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Abstract
The mechanism of action of silver nanoparticles (AgNPs) is unclear due to the particles’ strong
tendency to agglomerate. Preventing agglomeration could offer precise control of the
physicochemical properties that drive biological response to AgNPs. In an attempt to control
agglomeration, we exposed zebrafish embryos to AgNPs of 20 or 110 nm core size, and
polypyrrolidone (PVP) or citrate surface coatings in media of varying ionic strength. AgNPs
remained unagglomerated in 62.5 μM CaCl2 (CaCl2) and ultrapure water (UP), but not in standard
zebrafish embryo medium (EM). Zebrafish embryos developed normally in the low ionic strength
environments of CaCl2 and UP. Exposure of embryos to AgNPs suspended in UP and CaCl2
resulted in higher toxicity than suspensions in EM. 20 nm AgNPs were more toxic than 110 nm
AgNPs, and the PVP coating was more toxic than the citrate coating at the same particle core size.
The silver tissue burden correlated well with observed toxicity but only for those exposures where
the AgNPs remained unagglomerated. Our results demonstrate that size- and surface coating-
dependent toxicity is a result of AgNPs remaining unagglomerated, and thus a critical-design
consideration for experiments to offer meaningful evaluations of AgNP toxicity.

1. Introduction
Health and safety concerns about engineered nanomaterials (ENMs) are growing. Silver
nanoparticles (AgNPs) are attracting increasing regulatory concern due to their extensive use
in consumer products and industrial applications [8, 31]. AgNPs are heavily used in anti-
microbial products such as socks, washing machines, wet wipes, water filters, detergents and
soaps, industrial textiles and bedding [9]. Multiple studies have documented the toxicity of
AgNPs to non-target bacteria, fish, cell lines and rodents [1-3, 7, 10, 18, 21, 26, 27, 29].
However, apparent contradictions have produced contention over AgNP toxicity and mode
of action. AgNP size, size distribution, dispersion and agglomeration state each appear to be
drivers of AgNP toxicity, but the relative importance of each variable and their interaction is
not fully understood [23]. For instance, smaller AgNPs caused more severe embryonic
lethality and malformation than larger ones [3], but other studies reported no correlation
between size and toxicity [5, 37]. PVP-coated nanosilver was shown to be four times less
toxic than silver ions [11], but, by contrast, a study on juvenile Japanese medaka (Oryzias
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latipes) reported that nanosilver was more toxic than ionic silver after 24 hours of exposure
and similar in toxicity after 96 hours [6]. Commonly used biocompatible surface-coatings
like polyvinylpyrrolidone (PVP) and citrate that stabilize AgNPs in suspension also
appeared to variably affect AgNP toxicity [25, 28, 33, 34, 37]. These results are not
surprising as the current state of AgNPs characterization is often sufficiently cursory that
nominally similar AgNP formulations appear to be quite different depending on the
laboratory that performed the characterization. Thus, consistently applied metrics controlling
basic characterization parameters for AgNPs will be quite beneficial to understand their
toxicity dependent on physicochemical property.

Agglomeration state is a critical concern because it can change dramatically with changes in
ionic strength of the medium and the presence of biological molecules or organic matter.
This, in turn, profoundly affects the transport and biological activity [23, 39]. It has been
reported previously that ionic composition, as well as ionic strength, can affect
agglomeration and NP stability [15, 16, 24]. We examined AgNP agglomeration in
suspension as the confounding element of divergent toxicity results. We observed that
AgNPs in suspension quickly agglomerate in the higher ionic strength of standard zebrafish
embryo medium, which was independent of PVP and citrate surface coatings.
Agglomeration has the effect of making the AgNPs less bioavailable as the dramatic size
increase inhibits particle uptake and promotes rapid settling out of the suspension. The
nanotoxicology field has begun to see the limitations of toxicology data relied on the AgNP
manufacturer’s characterization rather than characterizing the AgNPs in the actual
experimental condition. Thus, some recent studies have characterized the physicochemical
state of NPs during toxicity tests and interpreted their result accordingly [4, 17, 27, 28].
Toxicological data obtained from appropriately characterized AgNPs will at last yield a
clear understanding of AgNP safety.

