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Abstract

Determining the specific nanomaterial features that elicit adverse biological responses is important
to inform risk assessments, develop targeted applications, and rationally design future
nanomaterials. Embryonic zebrafish are often employed to study nanomaterial-biological
interactions, but few studies address the role of the chorion in nanomaterial exposure and toxicity.
Here, we used chorion-intact (Cl) or dechorionated (DC) embryonic zebrafish to investigate the
influence of the chorion on copper-based nanoparticle toxicity. We found that despite higher
dissolution and uptake, CuO NPs were less toxic than Cu NPs regardless of chorion status and did
not cause 100 % mortality at even the highest exposure concentration. The presence of the chorion
inhibited Cu toxicity: DC exposures to Cu NPs had an LCsq of 2.5 + 0.3 mg/L compared to a ClI
LCsp of 13.7 £ 0.8 mg/L. This highlights the importance of considering zebrafish chorion status
during nanotoxicological investigations, as embryo sensitivity increased by one order of
magnitude or more when chorions were removed. Agglomerate size, zeta potential, and dissolved
Cu did not sufficiently explain the differences in toxicity between Cu NPs and CuO NPs; however,
reactive oxygen species (ROS) generation did. Cu NPs generated ROS in a concentration-
dependent manner, while CuO did not and generated less than Cu NPs. We believe that the
differences between the toxicities of Cu NPs and CuO NPs are due in part to their ability to
generate ROS which could and should be a hazard consideration for risk assessments.
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Introduction

Thorough consideration of nanomaterial biological interactions is essential to inform risk
assessments, develop targeted applications, and rationally design future nanomaterials. 12
Current regulatory requirements do not consider potential hazard from different forms of
nanomaterials and the degree to which regulators can use comparable materials in a read-
across approach is an ongoing area of exploration. 3 Understanding what physicochemical
parameters drive nanomaterials’ similarities and differences with respect to hazard not only
helps regulators make prudent decisions, but also helps application development and
material design to advance as these relationships are derived. The many stakeholders
involved make the derivation of these relationships and their impacts a priority.

One material group in which the delineation between forms is often blurred is that of
copper-based nanomaterials. Their production is estimated to reach 1600 tons by 2025,
making them some of the most-produced nanomaterials worldwide. #° This estimate
includes both pure copper nanoparticles (Cu NPs) and various copper oxide nanoparticles
(CuO NPs, Cu0 NPs, and Cu(OH), NPs). Copper-based nanomaterials have been found to
cause similar toxic effects as bulk Cu in zebrafish, which include gill dysfunction, oxidative
stress, hatching delay, impaired osmoregulation, and acute lethality. -9 However, their
published toxicity values vary greatly. The median lethal concentration (LCsgg) for Cu NPs in
developing zebrafish ranges from 0.22 — 24 mg/L and CuO NPs appear to be significantly
less toxic with values reported between 64 — 840 mg/L. 6°-15 The wide range of the LCxy
values found for individual particle types may be due to differences in embryonic age,
exposure duration, chorion status, water chemistry, particle size, and purity among
experiments which then influence dissolution, agglomeration dynamics, and surface
chemistry of the nanomaterials. 167

Differences between Cu NP and CuO NP toxicity are more difficult to explain. Often, ionic
dissolution is considered the driving mechanism between both Cu NP and CuO NP toxicity.
18 Cu ion release rate depends on a variety of media parameters including pH, dissolved
oxygen, concentration of nanomaterial, ionic strength of the media, presence of dissolved
organic matter, and types of cations and anions present. 16:19.20 One key difference between
Cu and CuO is that the dissolution of metallic Cu can generate reactive oxygen species
(ROS), while the dissolution of CuO does not. 2921 ROS is known to contribute to the
toxicity of many nanomaterials, but the release of ions and their resulting toxicity can make
it difficult to differentiate which mechanism is dominating.
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Embryonic zebrafish are a model organism often used to test for nanoparticle hazards and
impacts because they develop rapidly, are easy to use and house, and most importantly,
because they have conserved homology to higher-order vertebrates like humans. 12:2223 This
model system has been used to extrapolate experimental findings to both environmental and
human health contexts. During their first 72 hours of development, zebrafish embryos
possess a protective, porous chorion that can sequester metal ions and prevent them from
entering the perivitelline space. 1224 Removal of the chorion allows for direct exposure to
the developing embryo which enables the identification of NPs that can disrupt
development, interfere with molecular signaling, elicit malformations, alter behavior, or
disrupt homeostasis in a whole vertebrate system. 2:22:25-28 Conversely, keeping the chorion
intact during exposure maintains aquatic environmental relevance to piscine toxicity and
consistency with results from standardized methods such as the OECD Fish Embryo
Toxicity (FET) test. 15:29:30 For these reasons, zebrafish have become a powerful model
within the field of nanotoxicology, where diverse engineering capabilities can alter suites of
nanomaterial physicochemical characteristics with potentially concomitant effects on human
and environmental risks.

