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ith thousands of different engi-
Wneered nanomaterials (ENMs)
being produced and included in

consumer products, the inherent safety of
these materials is of key importance for the
acceptance and achievement of a sustain-
able technology to the benefits of humans
and the environment."? While transition
metal oxide nanoparticles are used with
great success to improve the efficacy of
catalysts, semiconductors, gas sensors, and
sunscreens,> > the possibility exists that
materials such as ZnO, CuO, Co30,, and
NiO could pose biological hazard because
of their ability to shed metal ions,® induce
metabolic alkalosis,”® or catalyze Fenton
chemistry, leading to the generation of
reactive oxygen species (ROS).”'® Since
most efforts to assess the hazard of the
transition metals have been carried out in
cells, there is a paucity of data of their
impact on intact organisms and animals in
the environment. Animal screening is po-
tentially costly, time-consuming, and often
limits the number of animals that can be
investigated in one experiment.

The development of a multiparametric
high-throughput screening (HTS) assay that
captures the sublethal and lethal effect of
ENMs in mammalian cells is an example of
how in vitro toxicological screening can be
used to accelerate the pace of hazard as-
sessment of the large number of new ma-
terials being developed.'" While this tool
has allowed us to perform in vitro hazard
ranking and prioritizing animal experimen-
tation, we also need to develop high con-
tent in vivo approaches to speed up ENM
testing so as to be commensurate with the

LIN ET AL.

ABSTRACT Zebrafish is an aquatic organism that can be used for high content safety screening
of engineered nanomaterials (ENMs). We demonstrate, for the first time, the use of high content
bright-field and fluorescence-based imaging to compare the toxicological effect of transition metal
oxide (Cu0, ZnO, NiO, and Co0,) nanoparticles in zebrafish embryos and larvae. High content bright-
field imaging demonstrated potent and dose-dependent hatching interference in the embryos, with
the exception of Co30, which was relatively inert. We propose that the hatching interference was
due to the shedding of Cu and Ni ions, compromising the activity of the hatching enzyme, ZHE1,
similar to what we previously proposed for Zn>". This hypothesis is based on the presence of metal-
sensitive histidines in the catalytic center of this enzyme. Co-introduction of a metal ion chelator,
diethylene triamine pentaacetic acid (DTPA), reversed the hatching interference of Cu, Zn, and Ni.
While neither the embryos nor larvae demonstrated morphological abnormalities, high content
fluorescence-based imaging demonstrated that Cu0, Zn0, and NiO could induce increased expression
of the heat shock protein 70:enhanced green fluorescence protein (hsp70:eGFP) in transgenic
zebrafish larvae. Induction of this response by CuO required a higher nanoparticle dose than the
amount leading to hatching interference. This response was also DTPA-sensitive. We demonstrate
that high content imaging of embryo development, morphological abnormalities, and HSP70
expression can be used for hazard ranking and determining the dose—response relationships
leading to ENM effects on the development of the zebrafish embryo.

KEYWORDS: high content imaging - transition metal oxide nanoparticle - dissolution
- hsp70 - zebrafish - hazard ranking

rate of expansion of nanotechnology.'?
Zebrafish, which has been used for model-
ing of biochemical and molecular disease
mechanisms in humans, has proven to be a
promising model for environmental risk
assessment, including for toxicological as-
sessment of ENMs, and presents an ideal
opportunity for developing high-through-
put approaches in vivo.”>”" In a recent
study, we demonstrated the utility of the
zebrafish model to study hatching interfer-
ence by dissolving ZnO nanoparticles,
which are capable of inhibiting the hatching
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enzyme, ZHE1, through Zn ion shedding.'® Spherical
and dendritic Ni nanoparticles have also been shown
to exert hazardous effects in dechorionated zebrafish
embryos through ion shedding as well as an indepen-
dent contribution by particle shape.'® Ag nanoparticles
are highly toxic during zebrafish embryogenesis, in-
cluding generation of several malformations and in-
creased mortality.2° 23 In contrast, both mercaptoben-
zoic acid (MBA) and mercaptopyridine (MPY)-labeled
Au nanoparticles are relatively safe and can be used
as biocompatible imaging agents in the same
organism.>* However, during the toxicity evaluation
of the aforementioned metal and metal oxides, the
assessment is traditionally performed by visual exam-
ination of each embryo under a dissecting microscope,
which is labor-intensive and limits the number of
observations that can be made to obtain robust

N2

NiO ZnO

Figure 1. Determination of the primary size of metal oxide
nanoparticles. Representative TEM images of primary
Co304, ZnO, NiO, and CuO nanoparticles ranging from 10 to
50 nm in diameter. The nanoparticles were dispersed by
sonication in Holtfreter's medium supplemented with

100 ppm alginate. Aliquots of the particles suspended at
25 ppm were dried directly on the carbon-coated TEM grid
prior to imaging. Images were captured at 80 kV acceler-
ating voltage by TEM JEOL 1200 EX. The primary size of each
particle was analyzed by NIH ImageJ software and listed in
Table 1.

statistical results. Thus, advanced imaging technology
and automated testing are key challenges toward
developing high content screening of nanomaterials,
chemicals, and drugs in zebrafish.?