Our group has developed a robust and rapid toxicity testing method in the embryonic
zebrafish to define nanoparticle-biological interactions (NBI) [13, 14, 24]. The zebrafish is
an established model for in vivo toxicity testing that helps identify molecular mechanisms,
which can be extended for ecotoxicology [30]. Application of the developing zebrafish to
investigate nanotoxicology is resource-efficient due to their small size and high fecundity.
Additionally, the small quantity of material required for developmental exposure of
zebrafish is especially advantageous for compounds under development, for which sample
quantity available for testing may be limited to only a few milligrams.

The objective of this study was to investigate the biological responses of different size and
surface coated AgNPs where particle dispersion was controlled. We used 20 and 110 nm
size AgNPs, with either PVP or citrate surface coatings, to expose embryonic zebrafish in
media of varying ionic strength. These AgNPs were selected by the Nanotechnology Health
Implications Research (NCNHIR) Consortium and fully characterized by the National
Characterization Laboratory (NCL). The varying ionic strength test media chosen to
encompass agglomeration differential of AgNPs were: standard zebrafish embryo medium
(EM, high ionic strength), 62.5 μM calcium chloride solution (CaCl2, low ionic strength)
and ultrapure water (UP, no ions). AgNP toxicity results were based on a battery of
morphological, developmental endpoints. We examined the relationship between toxicity
and uptake in the different ionic strength media by quantifying the silver tissue burdens with
inductively coupled plasma mass spectrometry (ICP-MS).
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2. Materials and methods
2.1. Zebrafish maintenance

Adult zebrafish (Danio rerio) are maintained at Oregon State University’s Sinnhuber
Aquatic Research Laboratory in a water flow through system at 28 °C under a 14:10 h light-
dark photoperiod. Embryos utilized in the assay were obtained from the Tropical 5D
zebrafish line and raised in buffered embryo medium (pH 7 ± 0.2) prepared in reverse
osmosis water.

2.2 Embryonic zebrafish assay
Embryos collected were staged [19] and dechorionated with machine assist at 4 hours post
fertilization (hpf) as previously described [24]. A 10 × concentrated serial diluted
concentration of AgNPs was prepared. Individual wells of a 96-well plate were filled with
90 μL of test media and 6 hpf dechorionated embryos were placed into each well using
automated embryo placement systems (AEPS) [24]. After embryos were loaded into the
plate, 10 μL of the 10 × nanoparticle solution was mixed into respective wells for a final
concentrations of 0.8, 4, 20, 10, and 50 mg/L. Exposed embryos were evaluated at 24 and
120 hpf for a total of 22 endpoints. The embryonic mortality was recorded at 24 and 120
hpf, and the percentage of malformation was calculated by the number of affected embryos
per living embryos at each treatment.

We exposed zebrafish embryos to 4 different AgNPs suspended with 3 test media, EM,
CaCl2 and UP (Gibco). Standard EM consisted of 15 mM NaCl, 0.5 mM KCl, 1 mM CaCl2,
1 mM MgSO4, 0.15 mM KH2PO4, 0.05 mM Na2HPO4 and 0.7 mM NaHCO3 [36]. We first
tested each component of EM to determine the conditions that maintained zebrafish embryo
health and AgNPs stability. We exposed zebrafish embryos to silver nitrate (> 99% purity,
Sigma-Aldrich, St. Louis, MO) as a positive control for exposure to silver ion.