Here, our objective was to understand the key contributors to Cu-based NP toxicity and
determine the role of the chorion on the relative influence of those parameters. We selected
two Cu-based NPs with the same primary particle size (<50 nm), shape (spherical), and
outer surface chemistry (CuO NPs and Cu NPs coated with a 1.4 nm CuO shell) and
compared their toxicity with ionic Cu as CuSQOy, using either chorion-intact (CI) or
dechorionated (DC) embryonic zebrafish. As the Cu NPs are only covered with a thin (1.4
nm) layer of copper oxide and Cu has a higher oxidative capacity than CuO (due to
differences in oxidation states), we anticipated differences in their dissolution and potential
to generate ROS and hypothesized that these mechanisms would differentially influence
toxicity. Our integrative approach allows us to tease apart the relative contribution of Cu ions
to Cu-based NP toxicity and determine how the chorion status of the embryos may alter
those mechanisms.

Experimental

Materials

Cu NPs with a 1.4 nm CuO shell were purchased from Alfa Aesar (Product no. 45504, lot
no. D08Z052, Ward Hill, MA, USA) and CuO NPs were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The primary particle size of both particles was < 50 nm and no surface
stabilizers, capping agents, or linkers were present on their surfaces, as reported by the
manufacturers. NPs were stored dry until use per manufacturer’s recommendations.
Reagent-grade copper sulfate pentahydrate was purchased from Mallinckrodt Chemicals
(Phillipsburg, NJ, USA).

Exposure media

Fish water (FW) was prepared by mixing 0.26 g/L Instant Ocean salts (Aquatic Ecosystems,
Apopka, FL, USA) in reverse osmosis water and adjusting the pH to 7.2 + 0.2 with sodium
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bicarbonate. 31 Conductivity was between 480-520 xS/cm. All experiments were conducted
in FW unless otherwise indicated.

Exposure suspensions

Dry particles were suspended in FW to create a 1000 mg Cu/L stock and sonicated for 2
minutes at 40% intensity using a VCX 750 Vibra-Cell sonicator equipped with a cup-horn
style high intensity probe and recirculating water bath to maintain temperature (Sonics &
Materials Inc., Newtown, CT, USA). No stabilizers were added to the exposure solutions to
modify agglomeration of the bare particles. Stock solutions were made fresh for each
experiment. Five-fold serial dilutions were performed in FW and were mixed by vortexing
prior to making each subsequent dilution. Exposure concentrations ranged from 0-250 mg
Cu/L for nanoparticle exposures and 0—10 mg Cu/L for the CuSO,4 exposures. All
concentrations are expressed as mass of Cu for consistency and clarity.

NP characterization

The hydrodynamic diameter (HDD) and zeta potential (ZP) for Cu NPs and CuO NPs was
measured in a 10 mg Cu/L suspension in FW at 26.9 °C using a Malvern Zetasizer Nano
(Malvern Instruments Ltd, Worcestershire, UK). Two independent suspensions were each
run in triplicate to obtain the average HDD, size distribution, and zeta potential
measurements. Stocks were aliquoted into 1 mL samples and stored in microcentrifuge tubes
at 26.9 °C. Measurements were taken once per day for five days. Samples were kept
undisturbed and then briefly vortexed prior to each measurement.

NP dissolution

NP dissolution rate in FW was measured abiotically. 10 mg Cu/L suspensions were prepared
from 1000 mg Cu/L stocks as described previously. Suspensions were placed in clear 96-
well plates with 200 gL per well. At 0, 3, 24, 72, and 120 h, 180 z1 from three independent
wells was collected and filtered through a 3kDa (equivalent to approximately 0.25 nm)
centrifugal polyethersulfone membrane (VWR #82031-346, Radnor, PA, USA) at 8000 rpm
for 10 minutes. 100 gL of filtrate was transferred to a polystyrene tube and stored at —4 °C
until acidification. Samples were thawed and acidified with 70% trace-metal grade nitric
acid. 32 Samples with a 3% nitric acid final proportion and 1 xg/L internal indium standard
with copper ICP standards (Ricca Chemical Company, Arlington, TX, USA) were analyzed
for Cu by ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA) in triplicate.