Here, we demonstrate the establishment of two high
content imaging platforms that can be used to screen
for the toxicological effects of transition metal oxide
nanoparticles in zebrafish embryos and early larvae.
First, we will delineate the use of an imaging platform
for bright-field imaging analysis, capable of capturing
phenotypic and developmental abnormalities in em-
bryos and larvae. For larvae, we will also describe a
fluorescence-based approach to capture hsp70:eGFP
expression in transgenic zebrafish. In order to apply
these imaging tools to new ENMs not previously
assessed, we utilized a series of transition metal oxide
nanoparticles (CuO, NiO, and Co30,4) to compare to
ZnO (positive control). Our results demonstrate pro-
found interference in embryo hatching in parallel with
hsp70:eGFP expression in larvae by CuO and NiO but
not Co30,4. We show how high content image analysis
can be used to perform hazard assessment in this
organism in a time- and dose-dependent fashion. This
approach can speed up the in vivo hazard assessment
of ENMs and may allow the development of an auto-
mated system that can also be used for structure
—activity analysis and hazard ranking.

RESULTS

Physicochemical Characterization of Transition Metal Oxide
Nanoparticles. A series of transition metal oxide nano-
particles representing adjacent elements in the peri-
odic table (Co, Ni, Cu) were used to assess the impact
on zebrafish embryos and larvae. ZnO was used as a
positive control in these experiments.® These metal
oxides are relevant from the perspective of their wide-
spread use in industrial products and processes that
could have an environmental footprint (Table S1 in the
Supporting Information).?” Moreover, the choice of
these materials is interesting from the perspective of
the differences in their rates of dissolution and ability
to generate ROS based on lattice energies as well as
band gap energy levels.?® The primary sizes of the
nanoparticles ranged from 20 to 50 nm, with some

TABLE 1. Primary Size, Hydrodynamic Size, Polydispersity Index (PDI), and {-Potential of Transition Metal Oxide

Nanoparticles

hydrodynamic size (nm)°

NPs primary size (nm)” without alginate
(0504 1247 665 =+ 46, 0.29
Cuo 1845 617 = 27,0.29
Ni0 40+12 855 437,032
n0 B+7 889 + 32, 0.26

C-potential (mV)*

with alginate without alginate with alginate
225 + 28, 0.02 —1224097 —263541.55
284 11, 0.07 —11.9+ 161 —27.194+291
247 17, 0.08 —1324+170 —28.76 = 2.74
379 2, 0.04 —15142.10 —29.66 +1.10

J1O1LdV

“Primary size of the particles in their dry state was obtained by transmission electron microscopy (JEOL, 1200 EX). © Hydrodynamic size was determined by high-throughput
dynamic light scattering (HT-DLS, Dynapro Plate Reader, Wyatt Tech). ¢ Particle C-potential was measured using ZetaPALS (Brookhaven Instruments, Holtsville, NY).
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Figure 2. Use of automated bright-field imaging (ImageXpress) for in vivo screening. (A) Representative image of a 96-well
plate containing embryos viewed at 72 hpf in the presence of CuO nanoparticles. Each embryo was hand picked and placed in
the well of a multiwell plate, which subsequently received 0.1—200 ppm CuO nanoparticles, starting at 4 hpf. Bright-field
phase contrast images of each well were obtained through a 2 x dry objective that autofocuses on each plate at 24 h intervals
for five consecutive days. Each treatment group, including non-exposed controls, was assessed using 12 replicates. (B)
Survival and hatching rates of embryos at 72 hpf clearly demonstrate hatching interference by CuO nanoparticles. Although
the hatching interference was profound at doses > 0.5 ppm, there was no apparent adverse effect on embryo survival, even at
the highest CuO nanoparticle concentration (200 ppm). The statistical calculations are based on cumulative screening of 2000
embryos. Our high content capacity now enables us to screen 400 embryos every 72 h, amounting to 800 embryos per week.
(C) Representative image of a 96-well plate comparing the screening of CuO, ZnO, NiO, Co30,4, and Ag nanoparticles (positive
control) at 50 ppm. Parallel comparison across different nanoparticle types was accomplished using the same high content
imaging technique. (D) Statistical analysis of embryos survival and hatching rates. Statistical significance was determined as

p < 0.05 according to the student t test.

agglomeration in their dry state as determined by
transmission electron microscopy (TEM) (Figure 1).
Extensive agglomeration occurred when the particles
were dispersed in Holtfreter's medium, which was used
to culture zebrafish embryos and larvae (Table 1). In
order to improve particle dispersion and ability to per-
form hazard ranking with the stably suspended particles,
the medium was supplemented with 100 ppm alginate,
which represents an environmentally relevant capping
agent known to stabilize ZnO nanoparticles.'® Alginate
reduced the hydrodynamic particle diameter to approxi-
mately 200—400 nm as determined by high-throughput
dynamic light scattering (HT-DLS) (Table 1). Alginate
supplementation also leads to a negative ¢-potential,
ranging from —26 to —30 mV (Table 1).

