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ABSTRACT: Currently, effects of nanomaterials and their ions,
such as silver nanoparticles (Ag NPs) and silver ions (Ag"), on
living organisms are not yet fully understood. One of the vital
questions is whether nanomaterials have distinctive effects on
living organisms from any other conventional chemicals (e.g., their
ions), owing to their unique physicochemical properties. Due to
various experimental protocols, studies of this crucial question have
been inconclusive, which hinders rational design of effective
regulatory guidelines for safely handling NPs. In this study, we
chronically exposed early developing zebrafish embryos (cleavage-
stage, 2 hours post-fertilization, hpf) to a dilution series of Ag* (0—
1.2 M) in egg water (1 mM NaCl, solubility of Ag* = 0.18 yM) until 120 hpf. We systematically investigated effects of Ag* on
developing embryos and compared them with our previous studies of effects of purified Ag NPs on developing embryos. We found
the concentration- and time-dependent effects of Ag" on embryonic development, and only half of the embryos developed normally
after being exposed to 0.25 uM (27 ug/L) Ag' until 120 hpf. As the Ag" concentration increases, the number of embryos that
developed normally decreases, while the number of embryos that became dead increases. The number of abnormally developing
embryos increases as the Ag* concentration increases from 0 to 0.3 uM and then decreases as the concentration increases from 0.3 to
1.2 uM because the number of embryos that became dead increases. The concentration-dependent phenotypes were observed,
showing fin fold abnormality, tail and spinal cord flexure, and yolk sac edema at low Ag* concentrations (<0.2 yM) and head and
eye abnormalities along with fin fold abnormality, tail and spinal cord flexure, and yolk sac edema at high concentrations (>0.3 uM).
Severities of phenotypes and the number of abnormally developing embryos were far less than those observed in Ag NPs. The results
also show concentration-dependent effects on heart rates and hatching rates of developing embryos, attributing to the dose-
dependent abnormally developing embryos. In summary, the results show that Ag* and Ag NPs have distinctive toxic effects on early
developing embryos, and toxic effects of Ag" are far less severe than those of Ag NPs, which further demonstrates that the toxicity of
Ag NPs toward embryonic development is attributed to the NPs themselves and their unique physicochemical properties but not the
release of Ag* from the Ag NPs.
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Bl INTRODUCTION

Nanomaterials possess unique physicochemical properties that
distinguish them from bulk materials and ions, owing to their
small size and large surface area. It remains an open question
about whether the effects of nanomaterials on living organisms
and human health are unique or like either their bulk materials
or ions.'~” Addressing this crucial question effectively would
enable rational design of regulatory guidelines of nanomaterials
for safe handling and manufacturing of nanomaterials and
accelerating safe applications of nanomaterials and nano-
technology. Notably, toxic effects of heavy metals and their
ions have been widely studied over decades. Therefore,
transferring this knowledge to better understand nanotoxicity
would accelerate the safe manufacturing of nanomaterials.
Silver metal, Ag NPs, and Ag" possess distinctive
physicochemical properties and have been used for a wide
range of applications. For example, silver metal possesses the
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highest conductivity and reflectivity of all metals and has been
widely used in electronics, equipment, catalysis, traditional
photography, jewelry, and foodware. Silver metal and ions
exhibit antimicrobial effects and have been used in
medicine.”~"" Furthermore, Ag" exhibit toxicity toward a
wide range of living organisms, and EPA has set National
Secondary Drinking Water Regulations (NSDWRs) that state a
safe limit of Ag* in drinking water at 0.10 mg/L."” Studies have
shown that bare Ag NPs exhibit distinctive size-dependent

Received: August 26, 2022
Accepted: October 10, 2022
Published: October 26, 2022

https://doi.org/10.1021/acsomega.2c05504

40446 ACS Omega 2022, 7, 4044640455


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martha+S.+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Preeyaporn+Songkiatisak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pavan+Kumar+Cherukuri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Hong+Nancy+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c05504&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05504?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05504?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05504?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05504?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c05504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

localized surface plasmonic resonance (LSPR) optical proper-
ties'"> ' and dose-dependent antibacterial effects and toxicity
toward living organisms.*”*'"'°"'" Ag NPs have been
increasingly used in consumer products (e.g., clothing and
home appliances),””*" as well as in biomedical applications
(e.g., antimicrobial agents, biosensors, and imaging
probes).""'7**7° We have found that low-dose Ag NPs and
surface-modified Ag NPs are biocompatible, and they can be
used as photostable imaging probes and single-molecule
nanoparticle optical biosensors for real-time study of the
signaling transduction pathway of single live cells, multidrug
membrane transporters of single live cells, and embryonic
nanoenvironments of developing zebrafish embryos.'"'7**~°
We have also used Ag NPs as antibiotic drug nanocarriers to
study the size-dependent inhibitory effect of drug nanocarriers
against Gram-positive and Gram-negative bacteria.'”*"** Our
studies have demonstrated that purified Ag NPs show dose-
dependent and surface-dependent antibacterial effects by
disrupting the cellular membrane and clogging the membrane
transport.' *® Furthermore, we have systematically studied the
dependence of effects of purified Ag and Au NPs on early
developing zebrafish embryos on dose, size, surface charge,
surface-modified molecules, and chemical properties of the
purified NPs and developmental stages of zebrafish em-
bryos.*”7'®*373% Our studies show that the effects of the NPs
on embryonic development highly depend upon the size, dose,
chemical properties, surface charge, and modified molecules of
the NPs, as well as developmental stages of em-
bryos.~716:33-35