Zebrafish embryo toxicity assay

Adult zebrafish (Danio rerio) were maintained at the Sinnhuber Aquatic Research
Laboratory at Oregon State University. Embryos were collected from group spawns of wild-
type 5D zebrafish and staged to ensure all embryos were in the shield stage of the gastrula
period at the start of each experiment. 33 Embryos were separated and half were
enzymatically dechorionated at 6 hours post fertilization (hpf) with pronase (Sigma Aldrich)
following the protocol of Usenko et al. 34 At 8 hpf, embryos were individually exposed to
NP suspensions or CuSQ,4 in FW with or without their protective chorions in clear 96-well
plates (24 embryos per concentration, per chorion status). We chose our concentration-
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response range so that it would include exposures that elicited no toxicity, some toxicity, and
total toxicity in order to generate LCgq and ECsg values. Controls consisted of both chorion-
intact and dechorionated embryos. Plates were covered with Parafilm to minimize
evaporation and incubated at 26.9 °C under a 14:10 h light:dark photoperiod. Zebrafish
embryos were observed at 24 and 120 hpf for mortality as well as developmental,
morphological, and behavioural endpoints as described in Truong et al. 27 At 24 hpf,
embryos were observed for mortality, developmental progression, notochord malformation,
and presence of spontaneous movement. At 120 hpf, embryos were observed for mortality,
visual malformations of the axis, brain, circulation, eyes, fins, jaw, otic vesicle, pigment,
snout, somites, swim bladder, trunk, yolk sac, and pericardial space. Tactile response was
evaluated by lightly agitating the embryo with a small wire tool and observing its response
as compared to control embryos at 120 hpf. It was recorded in free-swimming larvae, and if
hatching had not occurred, the embryo was removed from its chorion prior to evaluation.
Hatching success was recorded for only chorion intact exposures. The percent frequency of
each endpoint was calculated for each treatment. Representative images were taken of fish at
24 and 120 hpf on an Olympus Microscope SZX10-1LLK (Olympus Corporation, Tokyo,
Japan) using Olympus cellSens software (version 1.11). All experiments were performed in
compliance with national care and use guidelines as prescribed by the American Association
for Laboratory Animal Science and approved by the Institutional Animal Care and Use
Committee (IACUC) at Oregon State University.

Quantification of Cu accumulation in zebrafish embryos

Cu accumulation was determined by ICP-MS in dechorionated (DC) and chorion intact (Cl)
embryos in which 50% or more survivability was observed. After observation at 120 hpf, all
surviving embryos were removed from the 96-well plates and gently rinsed twice with clean
FW. Unhatched embryos were manually removed from their chorions prior to washing.
Chorions were grouped and washed twice with clean FW before being stored at -4 °C prior
to digestion. Embryos were also transferred to polystyrene tubes (no more than 6 per tube),
euthanized by freezing and stored in the same way. Samples were digested by adding 3 mL
of trace-metal grade nitric acid and evaporated at 200° C, repeating this process three times.
Samples had a final 3% nitric acid concentration with 1 4g/L internal indium standard and
were analysed for Cu by ICP-MS in triplicate. 30

Spectrophotometric ROS quantification

The fluorescent probe dichlorofluorescein (DCF) was used to abiotically quantify ROS
generation by the nanomaterials. Dichlorofluorescein diacetate (DCF-DA) was first
hydrolysed to dichlorodihydrofluorescein diacetate (DCHF-DA) with 0.01 N NaOH in MQ
water by incubation for 30 minutes in the dark at room temperature. Black-walled 96 well
plates were prepared with six concentrations of each nanomaterial (10-125 mg Cu/L) in 0.1
X phosphate buffered saline (PBS). DCHF-DA was added to each well for a final
concentration of 64 M and a total well volume of 200 /L. The plate was read on a
SpectraMax M2 Spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) with an
excitation wavelength of 485 nm and emission of 530 nm every five minutes for 90 minutes.
Fluorescence was converted to H,O, equivalents using a standard curve of H,O, between 0—
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120 M following the same protocol. Rate of ROS generation was determined by linear
regression.

