligonucleotide DNA microarray (AMADID #023710)
with the Agilent Quick-Amp one-color array kit and protocol.
The array contains 15 000 unique, best-responding probes from
a 44 000 probe preliminary array constructed from a Daphnia
magna expressed sequence tag database.70 Four arrays were
hybridized for each exposure condition. Arrays were scanned
with a 16-bit GenePix 4000B microarray scanner with 5 μm
resolution, and features were edited with GenePix Pro 6.0. Data
were analyzed using a “Treatment vs. Control” design (described
in detail in the Supporting Information Methods). Briefly,
nonlinear trends (if any) were corrected with loess global
normalization;71 differential gene expression was determined
with an algorithm based on R-outlier detection procedures,72

and a local variance estimator based on loess was used to take
heteroscedasticity into consideration.72 Each gene in a given
“Treatment vs. Control” pair was characterized by the normal-
ized log-transformed ratio (fold change value) and the corre-
sponding q value (derived from p values).73 All results were
corrected for multiplicity of comparisons within a given “Experi-
ment vs. Control” pair and across biological replicates. Candi-
date genes were annotated using Blast2GO.44

Differential gene expression of candidate genes was con-
firmed with quantitative reverse transcription PCR (qPCR).
Seven genes were chosen based on q value, degree of differ-
ential expression, or potential mode of toxicity. Three biological
replicate RNA samples were extracted, cleaned up, and quality
assessed as above. One microgram of RNA was reverse-tran-
scribed with iScript cDNA synthesis kit (BioRad) on a Mycycler
thermal cycler (Biorad). Twenty-five primer sets were tested
with SsoFast amplification kit (BioRad) on a melt curve from 55
to 65 �C, and those with one qPCR product were used for
subsequent analysis. qPCR amplificationwas performedwith on
a BioRad C1000 Thermal Cycler with CFX96 R-T system. Probes
were designed on theNCBI online primer-designing tool (http://
www.ncbi.nlm.nih.gov/tools/primer-blast/) and ordered from
Elim Biopharm. Each gene amplification was preformed in
triplicate in the control and treated RNA samples. Actin and
GAPDHwere used as housekeeping genes. Housekeeping cycle
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threshold (Ct) value was subtracted from gene-of-interest Ct
values to normalize data, and values were made linear with log2
transformation. Significance between control and exposed was
determined by Student's t test in Excel (Microsoft) with p < 0.05.
Primer sequences are shown in Table S5.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) was
used to identify biological pathways affected by exposure to
Agþ or to AgNW. The sequence for every gene on the micro-
array was subjected to a Daphnia pulex protein BLAST and
sorted into KEGG biological pathways (www.genome.jp/kegg).
Pathways representing less than 5 genes in the array were
removed, leaving 95 pathways and 1402 Daphnia pulex homo-
logues with an expect (E) value less than or equal to 10�4.
Microarray data were then input into the KEGG database and
“enrichment” of differentially expressed genes (DEG) in each
pathway was calculated using a modified Fisher exact prob-
ability p value.74,75

Gene expression profiles were compared with hierarchical
ordered partitioning and collapsing hybrid (HOPACH) cluster
analysis. HOPACH analysis clusters similar gene expression
profiles by computationally generating plots of similar data
into a hierarchical “tree of clusters” using statistical Euclidean
distance matrices.76 Similar gene expression profiles may have
similar causal mechanisms or modes of toxicity. The R package
HOPACH from Bioconductor.org was applied to the gene ex-
pression data. All “NA” values were replaced with zeros. This
method is a combination of divisive (top down) and ag-
glomerative (bottom up) hierarchic clustering coupled with a
nonparametric bootstrap procedure, which determines the
probability of cluster membership for each chemical. Cosine
angle (uncentered) correlation was applied as a measure of
similarity.76

Enrichment analysis on gene expression data was per-
formed with Blast2GO44 (B2G) to determine molecular function
over-representation in each exposure condition. Available se-
quences corresponding to the 15K probes on the Daphnia
magna array were annotated with B2G with default parameters
to create the reference gene set of ∼2900 genes. Gene ex-
pression data were then compared to the reference set with
the enrichment analysis function of B2G, using default, two-
tailed settings with different false discovery rate cut-offs (0.05,
0.1, 0.15).

AgNW Exposures for spICPMS and Imaging Analyses. Two week old
adult Daphnia were exposed to a COMBO media-only control,
ionic silver (AgNO3), or AgNWs at a silver concentration corre-
sponding to either the LC50 or 10% of the LC50 value. The
daphnids were exposed for 24 h, with or without food, and then
transferred to silver-free medium to remove any AgNWs adher-
ing to the carapace. Hemolymph was either collected immedi-
ately as in Mucklow et al.77 or after a 1.5 h depuration period,
with or without feeding (P. subcapitata). Briefly, daphnids were
removed from the media wash and placed on a glass slide. All
excess medium was removed by gentle blotting of the cara-
pace. A 22 guage, 1.5 in. needle was used to puncture the
carapace above the heart, and the resulting bead of hemo-
lymph was extracted with a pipet. Care was taken to avoid the
intestine during removal of hemolymph and to limit unneces-
sary needle and pipet contact with the daphnid carapace. This
method has been used in our laboratory78 and by others for
metabolomics studies79 and is similar to other existing meth-
ods80 that also puncture the carapace above the heart. Hemo-
lymph was collected onto a silicon wafer for SEM imaging,
described below, or into 1.5 mL Eppendorf tubes and frozen at
�80 �C for storage prior to spICPMS analysis. spICPMS analysis
was first done on combined samples of hemolymph from
20 animals to determine detection limits. Subsequent analyses
were done on combined samples from five animals.