Our previous studies show that the effects of the NPs on
embryonic development were caused by Ag NPs but not
Ag*. o195 Our NPs were purified, and we did not observe
any substantial release of Ag" from Ag NPs during the
exposure of embryos to Ag NPs. Nonetheless, a wide range of
other studies reported conflicting findings. Many of these
studies did not use purified Ag NPs and did not quantitatively
characterize the concentration of Ag NPs and assumed that the
toxicity of Ag NPs toward live cells and embryonic
development was attributed to the release of Ag" from Ag
NPs.>" 7% Residual of Ag* that were used to synthesize Ag
NPs would be present in Ag NPs suspended in the solution.
Therefore, it is crucial to wash and purify the NPs and collect
the supernatant that resulted from washing NPs for control
experiments, in order to study the distinctive effects of Ag NPs
and Ag" on living organisms. Otherwise, the findings would be
misleading. For example, some studies reported the observa-
tion of different toxicities of Ag NPs and AgJ'.ZI’”_42 However,
many of these studies did not clearly describe the distinction of
their effects quantitatively. Furthermore, many of these studies
used either capped Ag NPs or unpurified Ag NPs.”"**~*
Some of these studies investigated the effects of Ag NPs and
Ag" on cultured cells, which could not offer the study of their
effects on downstream signaling pathways and interactions of
various cells in living organisms.

Unlike in vitro cultured cells, early developing zebrafish
embryos offer the unique opportunity to study toxic effects of
Ag NPs and Ag" on interactions and communications among
all cell types in an intact living organism. Notably, differ-
entiation of embryonic stem cells of early developing embryos
is especially sensitive to toxic effects, which can serve as
ultrasensitive in vivo assays to study toxicity of NPs and ions.
Furthermore, early developing zebrafish embryos have
distinctive advantageous over other in vivo model organisms

(e.g, mouse and rat).***~* For instance, zebrafish embryonic
development exhibits well-defined developmental stages, and
the embryos are translucent and develop outside their mothers,
which enables real-time ima§ing of pathological and maldevel-
opment phenotypes in vivo. #4746 Moreover, zebrafish (Danio
rerio) share similar genetic phenotypes and drug binding sites
as those in humans and have been used as in vivo model
organisms for screening of eflicacies of therapeutic agents and
toxicities of conventional chemicals.*’ ~>° Massive amounts of
zebrafish embryos can be generated rapidly at a very low cost,
and zebrafish embryos fully develop rapidly within 120 hpf,
enabling them to serve as ideal inexpensive in vivo assays to
study biocompatibility, pharmacological efficacy, and toxicity
of nanomaterials and ions. We have pioneered the use of early
developing zebrafish embryos for the study of nanotoxicity and
have used them as ultrasensitive in vivo assays to systematically
study the dependence of effects of purified Ag and Au NPs on
developing embryos on dose, size, surface charge, surface-
modified molecules, and chemical properties of the purified
NPs and developmental stages of zebrafish em-
bryos.~7/16:33-35

In this study, we used identical approaches to those used for
the study of Ag NPs and quantitatively and systematically
investigated the effects of Ag" on early developing zebrafish
embryos by chronically exposing early developing zebrafish
embryos (2 hpf, cleavage-stage embryos) to egg water
(embryonic medium, 1 mM NaCl) containing a dilution
series of Ag" concentrations (0, 0.05,0.1, 0.2, 0.3, 0.4, 0.8, and
1.2 uM), instead of Ag NPs. We then compared the
concentration-dependent toxicity of Ag" on embryonic
development with those of Ag NPs using their critical
concentration at which only half of the embryos developed
normally and concentration-dependent developmental pheno-
types, aiming to determine their distinctive effects on
embryonic development. We also studied the concentration-
dependent heart rate and hatching time of normally developing
and abnormally developing embryos that were chronically
exposed to Ag® over 120 hpf, aiming to understand their
underlying mechanisms.

B MATERIALS AND METHODS

Reagents and Supplies. Deionized (DI) water (18 MQ,
Barnstead) was used to prepare all solutions. Silver nitrate
(AgNO;, >99%, SigmaUltra) was purchased from Sigma. Stock
solutions of AgNOj; in DI water were prepared and stored in
the dark at 4 °C until they were used.