Sigma Plot 13.0 (Systat Software, San Jose, CA, USA) was used for the statistical tests.
Three-way ANOVA was used to determine the effects of Cu exposure type, concentration,
and chorion status with Holm-Sidak pairwise comparisons used when ANOVA indicated
significance. Fisher’s exact test was used to determine significance of embryonic zebrafish
endpoint frequencies relative to control fish. All error bars represent the standard error of the
mean. Concentration-response curves and L/ECs values were generated using the drc
package in R version 3.1.2. 3%:36 Differences were considered to be statistically significant at
p < 0.05 for all analyses.

Cu NP and CuO NP characterization in the exposure media

Despite their similar surfaces and primary particle sizes (<50 nm), the two particles had
significantly different agglomeration behaviour over time. Over the five day experimental
time frame, Cu NPs had an average HDD of 763.0 £ 278 nm and CuO NPs had a
significantly higher average HDD of 2037.6 + 1324 nm. The daily trends of the HDD for
each NP are shown in Figure 1A, and are presented tabularly in Table S2. CuO NPs had
significantly higher polydispersity than Cu NPs (Figure 1B). Cu NPs maintained the same
HDD over 5 days, while CuO NPs increased in size from 1370 nm to 4100 nm after day 3.
The zeta potential of both particles was similar over the experimental time frame, with a
significant shift from —11.5 mV to —8.5 mV after day 4 (Figure 1C). The measurement of
dissolved Cu by ICP-MS revealed that Cu NPs had no significant release of Cu ions over the
120 hour dissolution test. At 24 hours, Cu NPs had only dissolved by 0.12 + 0.1 % while
CuO NPs dissolved over 10 times more at 1.53 £ 0.05 % (Figure 2). These differences were
maintained at 72 hours and 120 hours. Total dissolution of Cu NPs at 120 hours was 0.12

+ 0.02 %, while CuO NP dissolution reached 2.6 + 0.3 % over the same time frame.

Cu uptake and accumulation in embryonic zebrafish

We found that DC fish were susceptible to concentration-dependent accumulation of Cu
from exposure to both Cu and CuO NPs, while no trend could be observed in CI fish (Figure
3). CuSO4 exposure did not result in any significant increase in Cu accumulation in
surviving embryos relative to control whether embryos were dechorionated or intact during
the exposure.

Nonlethal concentrations of Cu exposure induced hatching delay, allowing measurement of
Cu accumulation on the chorions of ClI fish at 120 hpf to compare to DC embryos (Figure 4).
There was a significant difference in the affinity of Cu for chorionic membranes verses the
DC fish embryos. When comparing between the chorion alone from CI exposures and the
dechorionated fish from DC exposures, the chorion was able to sequester 10 fold more Cu
by weight in comparison to DC fish embryos. The exposure concentration 10 mg Cu/L CuO
NPs had 0.18 + 0.01 4g Cu/fish compared to 2.4 xg Cu/chorion. The same CI fish exposed
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to 10 mg Cu/L had a measured Cu content of 0.028 + 0.004 pg/fish which was not
statistically different from control fish Cu content (0.0099 + 0.0006 g Cu/fish).

Toxicity to embryonic zebrafish

In DC exposures, Cu NPs and CuSQOy4 caused total mortality at concentrations above 10 and
2 mg Cu/L, respectively, while CuO NP exposure only resulted in partial mortality at
equivalent exposures (Figure 5). Calculated concentrations at which exposure caused 50%
lethality (LCsg) and concentration response curves revealed CuSQOy, as the most toxic source
of Cu on a mass basis, followed by Cu NPs and CuO NPs (Table 1). We observed a similar
trend in CI exposures, though all toxicity was significantly diminished from DC exposures,
by as much as 400% in both Cu NP and CuSO,4 exposures. Comparing 24 hpf and 120 hpf
LCsp values revealed that Cu NPs were the only Cu source to increase toxicity with
increased exposure time, and only in ClI exposures.

Observed sublethal impacts in both DC and CI exposures were abnormal tactile response
(ATR), yolk sac edema (YSE), axis, and trunk malformations, with the additional endpoint
of hatching delay in Cl exposures (Figure S1, S2). DC embryos were most sensitive to
CuSOy for both ATR and YSE with LOAELSs of 0.2 and 0.048 mg Cu/L, respectively, and
were least sensitive to Cu NPs (LOAELs of 0.4 and 2 mg Cu/L, respectively). CI fish were
more susceptible to YSE than DC fish, while the opposite was true for ATR. However, it is
likely that both endpoints were exacerbated by hatching delay (Figure S1), making YSE
more likely due to compression in the chorion and ATR difficult to assess as the chorion
impedes movement. CuSOy, elicited the strongest hatching delay response (ECsq 0.30 £ 0.04
mg Cu/L), followed by CuO NPs (ECgy 0.6 + 0.2 mg Cu/L) and then Cu NPs (EC5p 1.2

+ 0.2 mg Cu/L).