2.3. AgNPs and characterization in different test media
The National Institute of Environmental Health Sciences (NIEHS) is addressing the
increasing health and safety concerns of AgNPs via an interdisciplinary program, the
NCNHIR Consortium. The NCNHIR Consortium consists of eight cooperative centers that
have proposed to identify a set of AgNPs, cerium dioxide and multi-wall carbon nanotubes
of varying shapes, sizes and surface coatings that are widely used in industrial applications
with the potential for human exposure. The consortium will jointly develop computational
models to predict potential health effects in their respective in vitro and in vivo models. The
first set of ENMs identified and characterized by the NCL was a set of AgNPs synthesized
by nanoComposix (San Diego, CA) that included 20 nm PVP-stabilized AgNPs (20AgNPs-
P), 20 nm citrate-stabilized AgNPs (20AgNPs-C), 110 nm PVP-stabilized AgNPs
(110AgNPs-P) and 110 nm citrate-coated AgNPs (110AgNPs-C). AgNPs-P and AgNPs-C
were supplied in water and 2 mM citrate buffer, respectively. All materials were stored at 4
°C and protected from light exposure. We followed the NCL recommended guidelines for
sample handling and storage.

The NCL evaluated sterility and endotoxin levels of AgNPs. Hydrodynamic diameter and
zeta potential of AgNPs in an unfiltered 10 fold diluted aliquot of stock solution (1000 mg/
L) with 2 mM NaCl were measured using dynamic light scattering (DLS, Malvern Zetasizer
Nano ZS instrument, Southborough, MA) with a back scattering detector (173°). UV-Vis
absorbance spectra (UV-vis) and core diameter by TEM were provided by the NCL. The
NCL characterization data can be found in Figure S1 and S2; the details are provided in the
NCL report (NCL-NIEHS201111A). In this study, we analyzed size and zeta potential of 4
different AgNPs in each test medium by using ZetaPALS (Brookhaven Instruments
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Corporation, Holtsville, NY). To characterize AgNPs, we used 2 mL of 10 fold diluted
AgNPs (100 mg/L) with UP, CaCl2 and EM. We used a 2 mM NaCl solution to account for
machine variability when measuring hydrodynamic diameter and zeta potential. We
conducted UV-vis analysis with 100 μL of 5 mg/L AgNPs dispersed in EM, CaCl2 and UP
placed into 96-well plate using microplate reader (BioTek Synergy Mx, Winooski, VT).

2.4. Quantification of silver by ICP-MS
Embryos exposed to 0, 10 and 50 mg/L of 4 different AgNPs suspended in 3 test media (i.e.,
EM, CaCl2 and UP) were collected at 24 hpf from individual wells of a 96-well plate. Only
living embryos with no morphological malformations were chosen. For all treatments except
50 mg/L AgNPs-C, pools of 30 embryos per treatment with 3 replicates were rinsed 3 times
with Milli-Q water. Pools of embryos were used to increase sensitivity for ICP-MS. For 50
mg/L of AgNPs-C treatment, only 10 embryos were pooled because of the limited numbers
of viable embryos at that concentration and time point. Once rinsed, embryos were placed
into 15 mL Falcon tubes. Excess water was removed and samples were stored at 4 °C until
time for analysis. Prior to analysis, samples were thawed and transferred to Teflon tubes
(Savillex, Eden Prairie, MN) for digestion. To digest the samples, trace metal grade nitric
acid (VWR International, West Chester, PA) was added to each Teflon tube containing
embryos, and then heated to a boil (100 °C) for 5-10 minutes on a hotplate to evaporate all
liquid. Once all the nitric acid was evaporated, the samples were digested in 20 drops of
concentrated nitric acid, and then dried down on the hot plate. This step was repeated twice.
After digestion, the residue was dissolved in 100 μL of nitric acid while the Teflon tubes
were still warm. The dissolved samples were transferred back into 15 mL Falcon tubes and
the volume was brought up to 5 mL Milli-Q water for a final concentration of 2% nitric acid.
A 1 μg/L internal standard (Indium) was added to each sample prior to analysis with ICP-
MS. A five point calibration was used with a R2 value of 0.998. The ICP-MS values from
each treatment were averaged (n = 3) with standard errors.

2.5. Statistics
Statistical analyses were compiled using SigmaStat/Plot (SPSS Inc, Chicago, IL) or through
custom R scripts. The significance of dose response was determined using logistic
regression. A three-way ANOVA (p < 0.05) and Tukey’s post hoc test with AgNPs, medium
and concentration as factors were used to determine the significance of silver body burden.