Breeding and Monitoring of Zebrafish Embryos.
Wild-type adult zebrafish were housed in a stand-alone system
(Aquatic Habitats), and they were maintained and bred, as we
reported previously.*””'**73% Specifically, we placed four
female adult zebrafish with three male adult zebrafish in a 10.0
L breeding tank (Pentair Aquatic Habitats) containing the
fresh circulated system water and maintained it at 28.5 °C
around 7 PM. A light (14 h) and dark (10 h) cycle was used to
trigger breeding and fertilization of embryos. Once the light
was on the next morning, eggs were laid and fertilized. Healthy
fertilized embryos were collected and placed in the fresh
system water using a siphoning collection hose, then
transferred into a Petri dish containing egg water (1.0 mM
NaCl), and washed three times with egg water to remove the
surrounding debris. The healthy embryos were imaged,
selected, and used for the experiments. All experiments
involving embryos and zebrafish were conducted using the
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Figure 1. Experimental design for the study of concentration- and time-dependent toxic effects of Ag* on embryonic development of zebrafish: (A)
cleavage-stage embryos (2 hpf) were exposed to various concentrations (0—1.20 uM) of AgNOj; over 120 h at 28.5 °C and imaged every 24 h. (B)
Representative developmental stages of normally developing embryos: (a) germ-ring stage (8—10 hpf), (b) late segmentation stage (24 hpf), (c)
hatching stage (48 hpf), (d) protruding mouth pharyngula stage (72 hpf), and (e) fully developed larvae’s (120 hpf) lateral view. (C) Dead
embryos. (D) Abnormally developed zebrafish larvae at 120 hpf show (a—d) fin fold abnormality, (b—d) tail/spinal cord flexure and truncation,
(e—g) pericardial sac edema and yolk sac edema, and (h) eye and head abnormities and pericardial sac edema and yolk sac edema. The larvae with
eye and head developmental abnormalities are often accompanied with multiple types of other deformities. Scale bar for (A—D) = 500 um.

approved protocols (protocol no. 15-012) in compliance with
Institutional Animal Care and Use Committee (IACUC)
guidelines.

Study of Concentration-Dependent Toxicity of Ag*
on Embryonic Development. Once embryos reached the
cleavage stage (~2 hpf), embryos were incubated with egg
water (1.0 mM NaCl) containing a dilution series of AgNO,
(0.00, 0.05, 0.10, 0.20, 0.30, 0.40, 0.80, and 1.20 M or 0, 5.4,
10.8, 21.6, 32.4, 43.2, 86.4, and 129.6 pug/L) in 24-well plates
with one embryo per well containing a 2 mL solution for 120
h, as shown in Figure 1. The plates were incubated in a water
bath at 28.5 °C for 120 h under dark conditions to prevent the
photoreaction of Ag’. The developing embryos were imaged
and recorded to observe their development, heartbeats,
hatching, and phenotypes, over time at 2, 4, 24, 48, 72, 96,
and 120 hpf using bright-field optical microscopy (an inverted
microscope, Zeiss Axiovert) equipped with a CCD camera
(Coolsnap, Roper Scientific) and a color camcorder (Sony).
Twelve embryos with one embryo per well for each given
concentration of Ag* were studied individually as one trial.
Three replicates with the total number of 36 embryos with one
embryo in an independent well containing each given
concentration of Ag* were studied individually.

Quantitative Study of Concentration-Dependent
Effects of Ag* on the Heartbeat of Developing Embryos
and Larvae. Videos of heartbeats of developing embryos
exposed to the given concentrations of AgNO; (0.00, 0.0,
0.10, 0.20, 0.30, 0.40, 0.80, and 1.20 uM) at 24, 48, and 120
hpf were acquired in real time using a digital camcorder (Sony)
and a CCD camera (Coolsnap Ez, Roper Scientific) with 100
frames per second over time. The videos were analyzed to
determine the heart’s contractions and heartbeat per minute
(BPM) for each embryo at each given time.

Study of Concentration-Dependent Effects of Ag* on
the Hatching Rate of Developing Embryos. Videos and

images of developing embryos exposed to the given
concentrations of AgNO; (0.00, 0.0S, 0.10, 0.20, 0.30, 0.40,
0.80, and 1.20 M) around hatching stages (46—96 hpf) were
acquired in real time every 2 h until 120 hpf using a digital
camcorder (Sony) and a CCD camera (Coolsnap Ez, Roper
Scientific), to determine newly hatched larvae emerging from
the embryonic barrier of the chorions. Abnormalities of
hatched larvae were also thoroughly imaged, recorded, and
analyzed. The hatching rates at each 10 h duration, 46—56,
57—66, 6776, 77—86, and 87—96 hpf, were determined by
dividing the number of newly hatched embryos at each given
10 h duration by the total number of developing embryos
incubated with the given concentration of Ag".