ROS generation and toxicity correlation

The EZ Metric is a combined measure of both morbidity and mortality, developed
specifically for use in developing embryonic zebrafish toxicity assessment. 23 The weighted
score assigns a value to each toxicity endpoint observed which is weighted by their overall
impact on survival, giving each exposure a score between 0 (no effect) and 1 (maximum
effect). We performed a Pearson correlation between the weighted EZ Metric score (Figure
S3) elicited by each nanomaterial type and the potential for ROS generation reported as
concentration equivalent H,O, produced. Figure 7 clearly shows the strong positive
correlation between ROS generation and EZ Metric score (r=0.91, p=0.01) for Cu NPs
and no correlation (r=-0.41, p=0.18) for CuO NPs. The concentrations at which Cu NPs
elicited toxicity were much lower than those tested in the ROS assay, likely due to the
difference in media used and the abiotic nature of the assay.

Discussion

Though Cu and CuO have fundamentally different oxidative capacities, dissolution kinetics,
and elemental composition, information on their nanomaterial forms are often considered
together when assessing hazard. Typically, the parameters of agglomerate size, zeta
potential, and dissolution are used to explain their toxicity because they are relatively simple
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to experimentally determine. We hypothesized that it is the capacity for ROS generation that
drives the difference between Cu NP and CuO NP toxicity, which we evaluated through a
simple functional assay. The use of functional assays to identify likely parameters that drive
nanomaterial toxicity can provide important mechanistic clues for researchers and regulators
without the time, expense, or animals required for more in-depth studies.

We evaluated the agglomerate behavior, zeta potential, dissolution, ROS generation, and
organismal uptake of Cu NPs and CuO NPs and correlated these data to lethal and sublethal
toxicity responses in Cl and DC embryonic zebrafish at a neutral pH with a five day
exposure duration. We found that only the ROS generation of Cu NPs adequately explained
the toxicity we observed (Figure 7). Previous work has demonstrated oxidative stress
responses from Cu NP or CuO NP exposure, but it is often unclear whether the observed
toxicity is derived from released ionic species or nanomaterial exposure. 9:18:37-39 Others
have suggested a Cu-based NP-specific effect based on the Trojan horse mechanism, in
which whole NPs are taken up by the organism and endocytotic transport to acidic
compartments (i.e. lysosomes) causes release of toxic ions directly into the cytoplasm. 40 In
the presence of oxygen, Cu NPs can form superoxide and hydrogen peroxide in addition to
releasing Cu ions. 2141 These reactions do not occur to the same extent with CuO NPs, as
CuO dissolution proceeds by hydrolysis to form various Cu hydroxyl complexes. 42 Based
on this finding, we propose that it is the ability of Cu NPs to generate ROS, rather than their
dissolution or another nano-specific mechanism, that makes them more toxic than CuO NPs.
We propose evaluation of surface stabilizers and capping agents on the redox potential and
ROS species produced by Cu-based nanomaterials as the next steps towards mechanistic
understanding of Cu-based nanomaterial toxicity.