Use of Automated Bright-Field Phase Contrast Microscopy for
High Content Imaging of Zebrafish Embryos. Although the
transparency and rapid development of zebrafish em-
bryos facilitate the visual recognition and scoring of
abnormalities under a dissection microscope, the ne-
cessity to do so in real time and to inspect each well on

LIN ET AL.

the plate is a labor-intensive task that could easily
overlook subtle abnormalities as well as limiting the
number of observations that can be made. Not only
does this limit the statistical power of the observations
but it also reduces the number of ENMs, material
properties, and doses that can be assessed at one time.
Due to these limitations, we implemented the use of an
automated imaging device (ImageXpress) that is cap-
able of collecting bright-field images at regular time
intervals, allowing us to interpret and score the images
at a time of our choosing. This system was implemen-
ted by placing single embryos into transparent U-bot-
tom 96-well plates and then introducing the various
nanoparticle dispersions at 4 h post-fertilization (hpf).
The U-shaped well bottom allows embryo settling in a
confined space that can be readily captured by rapid
throughput imaging. Automated image collection was
acquired through a 2x dry objective that autofocuses
on each well of the plate every 24 h during a 5 day
observation period. The automated image collection
was then scored for phenotype characteristics such as
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the success of embryo hatching, embryo mortality, and
abnormal morphology of embryos and early larvae.
Figure 2A shows the image analysis of a single plate
which was viewed at 72 hpf following the exposure to
0.1—200 ppm CuO nanoparticles. Each concentration
was assessed in 12 replicate wells, each containing
one embryo. At least five replicate plates were used
to obtain highly statistically significant data reflecting
interference in embryo hatching, which starts at a dose
as low as 0.5 ppm (Figure 2B). Interestingly, the non-
hatched embryos exposed to CuO do not show any
phenotypic malformations or evidence of mortality as
may happen, for instance, in nano-Ag exposed em-
bryos (Figure S1 in the Supporting Information).

The high content imaging platform was subse-
quently used to compare CuO to NiO and Co30,
nanoparticles at doses of 0.5, 5, 25, 50, and 100 ppm.
ZnO served as a positive control. This analysis demon-
strated that while CuO, ZnO, and NiO exerted a sig-
nificant effect on embryo hatching, starting at doses of
0.5, 5, and 50 ppm, respectively, Cos0,4 had no effect
even up to the highest dose. A comparative image-
based analysis of these particles' effects as well as that
of nano-Ag (comparative control) is shown in
Figure 2C. Figure 2D shows a bar graph display of the
data in addition to displaying the scoring of embryo
mortality, which did not change with the exception of
nano-Ag. Moreover, while nano-Ag induced pericardial
edema and bent spines (Figure S1), no abnormal
morphological features were identified in nonhatched
embryos exposed to transition metal oxides. In order to
exclude subtle abnormalities that may only manifest in
the larvae after hatching, randomly selected embryos
exposed for 48 h were anesthetized, dechorionated,
and then imaged after embedding in low melting
agarose. Images of both dorsal and ventral views
confirmed the absence of minor morphological ab-
normalities, helping to confirm that the major impact
of the metal oxides is on embryo hatching (Figure S2).
This notion was further strengthened by dechorionat-
ing the embryos at 2 hpf and exposing them to a wide
dose range of CuO for 4—48 hpf; most of the larvae
developed normally without any phenotypic abnorm-
alities (Figure S3).

Metal Chelator, DTPA, Inhibits the Hatching Interference by
the Metal Oxide Nanoparticles. Particle dissolution and
metal ion shedding are plausible mechanisms to ex-
plain the adverse effects of metal and metal oxide
nanoparticles in zebrafish embryos.?®3° In order to
study this hypothesis, we assessed the dissolution rate
of the transition metal oxide nanoparticles by induc-
tively coupled plasma mass spectrometry (ICP-MS).
These studies were carried out in Holtfreter's medium
using identical tissue culture plates, medium volume,
temperature, and incubation conditions as in the
embryo exposure studies. Nanoparticles were placed
in 96-well plates at 50 ppm and incubated at 28.5 °C for
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1—48 h. The suspensions were removed, centrifuged,
and the supernatants used to conduct ICP-MS, as
described in Materials and Methods. While ZnO nano-
particles were clearly the most soluble, CuO and NiO
released measurable amounts of the corresponding me-
tals while Cos04 showed little dissolution (Figure 3A).
Holtfreter's medium contained negligible amounts of
the measured transition metals (data not shown). In
order to determine whether the free metal ions re-
leased from the particles could be responsible for
hatching interference, we asked whether the inclusion
of the metal ion chelator, diethylene triamine pentaa-
cetic acid (DTPA), could exert an effect on the embryos.
These experiments were carried out with 50 uM DTPA
to stay below the threshold (100 uM) at which the
chelator begins to affect the metalloproteinase activity
of the hatching enzyme 1, ZHE1 (data not shown).
Inclusion of DTPA at 4 hpf resulted in a dramatic reversal
of the hatching interference of CuO, ZnO, and NiO, even
at doses as high as 50 ppm (Figure 3B). The correspond-
ing statistical analysis is shown in Figure 3C,D, which
confirms that shedding of metal ions play a key role in
hatching interference.