Data Analysis and Statistics. For each trial, a minimum
of 12 embryos (each embryo in a well) were exposed to each
given concentration of AgNO; individually. Each experiment
was performed at least three times. Therefore, a minimum of
36 embryos exposed to each given concentration of Ag* (each
embryo treated with the concentration in a well individually)
were studied to gain sufficient data for statistical analysis,
permitting the study of the effects of Ag" on a large population
of embryos at the single-embryo resolution. The mean of three
measurements (12 embryos for each concentration and each
trial) with a standard deviation of the number of normally
developing, abnormally developing, and dead embryos versus
the concentration of Ag" over time is used to study Ag"
concentration-dependent and exposure time-dependent effects
of Ag" on the embryonic development (Figure 2). The overall
distribution of phenotypes of abnormally developed embryos
from all three measurements (36 embryos) over the
concentration of Ag* is presented in Figure 3. We use the
mean of three measurements (12 embryos for each
concentration and each measurement) with a standard
deviation of the heartbeat (min™') of normally developing
and abnormally developing embryos versus the concentration

https://doi.org/10.1021/acsomega.2c05504
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Figure 2. Concentration- and time-dependent toxic effects of Ag" on
embryonic development of zebrafish. Histograms of the percentage of
embryos that developed normally (green), abnormally (blue), or
became dead (red) versus the concentration of Ag* for cleavage-stage
embryos (2 hpf) that were chronically exposed to each given
concentration of Ag" until (A) 4, (B) 24, (C) 48, (D) 72, (E) 96, and
(F) 120 hpf show that the toxic effects of Ag® on embryonic
development highly depend on the concentration of Ag" and exposure
time. As the Ag® concentration increases and as the exposure time
increases, the number of embryos that developed normally decreases.
Only half of the embryos developed normally at 120 hpf in the
presence of 0.25 yM Ag" (a critical concentration). Abnormalities of
developing embryos (24—120 hpf) were determined and charac-
terized by comparing them with respective developmental stages of
normally developing embryos in the absence of Ag® (control
experiments). The developing embryos were followed closely
throughout the entire duration of the experiment over 120 h, and
their phenotypes were scored and classified as summarized in Table 1.

of Ag* at 24, 48, and 120 hpf to study dose-dependent effects
of Ag" on the heartbeat of developing embryos (Figure 4). The
overall distribution of the percent of hatched embryos from all
three measurements over the concentration of Ag" over time is
presented in Figure S. Conventional statistical analysis
methods (t-test, ANOVA, Tukey’s, SigmaStat 3.5 with P =
0.05) were used to determine the significance of the different
observations among all concentrations (Figures 2 and 4). A
pairwise t-test comparison was performed to evaluate the
distribution of deformities over the concentration of Ag" in
Figure 3.

B RESULTS AND DISCUSSION

Study of Concentration- and Time-Dependent Effects
of Ag* on Embryonic Development. To study the
concentration-dependent effect of Ag" on embryonic develop-
ment, we chronically incubated cleavage-stage zebrafish

embryos (~2 hpf) in egg water (embryonic medium, 1 mM
NaCl) containing a dilution series of AgNO; (0—1.20 uM) at
28.5 °C over 120 h and imaged vital embryonic developmental
stages at 4, 24, 48, 72, 96, and 120 hpf (Figure 1 and Table 1).
The number of normally developing embryos, abnormally
developing embryos with specific phenotypes, and dead
embryos were recorded and plotted against the concentration
of Ag" at each respective developmental stage (Figure 2). The
results show that all embryos incubated with egg water
containing Ag* (0—1.2 uM) were alive and developed normally
at 4 hpf (Figure 2A). As the exposure time of developing
embryos to Ag" increases to 24 hpf (Figure 2B), as the Ag"
concentration increases, the number of normally developing
embryos decreases from 100% at 0.05 M to 81% at 0.30 uM
and 28% at 1.20 uM, while the number of dead embryos
increases from 3% at 0.10 uM to 72% at 1.2 uM, and
abnormally developing embryos (6%) were observed only at
0.4 uM (Figure 2B). Similar results were observed at 48 hpf
(Figure 2C).