The only case in which another measured parameter aligned with biological impacts was
that of hatching interference (Figure S1). The magnitude of hatching interference by each
Cu exposure followed the same trend we would expect based on our dissolution results, with
soluble Cu eliciting the strongest inhibition, followed by CuO NPs, and then Cu NPs. Both
NPs had low measured dissolution, likely due to their high agglomerate sizes in addition to
the neutral pH of the exposure media. Due to the known relationship between Cu ion
exposure and hatching delay, we assume that hatching interference was primarily driven by
the presence of Cu ion in our exposure media. The Cu ion inhibits ZHE1 by binding the zinc
core within the enzyme and deactivating it, which a NP would not be able to do directly due
to its large relative size. Additionally, the LOAELSs for ATR and YSE suggest that the
zebrafish are more sensitive to the sublethal effects of CuO NPs than Cu NPs, which are
both known to be caused by soluble Cu in addition to copper-based nanomaterial exposure.
This is strong evidence that, even in the presence of the embryo, the dissolution trend we
observed of CuO NPs dissolving to a greater extent than Cu NPs holds true in our exposures.
It is possible that the presence of the embryo in the exposure solution altered the dissolution
of the NPs or complexation with dissolved organic matter contributed to a transformation of
the dissolved Cu to non-bioavailable species. However, 7.8 ppm of humic acid was required
to rescue hatching interference to embryonic zebrafish by Cu NPs, making it unlikely that a
small contribution of organic matter from the presence of the zebrafish embryo is enough to
rescue a lethal response in our scenario. 43
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We evaluated both Cl and DC embryonic zebrafish to maintain aquatic environmental
relevance and allow us to extrapolate our derived nanomaterial-biological interactions to
broader vertebrate contexts. We found that the chorionic membrane mediated toxicity of
both Cu NPs and CuO NPs up to one order of magnitude. The chorion completely prevented
Cu uptake in all ClI exposures, which was significant and concentration-dependent in DC
zebrafish, likely due to its ability to sequester Cu and protect the embryo from direct
exposure until hatching. 12 Additionally, the chorion sorbed up to 100% of the CuO present
in CuO NP exposures, and over 15% of the Cu present on Cu NP exposures. This sorption
could have been from NP agglomeration causing their sedimentation out of the water
column, or a high affinity to the chorion, as some evidence suggests that CuO NPs have a
high affinity for biotic substrates. 32 Therefore, embryonic zebrafish studies designed to
inform risks to other organisms that do not possess a protective chorion, such as humans or
other mammals, may be severely underestimating the risks of nanomaterials and missing
potential effects and novel interactions due to a lack of dose directly to the embryo. Further,
our DC LCsq value was very similar to other published LCsq values for Cu nanomaterials
exposed to hatched, larval zebrafish, which suggests that DC zebrafish can provide just as
much information as larval exposures, and provides evidence that hazard assessments done
on chorion-intact fish, such as the recently established FET, should be interpreted solely for
environmental risks and may not be adequately evaluating the all vertebrate hazards
presented by nanomaterials. 6:13-15.29.44

Conclusions

While embryonic zebrafish toxicity was not correlated with agglomeration size, ZP, or
dissolution, we demonstrated a strong correlation between toxicity and nanomaterial ROS
generation potential. We suggest the assessment of a nanomaterial’s ability to generate ROS
become a common parameter evaluated when determining nanotoxicity and its mechanisms.
The assay used here can provide quick data to inform nanomaterial hazard while being
simple and cost effective to perform. In addition, we offer evidence that the chorionic status
of zebrafish embryos can significantly alter their exposure to nanomaterials, making it an
important consideration in nanotoxicological experimental design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Polydispersity Index

Nanomaterial characterization by dynamic light scattering showing the average HDD (A),
and the average polydispersity (B), and the average zeta potential (C) of each nanomaterial
over 5 days in FW. () indicates statistical difference between particle types and (#) indicates
statistical difference from day 0. Error bars represent standard error of the mean and

significance was determined when p < 0.05.
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Fig. 2.
Abiotic dissolution of Cu NPs and CuO NPs in FW measured over 120 hours by ICP-MS. ()

indicates statistical difference between particle types. (#) indicates statistical difference from
0 hour and 3 hour time points. Error bars represent standard error of the mean and
significance was determined when p < 0.05.
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Fig. 3.

Measured Cu accumulation in DC fish (A) and ClI fish with chorions removed (B) at 120
hpf. (#) represents statistical difference between particle types. (X) indicates no data was
collected due to mortality in exposed fish. () represents statistical difference from control.
Error bars represent standard error of the mean and significance was determined when p <
0.05.
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nanoparticle type at 8 hpf or 0.4 mg Cu/L CuSO,4 (A) with representative images of control
(B), 50 mg Cu/L Cu NP (C), and 50 mg Cu/L CuO NP (D) exposed 24 hpf zebrafish in their
chorions showing visible particulate deposition. No standard error is included due to the
fragility of the chorions causing breakage, requiring combination of all replicates to ensure
proper accounting. Scale bar represents 0.5 mm.
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Fig. 5.
Concentration-response curves of DC (A) and CI (B) zebrafish exposed to Cu NPs, CuO

NPs, and CuSOy calculated from total mortality at 120 hpf. Error bars represent standard
error of the mean.
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ROS generation elicited by Cu NPs and CuO NPs (expressed as H,0, equivalents) measured
over 90 minutes using a modified dichlorofluorescein assay. ROS generation as a function of
concentration was modeled by simple linear regression. Error bars represent standard error

of the mean.
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Fig. 7.

Pearson correlation between calculated equivalent ROS generated by nanomaterials and EZ
Metric scores.
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