3. Results and discussion
3.1. Optimization of test medium

In a previous study, we conducted the embryonic toxicity test by using diluted EM to
evaluate the toxicity of 3-mercaptopropionic acid-functionalized gold nanoparticles (3-
MPA-AuNPs) which precipitate in 100% EM [35]. The portion of 3-MPA-AuNPs
unagglomerated in suspension was directly affected by the percentage of EM used as the test
medium. 3-MPA-AuNPs remained unagglomerated in low ionic medium and the incidence
of morbidity and mortality was significantly higher than when dispersed in EM where the
agglomeration was also observed. Zebrafish embryos can develop normally in a wide range
of ionic strength media. We adjusted the ionic strength of test medium to prevent AgNP
agglomeration and optimize bioavailability as a precursor to measurement of toxicity
endpoints. Lee et al achieved stable AgNPs using 1.2 mM NaCl egg water to image AgNPs
crossing the zebrafish chorion and to evaluate toxicity endpoints [21]. We observed that
incubation in 1 mM CaCl2 did not induce developmental morbidity or mortality at 120 hpf.
We then exposed embryos to a titration of CaCl2 to ascertain the minimal concentration
necessary for normal development (i.e., no obvious malformation and mortality) at 120 hpf,
the latest time point when we used to record toxicological responses. We found that 62.5 μM
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CaCl2 was the minimal concentration needed for normal development and low enough to
maintain AgNPs unagglomeration which was confirmed by UV-vis measurement. The
embryonic zebrafish assay is flexible and versatile for using low ionic strength test media,
making it useful for nanoparticle toxicity evaluations compared to in vitro cell-based testing.
Cell culture medium has a high ionic strength and causes AgNPs and other to agglomerate in
suspension, which has likely confounded the conclusions of some reports of the hazard
potential and toxicity mechanism of NPs.

3.2. Characterization of AgNPs in test medium
Prior to conducting the embryonic zebrafish assay, we identified potential changes in
physicochemical properties of 4 different AgNPs in 3 test media of varying ionic strength.
We measured UV-vis absorbance as a direct indicator of NP dispersal, hydrodynamic
diameter with ZetaPALS and surface charge with zeta potential (Table 1, Figure 1). The
characterization of AgNPs was also performed in 2 mM NaCl used by the NCL to originally
characterize these particles and allowed independent comparison to the NCL reference data
and correction for instrument differences. Notably, it is possible that the AgNP
characteristics may vary at lower concentrations. Figure 1 illustrates that the medium
significantly influence the degree of agglomeration. UV-vis spectra significantly decreased
for all AgNPs tested in EM, indicative of agglomeration. The higher cation concentration of
EM, relative to 62.5 μM CaCl2 or water, reduces the electrostatic repulsion between the
negatively charged AgNPs resulting in agglomeration. When we measured the silver
concentration of AgNP supernatant by ICP-MS, we found similar silver concentrations in
CaCl2 and UP medium but significantly less silver in the EM supernatant (Figure S3)
corroborating the drop in absorbance observed with agglomeration. UV-vis spectra analysis
revealed that 20AgNPs-P remained more unagglomerated than 20AgNPs-C in EM, but
110AgNPs-C remained more unagglomerated than 110AgNPs-P in CaCl2. Huynh and Chen
reported that AgNPs-P was more stable than AgNPs-C in the presence of divalent
electrolytes such Ca2+ and Mg2+ due to steric repulsion imparted by the large uncharged
polymers [15]. Our results suggest that the dispersion of AgNPs was influenced by the size
of the particle in the different electrolytes.