As the exposure time of developing embryos to Ag"
increases to 72 hpf (Figure 2D), as the Ag® concentration
increases, the number of normally developing embryos
decreases drastically from 97% at 0.05 M to 36% at 0.30
#M and 3% at 1.20 uM, while the number of dead embryos
increases rapidly from 3% at 0.05 yM to 89% at 12 uM.
Interestingly, a considerable number of abnormally developing
embryos were observed, which increases with the Ag"
concentration from 6% at 0.10 uM, 8% at 0.20 uM, and 36%
at 0.3 uM, and then decreases as the Ag" concentration
increases to 28% at 0.40 uM, 19% at 0.80 uM, and 8% at 1.2
uM, attributing to the increase of dead embryos as the Ag*
concentration reaches 0.3 #M and beyond. As the exposure
time of developing embryos to Ag" increases further to 96 hpf
(Figure 2E), similar trends were observed. The number of
normally developing embryos decreases further from 97% at
0.05 uM to 28% at 0.30 uM, and none of embryos developed
normally at 0.80 uM or higher concentrations, while the
number of dead embryos increases from 3% at 0.05 uM to 92%
at 1.2 yM. The number of abnormally developing embryos
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Figure 4. Concentration- and time-dependent effects of Ag" on heart
rates of developing embryos treated chronically with Ag* from the
cleavage stage (2 hpf) until 120 hpf. (A) Plot of the heart rate of
normally developing embryos versus the concentration of Ag* at (a)
24 (solid triangles), (b) 48 (solid squares), and (c) 120 hpf (solid
diamonds). (B) Plot of the heart rate of abnormally developing
embryos versus the concentration of Ag" at (a) 24 (triangles), (b) 48
(squares), and (c) 120 hpf (diamonds). (C) Total number of
developing embryos used for measuring the heart rates at the given
concentration and given time point in (A,B): (a) normally developing
embryos at 24 hpf (solid cyan bars), (b) abnormally developing
embryos at 24 hpf (cyan diagonal-filled bars), (c) normally developing
embryos at 48 hpf (red empty bars), (d) abnormally developing
embryos at 48 hpf (red-patterned bars), (e) normally developed
larvae at 120 hpf (green-filled white-dotted bars), and (f) abnormally
developed larvae at 120 hpf (green-dotted bars).

increases with the Ag* concentration from 3% at 0.10 yM to
8% at 0.20 uM and 42% at 0.30 uM and then decreases as the
Ag" concentration increases to 17% at 0.40 uM and 8% at 1.2
#M, owing to the increase of dead embryos at the higher
concentration (>0.30 uM). As the exposure time of developing
embryos to Ag® increases further to 120 hpf (Figure 2F),
concentration-dependent toxic effects of Ag* on embryonic
development are similar to those observed at 96 hpf (Figure
2E).

Taken together, the results in Figure 2 show the significant
concentration-dependent and time-dependent toxic effects of
Ag" on embryonic development, indicating the critical
concentration of 0.25 M at which only 51% of chronically
treated cleavage-stage embryos developed normally at 120 hpf.
Significant toxic effects of Ag" on embryonic development
were observed as early as 24 hpf (22 h incubation) and reached
the maximum effects at 72 hpf (70 h incubation) and remained

0%
0.00 0.05 0.10 0.20 0.30

Cag+ (UM)

Figure S. Concentration-dependent effects of Ag* on hatching rates of
developing embryos treated chronically with Ag® from the cleavage
stage (2 hpf) until 120 hpf. Histogram of the percentages of
developing embryos that successfully hatched during exposure to each
given concentration of Ag’. (A) Normally developed and (B)
abnormally developed larvae hatched during (a) 46—56 (violet
diagonal-filled bars), (b) 57—66 (red empty bars), (c) 67—76 (cyan-
patterned bars), (d) 77—86 (solid pink bars), and (e) 87—96 hpf
(maroon-filled white-dotted bars) and (f) unhatched at 120 hpf
(orange-ball-filled bars). The hatching of embryos was imaged and
recorded every 2 h during their exposure to the given concentration of
Ag". The percentage of embryos that hatched during each given
period versus the concentration of Ag® is calculated by dividing the
hatched embryos by the total number of embryos at each given
concentration, and it is presented cumulatively from all three
measurements.

nearly plateaued after that. The results demonstrate that the
early developing embryos are more sensitive to the effects of
Ag", suggesting that fully developed larvae are more resilient
against toxic effects of Ag* than early developing embryos.
The histogram of the number of abnormally developed
embryos with specific phenotypes at 120 hpf versus the
concentration of Ag" in Figure 3 and Table 1 shows that
developmental phenotypes highly depend upon the concen-
tration of Ag*. At the lower concentration (0.1 #uM), only one
abnormally developed larva with fin fold abnormities, tail and
spinal cord flexure and truncation, and pericardia sac edema
and yolk sac edema was observed. As the concentration
increases to 0.2 uM and higher, additional phenotypes of head
and eye abnormalities were observed, and the severity of
abnormalities also increases, as summarized in Table 1. We
ranked the severity of developmental phenotypes based upon
the morphological deviations from the normally developed
larvae using a scoring system that we developed for the stud
of effects of Ag NPs on embryonic development.*™”*3373
For example, we semiquantitatively assigned the scale
deformity from 0 (normal) to 4 (the severest) to rank the
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Table 1. Summary of Concentration-Dependent Toxicity of Ag* on Embryonic Development”