Tracking the Presence of Free Metals in the Chorion. The
zebrafish chorion, composed of two major types of
glycoproteins, acts as a barrier that protects the em-
bryo against noxious physical and chemical stimuli.3'
While the natural pore size of the chorion ranges from
0.5 to 1 um and is large enough to allow nanoparticle
entry to the chorionic sac, we could not demonstrate
the presence of particles in the chorionic fluid.3%33
Instead, most of the particles that could be visualized
were stuck to the surface of the chorion (data not
shown). Similar results were obtained using 200 nm
FITC-labeled SiO, nanoparticles which could not be
visualized inside the chorionic sac.>* However, one of
the physiological functions of the chorion is to con-
centrate metal ions in the perivitelline fluid.>>3¢ In
order to determine whether transition metals shed
by the metal oxide nanoparticles are indeed concen-
trated in the chorion, two metal-sensitive dyes, New-
port Green DCF-K and Phen Green SK, were used to
image the chorionic sac. Newport Green DCF-K emits
green fluorescence when bound to zZn?*, Ni**, and
Co?", while Fe**, Cu®", and Hg®" act as quenchers of
Phen Green SK's fluorescence.>”*® Embryos exposed to
50 ppm CuO, ZnO, NiO, and Co30, for 24 h were rinsed
with Holtfreter's and then microinjected with
2 nL of each dye at 50 uM. Figure 4A depicts the re-
presentative images of the Newport Green DCF-K
injected embryos. This demonstrates that while the
dye is insensitive to Ca®" and Na™ in Holtfreter's
medium, the addition of ZnO, NiO, and Cos;0,4 nano-
particles to these cultures could be seen to induce
Newport Green fluorescence in the chorionic sac, while
CuO was unable to do so. Moreover, inclusion of DTPA
in the culture medium suppressed Newport Green
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Figure 3. Demonstration of the protective effect of the metal chelator, DTPA, on metal ion shedding and hatching interference.
(A) Dissolution kinetics of each nanoparticle (Cos0,4, CuO, NiO, and ZnO) in Holtfreter's medium. Triplicate nanoparticle suspen-
sions at 50 ppm were placed in 96-well plates for 1—48 h at 28.5 °C. Supernatants of the dispersion were collected at 1,24, and 48 h,
and after nitric acid digestion, the corresponding metal ion (Co, Cu, Ni, and Zn) concentration was measured by ICP-MS. (B) Auto-
mated bright-field imaging at 72 hpf demonstrates the protective effect of DTPA on embryo hatching. CuO was used at 5, 10, 25,
and 50 ppm, while NiO and ZnO were used at 50 ppm in the presence 50 «M DTPA. Embryo exposures commenced at 4 hpf and
hatching interference was assessed at 72 hpf. (C) Scoring of the high content analysis of hatching interference by incremental doses
of CuO nanoparticles. (D) Protective effect of DTPA was also observed in the embryos coexposed to 50 ppm NiO or 50 ppm ZnO.
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Figure 4. Detection of free metals in the chorion. (A) Representative fluorescence images after microinjection of Newport
Green DCF-K (50 M) into the chorion. Embryos were exposed to 50 ppm nanoparticle dispersions at 4 hpf for 24 h. Embryos
were washed with Holtfreter's medium and 2 nL of Newport Green DCF-K was microinjected into the chorion to detect the free
metal ions. Fluorescence images were captured at the same filter sets (488/535 nm) and detection gain levels to allow
quantitative comparison. Embryos exposed to the matching salt solutions (ZnCl, and CuCl, etc.) showed similar fluorescence
patterns as the nanoparticles (data not shown). (B) Representative fluorescence images captured after microinjection of
50 «M Phen Green SK into the chorion. The fluorescence intensities of non-exposed embryo controls or to 50 ppm CuO in the

absence or presence of DTPA are compared.

TABLE 2. Quantification of Metal Content by ICP-MS
Analysis

metal concentration (ppm)

1 h exposure 24 h exposure

NPs inside chorion  outside chorion inside chorion  outside chorion

(030, 03204014  0.66040.10 2130£013 12454033
o 0.85 40.18 2.228+0.16 9900+ 024  3.771£037
Ni0 0.715£0.14 3.0484+060  11300£026  6.075£0.70
n0 1160£020 56004094  18.000+£047 95254112

fluorescence in NiO-treated (Figure 4A) as well as ZnO
and Co304-exposed embryos (data not shown). In
contrast, Phen Green SK fluorescence was quenched
by CuO exposure, but its fluorescence was restored in
the presence of DTPA (Figure 4B). Quantification of the
fluorescence intensity by NIH ImageJ software showed
statistical significant changes in both the enhanced as
well as quenched fluorescence intensities (Figure S4).
Additional quantification of the metal uptake was
provided by ICP-MS. Embryos exposed to nanoparticles
for 1 and 24 h were washed and dried, following which
chorionic fluid was collected by manually disrupting
the chorion. The metal concentration in the chorionic
fluid was compared to that in the medium, as demon-
strated in Table 2. The data were also graphically
displayed as the ratio of the metal concentration in
the chorionic fluid versus the Holtfreter's medium,

which demonstrated that compared to the ratios at 1
h, significant increases occur to achieve ratio values >1
by 24 h (Figure S5).