We next determined the hydrodynamic diameter of each AgNPs in 3 test media. AgNP
diameters in each medium corresponded with the agglomeration level by UV-vis spectra
(Table 1). Hydrodynamic diameters were first measured by diluting with 2 mM NaCl,
similar to the NCL protocol. All AgNPs were stable (i.e., no significant size increase) over 5
exposure days when dispersed in CaCl2 and UP, but hydrodynamic diameter increased to
hundreds nm for 110AgNPs-P and > 1000 nm for 20AgNPs-P and 110AgNPs-C in EM,
indicative of agglomeration. The ability of the smaller 20AgNPs-P to remain more
unagglomerated was evident by the suspension having only an attenuated absorbance peak
at 380 nm (Figure 1). Zeta potentials were negative among the different particle sizes and
coatings (data not shown) in all three media. There was no correlation between zeta potential
and particle size, suggesting that the interfacial forces play more dominant roles in AgNPs
stability rather than electrostatic repulsion [16]. Taken together, Figure 1 and Table 1
demonstrate that the higher stability of AgNPs in CaCl2 and UP compared to EM in which
UV-vis was essentially non-existent and the sizes were significantly increased in EM,
indicating that test media directly impacts AgNPs stability.

3.3. Developmental toxicity profiles
We generate heat maps to display the embryonic toxicity profiles of AgNPs in different test
media to efficiently view the spectrum of multivariate biological responses. Colors represent
the percent incidence of each evaluated endpoint (a total of 22) over the range of AgNP
exposure concentrations (0, 0.08, 0.4, 2, 10 and 50 mg/L). The colors white, green and red
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indicate zero incidence of an endpoint above background, intermediate and high incidence,
respectively. Gray indicates no viable embryos for further analysis. Increasing color
intensity designates a greater incidence of an endpoint (refer to the Color Scale of Figure 2).
To eliminate background and low incidence effects, a filter was added to convert incidence
occurrences less than 30% to be white. Therefore, any white in the heatmap signifies <30%
affected. AgNPs suspended in CaCl2 and UP caused higher toxicity. At 120 hpf, 20AgNPs-
P, 20AgNPs-C and 110AgNPs-P induced 100% mortality at 50 mg/L when suspended in
both CaCl2 and UP, not in EM, visualized as the absence of any coloration in their heatmap
entries. Most toxicity occurred at the highest concentration of 50 mg/L even in CaCl2 and
UP, employed to maximize dispersion. At exposures less than 50 mg/L, only 10 mg/L of
20AgNPs-P induced an increased incidence of morbidity and mortality in CaCl2 and UP.
We note that ppm (mg/L) levels are much higher than predicted environmental
concentrations (PEC) of AgNPs in various environmental compartments such as soil, sludge,
surface water and sediment [10] and that the data suggest that AgNPs are not acutely toxic
to the embryonic zebrafish. We calculated EC50 values (the concentration which causes a
50% incidence of adverse effects) for comparison of AgNP formulations (Table S1). EC50
values for AgNPs suspended in CaCl2 and UP were significantly lower than for suspensions
in EM. According to the heatmap and EC50 values, we ranked the embryonic toxicity of
AgNPs in EM as: 20AgNPs-C > 20AgNPs-P > 110AgNPs-C ≈ 110AgNPs-P. As expected,
essentially no toxicity was observed from AgNPs suspended in EM due to strong
agglomeration, with the exception of 20AgNPs-P where a low incidence of mortality and
smaller agglomerate size were observed (69.7 nm as shown above). 110AgNPs-P showed
some color gradients in EM, but these are not concentration-dependent and the percentage
was below 30%. Embryonic toxicity in CaCl2 (and similarly UP) was ranked: 20AgNPs-P >
20AgNPs-C > 110AgNPs-P > 110AgNPs-C. AgNPs suspended in CaCl2 and UP caused
higher incidence of mortality at 24 hpf, but only suspension in UP induced adverse
responses at concentrations less than 50 mg/L. The mortality of 20AgNPs-P at 10 mg/L was
87.5 and 50 % in CaCl2 and UP, respectively. Eighty percentage of living embryos exposed
to 10mg/L 20AgNPs-P exhibited the malformations such as yolk sac edema (YSE), eye
defects (EYE) and snout defect (SNOU) etc.