Number of zebrafish with Number of zebrafish with
Severity Scalet Severity Scale’
(?1?\3;) Images of Zebrafish 0 1 2 3 4 |Number of Dead Embryos (iﬁ) Images of Zebrafish 0 1 2 3 4 [Number of Dead Embryos|
Normal Development 35 1 Fin fold Abnormities 6 1™ | 4 24
0 B B
e R ﬁ. “ £
Fin fold Abnormities 34 1~ 1 Tail & Spinal Cord Flexures and Truncations 5*
— 3
Tail & Spinal Cord Flexures and Truncations 1* . _
Pericardial Sac Edema, Yolk Sac Edema, 1% | 5
Head and Eye Abnormalities
0.1 -
Pericardia Sac Edema & Yolk Sac Edema 1* T
i Fin fold Abnormities 0 6* 30
Fin fold Abnormities 28 2* |1 5 l ‘ l
' l - Tail & Spinal Cord Flexures and Truncations 5*
1 0.8
| Tail & Spinal Cord Flexures and Truncations 1* i
|
0.2 Pericardial Sac Edema, Yolk Sac Edema, &
Head and Eye Abnormalities
Pericardial Sac Edema, Yolk Sac Edema, o | 1+ , ' ‘
Head and Eye Abnormalities 0
‘- m Fin fold Abnormities 0 2* 33
Fin fold Abnormities 9 2 |4 |9 12 - ! ‘
wad - Tail & Spinal Cord Flexures and Truncations A
Tail & Spinal Cord Flexures and Truncations 1| 8 -
0.3 -
Pericardial Sac Edema, Yolk Sac Edema, 4 g+ Pericanﬁialdoachgemib olk Sﬁ.c Edema, 1™ 2*
Head and Eye Abnormalities ead and Eye Abnormalities
|

“"The severities of phenotypes of developed zebrafish larvae are scored using the scale of 1 as the least severe deformed larvae and 4 as the most
severe deformity, and zero is the normally developed zebrafish larvae. *Those severely deformed larvae with multiple types of deformities (two or
more) are listed in multiple categories and scored higher and marked with an asterisk (*). Scale bar = 500 ym for all images.

severities of fin fold abnormality, tail and spinal cord flexure
and truncation, pericardia sac edema and yolk sac edema, and
head and eye abnormality, respectively. The larvae with a high
degree of eye and head abnormalities were often accompanied
with other abnormalities (e.g, fin fold abnormality, tail and
spinal cord flexure and truncation, and pericardia sac edema
and yolk sac edema), suggesting that the interconnectivity of
developmental pathways and downstream pathways of head
development could potentially lead to other deformities.
Study of Concentration-Dependent and Time-De-
pendent Effects of Ag™ on Heartbeats of Developing
Embryos. The heartbeats of normally developing embryos at
24, 48, and 120 hpf were measured and plotted against the Ag"
concentration in Figure 4A, showing that the heartbeats of
normally developing embryos at 24, 48, and 120 hpf in the
absence of Ag" are 76 + 11, 117 &+ 9, and 148 + 16 beats per
min (BPM), respectively. The result demonstrates that the
heartbeats of normally developing embryos increase as the 24
hpf embryos develop to the 120 hpf larvae. As the
concentration of Ag" increases from 0 to 0.1 uM, the
heartbeats of normally developing embryos at 24, 48, and

40451

120 hpf remain essentially unchanged. As the concentration
increases further from 0.1 to 0.8 uM, the heartbeats of
normally developing 24 hpf embryos remain essentially
unchanged. Interestingly, as the concentration increases from
0.0S to 0.4 uM, the heartbeats of normally developing 48 hpf
embryos gradually decrease from 121 + 8 to 77 BPM. Notably,
as the concentration increases from 0.05 to 0.3 uM, the
heartbeats of normally developed 120 hpf larvae remain
essentially unchanged. As the concentration increases further
from 0.3 to 0.4 uM, the heartbeats of 120 hpf larvae decrease
sharply to 83 &+ 3 BPM. As the concentration of Ag® increases
to 0.8 uM and higher, only abnormally developed 48 and 120
hpf larvae were observed. The results in Figure 4A show that
effects of Ag" on the heartbeats of developing embryos highly
depend upon the concentration, exposure time, and devel-
opmental stage. At 24 hpf, the heart was being developed and
the heartbeat just started, and the developing embryos were
exposed to Ag' only for 22 h. Thus, the concentration-
dependent effects of Ag* on heartbeats of 24 hpf developing
embryos are less pronounced. As the exposure time increases,
the concentration-dependent effects of Ag" on heartbeats of 48
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hpf developing embryos become more pronounced, while the
effects of Ag"™ on the heartbeats of normally developed 120 hpf
larvae become even more striking as the concentration
increases from 0.3 to 0.4 uM.