Fluorescence-Based High Content Imaging To Show an Early
Larval Stress Response. While high content bright-field
imaging provides rapid and clear evidence of hatch-
ing interference and the viability of the embryo, the
absence of morphological abnormalities in the lar-
vae does not exclude the possibility of more subtle
toxicity. On the basis of the demonstration that CdCl,
can activate eGFP expression in a transgenic zebra-
fish line (hsp70:eGFP), we asked whether this model
could be used to demonstrate adverse effects at the
larval stage.®® Embryos derived from transgenic
adult fish were plated in black-colored 96-well plates
that contain a clear bottom to identify those with a
transgene status based on eGFP expression in the
lenses of the eyes by 24 hpf.*® Following embryo
hatching, the transgenic larvae were exposed to the
metal oxide nanoparticles and then imaged using a
high content imaging analysis system (Acumen)
every 24 h for up to 72 h. A definitive increase in
the green fluorescence intensity in the head region as
well as the trunk and tail was observed in larvae
exposed to 1 ppm CdCl, or heat-treated at 37 °C for
0.5 h (i.e,, the positive controls in Figure 5A). Moreover,
larvae exposed to CuO and ZnO also resulted in an
increase in GFP expression, while NiO and Co30,4
generated weak fluorescence signals (Figure 5A). Par-
allel real-time PCR was performed to quantitatively

1 1D1LdY

AN AN N
LIN ET AL. VOL.5 = NO.9 = 7284-7295 = 2011 m@ﬂ\m{/—\i{&) 7289

WWW.acsnano.org



A
.
Cc

e

Y
o

S
@
o

Intensity (A.U.)
8

mRNA level (fold increase)
w
Normalized Fluorescence

4 &
o & &

o O
< 1S ~ Sy &

P
c‘:‘o o~
& 9]

Figure 5. Use of hsp70:eGFP transgenic zebrafish larvae forimaging of a protein unfolding stress response. (A) Representative
fluorescence images of the early transgenic larvae captured by automated Acumen image analysis. The GFP-positive larvae
were identified at 24 hpf based on fluorescence of the eye lenses. The exposure to nanoparticles commenced at 80 hpf and
was carried for an additional 72 h. The fluorescence signals were collected at 535 nm with argon laser excitation at 488 nm.
Heat-treated (37 °C, 0.5 h) or CdCl,-exposed embryos (1 ppm) served as positive controls. The green fluorescence of the heat-
treated larvae was ubiquitously distributed in all body tissues, while CdCl,-induced fluorescence was seen mostly in the head
region. Both CuO and ZnO exposed larvae had recognizable GFP expression, while NiO and Cos0, resulted in weak GFP
expression. (B) Similar trends were observed at the endogenous mRNA level. Assessment of hsp70 mRNA expression in the
nontransgenic larvae by RT-PCR shows a minimum of 4-fold increase during ZnO and CuO exposure, while the increase for NiO
and Co30, was less than 2-fold. Statistical significance was determined as p < 0.05 according to the student t test. (C) eGFP
expression of the transgenic larvae in response to increased CuO nanoparticle concentration and duration of exposure. This
was accomplished by exposing the transgenic larvae to 1, 10, and 100 ppm CuO, starting at 80 hpf and collecting fluorescence
images every 24 h for three consecutive days. The fluorescence intensity was scored by using NIH Image)J software to obtain
quantitative data. Statistical significance was achieved except for larvae exposed to 1 ppm of CuO at 24 hpf.
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assess endogenous hsp70 mRNA expression in wild-
type embryos exposed to the same particles. This
confirmed that while hsp70 transcription was signifi-
cantly increased by CuO and ZnO, only a modest
response could be observed in larvae exposed to NiO
and Cos0, (Figure 5B). More detailed analysis of CuO
confirmed a dose- and time-dependent increase in the
relative abundance of eGFP expression (Figure 5C).
Please notice that although statistically significant eGFP
expression could be achieved at 1 ppm by 48 h, robust
expression required a dose of =10 ppm, which is at
least an order of magnitude higher than the dose
required for hatching interference (Figure 2B).

LIN ET AL.

Interestingly, the most affected body parts showing
eGFP expression in response to CuO appeared in the
surface layer of the head and tail regions, which differed
from the ubiquitous fluorescence in the tissues of the
heat-exposed larvae (Figure 6). Thus, while there is an
agreement in the hierarchical effects of the different
materials in terms of hatching interference and HSP70
expression, the embryos appear to be more sensitive
than the hatched larvae.

DISCUSSION

In this communication, we present two high content
imaging platforms that were developed to screen
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Figure 6. Localization of GFP expression in the larval tissues by confocal microscopy. The representative confocal images of
hsp70:eGFP transgenic zebrafish larvae treated by heat (37 °C, 0.5 h) (A) and CuO nanoparticles (10 ppm) (B). The green
fluorescence was ubiquitously distributed in all tissue layers of heat-treated transgenic larvae. In contrast, only the surface layer
of the head and tail region showed fluorescence increase in transgenic larvae exposed to CuO (10 ppm). All larvae were washed
in Holtfreter's medium, anesthetized, and embedded in low melt agarose gel prior to confocal imaging (Leica SP1MP-Upright).