3.4. Size and surface coating dependent toxicity
We demonstrated that smaller 20 nm AgNPs were more toxic than 110 nm AgNPs
regardless of the surface coating. Size influence on AgNPs toxicity has been demonstrated
in fish, fruit fly and cells in culture [3, 5, 12]. These toxicity results were driven by the
altered hydrodynamic diameter of AgNPs due to the test medium [12, 32, 33]. As a
confounding effect, consider that, dry particle size of 10 and 50 nm AgNPs-P increased to
several hundred nm when in suspension [27], and the hydrodynamic diameter of 8 nm
AgNPs-P was > 4 fold larger in a high ionic suspension [37]. Moreover, the effect of test
medium on AgNPs hydrodynamic diameter is rarely considered or reported in published
toxicity reports. Our approach was novel and importantly precise because we controlled the
desired size of AgNPs, with different surface coatings, and by manipulating the electrolyte
concentration of the test medium. The developmental toxicity profile we have generated for
4 different AgNPs is the most accurate ever made for this class of ENMs.

Our results indicated that PVP coating was more toxic than the citrate coating, a departure
from some published reports. Suresh et al demonstrated that AgNPs-C were more toxic than
AgNPs-P [33], and Powers et al reported that the exposure of zebrafish embryos to 10 nm
AgNPs-C caused some mortality and malformations whereas neither 10 nor 50 nm AgNPs-P
were toxic [28]. These studies did not consider agglomeration of AgNPs in suspension thus,
comparative conclusions regarding the influence of coating material are difficult to draw. A
similar limitation was evident in another study reporting surface-coating dependent
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cytotoxicity of AgNPs despite uncontrolled agglomeration in cell culture medium [34].
Some reports have indicated awareness of the agglomeration effect. Yang et al
systematically investigated coating effects on AgNPs toxicity in Caenorhabditis elegans
demonstrating that AgNPs-P was more toxic than AgNPs-C, consistent with this study [37].
They attributed the lower toxicity of AgNPs-C to agglomeration. In conclusion, when
agglomeration is controlled for, the governing trend is for smaller ANPs to be more
developmentally toxic than larger particles. Importantly, the contribution of surface coating
to the toxicity profile is revealed when the confounding effect of agglomeration is
controlled.

3.5. Quantification of silver
We analyzed the silver tissue burden of embryos exposed to AgNP by using ICP-MS. We
could not discern whether silver was internalized by the embryos, remained attached to the
embryo surface, or both. Nor could we establish whether the particulate or ionized forms
were present in the bulk suspension or were generated by interacting with the embryos.
Despite these limitations, we measured a higher level of silver body burden in embryos
exposed to AgNPs suspended in CaCl2 and UP, compared to EM with the exception at a few
concentrations of 20AgNPs-C (2 and 10 mg/L), which suggested that the unagglomerated
AgNPs were more bioavailable. The silver body burden detected in embryos exposed to
110AgNPs-C (micron size when suspended in EM) was probably due to uptake, but to
AgNPs attached to the epithelial surface. A positive correlative relationship existed between
silver body burden of all AgNPs at 50 mg/L and induced toxicity when suspended in CaCl2
(Figure 3, Figure S3). These data were not plotted because the incidence of mortality was
close to 100% and the surviving embryos showed malformations after 24 hpf which was
inappropriate for ICP-MS analysis. We hypothesized that similar amounts of silver released
from AgNPs or silver nitrate are equally toxic, thus silver ion is the toxic driver. We have
analyzed silver body burden of embryos exposed to silver nitrate dissolved in EM, CaCl2
and UP and found that the toxicity of silver nitrate was associated with silver body burden.
Silver nitrate dissolved in CaCl2 and UP was more toxic and embryos had a higher body
burden of silver than when suspended in EM. The greater concentration of cations in EM
reduced the amount of bioavailable free silver ion. The LC50 (lethal concentration where
50% mortality of test species was observed) of silver ion was 1.5 mg/L. There have been
studies on the kinetics of silver ion release from AgNPs demonstrating that smaller AgNPs
released more silver ions [22, 38], and the soluble fraction of silver ions was not affected by
surface coating [20, 37]. Thus, we speculated that the particulate form played a certain role
in uptake and toxicity along with silver ions. Future studies will focus on careful
investigation for the effect of silver ion released from these selected AgNPs in different test
media.