The heartbeats of abnormally developing embryos at 24, 438,
and 120 hpf are considerably lower than those of normally
developing embryos at the respective developmental stage,
correspondingly. The heartbeats of abnormally developing
embryos are highly associated with phenotypes, and they vary
substantially. In general, the 120 hpf deformed larvae still show
faster heartbeats than 24 and 48 hpf abnormally developing
embryos. However, for the severely deformed larvae at 120 hpf,
the heartbeats could be as slow as 24 BPM. Taken together,
the results in Figure 4 show that the heartbeats of the
developing embryos and larvae highly depend upon the
concentration of Ag, the development stages and deformities
of embryos.

Study of Concentration-Dependent Effects of Ag* on
the Hatching Timeline of Developing Embryos. Zebra-
fish embryos hatch out of their chorions after organogenesis
for survivability during 48—72 hpf. Individual embryos hatch
sporadically during the whole third day of development and
occasionally later. Thus, the timeline of hatching is not
typically used as a staging index for the zebrafish development.
Nonetheless, if the embryos stay inside the chorion for too
long, it could lead to abnormal growth of embryos. During
natural hatching, the chorion is digested from the inner surface
by chorionlytic enzymes (e.g., chorionase) using a biochemical
mechanism followed by mechanical mechanisms (e.g., tail
movements) to further help the embryo to break the remaining
chorion and free itself>' Studies have shown the delay in
hatching after exposure to various toxins.””>”> Mechanisms of
the delay are not yet fully understood though the hardening of
the outer layer of the chorion was assumed to make it difficult
for the embryo to break free.

We studied the dependence of the hatching timeline of
embryos on the Ag" concentration and embryonic devel-
opmental deformity. The results in Figure SA show that
majority of normally developing embryos hatched by 66 hpf as
embryos were chronically exposed to a lower concentration of
Ag* (0.05—0.1 uM), which are similar to those in the absence
of Ag* (the control experiment). As the concentration of Ag"
increases to 0.2 and 0.3 uM, a substantial number of embryos
hatched by 76 hpf. Interestingly, embryos with various
hatching times during 46—96 hpf were observed as the
embryos were chronically exposed to 0.2 uM Ag* over 120 h,
suggesting that individual embryos possess various distinctive
responses to the toxic effects of Ag" on embryonic develop-
ment. As the concentration increases to 0.3 yuM and beyond,
the number of embryos that became dead and deformed
increases drastically, and normally developing embryos hatched
during 46—76 hpf, suggesting that those embryos that did not
hatch by 76 hpf could be dead or developed abnormally.
Notably, as the concentration increases further to 0.4 #M, the
majority (67%) of normally developing embryos hatched
during 46—56 hpf, 16% of them hatched during 67—76 hpf,
while 17% of them did not hatch by 120 hpf. As the
concentration increases to 0.8 M, none of embryos hatched
before 66 hpf, and all normally developing embryos hatched at
67—76 hpf.

The abnormally developing embryos were observed after
they were chronically treated with Ag" (0.10—1.20 uM) for
120 hpf. A substantial number of the abnormally developing

embryos did not hatch, as shown in Figure 5B, which might be
attributed to a delay in chemical release of hatching enzymes
(e.g., chorionase) to digest the chorion and a lack of physical
strength to move and break free out of the chorion due to
deformities. As the concentration of Ag" increases to 0.3 uM,
75% of abnormally developing embryos show various hatching
times (46—96 hpf), and 25% of them did not hatch by 120 hpf.
Taken together, the result in Figure 5 shows that the hatching
timeline of developing embryos highly depends upon the Ag*
concentration, and the concentration-dependent embryonic
hatching timelines are not linear. The result suggests that
multiple factors might affect the hatching timeline of
developing embryos, and concentration-dependent abnormal-
ities of developing embryos (Figures 2 and 3 and Table 1)
could cause the delay of hatching or the inability to hatch.

New Findings in Comparison of This Study with Our
Previous Studies of Ag NPs. The experiments in this study
were conducted using the same approaches and the same
conditions as those used in our previous studies of effects of Ag
NPs on embryonic development of embryos,*”*'*** which
enables the comparison of findings from the study of effects of
Ag" on embryonic development with those of Ag NPs. In the
presence of egg water (zebrafish embryonic medium, 1 mM
NaCl), the highest concentration of free Ag" is 0.18 uM (19.4
ug/L) since the solubility product constant (KSP) of AgCl at 25
°C is 1.80 X 107'%. The presence of Ag" concentration higher
than 0.18 yM would lead to the generation of AgCl colloid
NPs. The results from this study show that only 51% of
cleavage-stage embryos (2 hpf) developed normally after being
chronically treated with 0.25 M Ag" until 120 hpf, indicating
a critical concentration of Ag* at 0.25 uM, which is higher than
the solubility of Ag* 0.18 yM in egg water. We observed only
one or two abnormally developed embryos out of 36 embryos
that were chronically treated with a given concentration of Ag*
(0.1 or 0.2 uM) until 120 hpf (Table 1). As the concentration
of Ag" increases, the number of embryos that became dead
increases with the concentration. All embryos either became
dead or developed abnormally after being chronically treated
with 0.8 yM Ag" or higher until 120 hpf.