transition metal oxide nanoparticles (CuO, NiO, and
Co30,) in zebrafish embryos and larvae. Following our
previous demonstration using nano-ZnO (included as a
positive control in this communication), we show that
the high content imaging analysis by bright-field and
fluorescent microscopy can be used to obtain dose-
and time-dependent data for CuO and NiO adverse
effects in the embryos and larvae. In contrast, Coz0,4
had little effect on either response mode. Inclusion of
the metal ion chelator, DTPA, in the exposure medium
reversed both the hatching interference and induction
of the heat shock response, thereby confirming the
importance of metal shedding in the toxicological
responses to these materials. These data were con-
firmed by ICP-MS analysis as well as the use of fluor-
escent dyes that detect metal ion uptake in the
chorion. Thus, through the implementation of high
content imaging, we demonstrate that it is possible to
speed up hazard assessment in the zebrafish model.
Hatching interference of zebrafish embryos as a
potential toxicological outcome has been demon-
strated in our previous studies using ZnO nano-
particles.'® However, similar analysis to assess other
industrially relevant transition metal oxides has not
been carried out previously in this animal model.
Investigation of the environmental impact of CuO,
NiO, and Co30;, is relevant from an industrial perspec-
tive, where the use of these materials should be
monitored for the possibility that they could land up
in the environment (Table S1 in the Supporting
Information).?’ Dissolution of the metal oxide particles
with the potential to shed Cu, Ni, and Co ions is an
important toxicological consideration as demon-
strated by the use of ICP-MS as well as the reversal of
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hatching interference and the heat shock protein
expression by the metal chelator, DTPA. As for most
fish hatching enzyme, ZHE1 is a zinc metallo-
protease.*' Its crystal structure has recently been elu-
cidated and exhibits an active center with a mitten
shape into which the Zn ion is inserted.*' This cleft
contains three histidine residues that bind to Zn ion
and possibly other transition metals of comparable
atomic radius. Regarding the types of metal ions that
can interact with histidine ligation sites, it has been
proposed that there is a hierarchy of ion—ligand com-
plexes, such that the affinity binding of Mn(ll) < Fe(ll) <
Co(ll) < Ni(Il) < Cu(ll) > Zn(l).** We propose that a
similar hierarchy could also be involved in determining
the interference of ZHE1 catalytic activity by transition
metal oxides and that this could explain the different
dose—response relationships of Cu, Zn, or Ni in the
hatching embryo. The effective nanoparticle concen-
trations leading to hatching interference by CuO, ZnO,
and NiO are 0.5, 5, and 50 ppm, respectively. Con-
sidering the dissolution rate of the individual nano-
particles (10.5 wt % for CuO, 26 wt % for ZnO, and 16.5
wt % for NiO over 48 h), the effective ion concentra-
tions that could lead to hatching interference are
estimated to amount to 0.05, 1.25, and 8 ppm for
Cu, Zn, and Ni, respectively. We propose that the
increased stability of the Cu/histidine ligand pair
could explain the almost 2 orders of magnitude
increase in its potency compared to nickel. This notion
is further supported by a study showing that copper
binding to histidine residues in a human prion protein
is much higher than nickel.** To further investigate
this hypothesis, we are in process of constructing
recombinant ZHE1 protein to test the ion binding
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constants and effect on enzymatic activity by different
metal ions. If successful, recombinant ZHE1 could
serve as a molecular tool to assist the screening of
metal and metal oxide nanoparticles from an envir-
onment hazard perspective.

Larval assessment of HSP70 expression in transgenic
zebrafish introduces an additional platform for high
content screening of metal oxides. The heat shock
protein family plays a critical role as chaperones for
protein folding, translocation, and degradation and is
relevant to the cellular stress response to heavy
metals.** Heat shock factor (HSF), the transcription
factor responsible for the activation of several heat shock
gene promoters, is activated by elevated temperature,
environmental stressors and toxicants, including heavy
metals.***® The best characterized heat shock protein is
HSP70, a very sensitive stress-inducible member of this
family that is often expressed in a tissue-specific fashion
in a number of vertebrate species.*’* This is congruent
with a significant increase in transgenic eGFP expression
in response to ZnO and CuO in our study. Moreover, the
transgene response was mirrored by expression of the
endogenous hsp70 gene, as determined by RT-PCR
analysis. Interestingly, the tissues showing eGFP expres-
sion were mostly on the external larval surface, suggest-
ing that skin uptake of the particles or metal ions may be
responsible for this effect. Tissue-specific expression of
the hsp70:eGFP gene has been demonstrated in the head
and olfactory tissues of larvae exposed to Cd.*® The
increased dose requirements to generate a heat shock
response compared to inhibition of embryo hatching
suggests a higher threshold requirement for generation
of adverse effects by Zn, Cu, and Ni in the larvae. It is also
known that the zebrafish larvae with their more mature
detoxification pathways are more resistant to toxic sub-
stances and hence may possess a higher level of toler-
ance to heavy metal ion concentrations>®®' The
homologous regulation of gene responses in humans
and the zebrafish opens the possibility to use additional
transcriptional activation and cellular stress pathways to
reconstitute additional high content screening ap-
proaches in transgenic zebrafish.

One of the main challenges for performance of
in vivo ENM testing is the limitation in animal numbers
that can be assessed in a single experiment. Thus, in
order to achieve statistical significance, in vivo studies
often have to involve repeat animal experiments,
making these studies labor-intensive, time-consuming,