On the other hand, the degree of toxicity in UP was the same as in CaCl2 which resulted
from AgNPs stability; but silver body burden varied in UP. The body burden difference
from embryos exposed to AgNPs in CaCl2 and UP is probably due to embryos physiological
status. Even though the morphological effects of embryos exposed in UP was
indistinguishable from CaCl2, some effects on osmosis may occur, which would influence
the uptake of silver ions and the particulate form. In addition, the complexation of Ag+ with
Cl− could affect the bioavailability of AgNPs.

4. Conclusions
In conclusion, the toxicity of AgNPs and tissue burden was strongly correlated to their
stability in the selected media, and that the biological responses varied depending on size
and surface coating. Although the NCL thoroughly characterized these NPs, the
experimental physicochemical properties and behavior of AgNPs are greatly influenced by
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the test medium, and no other model but the embryonic zebrafish offered the experimental
power and flexibility to make this discovery. Attempts at hazard identification of ENMs
toxicology must take carefully into regards the ionic environment and NP agglomeration
state to generate accurate assessments of NP hazard.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The UV-vis absorbance spectra of (a) 20AgNPs-P, (b) 20AgNPs-C, (c) 110AgNPs-P and (d)
110AgNPs-C suspended in embryo media, 62.5 μM CaCl2 and ultrapure water. The
concentration of each sample is 20 mg/L.
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Figure 2.
Heatmap of biological responses of 4 types of AgNPs suspended in embryo media, 62.5 μM
CaCl2 and ultrapure water. The colors represent the percentage of effected embryos.
Embryos were exposed to 5 concentrations of AgNPs (0, 0.08, 0.4, 2, 10, 50 mg/L) from
6-120 hpf and evaluated for mortality and adverse effects (including malformations).
Mortality was assessed at both 24 and 120 hpf, while only the surviving embryos at 120 hpf
were evaluated for 16 morphological malformations (n = 16, two replicates). When 100%
mortality was observed, the endpoints were grayed out to illustrate there were no survivors
at that concentration. Endpoint evaluated are defined as follows: MO24 = mortality observed
at 24 hpf; DP24 = developmental progression at 24 hpf; SM24 = spontaneous movement at
24 hpf; NC24 = notochord malformation at 24 hpf. Endpoints evaluated at 120 hpf were:
MORT = cumulative mortality; YSE = yolk sac edema; AXIS = axis defects; EYE = eye
defects; SNOU = snout defect; JAW = jaw defect, OTIC = otic (ear) defect; PE = pericardial
edema; BRAI = brain defect; SOMI = somite defect; PFIN and CFIN = pectoral and cadual
fin defect; PIG = pigmentation abnormalities; CIRC = circulation defects; TRUN = trunk
defect; SWIM = swim bladder abnormalities; NC = notochord defect at 120 hpf and TR =
touch response abnormality.
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Figure 3.
Silver tissue burden of zebrafish embryos exposed to 4 types of AgNPs suspended in
embryo media, 62.5 μM CaCl2 and ultrapure water. Error bars represent mean ± SE of three
replicates.
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Table 1

The hydrodynamic diameter of 4 different AgNPs in 3 different test media.

Diameter (± S.D)
(nm)a

20AgNPs-P 20AgNPs-C 110AgNPs-P 110AgNPs-C

NCL b 26.0 24.0 112.3 104.2

2mM NaCl 29.3 ± 1.4 25.2 ± 0.5 104.9 ± 2.6 110.2 ± 6.5

Embryo media 69.7 ± 2.7 3078.4 ± 400.7 691.8 ± 40.3 1400.5 ± 91.2

62.5 μM CaCl2 30.5 ± 1.2 25.3 ± 0.3 107.8 ± 3.9 104.1 ± 3.2

Ultrapure water 31.4 ± 0.8 26.1 ± 0.8 123.2 ± 0.9 100.4 ± 2.1

a
These values are averaged on the intensity basis over all size populations.

b
Taken from table in the overview of the NCL report. These values are of the average of multiple experiments.
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