Scanning Electron Microscopy. Approximately 1 μL of hemo-
lymph was pipetted onto a clean 5 � 5 mm Si wafer previously
treated with a 5% H2SO4 solution with nochromix (GODAX
Laboratories, Inc.) to create a hydrophilic surface. As hemo-
lymph drying caused extensive precipitation of electrically
insulating salt crystals, the samples were coated with graphite
prior to scanning electron microscope (SEM) analysis. A JEOL
SEMwith backscattered electron signal was used to locate silver

particles; secondary electron signal was used for imaging. The
elemental composition of imaged objects was established
using the energy-dispersive X-ray (EDX) fluorescence signal.
Silver was detected using the Ag KR emission line.

Dark-Field Optical Microscopy. We used a Nikon MM-400 micro-
scope in bright-field (transmission) and dark-field (reflectance)
mode to image control animals and daphnids exposed to PVP-
NWs. Individual living daphnids were washed in silver-free
media and imaged in a small liquid reservoir between a micro-
scope slide and a coverslip. The reservoir was created by laying a
0.02 in. thick silicone sheet and cutting a 4 mm diameter hole.
No fixative was used, as preliminary studies showed AgNWs
were no longer detectable in dark-field mode following expo-
sure to 4% paraformaldehyde. When AgNWs were located, a
through-focus series determined whether they were internal or
external to the organism. Images were acquired using the
INFINITY Capture camera and software.

spICPMS. A Perkin-Elmer NexION 300q ICPMS with an S10
autosampler was used. For calculating nebulization efficiency, a
well-characterized Au particle with narrow size distribution
(British Biocell International [BBI]; 100 nm mean particle diam-
eter) was analyzed, and the efficiency was calculated using a
particle-size-based approach as described in Pace et al.81 Dis-
solved calibration solutions for sizing were made using Certi-
Prep ICPMS grade standards in 2% Optima (Fisher Scientific)
trace-metal-grade HCl for Au and 2%Optima trace-metal-grade
HNO3 for Ag, with the concentrations chosen such that the
range of ICPMS responses would include those of the AgNW
pulses. Isotopes used for analysis were Au197 and Ag107. Each
sample run consisted of 20 000 readings, each with a dwell
time of 10 ms. Nanopure water blanks were analyzed for both
elements before any dissolved or particulate samples were
analyzed to check for carry-over system contamination. Hemo-
lymph controls from Daphnia not exposed to AgNWs were
analyzed for an experimental background Ag signal. Each sam-
ple of hemolymph fluid was diluted to an appropriate particle
number concentration range for analysis, typically 1000�,
5000�, or 10 000� in nanopure water (Barnstead Nanopure)
to obtain sufficient volume for analysis (5 mL per run). The
dilution was chosen so that ∼5% of data points in a run were
pulses to both generate enough pulses for a statistically valid
size distribution and minimize the probability that multiple
particles are detected at once. COMBO medium samples were
analyzed without dilution. All dilutions were made in 15 mL
Falcon polypropylene centrifuge tubes with 10 min bath soni-
cation (Fisher, FS60H) between each dilution. Instrument tubing
was changed each day before analysis to minimize contamina-
tion from previous runs and maintain a constant flow rate.

Dissolved Ag concentrations were calculated by determin-
ing a background signal and transforming this to a concentra-
tion using the dissolved Ag standards. In the case of spICPMS
data containing signal from both dissolved and particulate Ag,
the particulate pulses were removed from the data set by a
program which calculates the average (μ) and standard devia-
tion (s), removes any signal above μ þ 3s, and iterates until
converging on the background and standard deviation due to
dissolved Ag.32 This background is used to calculate the dis-
solved Ag concentration; the standard deviation is used to
calculate the error in concentration.

Particle number concentrations were calculated from the
number of pulses rejected from the background through the
previously described iterative approach. The number of pulses
was divided by the efficiency of sample transport to the plasma,
the analysis time, and the flow rate and multiplied by dilution
factor to yield particle number concentration.

The detection limit for dissolved Ag was calculated using
the hemolymph blank signal: a calculation of three standard
deviations above the blank background signal and transforma-
tion to a concentration via the dissolved Ag calibration curve
yielded a detection limit of ∼11 ppt. However, due to the
microliter volumes of hemolymph collected for analysis and
the subsequent dilution of at least 1:1000 required for spICPMS
analysis, we report an effective Ag detection limit of ∼10 ppb.
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