MATERIALS AND METHODS

Materials and Reagents. Nanoparticles (Cos0,4, CuO, and ZnO)
were synthesized in Dr. Mddler's laboratory by flame spray
pyrolysis (FSP) as detailed by Teoh et al.>* NiO was purchased
from Sigma-Aldrich (CAS number: 1313-99-1). The metal ion
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and also raising ethical concerns. The implementation
of a high-throughput approach in zebrafish accelerates
ENM screening and also permits an increase of sample
size, thereby strengthening the statistical power of the
observations. Taking advantage of embryo transpar-
ency and the well-characterized developmental stages
of the organism, bright-field imaging allows high con-
tent knowledge generation of the physicochemical
properties of materials that pose a hazard at the
in vivo level. Moreover, this approach allows high
content in vitro screening to be compared to in vivo
outcomes, as recently demonstrated by us.'' The high
volume data sets collected during high content ima-
ging analysis could in the future also result in in-house
development of software to perform automated in
silico image analysis and hazard ranking. An example
of the progress in this area is the ability to obtain
embryo or larval images in each of the four different
quadrants of the tissue culture wells and the ability to
combine them into a single image (Figure S7). This
overcomes the limited area (~4 x 3 mm) covered by
the 2x dry objective, which occasionally fails to cap-
ture a complete image of swimming larvae or organ-
isms that have grown too large in size (see Figure 2A,C).
This software image analysis feature limits the chance
of overlooking morphological abnormalities in the
larvae. Coupled with robotic and automated embryo
selection and transfer to tissue culture plates, we
envisage that automated image analysis should soon
achieve sufficient high-throughput capacity to assist in
vitro ENM hazard assessment in the University of
California Center for the Environmental Implications
of Nanotechnology (UC CEIN) as well as the UCLA
Center for NanoBiology and Predictive Toxicology.>*

CONCLUSION

We have successfully implemented high content
imaging analysis to enhance our ability to screen
the toxicological effects of ENMs in zebrafish embryos
and early larvae. The profound hatching interference
and stimulation of hsp70 gene expression by CuO,
ZnO, and NiO nanoparticles could be attributed to
nanoparticle dissolution and shedding of transition
metals. We were able to reverse these toxic effects
with the metal ion chelator, DTPA. The establishment
of a high content imaging platform will allow us to
accelerate the screening and toxicity profiling of
engineered nanoparticles.

sensitive dyes, Newport Green DCF-K and Phen Green SK, were
purchased from Invitrogen (N-7990 and P-14313). Holtfreter's
medium was prepared by dissolving NaCl (60 mM), NaHCO3
(400 mM), KCI (0.6 mM), MgSO, (100 mM), and CaCl, (10 mM) in
distilled water and adjusting the pH to 7.0.
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Physicochemical Characterizations of Transition Metal Oxide Nanopar-
ticdes. CuO, ZnO, NiO, and Cos0,4 nanoparticles, originally ob-
tained in powder form, were dispersed in Holtfreter's medium
supplemented with 100 ppm alginate by sonication to yield a
stock solution of 5 x 10° ppm as previously described by us.'®
Physicochemical characterization of the dried particles was carried
out by transmission electron microscopy (TEM), while particles
suspended in Holtfreter's were used for high-throughput dynamic
light scattering and measurement of the {-potential. TEM samples
were prepared by placing a drop of nanoparticle dispersion (25
ppm) on a carbon-coated TEM grid and waiting for the water to
evaporate. Images were acquired at 80 kV accelerating voltage
(JEOL 1200 EX), and the primary size was analyzed by NIH ImageJ
software. The hydrodynamic size of the nanoparticles, dispersed in
Holtfreter's medium, was determined by high-throughput dy-
namic light scattering (HT-DLS, Dynapro Plate Reader, Wyatt
Technology) as described by Ji et al®* A ZetaPALS instrument
(Brookhaven Instruments, Holtsville, NY) was used to measure the
electrophoretic mobility of nanoparticles from which the ¢-poten-
tial was derived by using Helmholtz—Smoluchowski equation.>

The dissolution kinetics of the nanoparticles in Holtfreter's
medium was studied by inductively coupled plasma mass spec-
troscopy (ICP-MS). Two hundred microliters of a triplicate nano-
particle suspension was placed in the wells of a 96-well plate and
kept at 28.5 °C under conditions similar to those used for
zebrafish exposure. The particle dispersions were collected after
1, 24, and 48 h and centrifuged for 1 h at 20000g. The super-
natants were collected, and 50 uL aliquots from each supernatant
were digested by 100% ultrahigh purity nitric acid for 3 h at 95 °C
before drying and dissolving in 3 mL of 5% nitric acid. The metal
ion concentrations (Cu, Zn, Ni, and Co) were measured by an
Agilent 7500c quadrupole ICP-MS, and the dilution was taken
into consideration to calculate original concentrations.

Zebrafish Husbandry. Wild-type and hsp70:eGFP transgenic
zebrafish (Danio rerio) were housed and maintained in the
UCLA zebrafish facility on a 14 L:10D photoperiod at 28.5 °C.
The hsp70:eGFP line was constructed as described by Halloran
et al>® Two pairs of male/female fish were placed in a single
cage a day ahead of time and released in the next morning to
trigger spawning. The embryos (2 hpf) were collected and
rinsed with Holtfreter's solution to remove any residue on the
embryo surface. The embryos were subsequently examined
under a stereomicroscope (Zeiss, Stemi 2000) for viability and
developmental stage before selection and nanoparticle expo-
sure as described below. All procedures were carried out in
accordance with the Animal Care and Use Committee guide-
lines at UCLA.

Exposure of Zebrafish Embryos and Larvae to Nanoparticles. Healthy
embryos at the same developmental stage (2 hpf) were hand
selected and placed one embryo per well in 96-well transparent,
U-bottom plates. One hundred microliters of each nanoparticle
suspension at working concentrations of 0.05, 0.5, 5, 25, 50, 100,
and 200 ppm was added to the wells in the right at 4 hpf. To
achieve robust statistical calculation, five replicate trials were
carried out, each using 12 embryos. Observations of adverse
biological outcomes, including hatching interference, pheno-
typic abnormalities and mortality (necrosis of the embryos),
were carried out every 24 h for five consecutive days through
the use of an automated bright-field imaging instrument
(ImageXpress).