Our previous studies show that ~50% of cleavage-stage
embryos developed normally after being chronically treated
with 80, 50, and 3.5 pM of 11.6 + 3.5,41.6 9.1, and 97 + 13
nm Ag NPs until 120 hpf, respectively."””'***=>> The
solubility of Ag" is 0.18 yuM (19.4 ug/L) in the presence of
egg water (1 mM NaCl). If 4%, 0.16%, or 0.18% of 80, S0, and
3.5 pM of 11.6 + 3.5, 41.6 + 9.1, and 97 + 13 nm Ag NPs
were released as Ag', it would generate 0.18 uM Ag’
respectively. However, the embryos treated with Ag NPs
until 120 hpf developed to larvae with much more severe
deformities than those treated with Ag®, and some of the
deformities (e.g, severe cardiac malformation and no head)
were only observed in the embryos treated with Ag NPs but
not Ag". Furthermore, our previous studies show that the
effects of Ag NPs on embryonic development highly depend
upon the sizes of Ag NPs, and the large Ag NPs created more
severe effects on embryonic development than small NPs,
which further demonstrates that the effects of Ag NPs on
embryonic development are attributed to the NPs themselves
and their uniglue physicochemical properties but not the
release of Ag".”**

As we described in our previous studies,
molar concentration of single Ag NPs (but not Ag atoms or
ions) was used to study the concentration-dependent effect of

4-7,16,33—35
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Ag NPs on embryonic development. Like distinctive
molecules, differently sized Ag NPs have their distinctive NP
(molecular) weights and physicochemical properties (e.g,
surface area, reactivity, size, weight, and optical properties).
Therefore, the molar concentration of the NPs (moles of NPs
divided by the solution volume) is proportional to the number
of single NPs and their surface areas. Unlike conventional
chemicals, the weight/volume (w/v) of the Ag atom is not
proportional to the surface properties and number (doses) of
Ag NPs. Thus, the Ag NPs should not be described by the
same atomic weight of Ag or w/v of the Ag atom or ions but
the molar concentration of Ag NPs.

Furthermore, in our previous studies, we did not observe the
release of Ag" from Ag NPs because LSPR spectra of single Ag
NPs remained unchanged over 120 h of their incubation with
egg water.* 771933735 If the Ag" were released from Ag NPs,
the size and shape of single NPs would have changed, which
would have led to the shift of LSPR spectra of single NPs. Yet,
other studies continue reporting and assuming that the effects
of Ag NPs on the embryonic development were attributed to
the release of Ag* from the Ag NPs.”"**™*® Many of these
studies were carried out using capped or unpurified Ag NPs,
without careful characterization of single Ag NPs in situ and
without control experiments.”**~**

B SUMMARY

In summary, we have studied the concentration- and time-
dependent effects of Ag"” on embryonic development of
zebrafish by chronically exposing cleavage-stage embryos (~2
hpf) with various concentrations of Ag" (0—1.2 uM) in egg
water (embryonic medium, 1 mM NaCl) until 120 hpf and
imaging the morphological development, heart beats, and
hatching of individual embryos over time. The results show
that the effects of Ag" on embryonic development highly
depend upon the concentration of Ag" and exposure time. As
the concentration increases, the number of embryos that
developed normally deceases, showing the critical concen-
tration of Ag* at 0.25 uM, where ~50% of embryos developed
normally. As the concentration of Ag" increases from 0.05 to
0.3 uM, the number of embryos that developed abnormally
and became dead increases, and severity of deformities
increases. As the concentration of Ag" increases further from
0.3 to 1.2 uM, the embryos that became dead increases
drastically, while the number of embryos that developed
abnormally decreases. The effect of Ag" on embryonic
development increases as the exposure time of embryos to
Ag" increases and plateaus at 72 hpf. The results also show
concentration-dependent effects on heart rates and hatching
rates of developing embryos, primarily attributing to the
concentration-dependent abnormally developing embryos. In
comparison with our previous studies of the effects of Ag NPs
on embryonic development, the results show that the toxic
effects of Ag* on embryonic development significantly differ
from those of Ag NPs, and the toxic effects of Ag" on
embryonic development are far less severe than Ag NPs, which
further demonstrates that toxic effects of Ag NPs on embryonic
development are not attributed to the releasing of Ag* from Ag
NPs but Ag NPs themselves and their unique physicochemical
properties.
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