For the analysis of hsp70:eGFP expression, embryos har-
vested from the transgenic zebrafish (mixed heterozygous and
homozygous) were placed in black multiwell plates that have
transparent bottoms as described above and kept at 28.5 °C.
The GFP-positive embryos were selected at 24 hpf on the basis
of GFP expression in the lenses of the eyes. The hatched larvae
(80 hpf) were exposed to nanoparticles at 80 hpf. Heat treat-
ment at 37 °C for 0.5 h and exposure to 1 and 10 ppm CdCl,
were used as positive controls for hsp70:eGFP expression. The
fluorescence images were captured every 24 h after exposure
for three consecutive days by automated fluorescence imaging
(Acumen) as described below.

High Content Imaging (ImageXpress and Acumen) and Data Analysis.
Microscope-based image analysis devices ImageXpress
(Molecular Probes) and Acumen (Tip Labtech) were used to
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establish automated high content imaging. The multiwell plates
containing the exposed embryos were placed on the fully
automated stage of the ImageXpress, which provides 100 nm
resolutions of the bright-field phase contrast images in the x—y
axis under a 2x dry objective. Transparent U-bottom multiwell
plates were chosen to allow each embryo to be localized as
close to the center as possible. For hatched embryos, 0.017%
tricaine solution was used to anesthetize the larvae prior to
imaging. Images were processed to score the hatch and mor-
tality rates.

Fluorescence images of the transgenic early larvae were
captured in each well by the automated fluorescence-based
imaging device, Acumen. This instrument uses an argon laser
(488 nm) to scan through the bottom of each well and collect
fluorescence signals at 535 nm from each well simultaneously.
The fluorescence intensities, which reflect the expression levels
of the hsp70:eGFP gene, were further analyzed by Image J/NIH
software.

Enzymatic Embryo Dechorionation. Groups of 1000 embryos
were thoroughly washed and treated with 1 mg/mL Pronase
solution to achieve chorion digestion within 5 min. The embryos
were examined under a stereomicroscope (Zeiss, Stemi 2000)
and Holtfreter's medium was added to terminate the digestion
process, immediately following the dissociation of the first
chorion. The embryos were washed several times to remove
the detached chorions and placed into 96-well multiwell plates
for nanoparticle exposure as described above.

Analysis of Zebrafish hsp70 Gene Expression in the Zebrafish by Real-
Time PCR. Real-time PCR was performed to examine the expres-
sion of hsp70 gene in wild-type controls and embryos exposed
to nanoparticles. A total of 50 embryos per group were collected
at 72 and 152 hpf, respectively, and homogenized in 1 mL of
TRIZOL reagent (Invitrogen). Subsequently, 2 ug of total RNA was
reverse transcribed by Superscript Il reverse transcriptase
(Invitrogen). cDNA was amplified by real-time PCR using SYBR
Green Supermix (BioRad), using the following primers: hsp70F 5'-
tatctggggcagaaggtgac-3/, hsp70R  5'-ccgtcttcaatggtcaggat-3'.
The gene expression levels were reported as fold-change (FC)
relative to actin using the AACt method where FC =2 — AACt.>’

Phenotype Observation and Confocal Imaging. Embryos exposed
to the nanoparticles at 48 hpf were washed, anesthetized, and
manually dechorionated by forceps before embedding in low
melting agarose gel. This allowed for their positioning to obtain
lateral and ventral views that can be used to detect phenotypic
abnormalities. The confocal imaging of hsp70:eGFP transgenic
larvae was conducted using a Leica SP1MP-Upright confocal
microscope. Larvae exposed to nanoparticles were washed and
anesthetized prior to imaging.

Transition Metal Detection in the Chorion by Fluorescence Dyes and ICP-
MS Analysis. Transition-metal-sensitive fluorescent dyes, New-
port Green DCF-K and Phen Green SK (Invitrogen), were dis-
solved in DMSO at 1 mM and diluted to a working concentration
of 50 uM in Holtfreter's medium. Embryos exposed to 50 ppm
nanoparticles (CuO, ZnO, NiO, and Co30,) for 24 h were micro-
injected into the chorion with 2 nL of the dye solution into the
chorion. The embryos were examined under a fluorescence
microscope (Zeiss Observer D1). The increased fluorescence
intensity (535 nm) of Newport Green DCF-K compared to
controls was used as an indicator for uptake of transition metal
ions in the chorion. Conversely, for Phen Green SK, the decrease
in green fluorescence intensity was used as an indicator of the
presence of metal ions capable of quenching the fluorescence.

ICP-MS analysis was used to further quantify the metal
content in the chorionic fluid compared to the exposure
medium. Embryos exposed to 25 ppm nanoparticles for 24 h
were collected and washed in Holtfreter's medium. Excess water
on the chorion was dried before breaking the chorion with fine
forceps. The chorionic fluid collected from 20 embryos was
centrifuged (20 000g, 1 h), and the supernatant was digested for
ICP-MS analysis as described above. Simultaneously, we col-
lected the exposure medium from each well and used the
supernatant for ICP-MS analysis as described above.
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